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ABSTRACT: Polyaniline (PANi)–titanium dioxide (TiO2) nanocomposite materials were prepared by chemical polymerization of ani-

line doped with TiO2 nanoparticles. Surface pressure–area (p-A) isotherms of these nanocomposites show phase transformations in

the monolayer during compression process. Multiple isotherms indicate that the monolayer of the nanocomposite material can retain

its configuration during compression-expansion cycles. Langmuir–Blodgett thin films of PANi–TiO2 nanocomposite were deposited

on the quartz and indium tin oxide coated conducting glass substrates. Fourier transfer infrared spectroscopy and UV–visible spec-

troscopy study indicates the presence of TiO2 in PANi, whereas X-ray Diffraction study confirmed the anatase phase of TiO2 and par-

ticle size (�nm) of PANi–TiO2. The morphology of Langmuir–Blodgett films of these nanocomposites was also characterized by

atomic force microscopy. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41386.
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INTRODUCTION

Conducting polymers have emerged as novel electronic materi-

als considering their use in molecular electronic devices. These

materials possess the electronic properties of semiconductors as

well as the flexible behavior of polymers.1–6 Amongst the family

of conducting polymers, polyaniline (PANi) has special charac-

teristic due to the presence of reactive ANHA groups in a poly-

mer chain, which imparts hydrophilic character to the system,

relatively high conductivity, and good chemical stability.7,8

The electronic properties of the conducting polymers can fur-

ther be enhanced by tailoring them with metal oxides. Titanium

dioxide (TiO2) being nontoxic, insoluble, inexpensive, and

chemically stable, emerged as one of the most suitable doping

agents in PANi. The preparation of PANi–TiO2 nanocomposites

is standardized because of their well-matched band gap for the

charge transfer. TiO2 anatase is a typical n-type wide gap semi-

conductor (�3.2 eV), whereas PANi is considered to be a

p-type material having a wide band gap (�3.6 eV). It has been

observed that the n-p contacts between TiO2 and PANi matrix

gives rise to variety of shallow donors and acceptor levels

increasing the physical adsorption sites for gas molecules thus

enhancing the gas sensing features of PANi–TiO2 nanocompo-

sites.9–11 Some recent reports show that these materials have

also been applied in newer applications like electrically conduc-

tive textiles, gas sensor, and photosensing applications with their

reasonable photocatalytic and enhanced optical activity etc.12–17

The metal/organic semiconductor materials are expected to be

substitutes of the metal/inorganic semiconductor junctions in

order to provide low-cost flexible electronic devices.18–20

Langmuir–Blodgett (LB) method offers a novel and relatively

simple method of producing ultra-thin films, with fine control

over film thickness. Density, film thickness, and homogeneity

are preserved in the LB films, giving the possibility to make

self-assembled multilayer structures with varying layer composi-

tions. It also facilitates to prepare single molecule thin electronic

device from nano- or micro-sized metal particles or rods using

this technique. Spin casting is also a good deposition technique

for organic molecules but film thickness is relatively high as

compared with LB films. This technique is usually used for bot-

tom up assembly in nanotechnology and functional materials

applications at room temperature. In Langmuir films, the inter-

actions between hydrophobic and hydrophilic moieties deter-

mine the molecular orientation. The required amphiphilicity of

PANi is provided by the presence of ANHA groups, benzoid

and quinoid rings in a polymer chain. Thus, several research

groups made attempts to investigate thin films behavior of con-

ducting polymers using LB technique with PANi getting special

attention,21–24 but the behavior of Langmuir monolayer and LB

films of PANi–TiO2 nanocomposite systems is still infancy.

In this article, we report on the preparation of hybrid PANi–TiO2

nanocomposite materials by chemical route and depositing their

thin films by LB method. We made an attempt to understand
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their properties at air–water and air–solid interfaces and study

their morphology.

EXPERIMENTAL

Materials

Aniline (LR for synthesis, purity 99%) and acetone (Guaranteed

grade, purity 99.5%) were purchased from M/S Loba chemie,

ammonium persulfate (APS) (NH4)2S2O8 (AR, purity 98.5%),

N-methylpyrrolidone (NMP) (LR, purity 99.5%), TiO2 (25 nm)

from Degussa P-25, hydrochloric acid, and sodium hydroxide

(AR) were purchased from M/S S. D. fine-chemicals, and Etha-

nol (AR, purity 99.9%) from Merck were used without further

purification. Milli-Q filtered (Direct Q3) deionized and ultra-

pure water (Resistivity 5 18.2 MX cm) was used for synthesis of

nanocomposites and for preparing subphase.

