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ABSTRACT: Silver and zirconium co-doped and mono-doped titania nanocomposites were synthesized and deposited onto polyacrylo-

nitrile fibers via sol–gel dip-coating method. The resulted coated-fibers were characterized by X-ray diffraction (XRD), scanning elec-

tron microscopy, energy dispersive spectroscopy, transmission electron microscopy, diffuse reflectance spectroscopy, thermogravimetric

analysis, and BET surface area measurement. Photocatalytic activity of the TiO2-coated and TiO2-doped coated fibers were deter-

mined by photomineralization of methylene blue and Eosin Y under UV–vis light. The progress of photodegradation of dyes was

monitored by diffuse reflectance spectroscopy. The XRD results of samples indicate that the TiO2, Ag-TiO2, Zr-TiO2, and Ag-Zr-TiO2

consist of anatase phase. All samples demonstrated photo-assisted self-cleaning properties when exposed to UV–vis irradiation. Eval-

uated by decomposing dyes, photocatalytic activity of Ag–Zr co-doped TiO2 coated fiber was obviously higher than that of pure TiO2

and mono-doped TiO2. Our results showed that the synergistic action between the silver and zirconium species in the Ag-Zr

TiO2 nanocomposite is due to both the structural and electronic properties of the photoactive anatase phase. These results clearly

indicate that modification of semiconductor photocatalyst by co-doping process is an effective method for increasing the photocata-

lytic activity. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Metal oxide semiconductor photocatalysts have attracted wide-

spread interest for potential application in photocatalytic deg-

radation of environmental organic pollutants.1–3 Among the

photocatalysts that have been examined, nanocrystalline TiO2

was considered a very promising photocatalyst for pollutant

photodegradation owing to its remarkable features including

high photocatalytic activity, inexpensive, nontoxicity, and good

physicochemical stability.4,5 Unfortunately, TiO2 exhibits pho-

toactivity only under ultraviolet light excitation because of its

wide bandgap (3.2 eV), which means that only about 3–5% of

arriving solar energy on the Earth’s surface can be utilized.

Furthermore, TiO2 presents a relatively high electron–hole

recombination rate which is unfavorable to its photoactivity.

Therefore, it is particularly important to extend the photoac-

tivity of TiO2 to visible light region and inhibit the recombi-

nation of photogenerated electrons and holes. To improve the

visible photoactivity of TiO2, one method is to control struc-

ture of TiO2 particles such as the surface area, crystal phase,

crystallite size, and morphology of particles. The other method

is to modify TiO2 particles, involving metal or nonmetal ions

doping,6–15 dye sensitization,4,16,17 semiconductor coupling,18

and deposition of noble metals.19–22 Among various modifica-

tion methods to TiO2, doping of TiO2 with metal or nonmetal

has been widely investigated. Nonmetal doping could obvi-

ously shift the light absorption threshold to visible light range.

However, the content of doped nonmetal component would

decrease during annealing process; thus, the visible photoactiv-

ity of TiO2 would decrease. Fortunately, doping of TiO2 with

metal ions could also significantly enhance its visible photoac-

tivity. The doped metal ions could enhance the quantum effi-

ciency via inhibiting the recombination of photogenerated

electrons and holes, by acting as electron traps; expand the

light absorption range and improve the redox potential of the

VC 2012 Wiley Periodicals, Inc.
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photogenerated radicals. Additionally, the doped metal compo-

nents would not be lost during annealing process. Therefore,

transition metal doped TiO2 have been significantly investi-

gated for their high photocatalytic activities under irradiation

of UV and visible light. Alternatively, noble metal-modified

TiO2 nanoparticles19,20 could effectively eliminate the recombi-

nation of electron–hole pairs to enhance the photoactivity and

simultaneously extend their wavelength response towards the

visible light area.

Currently, some investigators devoted themselves to improve the

photoactivity of TiO2 through co-doping process.23–33 These

studies demonstrated that the observed high photocatalytic ac-

tivity of the samples could be ascribed to a synergetic effect

between doping ions. These reports indicated that modification

of titania by co-doping may be an effective method for increas-

ing the photocatalytic activity.

One of the most significant applications of photocatalysis proc-

esses is the development of self-cleaning materials. These self-

cleaning materials provide promising applications in automo-

bile windshields, windows of high-rise buildings, and other

fields utilized for sterilization, deodorization, antifog, and

room air cleaning. Recently, several studies have been

reported the promising potentials of nontoxic and

inexpensive TiO2 nanoparticles for imparting multifunctional

properties to different textile materials.34–50 The compatibility

of TiO2 nanoparticles surface with fiber surface chemical

functionalities is one of the most important prerequisites for

obtaining stable composite system and long-term durability

effects.

