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bstract

TiO2 thin films have been prepared on cotton fibres by using sol–gel method at low temperature (∼100 ◦C) and metallic Ag nanoparticles were
eposited on porous TiO2 film by photoreduction. The Ag–TiO2 covered cotton fibres show multichromic behaviour under visible and UV light
xposure as well as photoactivity [M.J. Uddin, F. Cesano, F. Bonino, S. Bordiga, G. Spoto, D. Scarano, A. Zecchina, J. Photochem. Photobiol.
: Chem., 89 (2007) 286-294]. The developed multiactive cotton fibres show grey colour under visible light and change their colour reversibly
o deep brown upon ultraviolet light exposure. The original and treated fibres have been characterized by several techniques (SEM, AFM, EDS
icroanalysis, Raman, UV–vis spectroscopy, XRD and TGA) and the Ag–TiO2 nanoparticles have been found to form an homogeneous thin film

n the fibre surface.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Nanosized anatase TiO2 is known to have a wide range of
pplications in photocatalysis, gas sensing, etc. [1]. Due to the
arge surface area [2], thin film coatings consisting of anatase
iO2 nanoparticles show high photocatalytic efficiency. The
ptical properties and the photocatalytic activity of TiO2 coat-
ngs do not depend only on the phase, but also on the crystallite
ize and porosity [3]. Development of TiO2-based photocatalysts
nchored to large surface area supporting materials (usually inor-
anic), where pollutants are efficiently condensed, are of great
ignificance, because of the high photodecomposition efficiency
4] and of advantages associated with filtration of the suspension
f fine photocatalyst particles. Sol–gel derived titanium dioxide
omposites have been also developed and investigated for the
urpose of producing thin films and self-supported photocata-
ysts. The resulting photocatalysts exhibit relatively high surface
rea and enhanced mechanical stability and integrity [5]. TiO2

lms have been deposited also on organic support-like cellu-

ose fibres [6]. These films show a high photodecomposition
fficiency and the supporting material is stable under prolonged

∗ Corresponding author. Tel.: +39 011 6707860; fax: +39 011 6707855.
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cotton composite fibres

llumination. It is well known that the initiation step of the photo-
atalytic process consists in the generation of electron–hole pairs
pon irradiation of the material with a photon having energy at
east equal to that of the band gap of the photocatalyst. The
lectron–hole pairs formed can either recombine in the bulk or
ravel up to the surface, where they can participate in chemi-
al reaction involving species adsorbed on the external titanol
roups. The only drawback of TiO2 is that its band gap lies in the
ear-UV of the electromagnetic spectrum: 3.2 eV (285 nm) and
.0 eV (410 nm) for anatase and rutile, respectively. As a conse-
uence, only UV light is able to create electron–hole pairs and to
nitiate the photocatalytic processes. It is therefore evident that
ny modification of the TiO2-based photocatalysts, resulting in a
owering of its band gap [7] or in the introduction of stable optical
ensitizers [8], is representing a breakthrough in the field. This
s the reason why so many scientific works have appeared during
ecent years. An exhaustive analysis of the different approaches
sed to dope TiO2 is beyond of scope of this contribution and
nly a selection of cases will be summarized below. (i) One case
s doping TiO2 with various transitions metals such as Au, Ag, Pt,
r, Nb, V, Mn and Fe [9–14]. These systems show an enhanced

hotoactivity in the visible with an efficiency depending highly
n the preparation method. However, they are characterized by
hermal instability and by a critical control of the cluster dimen-
ion and distribution [11]. (ii) Another case is represented by

mailto:adriano.zecchina@unito.it
dx.doi.org/10.1016/j.jphotochem.2007.07.037
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iO2 doped with nonmetals atoms such as N [15–20], S [21,22],
[23], C [7,17,24,25], I [26,27], Br [28] and Cl [28]. In partic-