Preparation of PANi–TiO2 Hybrid Nanocomposites

PANi–TiO2 nanocomposite systems were prepared by chemical

route. Aniline (1.6 mL) was injected for the dispersion of

50 mL of 2M HCl containing TiO2 powder under ultrasonic

action to avoid the agglomeration of TiO2 nanoparticles. After

30 min, APS was mixed into this dispersion system with con-

stant stirring and keeping the temperature of the reaction sys-

tem between 0 and 5�C. The resulting mixture was allowed to

react for 10 h at room temperature. The precipitated powder

was filtered by using Millipore vacuum filter (pore size �0.22

mm) and washed with deionized water to remove the unreacted

aniline monomer. These nanocomposites with different concen-

tration of TiO2 were doped by treating with 1 L of 1M HCl

solution. PANi was prepared by similar procedure in the

absence of TiO2. The final compound was dried in vacuum at

40�C for 24 h. The molar ratios of aniline to HCl and to APS

for either PANi or PANi–TiO2 nanocomposites were retained at

1 : 0.5 and 1 : 1, respectively.11

The reaction mechanism for PANi–TiO2 nanocomposite show-

ing polymerization of aniline on the surface of TiO2 nanopar-

ticles is shown in Figure 1(a). The average molecular length of

monomer was �5 Å (as determined from its molecular struc-

ture). Figure 1(b) shows the molecular model representing the

position of TiO2 in the PANi chain molecules as sketched using

ACD Chem software.

Langmuir–Blodgett Films of PANi and PANi–TiO2 Composite

The experimental set up for LB film deposition essentially con-

sists of a mini-trough (KSV-NIMA, Finland). The trough was

thoroughly cleaned with ethanol followed by deionized water to

ensure impurity free subphase for monolayer. The spreading

solution of PANi and PANi–TiO2 (20 wt %) was prepared in

NMP and particle concentration is 0.2 mg/mL. A total of 200

mL of the solution was spread on the ultrapure Milli-Q3

(pH 5 6.00) water subphase contained in trough by using Ham-

ilton micro syringe. The density of NMP was higher than that

of water, so it got settled down at the bottom of subphase leav-

ing behind the composite material to be deposited, on water

surface.25,26 The solvent settled down in about 30 min before

the area enclosed by the barriers (derlin) was reduced at 10 mm

min21 to compress the molecules on the water surface.

Indium tin oxide (ITO) coated conducting glass and quartz

substrates were used for thin film deposition. ITO-coated glass

was cleaned with acetone, ultrasonicated for about half an hour

in 10% aqueous solution of sodium hydroxide, and rinsed in

deionized water for about 10 min. The substrate was dried and

then clamped to the dipper. LB films were deposited on sub-

strates using the vertical dipping method at 0.5 mm min21

downstroke and 2.0 mm min21 upstroke, respectively. The dep-

ositions were made at a constant pressure of 10 mN m21, and

started from above the surface after 10 min of stabilization. The

deposited film was dried for about 5 min and then placed in

vacuum desiccator to ensure moisture free environment. Quartz

substrate was cleaned by washing with acetone followed by

deionized water and process repeated to deposit thin films.

RESULTS AND DISCUSSION

Fourier Transfer Infrared Spectroscopy

Fourier transfer infrared (FTIR) spectroscopy profile of PANi,

TiO2, and PANi–TiO2 nanocomposites (5, 10, 15, 20 wt %) is

shown in Figure 2. The measurements were carried out by FTIR

spectroscope (BX-II, Perkin Elmer), resolution 4 cm21, and no.

of scans 16; scan range 400 to 4000 cm21 at room temperature.

