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ABSTRACT: A polyaniline–TiO2 hybrid was coated on cotton fabric to make it electrically conductive. A One-pot method of synthesis

with acetic acid medium was used, in which TiCl4 was used as precursor. The oxidative polymerization of aniline adsorbed on TiO2

(anatase form) was performed in the presence of cotton fabric. Fabric crystallinity was least affected by the coatings, as confirmed by

XRD analysis. FTIR studies revealed interactions between fiber and hybrid. The morphological study through SEM showed the uni-

form coating of hybrid over the fibers of the cotton fabric and AFM analysis revealed the rod-like structure of the hybrid. The

strength of the coated fabrics was assessed using abrasion tests. The electrical conductivity was determined using electrochemical

impedance spectroscopy (EIS).The conductivity value varied with respect toTiO2 content and ranged in the order 10�4 to 102 S/cm.

The effect of atmospheric aging was assessed. A more durable conductivity was observed in hybrid-coated fabric than pristine polya-

niline-coated fabric. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Polyaniline–TiO2 composites/hybrids are highly tunable materi-

als with unique electrical and optical properties.1,2 The electrical

conductivity, electro-magnetic interference (EMI) shielding,

electrochromic stability, and optical contrast of polyaniline are

enhanced by the addition of TiO2. The electrical conductivity of

the composites are reported to increase initially with TiO2 con-

tent and then decrease on excess of TiO2. This initial increase is

attributed to the well-extended conjugation conformation of

doped polyaniline and decrease on excess concentration of

TiO2, which attributes to the particle blockade of conducting

path.3 The high-electrochromic stability and optical contrast are

by the virtue of electron-donor acceptor interactions between

polyaniline and TiO2.4 The EMI shielding capacity is the contri-

bution of enhanced dielectric constant of the composite.5

The main problem encountered by the composite/hybrid is

processibility. Coating of these composite/hybrids onto textiles

serves dual purpose: (i) it solves the problem of processibility

by extending the mechanical strength and flexibility contributed

by textile component and (ii) it serves as functional conductive

textiles, where demand for conducting textile materials is

increasing day-by-day. Electrically conductive textiles find vast

applications as wearable electronics,6 de-electrifying coatings,

EMI shield materials,7 ESD materials, and special purpose cloth-

ings that are dust and germ-free.8 The polyaniline–TiO2 hybrid-

coated fabric is expected to show photo-catalytic properties and

photo-sensing properties.

There are many reports describing the conducting-polymer

coatings on textiles. Polyaniline,9–15 polypyrrole,16–18 and

PEDOT19,20 have been explored for such electrically conducting

coatings on textile materials. Among these conducting polymers,

polyaniline finds an important position due to its easiness of

synthesis, electrical conductivity, and stability.21 Textile materials

and paper have been coated with polyaniline in various meth-

ods as in situ polymerization,11–13 electrochemical deposition,14

and template process.15 The major disadvantage in in situ poly-

merization of polyaniline is the adverse effect on the strength of

fabric due to highly acidic pH. The electrochemical method is

also difficult due to the insulating nature of the fabric. Very

recently, polyaniline–ZnO coatings on fabrics for conductive

network was studied and reported by Zhao et al.22 To the best

of our knowledge, polyaniline–TiO2 coatings are not performed

on fabrics. Hence, it is aimed in this study to explore the

Additional Supporting Information may be found in the online version of this article.
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possibilities of coating of polyaniline–TiO2 on cotton to impart

unique properties of the hybrid into flexible form. The coated

fabric is expected to posses UV-protective23 and self-cleaning

property24 of TiO2 with minimum adverse effect on strength.

EXPERIMENTAL

Titanium tetrachloride (Loba), acetic acid (E. Merck), ammo-

nium persulfate (Fisher), and camphor sulfonic acid (Sigma-

Aldrich) were used as such without any further purification.

Aniline (CDH) was distilled before use. Woven-cotton fabric of

80 s count was obtained from SITRA, Coimbatore. It was

desized and scoured following conventional procedures. Two

milliliters of titanium tetrachloride (TiCl4) was digested in 10

mL of alcohol with constant stirring. A 0.6-mL of aniline was

added synchronously with 1.3 mL of alcoholic TiCl4 solution

into a flask containing 40 mL of acetic acid (1 M). The temper-

ature was increased to 80�C and stirring was continued for 4 h.