lar, as far as iodine doping is worked, it has been demonstrated
hat also molecular I2 trapped inside internal nanovoids of TiO2
s able to promote photoactivity [27]. Also in this case the pho-
ocatalytic activity depends on the content of nonmetal atoms
nd on the method of preparation. (iii) A third case is a dye
ensitized TiO2 obtained by anchoring a dye on the surface of
he photocatalyst [8]. Various dyes (catechol [29], porphyrins
30], phthalocyanines [31], etc.) have been employed as sensi-
izers, but most of them are toxic and, more important, easily
ndergo a self-degradation process, that makes them unsuitable
or durable applications in photocatalysis. The photocatalytic
ctivity of microporous titanosilicates ETS-10 and ETS-4 has
lso been recently investigated [32–38]. Due to the large internal
urface area, these microporous photoactive materials are poten-
ially very interesting. Unfortunately, the fact that Ti atoms are
rganized in one-dimensional linear chains of TiO6 octahedra
–O–Ti–OTi–), behaving as semiconducting nanowires [39–43],
auses a blue shift of the band gap with the consequence that
hotocatalytic activity in the visible region is suppressed. To
vercome this drawback, Klabunde and co-workers [44] have
ntroduced transition metal ions in ETS-10 either by addition of
he corresponding salts during the synthesis (Cr and Co samples
ith Cr (or) Co/Ti = 0.05) or by a postsynthesis ion-exchanged

pproach (Co and Ag). (iv) As a fourth case TiO2 doped with sil-
er particles must be mentioned. The so obtained systems show
ntimicrobial activity [45–53]. For this reason TiO2-Ag coatings
re used for catheters [45,46] and have also been incorporated
nto bioglass [47]. Brook et al. [54] have described that Ag–TiO2
lms are not only active as disinfectants but also exhibit “self-
egeneration” capability, because they both kill bacteria present
n the film surface and photodegrade the residues. Such a dual
ction is significantly reducing the problems of surface deacti-
ation due to build up of contamination. Recently it has been
hown that Ag-TiO2 films on Pyrex glass show also multi-
olour photochromism [55] and photoinduced conversion of Ag
anoparticles [56] due to surface plasmon resonance effects. The
ulticolour behaviour of Ag particles on TiO2 depends upon

he particle size, shape and local refractive index [50,56]. The
xplanation of this effect is that under UV light, electrons in the
alence band of TiO2 are excited to the conduction band, with
ormation of holes in the valence band. At the same time elec-
rons of Ag nanoparticles, when irradiated with the light of their
lasmon resonance wavelength, are excited and transformed to
dsorbed oxygen with formation of O2

−. The Ag nanoparticles
re consequently oxidized by O2

− to colourless Ag+ ions [57].
n presence of TiO2 these Ag+ ions are reduced by the excited
lectrons and Ag nanoparticles are reformed [58].

In our previous work [6], we described a simple and repeat-
ble anchoring procedure of a TiO2 nanophase on the cellulose
bres. The so obtained TiO2 films show high photostability upon
rolonged exposure to light and photoactivity in multiple pollu-

ant adsorption–photodegradation cycles. The interest of these
oatings relies on the fact that they can find application in self-
leaning of fabrics. In addition, the stability to washing test [6]
uggests that the anchoring process of the particles involves the
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f
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ormation of chemical bonds, for example via esterification of
he surface OH groups with titanols. Another interesting point
nder investigation is related to the fact that TiO2 support can be
liminated by burning in oxygen, leaving behind TiO2 structures
n forms of tubings (unpublished results).

For the reasons briefly mentioned above, we became inter-
sted in modifying the light absorbing property and antibacterial
ctivity of Ag-TiO2 films covering the cotton fabrics. Coming
ow to this study, it can be divided into three parts. In the first
art we illustrate a new strategy to synthesize a silver-doped
itanium dioxide characterized by the presence of large surface
rea. In the second part, we demonstrate that the layer consists
f anatase, which is efficient to remove the adsorbed molecular
pecies from the environment via photocatalytic reaction [6]. In
he third part, on the basis of the experience acquired on the
eposition of TiO2 films on the cellulose fibres, we evaluate the
ossibility to develop photochromic properties on cotton fibres,
overed by silver-doped TiO2. A study concerning the evaluation
f antibacterial properties is in progress.