In the view point of practical application, it is very important

to immobilize the fine TiO2 particles onto suitable substrates in

order to create self-cleaning application. The fabrication method

accompanied with high temperature such as chemical vapor

deposition (CVD), anodization, and thermal oxidation of Ti

metal, ultrasonic nebulization, and pyrolysis, would bring about

the cracking and/or peeling of the TiO2 film because of the

shrinkage during the crystallization of deposited amorphous

films. Furthermore, the heating process precludes the produc-

tion of TiO2 film on substrates with low thermal stability such

as polymers.51 In order to overcome these drawbacks involved

in the high temperature process, low-temperature route to

nanocrystalline TiO2 particles or thin films based on sol–gel

process have been reported.35,40,43,46,47,49,50

In this work, we report the route that we developed as a facile

and effective method to create self-cleaning coatings based on

titania nanocomposites on polyacrylonitrile (PAN) fibers. The

silver, zirconium, and silver-zirconium doped titania were pre-

pared using the sol–gel method at ambient temperature on sur-

face of fibers. The photocatalytic performance of the coated-

fibers with these materials was investigated following their

characterization.

It is well known that PAN fibers has been widely used in many

industries because of their desirable properties like abrasion re-

sistance, thermal and mechanical stability, high tensile strength,

good resilient, and tolerance to most solvents.

EXPERIMENTAL

Reagents and Materials

Titanium tetraisopropoxide (TIP), acetic acid, zirconium (IV)

acetylacetonate, silver nitrate, methylene blue, and Eosin Y were

purchased from Merck (Germany) and was of analytical rea-

gent grade and used without further purification. Deionized

water was used in all experimental preparations. The used

PAN fibers were 100% woven fabric, plain construction, with

a density of 180 g m–2. The PAN fibers were scoured with

detergent to remove wax, grease, and other chemical residues

from fabrics before coating. For this purpose, the PAN fibers

were washed first by water and detergent at 80�C for 30 min

to remove the impurities and then washed several times by a

large amount of deionized water. They were further cleaned

in acetone (Merck) for 60 min and dried at room tempera-

ture for 24 h.

Synthesis Procedure

The sol–gel method was used for the preparation of doped and

co-doped TiO2 nanocrystals. Titanium isopropoxide (TIP) was

used as the precursor for titania sol preparation. Four different

sols, pure TiO2, Ag-doped TiO2, Zr-doped TiO2, and Ag–Zr co-

doped TiO2 sols, were prepared by sol–gel method at low

temperature. In a typical synthesis, 10 mL of TIP was added to

acetic acid (20 mL) with stirring. Deionized water (60 mL) was

added to the mixture dropwise with vigorous stirring. TIP,

acetic acid, and water are in 1 : 10 : 100 molar ratios. The so-

lution was stirred for 2 h to get a clear transparent sol. To

prepare the doped and the co-doped titania sols, the above

procedure was repeated. For synthesis of Ag-TiO2, a certain

amount of silver nitrate (2 mol % with respect to TIP) was

dissolved in deionized water (60 mL), stirred and then was

added into the mixture of TIP and acetic acid dropwise with

vigorous stirring. For preparation of Zr-TiO2, the required

amount of zirconium (IV) acetylacetonate (2 mol % with

respect to TIP) was treated the same way as described for Ag-

TiO2. These solutions were stirred for 2 h to get a clear trans-

parent doped titania sol. In the synthesis procedure of Ag–Zr

co-doped titania sol, 2 mol % of silver nitrate with respect to

TIP and 2 mol% of zirconium (IV) acetylacetonate with

respect to TIP were dissolved into deionized water under vig-

orous stirring and then the solution was added into the mix-

ture of TIP and acetic acid dropwise while stirring rapidly at

room temperature. The obtained co-doped sol was then stirred

for 2 h to get a clear transparent sol and ready for dip-coating

procedure.

Coating Processes

The dip-pad-dry-cure process was employed to apply the as-

prepared sols onto the fibers for preparing a durable layer. The

cleaned substrates were dipped in the as-prepared sols for

5 min and then padded with a padder. The padded substrates

were air-dried for 30 min at 100�C and finally cured at 150�C

for 15 min in a preheated curing oven to ensure particles adhe-

sion to the substrate surface. Finally, the impregnated fibers

were rinsed in deionized water. During this step, the unattached

particles were removed from the fiber surface.
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Photocatalytic Test

The photocatalytic activity of our coated-fibers was examined

by exposing the samples containing preadsorbed methylene blue

(MB) and Eosin Y to UV–vis light. For this purpose, 100 mL

aqueous solutions (1.0 �10�5 molL�1) of MB and Eosin Y were

prepared. Both bare and coated fibers are treated in MB and

Eosin Y solutions. The same amount of each sample was

immersed under mild stirring in the same volume of the solu-

tion and remained overnight to complete the adsorption. For

each of the samples (pure and coated fabrics), a piece of

PAN fabric with 2 � 2 cm2 dimensions were used for soak-

ing in the dyes solution. The fibers were drawn out of the

dyes solution and dried at room temperature. The so-

obtained samples could be fixed in the front of the integrat-

ing sphere hole of the diffuse reflectance attachment. The

amount of coated TiO2 may be obtained from thermogravi-

metric (TG) data. According to our TG analysis it was esti-

mated to be about 11.5% for the TiO2-coated sample. These

selected samples were exposed to UV–vis light to test their

photoactivity. The similar settings were performed in several

intervals times during the test. For photocatalytic reactions,

the irradiation was carried out on dry samples, by means of

a high-pressure mercury lamp (HPMV 400 W, Germany).