Aniline-adsorbed TiO2 colloidal solution was thus prepared and

cooled at room temperature. Accurately weighed cotton fabric

was hanged without crease using two concentric rings, just to

immerse in the colloidal solution containing the synthesized

TiO2 with aniline adsorbed on it. Fabric was fully impregnated

with the solution by continuous stirring for 1 h. Then required

amounts of ammonium persulfate (APS) at 1:1 molar ratio with

aniline and camphor sulfonic acid (CSA) at 1:0.5 molar ratio

with aniline were added as aqueous solutions and polymeriza-

tion was continued for 2 h at room temperature. Then this

coated fabric was washed well with distilled water and dried.

Thus cotton fabric with 1:0.3 ratio of polyaniline–TiO2 was

obtained and designated as C0.3. Likewise, coated fabrics of C0.1,

C0.2, C0.4, and C1 were prepared by coating corresponding

hybrids following aforementioned procedure for understanding

the influence of TiO2 in electrical conductivity. For comparison

purpose, pristine polyaniline coated cotton was produced by in

situ chemical polymerization technique in HCl as detailed else-

where11–13 and referred as C0.

Characterization

XRD analysis was performed for coated fabric using XPERT

PANALYTIC instrument. All samples were analyzed in the range

between 10 and 80� as 2y and Cu as anode (K-Alpha-1.54060

Å). Coated-fabric sample was crushed and pelleted using KBr

and subjected to FTIR analysis on SHIMADZU 8400S FTIR

spectrophotometer. The surface morphology of sample was

examined by Nikon-H-550L optical microscope, HITACHI

S3000H scanning electron microscope, and Veeco-II Atomic

force microscope. Thermal analysis was performed using an

EXSTAR Model 6000 instrument with a heating rate 20�C/min

over a temperature range between 40 and 750�C in air. The

electrochemical impedance spectroscopy (EIS) experiments were

performed by sandwiching fabric sample between two symmet-

rical stainless steel electrodes in AUTOLAB electrochemical im-

pedance bridge with FRA software. The frequency scan was per-

formed from 10 mHz to 1 MHz with 0.1 V amplitude. The I–V

(current–voltage) curve was recorded using CH 620A instru-

ment. Abrasion test was carried out in a crock meter.

RESULTS AND DISCUSSION

PANI–TiO2 hybrid coating on cotton produced electrically con-

ducting fabric and conductivity was comparable with pristine

PANI-coated fabric. A weight gain of 20% was observed with

pristine PANI-coated fabric, while the weight gain varied with

respect the ratio of TiO2 in the case of hybrid-coated fabrics

(Table I). When the TiO2 content was increased, the weight

gain increased up to a ratio of 1:0.3 and then decreased. This

decrease may be due to the lower adhesion of hybrids with high

TiO2 content.

XRD

The XRD pattern (Figure 1) of polyaniline–TiO2-coated cotton

fabric was almost similar to that of uncoated-cotton fabric.

Both belong to cellulose-A structure as reported in the pub-

lished reports.25 The XRD peaks of uncoated cotton were at 2y
values of 14.9 and 22.7 corresponding to 101 and 002 plane,

respectively. These peaks were slightly shifted to higher values of

2y at 15.3 and 22.9 for coated fabric with a small shift in inter-

planar (d) spacing. This shows the diffusion of hybrid into

amorphous and para-crystalline regions of cotton fabric, with-

out affecting its crystallinity. The result is similar to that

reported by Bhat et al. for polyaniline coated cotton fabric.12

The XRD analysis of hybrid in powder form confirmed the

formation of polyaniline–TiO2 (Figure 1, insight). The hybrid

formed showed the characteristics of both polyaniline and TiO2.

The badly crystallized peaks around 2y of 15–20 correspond to

polyaniline. The peak at 2y of 25.35 representing 101 plane

Table I. The %Weight Gain and % TiO2 Content in the Hybrid-Coated

Textiles

Coated fabric %Weight gain % TiO2

C0.1 21.1 2.11

C0.2 22.5 4.5

C0.3 25.3 7.59

C0.4 23.2 9.2

C1 12.7 6.2

Figure 1. XRD patterns of (a) uncoated cotton, (b) coated cotton, insight

polyaniline–TiO2 hybrid.
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confirms that TiO2 is of anatase phase (JCPDS file no 89-4203,