To evaluate the crystalline phases and to control possible
hanges on the crystallinity and on the morphology before
nd after the silver-doping treatments, X-ray powder diffraction
XRD), scanning electron microscopy (SEM) and atomic force
icroscopy (AFM) have been applied. Raman spectroscopy

as been used to confirm the presence of anatase TiO2 and
o follow the stability of the film. UV–vis–NIR allows us to
valuate the optical properties of the synthesized Ag–TiO2
lm present on the natural fibre support. Finally to test the
hotochromic activity of the Ag–TiO2 on the fibre support,
he optical properties analyzed with UV–vis spectroscopy in
eflectance mode have been investigated. To the best of our
nowledge, the results illustrated in this contribution show that
e have developed new photochromic thin films deposited on

otton textiles at low temperature, with potential challenging
pplications.

. Experimental

.1. Materials

Pure cotton fibres, 10–15 �m in diameter, from PVS srl
Milano, Italy) were used for the entire process. All chemicals
sed in this work were procured from Aldrich, Germany, and
ave been used as received. Water used in our experiments was
riple distilled and produced in our laboratory.

.2. Synthesis of Ag–TiO2 thin film

The procedure for the formation of Ag–TiO2-coated cotton
bres consists of 4 stages. In stage 1, the impurities (fat, wax,
tc.) of the fibres have been removed by soxhlet extraction with
cetone for 30 min. Then the fibres have been dried at room
emperature for 12 h. In stage 2, a solution of Titanium iso-

ropoxide (TIP) was mixed with a second aqueous solution
repared separately containing dilute HCl and (CH3)2CHOH,
ollowing the procedure described in reference [6] and mixed
ogether by magnetic stirring (200 rpm). The resulting sol was
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ransparent and quite stable and can be used to impregnate
otton fibres. In stage 3, the extracted samples were placed
n a preheated oven at 70 ◦C, in order to remove the solvent
rom the fibres, then cured at 95 ◦C for 5 min to complete
he formation of TiO2 from the precursor. Finally, the impreg-
ated cotton fibre samples were treated in boiling water for 3 h
post-curing). This step also removes the unattached TiO2 par-
icles from the fibre surface. In stage 4, the resultant samples
ried in a preheated oven at 50 ◦C, were soaked in 0.001 M
gNO3 aqueous solution for 1 min. The sample was then dried

t room temperature. For photochromic studies, the sample with
gNO3-TiO2 thin film was irradiated at 308 K (50 mW/cm2,

pproximately 295–3000 nm, SOL2/500S, Honle UV Technol-
gy, Munchen, Germany) for 15 min in air at atmospheric
umidity.

.3. Characterization techniques

The morphology of pure cotton fibres and cotton fibres
upported Ag–TiO2 film were studied by scanning electron
icroscopy (Leica, Stereoscan 420) equipped with energy dis-

ersive spectroscopic (EDS) microanalysis system (Oxford) and
y means of atomic force microscopy AFM, on a Park Scientific
nstrument Auto Probe LS.

Large-scale images are obtained in non-contact mode
egime, using ultralevers Silicon conical tips with a typi-
al radius of curvature of 100 Å (cantilever thickness = 2 �m;
antilever width = 28 �m; cantilever length = 85 �m; force con-
tant = 17 N/m; nominal resonant frequency = 320 kHz). The
FM images were recorded in air at room temperature.
EDS analysis was also performed to verify the elemental

omposition of the deposited materials on the fibre surface.
he UV–vis reflectance spectra were obtained at room tem-
erature on a Perkin-Elmer UV–vis–NIR, to investigate the
V absorption properties, the location of the absorption edge

nd the quantum size effects [59] (if any) of the synthesized
lm.