The lamp yields a spectrum ranging from ultraviolet to visible

light (200–800 nm). Details of the experimental procedure

were described in our previous work.35–38

The photocatalytic decomposition was determined from the fol-

lowing equation.

Photocatalytic decomposition ¼ C0 � Cð Þ=C0 ¼ A0 � Að Þ=A0

where, C0 represents the initial concentration of the dyes on

fiber surface, C the final concentration after illumination by

light, A0 the initial absorbance, and A the variable

absorbance.

Characterization Techniques

To investigate the morphology of the pure and coated fibers,

scanning electron microscopy (SEM) images were obtained on a

Philips, XL30 equipped with an energy dispersive (EDS) micro-

analysis system for compositional analysis of the TiO2-coated

fibers. For the SEM and EDS analysis, samples were covered

with Au. The particles sizes were obtained by transmission elec-

tron microscope (TEM) images on a Philips CM10 instrument

with an accelerating voltage of 100 kV. For photodecomposition

reaction, the UV–vis reflectance spectra were recorded at room

temperature by a UV-2100 Shimadzu spectrophotometer in the

reflectance mode by investigating the evolution of the absorb-

ance. The BET specific surface area of the synthesized nanopar-

ticles was determined by nitrogen adsorption at liquid nitrogen

temperature on a Sibata SA-1100 surface area analyzer. X-ray

diffraction measurements were recorded by a D8 Bruker

Advanced diffractometer with Cu-Ka radiation, scan rate 0.02

2h/s and within a range of 2h of 10–70 degree at room temper-

ature. To investigate the amounts of TiO2 and TiO2 nanocom-

posites deposited on the fibers and also thermal behavior of

samples, thermogravimetric analysis was performed in air flow

(ramp of 10�C min�1) by Thermogravimetric analyzer (TGA

V5.1A DuPont 2000).

RESULTS AND DISCUSSION

XRD Analysis

The X-ray diffraction (XRD) patterns of pure, coated-fibers,

and sol-derived powders are reported in Figures 1 and 2.

Figure 1 (peak a) shows two peaks: the intense one at 17� and

the broad one at 29�, which constitute the typical XRD pattern

of PAN fibers.52 The strong peak at 2h ¼ 17� corresponds to

100 reflection of the crystalline structure of the PAN fiber.53 Fig-

ure 1b to 1e shows the XRD patterns of TiO2-coated and the

TiO2-doped/coated fibers. Since the amount of TiO2 was low

on the fibers surface, therefore, there is a low intensity for the

characteristics reflections of TiO2 phase in the XRD patterns.

The reflections observed at 2h ¼ 25�, 37�, and 55� are related

to anatase phase.

Figure 2 shows the XRD patterns of sol–gel derived TiO2, Ag-

doped TiO2, Zr-doped TiO2, and Ag–Zr co-doped TiO2 pow-

ders. As it is evident from the diffractograms, all the reflections

belong to pure anatase phase and no additional reflections

belonging to other phases are observed. These observations indi-

cate that there is virtually no phase change in TiO2 structure in

the process of doping or co-doping. There were no detectable

peaks relating to the presence of a separate dopant metal phase

in any corresponding pattern. This could be attributed to the

fact that the dopant metals/metal oxides were too low in concen-

tration to be seen as a separate phase or they have been distrib-

uted within the lattice of TiO2 which in this case only reflections

of TiO2 anatase phase are observed in the XRD patterns. The

relatively high width of the reflections associated with the

TiO2 phase suggests that the size of the particles is quite

small. It is observed that doping of Ag and Zr reduced the

grain size and enlarged the surface areas of nanoparticles. The

average grain size are calculated using the Scherrer’s equation

based on the fullwidth at half-maximum (FWHM) of the

(101) peak of the compounds. The crystallite size, on the

other hand, have been reduced with the doping as indicated

by the peak broadening in the XRD patterns of Ag-TiO2 and

Zr-TiO2 (Table II).

The phase structure, crystallite size, and crystallinity of TiO2

play an important role in photocatalytic activity. Many studies

have confirmed that the anatase phase of titania shows higher

photocatalytic activity than the brookite or rutile phases.54

From the wide angle XRD patterns (Figure 2), the titania and

titania nanocomposites exist only in anatase phase. The samples

did not show any change of anatase phase prior and after using

dopants. This illustrates that doping and co-doping process did

not change the catalysts structure or its crystallinity. The smaller

crystallite size indicates that the preparation method used in the

present work can effectively prompt the crystallization and in-

hibit the grain growth.