tetragonal primitive). The formation of polyaniline–TiO2 in

acetic acid medium has resulted anatase phase, while rutile

phase was reported in HCl medium.26,27

FTIR

The FTIR spectra of hybrid-coated fabric and uncoated fabric

are given in Figure 2. Characteristic bands for polyaniline were

present (around 3465, 1720, 1581, and 1290 cm�1) in hybrid-

coated fabrics. A shift in frequency was observed toward higher

energy due to the interaction between fabric and hybrid mate-

rial. The peak at 2906 cm�1 observed for uncoated fabric was

due to the CH2 anti-symmetric stretching vibrations of second-

ary CH2OH groups in the glucose units of cellulose. This peak

was absent in the spectra of the hybrid-coated fabric because of

the interaction of hybrid with CH2OH groups in the glucose

units of cellulose. Hence, it is deduced that polyaniline part of

the hybrid was attached to cellulose by hydrogen bridges. Major

interaction of cotton fabric is with polymer part (polyaniline)

of the hybrid. A strong band around 2360 cm�1 present in the

coated fabric indicated charge–transfer interactions between

hybrid and fabric through the Lewis acid site �Ti4þ. The peak

corresponding to CSA was not found in the spectra.

Morphological Studies

The optical microscopic studies at 40� magnification clearly

showed the encapsulation of cotton fibers by the hybrid (Figure

3). The SEM image confirms this observation. The intersites of

the fabric were not deposited with the hybrid. The coating was

uniform at microscopic level but corrugated at further magnifi-

cation. The morphology and topography of hybrid on the fiber

was also observed through AFM technique. The AFM 3D image

(2 mm� 2 mm) of coating is given in Figure 3(d) and it

showed an average roughness of 7.00 nm. A further magnified

image (2D) 500 nm� 200 nm showed that hybrid particle coat-

ing was grooved to form rod-like structures. The line profile

(given in Supporting Information) indicated that the features

detected by AFM [Figure 3(e)] had the average sizes in the

plane (horizontal) and out of plane (vertical) directions as 2–24

nm and 3–8 nm, respectively.

Thermal Analysis

The thermogram of hybrid-coated cotton fabric (C0.3) is shown

in Figure 4. From the TGA curve, the weight loss due to mois-

ture (at around 100�C), fiber degradation (at around 300�C),

and polyaniline degradation (at around 500�C) can be clearly

observed. The DTG curve shown in insight explains these find-

ings more clearly. The absence of relevant weight loss around

200�C indicated low content of CSA. CHNS/O analysis was per-

formed for pristine PANI and PANI-TiO2 hybrid powders using

Elementar analyse‘n’systeme instrument (GmbH varioMi-

croV1.6.1), to estimate the approximate CSA content. It was

observed that the % sulfur content of pristine PANI and PANI-

TiO2 hybrid were 18.0 and 6.8, respectively. Hence, it can be

deduced that the doping with CSA is somewhat prevented by

Figure 2. FTIR spectra of (a) uncoated cotton, (b) coated cotton.

Figure 3. (a) Optical microscopic image of uncoated cotton, (b) optical microscopic image of coated cotton, (c) SEM image of coated cotton, (d, e)

AFM images. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. TGA spectra of C0.3. Insight DTG spectra.
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the presence of TiO2. The amount of hybrid present on the fab-

ric calculated from TGA curve was about 25% and that of TiO2

content was about 6%. This shows that TiO2 content in hybrid

was same as in feed ratio.

Electrical Conductivity Studies

The result of EIS shows that the TiO2 content plays a major role

in the electrical conductivity of the coated fabric. The real imped-

ance decreased with frequency for all samples. The conductivity

obtained was in the range from 103 to 105 X cm (Nyquist and

bode plot are shown in Supporting Information). This range of

conductivity is similar to the reported conductivity (10–275 kX)

for PET fabric coated with polyaniline–ZnO composite.22 The

conductivity of hybrid-coated fabrics was in the order

C0.1 < C0.2 < C0.3 > C0.4 > C1. This initial increase in conductiv-

ity up to C0.3 and subsequent decrease is in agreement with the

previous reports, which confer the credit to the well-extended

conjugation conformation of polyaniline and blocking due of

TiO2.3 The electrical conductivity can be enhanced by developing

better orientated defect-free conducting polymers.28 As detailed in

the published reports,29 TiO2 may act as suitable template for the

formation of well-oriented polyaniline. The TEM image of powder

hybrid (corresponded to C0.3) is given in Figure 5. It showed the

TiO2 core with polyaniline shell, which substantiated that PANI is

formed over the TiO2 surface. This might have influenced for the

increase in conductivity observed up to C0.3. When the TiO2 con-

tent was further increased, the amount of hybrid coated onto fab-

ric decreased (Table I). This lower the electrical conductivity of

hybrid-coated fabrics with higher TiO2 content. Additionally,

increased amount of TiO2, it may hinder the carrier transport

between different molecular chains of polyaniline.