XRD patterns have been collected by means of Philips
W1830 X-ray diffractometer in a Bragg Brentano configuration

o identify the crystal phase and the structure. Co K� radiation,
0 kV with 20 mA current, has been used. The obtained patterns
ave been analysed using Philips X’pert High score software
nd compared with standard patterns of International Center
f Diffraction Data (ICDD) and powder Diffraction File (PDF)
atabase.

Surface area has been obtained by N2 adsorption at 77 K; with
commercial Micromeritics ASAP 2010 sorption analyzer.

Raman spectra were collected with a Renishaw in Via Raman
icroscope Spectrometer equipped with Ar+ laser beam emit-

ing at 514 nm, at 8.2 mW output power. The photons scattered
y the sample were dispersed by a 1800 lines/mm grating
onochromator and simultaneously collected on a CCD camera,

he collection optic was set at 50× objective.

To investigate the amount of Ag–TiO2 deposited on the cotton

bres and the thermal stability of treated fibres, thermogravi-
etric analysis was performed in air flow (ramp 5 ◦C/min), by
niversal 2050 TGA V5.4 A.

t
t
F
t
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.4. Photochromism experiment

The photochromism of the silver–titanium dioxide-coated
ellulose fibres has been investigated by exposing alterna-
ively the samples to ultraviolet and visible light irradiation.
he ultraviolet light irradiation was performed for 15 min
ith a SOL2/500S lamp (50 mW/cm2, Honle UV Technology,
unchen, Germany) simulating solar light and ranging from

ltraviolet to infrared radiation (approximately 295–3000 nm).
he irradiation with visible light was carried out using inte-

ior natural light. The photochromic effect caused by alternating
xposure to ultraviolet and visible light were monitored by inves-
igating the evolution of the UV–vis–NIR spectra of the system
pon light exposure. For this purpose, in situ UV–vis reflectance
xperiments (in the 50,000–4000 cm−1 range and reported using
he Kubelka–Munk function) were performed on the Ag–TiO2-
oated films. The colour changing cycles were repeated eight
imes on the same sample to check the photochromic behaviour
nd stability.

. Results and discussion

.1. SEM and EDS analyses

From SEM images, shown in Fig. 1, the surface morphology
f the pure and sol–gel treated cotton fibres is compared. In
articular Fig. 1(a) shows that the pure cotton fibres, although
eterogeneous in nature, have average sizes in the 10–15 �m
iameter range.

An enlarged view of a portion of a virgin fibre is shown in
ig. 1(b) where the presence of folds running along the elonga-

ion direction of the fibre is well evident. An enlarged view of
Ag–TiO2 covered fibre is shown in Fig. 1(c). As the presence
f Ag–TiO2 coating clearly leads to partially filling of the folds
haracteristic of the virgin fibre, the formed coating appears
omogeneously grafted on the fibre surface. The formation of
rmly grafted films is likely associated with the high number
f hydrophilic groups present on the cotton fibres, which are
referential anchoring sites for the deposition of TiO2. The high
bility of cotton fibres to support TiO2 with respect to other
upporting materials [60] is evident. At this level of magnifi-
ation no evidence of silver particle could be shown. Further
etails of the morphology of fibres before and after Ag–TiO2
oating will be shown by AFM measurements (vide infra). To
uantify the amount of TiO2 present on the fibres, one of the
implest method adopted was to burn the inorganic support and
o weight the final inorganic residue. The resulting figure was in
he 6–7 wt.% range (see below). However, the most interesting
esult, coming from this procedure, became evident from SEM
nalysis of the morphology of the inorganic residue.