Our nano TiO2 and the doped nano TiO2 were prepared in the

presence of acetic acid. This is due to the fact that protonation

of TiO2 nanoparticles can prevent further crystallization. In

addition, the excess acetate anion adsorbed on the surface of
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TiO2 could also suppress the growth of nano TiO2. This role of

acetate anion on the surface of TiO2 could be responsible for

the decrease in the crystallite size of TiO2 during the sol–gel

synthesis.13

Figure 2 displays that characteristic peaks broadened when the

ions doped into TiO2. The ionic radius of the dopant ion is im-

portant factor, which can strongly influence the ability of the

dopant to enter into TiO2 crystal lattice. If the ionic radius of

the doping metal ions matches those of the lattice metal ion in

oxides, the doping metal ion will substitute itself for the lattice

in the doping reactive process (substitutional mode). Whereas,

the ions with the radius which are much bigger or smaller than

that of Ti4þ cause crystal lattice distortion.55

The ionic radius of Agþ (0.115 nm) is bigger than that of Ti4þ

(0.068 nm). Therefore, it is difficult for Agþ to really enter into

the lattice of TiO2. However, the electronegativity and the

ionic radius of Zr4þ ion (1.2, 0.072 nm, respectively) are

closer to Ti4þ ion, it is expected Zr4þ ions will replace lattice

Ti4þ ions and thus occupy lattice Ti4þ positions. In doping

process, the lattice structure of TiO2 is locally distorted by

incorporation of Zr4þ ion dopant into TiO2. To clarify the

effect of these dopants on the lattice structure of TiO2, the lat-

tice parameters (a, b, and c, in anatase form, a ¼ b = c) of

the catalysts were measured using Bragg’s law and a formula

for a tetragonal system:

Bragg’s law : 2dsinh ¼ k

1=d2 ¼ h2=a2 þ k2=b2 þ l2=c2

where d is the crystal planes spacing, k is the X-ray wavelength,

h is the diffraction angle of crystal plane, h, k, l are the crystal

face indexes, and a, b, and c are lattice parameters.

The results are summarized in Table I. The table clearly shows

that the lattice parameters of all TiO2 samples remain almost

unchanged along the a and b axes, whereas c axis parameter

increases in Zr-TiO2 and Ag-Zr-TiO2 due to the presence of ad-

ventitious Zr4þ ion. Since ionic radius of Zr4þ (0.072 nm) as

dopant is closer than Ti4þ (0.068 nm) in the TiO2 structure, for

possible diffusion of Zr4þ along the c-axis to substitute Ti4þ in

TiO2, the lattice parameters of c increase relative to that of

TiO2. Consequently, some structural defects such as oxygen

vacancies might be generated on the surface of Zr-TiO2 and Ag-

Zr-TiO2. Also, Table I shows that the lattice parameter c of Ag-

TiO2 does not change much compared to that of undoped

TiO2. This could be attributed to the Ag dopant which is merely

Table I. Lattice Parameters of TiO2 and TiO2 Nanocomposites

Lattice parameters (Å)

Catalysts a ¼ b C

Undoped TiO2 3.785 9.352

Ag-TiO2 3.779 9.365

Zr-TiO2 3.781 9.518

Ag-Zr-TiO2 3.782 9.456

Figure 1. XRD patterns of: (a) pure PAN fiber, (b) TiO2 coated fiber,

(c) Ag-TiO2 coated fiber, (d) Zr-doped TiO2 coated fiber, and (e) Ag-Zr-

TiO2 coated fiber.

Figure 2. XRD patterns of sol-derived powders at low temperature:

(a) TiO2, (b) Ag-doped TiO2, (c) Zr-doped TiO2, and (d) Ag–Zr co-

doped TiO2.
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placed on the surface of the crystals without being covalently

anchored into the crystal lattice.

Morphological and Compositional Analysis

Surface morphology of the pure fibers and the fibers after coat-

ing with TiO2 and doped TiO2 was studied by SEM (Figure 3).

Figure 3(a) shows the surface of the pristine fibers. The surface

of the fibers is relatively smooth, and the groove-like structure

on the PAN fibers surfaces seems clear. In contrast to that the

micrograph of the treated fibers shows agglomerates of spherical

particles deposited on its surface. However, Figure 3(b) shows

that treated fibers with TiO2 after being washed with deionized

water are covered by continuous and homogeneous dispersed

TiO2 agglomerates. SEM images reveal that the most of them

are irregularly shaped and relatively spherical with dimensions

that are less than 100 nm [Figure 3(b)]. Figure 3(c) shows

the treated fibers with Ag-TiO2 nanosol after washing process.

The Ag-TiO2 coated-fibers show a surface morphology similar

to that of the bare TiO2 coating. It can be seen that the de-

posited nanoparticles were composed by agglomerates of fine

particles with dimension of several tens nanometers and TiO2

particles were uniformly distributed on the fiber surface. The

SEM images of the treated samples with Zr-doped and Ag–Zr

co-doped TiO2 are shown in Figure 3(d, e). These figures indi-

cate that shape of the particles are quite similar to each other

and likely become spherical in general. Figure 4 shows the

micrograph of the sol-derived TiO2 and doped TiO2 nanopar-

ticles at 150�C. It is clear that the morphology of the powder

nanoparticles is rather similar to the nanoparticles coated on the

fiber surface. But the powder nanoparticles show more agglom-

erates than that of the coated nanocomposites.