The electrical conductivity of coated fabric was also measured

using potential–current (I–V) analysis (shown in Supporting In-

formation). For the hybrid-coated fabric of C0.3, the conductiv-

ity was found to be 1.5 � 10�3 S/cm, which is in good agree-

ment with EIS result. Pristine polyaniline-coated fabric (C0) was

more conductive (2.2 � 10�3 S/cm) than all hybrid-coated fab-

rics studied. During treatment of TiCl4 with alcohol four moles

of HCl will be released and may be used up by aniline-forming

aniline hydrochloride, which in turn, is polymerized into polya-

niline. Thus, CSA incorporation will be reduced with HCl con-

tent and may be the reason for the low conductivity of hybrid

on comparing with pristine PANI. Moreover, the electrons from

polyaniline is donated to TiO2 forming a bonded interaction,

which may also cause decrease in carrier availability.

Aging Study

The electrical conductivity of coated fabrics was monitored over

a period of 1 week. The conductivity loss in the case of hybrid-

coated fabrics was very low, while pristine polyaniline-coated

cotton lost 50% of conductivity within the observed time period

(Figure 6). This loss may be due to the degradation mechanisms

as discussed by Travers’s research group.30,31 Three main mecha-

nisms described by them were dedoping, oxidation, and chemical

crosslinking. The ordered-configuration of the hybrid can

decrease the O2 diffusion and thereby, reduce the loss by oxida-

tion. As the initial amount of dopant is low, the effect of dedop-

ing may be less significant. Thus, in this case of hybrid-coated

fabrics, the occurrence of degradation mechanisms may be low.

Abrasion Test

The level of adhesion of hybrid material coated on cotton was

experimented with surface abrasion tests and subsequent mea-

surement of weight of fabric before and after coating (given in

Supporting Information). The weight loss of the hybrid-coated

fabrics was found to be negligible even after 50 abrasions with

maximum loss of 2% for C1. The weight loss may be due to the

removal of loosely attached hybrid materials. The weight loss

increased with decrease in polyaniline content. This suggests

that the polymer part (polyaniline) act as a binding material.

The presence of binding interactions between polyaniline and

OH groups of cotton confirmed by FTIR analysis supports this

inference. Pristine polyaniline-coated fabric could not withstand

well even for 20 abrasions and resulted to tear-off. This shows

that pristine polyaniline-coated fabric turns mechanically weak

because of higher damage with HCl medium in the polymeriza-

tion bath. The hybrid-coated fabric maintained its strength due

Figure 5. TEM image of PANI–TiO2 hybrid.

Figure 6. Bode plots of (a) C0 before aging, (b) C0.3 before aging, (c) C0.3

after aging, (d) C0 after aging. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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to negligible damage with acetic acid medium in the polymer-

ization bath.

Advantageous of Hybrid-Coated Fabric

Two major challenges retarded the wide acceptance of pristine

polyaniline coated fabric were (i) loss of electrical conductivity

on aging and (ii) loss of strength of fabric (especially with cot-

ton in highly acidic polymerization bath). These problems could

be solved with the use of hybrid (polyaniline–TiO2)-coated cot-

ton fabric, in which the electrical conductivity loss was mini-

mum and fabric strength was maintained. Since byproduct or

wastage was less during the hybrid coating, this one-pot method

can be termed as greener route. In the published reports on

PANI–ZnO-coated PET fabric, ZnO interacts with PET fabric.

In our study, there was no direct interaction between TiO2 and

cotton fabric as evidenced by FTIR data. Hence, the strength

loss of cotton due to TiO2 is negligible.

CONCLUSION

Cotton fabric was made electrically conductive with coating of

polyaniline–TiO2 hybrid. The coatings had negligible effect on

crystallinity of the fabric. The electrical conductivity loss during

aging was very less in the hybrid-coated fabric than the pristine

polyaniline-coated fabric. By this one-pot method, cotton fabric

of good adhesion, durable electrical conductivity, and good me-

chanical strength were produced.
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