In Fig. 2, the morphology of Ag–TiO2 residue after burning
t 500 ◦C for 5 h is reported. From this figure it is evident that
he coating preserves the morphology of the original fibre. Due

o the absence of the material inside after burning, the film struc-
ure is partially collapsed and damaged during the manipulation.
rom the film edges, the thickness of the layer can be inferred:

he arrows indicate a thickness of ∼95–100 nm (inset of Fig. 2(a)
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ig. 1. (a) SEM image of a tangle of a pure cotton fibres; (b) SEM enlarged vi
llustrated; (c) SEM enlarged view of a cotton fibre coated with a film of TiO2 a

nd (b)). The BET results of the residual samples indicate that
he film consists of porous materials of about 14 m2/g surface
rea. From the SEM and AFM (vide infra) experiments no infor-
ation about the state of the silver (particles or clusters) can be

btained. Conversely a suitable way to gain information on sil-
er particles dispersed on the TiO2 comes from EDS analysis.
ig. 3 represents the EDS quantitative analysis of the Ag–TiO2
overed cotton fibre sample (part a) and of the Ag–TiO2 film
fter combustion at 500 ◦C in air (part b). From these data, it
omes out that on the Ag–TiO2 covered cotton fibres (sample

eported in Fig. 1(c)) the percentages of Ag and TiO2 are 0.3 and
respectively. In particular it can be noticed that even if the con-

ent of Ag is very low, all the Ag peaks are almost detected and
heir intensities are enhanced after burning the organic core. Fur-

p
i
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m

Fig. 2. (a) SEM image of cotton fibres covered with Ag–TiO2 film bur
pure cotton fibre, shown in (a), where folds quite parallel to the fibre-axis are
lver nanoparticles.

hermore the C-peak disappears after the combustion treatment.
t is worth noticing that the EDS results about TiO2 concentra-
ion coincide with those obtained by weighting the residue after
ombustion.

.2. Atomic force microscopy (AFM) analysis

Another approach to the investigation of the morphology of
bres is AFM. The obtained results on pure cotton fibre and on
g–TiO2-coated cotton fibre are imaged in Fig. 4(a) and (b). In

articular, from Fig. 4(a) it is possible to notice that the pure fibre
s characterized by structures parallel to the direction of the fibre
xis. The surface average roughness is about 48.55 nm and the
ean height about 123.1 nm (see Table 1). The values reported

ned at 500 ◦C for 5 h (b) enlarged view of a portion shown in (a).
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Fig. 3. EDS spectra of the Ag–TiO2-coated cotton fibres before (a) and after combustion at 500 ◦C for 5 h (b) (* support).
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ig. 4. (a) 3D non-contact AFM topographies of portion of a pure cotton fibre; (
n top 3D enlarged views of portions of the fibres are shown.

n Table 1 were obtained from the region analysis within the

elected areas, which allows to estimate the distribution of the
eights (hystogram plots, not reported for sake of brevity). In
he Ag–TiO2-coated cotton fibre, the elongated structures are
till visible. However new features are visible, which can be

fi
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able 1
egion analysis values on selected area ((2x2) micron inside) of the three different sa

Root-mean-squared
roughness, Rrms (nm)

ure fibre 54.67
g/TiO2-coated fibre 228.0
g/TiO2-coated fibre (burned) 209.2

rms =
√∑N

n=1(zn − z̄)2/(N − 1), Rave =
∑N

n=1|zn − z̄|/N, where z̄ = mean z

rofile.
non-contact AFM topographies of a Ag/TiO2-coated cotton fibre. In the insets

ssociated to TiO2 particles aggregates, which are grafted to

bres.

The sample surface after coating with Ag–TiO2 presents a
ean height of about 481.0 nm and the average roughness is

ound to be of the order of 188.8 nm. The increased values of

mples

Average roughness,
Rave (nm)