Figure 3. SEM images of: (a) pure fiber, (b) TiO2-coated fiber, (c) Ag-TiO2-coated fiber, (d) Zr-TiO2 coated fiber, and (e) Ag-Zr-TiO2-coated fiber.
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The elemental analysis of the treated samples by EDS analysis

are shown in Figure 5. According to the analysis, the amount of

Ti and other elements slightly varies, meaning that doping ions

are occupied in the crystal structure. On the basis of this result,

it is noteworthy to mention that after washing process, remark-

able amount of TiO2 and doping ions are still present on the

fibers surface. This means that TiO2 and TiO2 nanocomposites

have sufficient adhesion towards the fibers in order to resist a

washing process. This observation indicates that the washing

process can only remove the adsorptive grain under this

condition.

Figure 6 depicts transmission electron micrographs of all sam-

ples. TEM image of TiO2 on the coated fiber [Figure 6(a)] shows

that the deposited titania consists of nanoclusters with average

size of~5 nm which is consistent with the XRD results. It is no-

ticeable that the TiO2 nanoclusters are distributed homogenously

on the fiber surface. The TEM image of Ag-TiO2 on the surface

of the fiber shows that the size of Ag-TiO2 particles are smaller

than TiO2, mostly less than 5 nm, as seen in Figure 6(b). For Ag-

TiO2 sample, Ag species are well dispersed on the TiO2 nanopar-

ticles and Ag particles have larger dimensions than that of TiO2

nanoparticles. The size distributions of Ag nanoparticles indicate

that the vast majority is in the 10–20 nm range. However, the

small size of silver and TiO2 nanoparticles suggests that the

exposed surface area of Ag/TiO2 coating is very large.

Figure 6(c) shows that Zr-doped TiO2 sample consist of the

agglomerates of primary particles with an irregular shape and

size less than 5 nm which is in good agreement with XRD data.

The shape of the Ag–Zr co-doped TiO2 nanoparticles was

observed as aggregated nanoparticles with average particle size

of 5–10 nm [Figure 6(d)]. Indeed, it is demonstrated that Zr

and Ag doping could inhibit the increase of TiO2 particle size.

Therefore, this result may be attributed to the presence of dop-

ing component in the TiO2 framework. Indeed, the entry of

Zr4þ and Agþ in the TiO2 lattices suppresses the particle

growth. The formation of TiAOAZr or TiAOAAg inhibits the

transition of TiO2 phase and blocks the TiAO species at the

interface with TiO2 domains stabilizing them, thus preventing

the agglomeration of TiO2 nanoparticles and thus preventing

the rutile growth. The TEM image of co-doped sample shows

that its particles size is slightly larger than that of other samples

(5–10 nm). The reason can be attributed to the simultaneous

presence of both Ag and Zr dopants which might increase

agglomeration nanoparticles. This results in the increasing of

particle size.

UV–Visible Diffuse Reflectance Spectra

UV–vis diffuse reflectance spectroscopy directly provides some

insight into the interactions of the photocatalyst materials with

photon energies. The reflectance spectra of TiO2, Ag-doped

TiO2, Zr-doped TiO2, and Ag–Zr co-doped TiO2 are illustrated

in Figure 7. For the sake of comparison spectrum of Degussa–

TiO2 (P25) was also included. The spectrum of TiO2 consists of

a single absorption usually ascribed to charge-transfer from the

valence band (mainly formed by 2p orbitals of the oxide

Figure 4. SEM images of sol-derived powders at 150�C: (a) TiO2, (b) Ag-TiO2, (c) Zr-TiO2, and (d) Ag-Zr-TiO2.
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anions) to the conduction band (mainly formed by 3dt2g orbi-

tals of the Ti4þ cations).19 We observed an inevidence shift of

the optical absorption edge for the doped TiO2 systems toward

the visible regions. Surely, this shift towards the longer wave-

lengths originates from the band gap narrowing of titanium

dioxide by incorporation of dopant ions. In the Ag-TiO2 sam-

ple, addition of silver ions causes significant changes to the

absorption spectrum of TiO2 resulting in absorbance from 400

nm to entire visible region. The absorbance in the visible region

for the Ag-TiO2 system shows that lower energy transitions are

possible. This is because the metal clusters give rise to localized

energy levels in the band gap of TiO2 into which valence band

electrons of TiO2 are excited at wavelength longer than 400 nm.

The Zr-doped TiO2 crystals exhibited absorptions that extended

to longer wavelengths. Presumably, these red shifts and reduced

band gaps resulted either from defects caused by trace amounts

of Zr4þ in the TiO2 lattice. The red shift and reduced band gap

in Ag–Zr co-doped is higher than that of other samples. The

band gap energy of the doped samples was determined from

the equation, Eg ¼ 1239.8/k, where k is the wavelength (nm) of

the exciting light (Table II).

The difference in absorption edge wavelength for the nanocom-

posites coatings clearly indicates difference in the band gap of

the samples. The doped and co-doped samples do not show a

sharp absorption edges as observed for the undoped TiO2.

Instead, they have a long tails extending up to 700 nm. The tail

absorption can be assigned to the formation of impurity species

within the band gap of TiO2. The electronic transitions between

these impurities and the valence or conduction band effectively

shift the band edge absorption to visible light region. It may

also originate from defects associated with oxygen vacancies.

The absorption edge of the Ag-TiO2 is about 435 nm, the band

gap is estimated to be 2.85 eV, while the edge of the absorption

of the Zr-TiO2 samples is shifted to approximately 425 nm, cor-

responding to a band gap energy of 2.91 eV. The co-doped Ag-

Zr-TiO2 exhibits the largest visible light absorption among the

four samples. The absorption edge of the Ag-Zr-TiO2 sample

has shifted to about 450 nm, corresponding to band gap energy

of 2.75 eV. While, the absorption onset for anatase TiO2 coating

is 400 nm, with band gap energy of 3.1 eV. The results indicate

that the optical absorption of sample co-doped with Agþ and

Zr4þ in the visible region is relatively stronger than the

undoped sample and doped sample with Agþ or Zr4þ alone. So,

the electronic property affect the anatase band gap and subse-

quently enhance the visible light photon absorption. Therefore,

the best photocatalytic activity can be attained by Ag–Zr co-

doped sample.

BET Surface Area Analysis

In general, the surface area of the catalyst is the most impor-

tant factor influencing the photocatalytic activity. The surface

area of nanoparticles was determined using the nitrogen gas

adsorption method. Table II summarizes the BET surface areas

Figure 5. EDS analysis of: (a) TiO2 coated fiber, (b) Ag-TiO2 coated fiber, (c) Zr-TiO2 coated fiber, and (d) Ag-Zr-TiO2 coated fiber.
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and pore volumes of TiO2, Ag-TiO2, Zr-TiO2, and Ag-Zr-

TiO2. It is obvious from the table that all the prepared sam-

ples have very high surface area compared to that of Degussa

TiO2 (P25). The doping by Agþ ion slightly increases surface

area and pore volume of TiO2, whereas, doping by Zr4þ and

co-doping process decrease the surface area of Zr-TiO2, and

Ag-Zr-TiO2. The BET surface area of the Zr-TiO2 sample

decreases to about 290 m2/g, indicating that doping of Zr ion

might result in the agglomeration of the nanoparticles, which

is in agreement with the TEM result. Also, BET surface area of

the co-doped sample is lower than that of the single doped

samples. The reason can be attributed to the simultaneous

presence of both Ag and Zr dopants which might increase

agglomeration of nanoparticles. This observation confirms the

possible mesoporous nature of the synthesized TiO2 and TiO2

nanocomposites.

Thermogravimetric Analysis

The TG analysis of the pure and treated fibers was carried out

in air atmosphere at a heating rate of 10 �C min�1. The weight

Figure 6. TEM images of: (a) TiO2 on PAN fiber, (b) Ag-TiO2 nanocomposite on fiber, (c) Zr-TiO2 nanocomposite on fiber, and (d) Ag-Zr-TiO2 nano-

composite on fiber.

Figure 7. Diffuse reflectance spectra of synthesized TiO2 nanoparticles and

TiO2 nanocomposites on PAN substrate.
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loss of the sample with the increase in temperature can be fol-

lowed by thermogravimetrical analysis. The TGA analysis of the

pure PAN fiber (Figure 8) can be roughly divided into three

steps according to the extent of weight loss.36 The first step is

up to about 250�C, where weight loss is very small. It is inferred

that there is only cyclization occurring in this step. The second

step is up to about 300�C. During this step, the rate of weight

loss becomes quite rapid, which is mainly due to the dehydro-

genation. It is apparent that the weight loss of PAN/TiO2 and

PAN/TiO2 nanocomposites is larger than that of PAN. It

implies that TiO2 and TiO2 nanocomposites have promoted

the dehydrogenation to some extent. In the last step, frag-

mentation of polymer chains occurs and producing volatile

species leading to weight loss. After combustion of all organic

part in TiO2-modified fibers and doped-TiO2 modified fibers,

the residual amount corresponds to nanoparticles of TiO2

and TiO2 nanocomposites. As shown in Figure 8, a residual

weight of about 6% wt has been obtained at 800�C for the

pure fiber. The residual weights of about 11.5% wt, 17.5%

wt, 20.3% wt, and 23.6% wt were obtained for TiO2, Ag-

TiO2, Zr-TiO2, and Ag-Zr-TiO2 modified fibers with respect

to residual weight of the pure fiber, respectively. These values

are due to the TiO2, Ag-TiO2, Zr-TiO2, and Ag-Zr-TiO2 dep-

osition onto the samples surface. From this result, it is evi-

dent that the thermogravimetric analysis technique in air

allows evaluating the presence of TiO2 and TiO2 nanocompo-

sites incorporated in the fibers.

Photocatalytic Self-Cleaning Activity

The photocatalytic activities (self-cleaning test) of the prepared

TiO2 nanocomposite/fibers were performed by observing the

photodegradation oxidation of MB and Eosin Y dyes, which

were preadsorbed on the untreated and treated fabrics. These

dyes have strong adsorption characteristics on many surfaces,

good resistance to light degradation, and well defined optical

absorption maxima in the visible region. The dye method was

used for evaluating the photocatalytic activity of self-cleaning

samples. In the dye method, the whole process of the photode-

gradation of dyes under UV irradiation is monitored, and the

performance of self-cleaning materials is evaluated with the aid

of the discoloration of dyes.