Mean height Median
height

48.55 123.1 129.4
188.8 481.0 469.7
178.1 403.8 360.9

height = (1/N)
∑N

n=1zn and N is the number of data points within the height
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Fig. 5. (a) XRD pattern of Ag–TiO2-coated (curve 1), TiO2-coated (curve 2) and
pure (curve 3) cotton fibres. The vertical lines, representing the peak positions of
the standard anatase (PDF no. 021-1272), are reported below the XRD pattern.
The most intense XRD diffraction peaks are related to cellulose. In the inset,
the most representative portion of the pattern, showing the TiO anatase phases,
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reported. It can be immediately seen that the spectrum of the
Ag–TiO2 and TiO2-coated cotton fibres (curves 1 and 2, respec-
tively) is dominated by peaks at 157, 406, 517 and 639 cm−1,
presumably associated with TiO2 phase. This assignment can

Fig. 6. Raman spectra of the Ag–TiO2-coated (1, black solid line), TiO2-coated
2

s reported. (b) XRD pattern of Ag–TiO2 film. The vertical black lines indicate
natase and grey lines rutile TiO2 phases (related SEM images are reported in
ig. 2. For detail see the text).

eights and roughness, as compared to the pure fibre, can be
xplained with the presence of TiO2 thin layer on the elongated
tructures of the fibre. From AFM images too, at this level of
agnification, it is not possible to evidence the presence of both

ingle TiO2 and of single Ag particles, because of low-resolution
onditions.

.3. X-ray diffraction (XRD) analysis

The XRD patterns of the pure, TiO2 and of Ag–TiO2-coated
otton fibres are illustrated in Fig. 5(a). In the inset, an exploded
iew shows the patterns of the TiO2 and Ag–TiO2 impregnated
ample together with the position of the peaks of anatase taken
rom the reference. Two of three major peaks at 17.16◦ and
9.12◦, are related to amorphous phase of cotton fibre, while
he peak at 26.4◦ is due to the crystalline phase [61]. The
hree broader peaks at 29.44◦, 44.192◦ and 56.40◦ are indicative

f anatase phase. The remarkable width of these peaks sug-
ests that the particles sizes of the deposited photocatalyst are
uite small. From the full width at half maximum (FWHM) of
he peaks at 29.44◦ and 56.40◦ by using Scherrer’s equation,

(
t
t
c
a

otobiology A: Chemistry 196 (2008) 165–173

c = Kλ/(β cos θ) [62] (where λ is the X-ray wavelength, β the
WHM of the diffraction line, θ the diffraction angle, and K

s a constant, which has been assumed to be 0.9), an average
articles diameter of silver-doped TiO2 is estimated to be about
.5 nm, while that of the TiO2 particles on the TiO2 film is about
.0 nm.

From this, it is evident that the silver doping reduces the
article size of TiO2, a fact which could be favourable to photo-
atalytic efficiency. We will see in the following that the XRD
esults are in strong agreement with the UV–vis and Raman
esults (vide infra). The silver nanoparticles supported on the
iO2 phase are not detectable. XRD patterns were collected also
n the sample obtained after combustion overnight at 500 ◦C
hollow cylindrical shaped material described before). From
ig. 5(b) it results that at about 500 ◦C the entire fibre covered
y the Ag–TiO2 film is destroyed and within the film materials
nly a little amount of the anatase TiO2 is converted to rutile
hase. This means that the deposited nanosized TiO2 anatase
hase remains substantially unchanged even at high tempera-
ure. The peak related to cellulose phase, which is dominating the
g–TiO2-coated cellulose pattern (Fig. 5(a)), is now completely
isappeared.

.4. Raman spectra

Raman analysis represents a valuable information about the
roperties of the cotton fibres supported Ag–TiO2 film (Fig. 6).
rom Raman spectra reported in Fig. 6, curve 1 represents
g–TiO2 covered cotton fibres, while curve 2 reports the TiO2