The photocatalytic activity of our synthesized TiO2 and TiO2

nanocomposites on fibers were investigated by exposing the

samples containing preadsorbed methylene blue and Eosin Y to

UV–vis light. The photodegradation of MB and Eosin Y on the

TiO2 nanoparticles surface deposited on the fabrics was fol-

lowed by dyes concentration changes (C/C0) as a function of

UV–vis illumination time.

All the TiO2-coated samples possessed the ability to decompose

dyes upon UV–vis irradiation. The UV–vis reflectance spectra

of coated samples with dyes prior and after illumination were

recorded. The absorption peaks, corresponding to the dyes,

diminished under reaction which indicates that the dyes were

degraded. No new absorption bands appear in the visible

regions. The disappearance rate of the bands due to MB and

Eosin Y adsorbed on the TiO2-covered fibers is much higher

than those observed for the untreated fibers [Figures 9(a, b)

and 10(a, b)]. This is not unexpected since the photocatalytic

activity of TiO2 is well known. Also, irradiation of all the

doped TiO2-fibers samples show enhanced photocatalytic

activities, comparing with the undoped TiO2 coated fibers

[Figures 9(c, d) and 10(c, d)]. The Zr-TiO2 and Ag-TiO2

samples exhibit a much higher efficiency in the degradation

of dyes than pure TiO2. In particular, Ag-Zr-TiO2 shows the

highest photocatalytic activity among all the samples [Figures

9(e) and 10(e)]. The photocatalytic activity of samples

decreased in the following order: Ag and Zr co-doped TiO2

> Ag-doped TiO2 > Zr-doped TiO2 > undoped TiO2.

The photodegradation of organic dyes on the surface of a TiO2-

based photocatalyst is generally initiated by the irradiation of

UV–vis light source, which excites and transitions the electrons

from the valence band to the conduction band. Subsequently,

these electrons are captured by the adsorbed O2 to give O2��,

and the water molecules adsorbed on the surface of the catalyst

Figure 8. TGA analysis of pure PAN and PAN/TiO2 nanocomposites.

Table II. Some Characteristics of Synthesized Nano TiO2 and TiO2 Nanocomposite Coatings

Crystalline
structure Samples

Absorption
edges (nm)

Band gap
energy (eV)

BET surface area
(m2/g)

Pore volume
(cm3/g)

XRD crystal
size (nm)

TEM crystal
size (nm)

Anatase, Rutile Degussa 390 3.2 51 0.018 25 25–30

Anatase TiO2 400 3.1 350 0.125 8 5

Anatase Ag-TiO2 435 2.85 372 0.132 7 <5

Anatase Zr-TiO2 425 2.91 290 0.103 6 <5

Anatase Ag-Zr-TiO2 450 2.75 318 0.113 15 5–10
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react with the hole(þ) vacancies to give OH�. Finally, these

active oxygen species attack the dye molecules and decompose

them. The proposed sequential mechanism is as follows.

(a) Absorption of energy

TiO2 þ hm ! hþ þ e� (1)

(b) Generation of active oxygen species

O2 þ e� ! O•
2 � (2)

H2Oþ hþ ! Hþ þOH• (3)

(c) Oxidation of dyes

DyesþO•
2� ! Degradation products (4)

DyesþOH• ! Degradation products (5)

In addition to the reasons mentioned above, dye photosensi-

tized process might affect the photocatalytic activity. Dye sensi-

tization facilitates electron transfer between the dye molecules

and the host TiO2. Various dyes such as methylene blue and Eo-

sin Y have been used to sensitize TiO2 nanoparticles.56 These

surface adsorbed dye molecules are excited upon illumination

by UV–visible light and inject electrons into the conduction

band of host semiconductor. This injection is favorable due to

the more negative potential of the lowest unoccupied molecular

orbital (LUMO) of the dye molecules as compared to the con-

duction band potential of TiO2. The electrons injected by dye

molecules hop over quickly to the surface of titania where they

are scavenged by molecular oxygen to form superoxide radical

O2�� and hydrogen peroxide radical �OOH. These photoactive

radicals decolorize and mineralize substrate dyes by destroying

their chromophore structure.

It has been demonstrated that incorporating Zr4þ into TiO2 can

introduce lattice defects and lead to higher photoactivities than

those of the pure oxide. The introduced defects not only reduce

the band gaps, but also play a role as charge-trapping centers in

inhibiting charge recombination. A few defects in a TiO2 ma-

trix, resulting from the presence of dopants, can play the role of

trapping centers to inhibit charge recombination and improve

the photoactivity.14

The mechanism of variation of photoactivity for Ag-TiO2 coat-

ing can be explained as below. The size of TiO2 particles in Ag-

TiO2 coating is similar to that in TiO2 coating without Ag

[Figure 6(a, b)]; thus the variation of photocatalytic activity

cannot be ascribed to size effect. When two materials of differ-

ent work functions get in contact, the Schottky barrier will be

formed and electrons will transfer from the material with low

work function to the material with high work function.52 Silver

and TiO2 have different work functions and the work function

of silver is higher than TiO2 (work function UTiO2 ¼ 4.2 eV,

UAg ¼ 4.6 eV). So when silver contacts with TiO2, electrons will

transfer from TiO2 to silver. Those electrons transferred to silver

and loaded on the surface of silver will be scavenged by the

electron acceptor, commonly the oxygen molecules absorbed on

the surface of silver. Meanwhile, some electrons transferred to

silver are contained in the body of TiO2. Though there was no

electron scavenger, the transfer decreases the recombination

between electron and hole. Whether in body or on the sur-

face of silver, silver atoms act as electron traps that capture

certain amount of photoelectrons produced by UV excitation

and increase the separation between photoelectron and hole.

Thus more holes will have the opportunity to escape from

the geminate hole–electron recombination. It is well known

that the geminate recombination is the main reason for low

efficiency of TiO2 photocatalysis. Therefore, the existence of

silver atom in Ag-TiO2 coating can help more holes to

Figure 9. Photocatalytic decomposition rate of MB against irradiation

time. (a) MB on untreated fiber, (b) MB on TiO2 coated fiber, (c) MB on

Zr-TiO2 coated fiber, (d) MB on Ag-TiO2 coated fiber, and (e) MB on

Ag-Zr-TiO2 coated fiber. (Experimental conditions: Temperature: 25�C, air

pressure: 1 atm, UV–vis irritation source: 400 W high pressure mercury

lamp). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 10. Photocatalytic decomposition rate of EY against irradiation

time: (a) EY on untreated fiber, (b) EY on TiO2 coated fiber, (c) EY on

Zr-TiO2 coated fiber, (d) EY on Ag-TiO2 coated fiber, and (e) EY on Ag-

Zr-TiO2 coated fiber. (Experimental conditions: Temperature: 25�C, air

pressure: 1 atm, UV–vis irritation source: 400 W high pressure mercury

lamp).
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transport to the surface and enhance the photocatalytic

efficiency.57

The co-doped (Ag–Zr) TiO2 exhibits highest photocatalytic ac-

tivity, which is believed to be due to the enhanced light absorp-

tion resulting from the narrowing of the band gap and synergis-

tic effect between the Ag and Zr doped into TiO2 lattice. When

both Ag and Zr are involved as co-doped in the nanocrystalline

TiO2 particles, a cooperative action ensues. Silver doped or de-

posited on TiO2 are expected to show various effects on the

photocatalytic activity of TiO2 by different mechanisms. This

noble metal may act separately (i) enhance the electron–hole

separation by acting as electron traps, (ii) extend the light

absorption into the visible range and enhance surface electron

excitation by plasmon resonances, and (iii) modify the surface

properties of photocatalysts. Also Zr-doping induced the

increase of the photocatalytic efficiency. On the one hand, Zr

doping into the TiO2 lattice results in relatively larger lattice

strain. To balance this strain, lattice oxygen, especially surface

oxygen atom can escape from the lattice and exist as a hole

trap. Also Zr-doping introduces a few defects into a TiO2 ma-

trix, it is preferential for electrons to be trapped on Zr4þ than

on Ti4þ, these defects can play the role of trapping centers to

inhibit charge recombination and improve the photoactivity.58

So the photocatalytic activity of co-doped TiO2 is markedly

improved.

Finally, a strong Ag–Zr synergistic interaction appears to play a

decisive role in driving the excellent photoactivity performance

of Ag–Zr co-doped materials by affecting (i) electronic proper-

ties, particularly highest decrease of the anatase band gap and

subsequently enhancing the visible light photon absorption, and

(ii) surface properties, which is related to the formation of

active radicals upon light irradiation.

CONCLUSION

Titania and titania nanocomposites (doped by Ag, Zr, and Ag-

Zr) were coated on PAN fibers via sol–gel dip-coating method.

Modified PAN fabrics with deposited TiO2 nanoparticles and

TiO2 doped and co-doped nanocomposite exhibited outstanding

self-cleaning activity. Photocatalytic self-cleaning potential of

the prepared nanocomposites was assessed by photodegradation

of MB and EY under UV–vis light. The materials showed pho-

tocatalytic activity originated from TiO2, doped and co-doped

TiO2 on their surface. A pronounced enhancement of photoca-

talytic activity was observed for all doped and co-doped sam-

ples. The small particles size and high surface area are assisting

for the observed enhanced photoactivity. In the photodecompo-

sition of MB and EY, Ag–Zr co-doped TiO2 coated fiber showed

the highest photocatalytic efficiency as compared to that of pure

TiO2 and mono- doped TiO2 nanocomposites. The enhanced

photoactivity of the co-doped Ag–Zr TiO2-coted fibers is

believed to be due to the synergistic effect between the Ag and

Zr doped into TiO2 lattice and enhanced light absorption

resulting from the narrowing of the band gap. Such strong effect

supposed to be related to effective inhabitation of the recombi-

nation of photogenerated electrons and holes and creation of an

increased concentration of active radical species.
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