overed cotton fibres. For comparison, the Raman spectra of
he cotton fibre (curve 3) and pure anatase TiO2 (curve 4) are
2, dot dashed line) and pure cotton fibres (3, grey solid line). For comparison,
he Raman spectrum of pure anatase TiO2 is reported (4, grey solid line). Notice
hat in the 3750–900 cm−1 range all bands of curves 1–and 3 are related to the
otton fibres (cellulose), whereas in the 800–190 cm−1 range Raman features of
natase TiO2 and of the fibres are both present (A indicates anatase phase TiO2).
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cotton fibre (curve 1), cotton fibres covered with TiO2 (curve 3),
Ag–TiO2-coated cotton fibres exposed to visible (curve 4) and
to ultraviolet light for 15 min (curve 5). Also the reflectance of
pure anatase TiO2 is shown as reference (curve 2). TiO2 (curve
M.J. Uddin et al. / Journal of Photochemistry a

e confirmed by comparison with the Raman spectrum of pure
natase TiO2 (curve 4), which shows bands at 143, 396, 515, and
37 cm−1. Of course, pure cotton fibres, treated with blank sol,
how no peaks regarding TiO2 (curve 3). It can be argued that
aman technique is useful to reveal the presence of TiO2 par-

icles on the external surface of the film. Furthermore it can be
oticed that the Raman peaks of the supported TiO2 are much
roader than those of the pure anatase: an explanation of the
ncrease of the peak half width can be advanced. For instance,
aman studies of nanosized anatase phase TiO2, produced by

ol gel route at low temperatures (i.e. lower than 100 ◦C), report
hat the vibrational features of TiO2 are slightly dependent upon
he particles sizes and crystallinity [1].

In particular, smaller and less crystalline particles are charac-
erized by broader Raman peaks. The silver-doped TiO2 samples
re constituted by particles with diameter lower than 3.5 nm.
nother interesting observation concerns the position of Raman
and at 160 cm−1, which is distinctly upward shifted with
espect to that of pure anatase (143 cm−1). Choi et al. [63] have
uggested that the Raman bands shift towards higher frequency
alues as the particles sizes decrease. In particular, when the par-
icles sizes decrease to the nanometer scale, the lowest Raman
and shifts towards higher frequency values, due to the increas-
ng force constants [64,65]. As a similar shift is observed on our
ample, we can conclude that Raman spectroscopy reveals infor-
ation on the presence of a TiO2 nanostructured layer, which

an be constituted by particles with diameter ≤3.5 nm.

.5. Thermal analysis (TGA and DTGA)

Fig. 7 reports the TGA (grey line) and DTGA (black line)
nalyses, carried out in air, under heat flow response, of
g–TiO2-coated fibres. The TGA results of the sample show
wo major exothermic peaks and a weight decrease (∼2.5%),
hich can be associated with H2O desorption. After combus-

ion of the organic part, a residue of ∼6.2% by weight is still
resent on the fibres. From these results and from the SEM and

ig. 7. Thermal degradation of Ag–TiO2 covered cotton fibres under air flow;
GA (grey line) and DTGA (black line) curves of the Ag–TiO2-coated cotton
bres (ramp 5 ◦C/min, in air, 40–900 ◦C) are shown. A residual weight of about
% has been obtained at 900 ◦C. This value is due to the Ag–TiO2 contents in
he sample.
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DS analyses (before described), it is confirmed the presence
f a photocatalytically efficient Ag–TiO2 layer on the fibres
urface.

.6. UV–vis reflectance spectra and photochromic effect

Fig. 8(a) shows the UV–vis reflectance spectra of the pure
ig. 8. (a) UV–vis reflectance spectra of fibres treated with blank sol (1, dash
lack line), anatase TiO2 (2, grey dash dot line), TiO2-coated cotton fibres (3,
olid grey line), Ag–TiO2-coated cotton fibres under visible light exposure (4,
lack solid line) and Ag–TiO2-coated cotton fibres under 15 min UV light expo-
ure (5, dash dot black line). This absorption band is related to the different
ptical properties of the Ag–TiO2 coating under alternative ultraviolet/visible
ight exposures. (b) Optical density of the absorption band between 26,750 and
000 cm−1. The sequence of the light exposure cycles represents the alternative
nd reversible optical behaviour after ultraviolet (maxima) and visible (minima)
ight irradiations.
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), TiO2 covered fibres (curve 3) and TiO2–Ag film (curve 4)
ll show an absorption edge at above 29,000 cm−1 associated
ith the optical gap typical of the anatase phase. With regards

o pure cotton fibres (curve 1) no absorption edge is present.
he absorption edge at ∼29,000 cm−1, observed for TiO2 and
g–TiO2-coated cotton fibres (curves 3 and 4), is very sim-

lar to that of pure anatase TiO2 (curve 2): the presence of
iO2 anatase phase on the cotton fibres is then confirmed. The
lightly upward shifted absorption edge suggests that the parti-
les sizes of the photocatalyst are smaller than those of anatase
quantum size effect). This observation is in agreement with the
esult obtained from XRD pattern. Coming now to curve 4, the
resence of a complex absorption centered at ∼22.000 cm−1 is
trongly indicating the presence of Ag particles on the TiO2 film
since Ag+ does not have absorption in this range). The changes
f colour upon exposure to light is well known. Upon expo-
ure to UV light, the intensity of the ∼22,000 cm−1 absorption
showing a tail extending in the NIR) is strongly enhanced. This
s due to the reduction of Ag+ to Ag◦ and formation of (Ag◦)n

lusters. The colour of the sample changes from light grey to
rown.

It is well known that the resonance wavelength is blue shifted
s the dimensions of Ag nanoparticles are decreasing [50,56].
n this basis, the broad absorption centered at ∼22,000 cm−1

s associated to a broad distribution of Ag particles. As a mat-
er of fact, a different colour for the Ag–TiO2-coated fibre, upon
xposure to light with different wavelengths, have been observed
55]. Furthermore, it is known that Ag particles deposited on
iO2 are responsible for multi colour photochromic behaviour.
his is explained with the anisotropic character of Ag nanopar-

icles, which have two different resonance wavelengths in the
orous TiO2 film [57]. It is known that, after photon absorp-
ion, the presence of silver nanoparticles promotes the charge
eparation of the electron–hole pairs from TiO2, by acting as an
lectron sink [54]. Also the plasmon resonance in metallic Ag
anoparticles is considered to locally enhance the electric field,
acilitating electron–hole production [66]. It has been pointed
ut that due to addition of Ag nanoparticles to TiO2 film, smaller
iO2 grain sizes can be found. An explanation of this result is
ifficult. Kato et al. [67] explained that photodeposition of Ag
n a TiO2 film enhanced photocatalytic degradation of gaseous
ulphur compounds and suggested that Ag acted as a co-catalyst.
owever an hypothesis was advanced about the Ag-TiO2 inter-

ction. Moreover, Brook et al. [54] believe that there is no
hemical interaction between the Ag and the TiO2, although
he Ag and TiO2 layers were grown sequentially. However the
roblem concerning the effect of silver doping on decreasing
he size of TiO2 particles cannot be solved on the basis of
ur results. In Fig. 8(b), a sequence of light exposure cycles
o visible and ultraviolet irradiation is shown. This sequence
auses the fibres to become alternatively brown under ultravi-
let light and white grey under visible light and this behaviour
an be repeated several times without substantial modification.

e so conclude that Ag-TiO2 cotton fibres show alternative

hotochromic effects. Work is in progress to estimate whether
g-TiO2 particles can display photo enhanced self-cleaning and
ioactivity.
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. Conclusion

We have developed a new and simple process to deposit sil-
er nanoparticles doped TiO2 for photochromic application. The
orphological studies and the characterization results indicate

hat the deposition of Ag–TiO2 coating on the cotton fibres and
he curing at low temperature, have not changed the basic chem-
cal and physical properties of the cotton fibres. In addition, we
an conclude that the Ag–TiO2 thin film will act as a photoac-
ive materials of multi functionality. Furthermore we expect that
he film display biocidal functionality to bacteria, phtochtomism
Ag particles) and photoactivity for self-cleaning (TiO2 phase).
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