The main characteristic bands of PANi shown in Figure 2(a)

were assigned as follows: the peak at 3456.12 cm21 is attributed

to NAH stretching mode, the peaks at 1565 cm21 and

1487 cm21 are associated with C@N and C@C stretching mode

for the quinonoid and benzenoid rings, the peaks at about

1299 cm21 is attributed to CAN stretching mode for benzenoid

ring, whereas the peak at 1145 cm21 is due to quinonoid unit

of doped PANi and the peak at 876 cm21 was assigned to an

out-of-plane bending vibration of CAH of 1,4 substituted ben-

zenoid rings, which confirmed the formation of PANi.27,28 The

results show that obtained PANi contain 1,4-para-disubstituted

linear chains. Figure 2(b) shows a broad peak between 800 and

465 cm21 assigned to the TiAOATi stretching vibrations with a

valley centered at 503 cm21. The band TiAOH observed below

Figure 1. (a) Schematic of the reaction mechanism for PANi–TiO2 nanocomposite showing polymerization occur over the surface of TiO2 nanoparticles,

and (b) molecular model representing the position of TiO2 in the PANi chain molecules as sketched using ACD Chem software. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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3500 cm21 indicates the existence of hydrogen bonding.29 For

the PANi–TiO2 nanocomposites (20 wt %), the characteristic

peaks of PANi around 1299 cm21, 1495 cm21, and 1581 cm21

shifted to higher wavenumbers of 1301, 1492, and 1575 cm21

after TiO2 was introduced indicating a slight effect of TiO2 on

the bonds involved in these bands Figure 2(f). The characteristic

peak of the NAH stretching mode at 3456 cm21 of PANi

shifted to a lower wavenumber (3417 cm21) in the PANi–TiO2

nanocomposite, and the hydrogen bond absorption at

3210 cm21 was strengthened after TiO2 was introduced. Tita-

nium is a transition metal element, so TiO2 has a strong tend-

ency to form coordinate bond with the nitrogen atoms in

PANi.30 From the spectrum of PANi–TiO2 nanocomposite, it

was realized that a strong interaction exists between PANi and

TiO2 particles, and the polymerization of aniline occurs on the

surface of TiO2 nanoparticles. Similar shifts of peak positions in

PANi–TiO2 (10, 15, 20 wt %) nanocomposites have been

observed as shown in Figure 2(c–e).

Monolayer at Air–Water Interface

p-A Isotherms. Figure 3 shows surface pressure–mean molecu-

lar area (p-A) isotherm behavior of PANi–TiO2 (20 wt %) at

the air–water interface with constant compression speed at

10 mm min21. It can be seen clearly that the isotherm has the

typical features of LB pressure isotherms. Ai represents lift off

area; at this point, compression of monolayer just starts and,

with constant compression by using barriers, we reached at con-

densed phase (A0).

In region (I), we see minimum change in the surface pressure;

monolayer is in the gaseous state starting from lift off area (Ai)

�70.09 Å2/molecule. Surface pressure varies from 0.06 to 0.80

mN m21. On further compression, monolayer attained

expanded liquid phase from gaseous phase as indicated by

region (II). A gradual increase in surface pressure up to 10 mN

m21 is observed indicating condensed phase of monolayer.

Figure 3 (Inset) shows isotherm of PANi taken at constant com-

pression rate 10 mm min21. The molecules were initially in the

gaseous phase (a to b) from lift off area (Ai) �15.74 Å2/mole-

cule to 13.75 Å2/molecule, surface pressure varied from 0.02 to

0.70 mN m21. With further compression of barriers, gradual

rise was observed in the surface pressure up to 9.6 mN m21.

Thus, molecules had reached to a condensed phase (b to c) due

to their molecular arrangement and ordering at air–water inter-

face with compression of barriers. At this stage, the monolayer

was compressed to limiting area, A0 � 13.49 Å2.

Doping of 20 wt % TiO2 in PANi increases both lifting area

(Ai) and condensed area (A0) as seen in Figure 3. It indicates

that TiO2 nanoparticles are influencing the orientation of

monolayer of polymer matrix.

The stability of the films over water surface for PANi–TiO2 (20

wt %) was studied by running three complete cycles in range of

(0–10) mN m21 as shown in Figure 4. We found that continu-

ous compression–expansion cycles have negligible hysteresis

with almost zero shifting in each cycle. It establishes the stability

of the monolayer at water surface, which clearly proved that

during compressing of barriers none of the molecule had

squeezed out from the water surface. These stable films were

easily transferred to substrates by using Y-type deposition

method.31,32

Monolayer at Air–Solid Interface

Electron Absorption Spectroscopy. Figure 5(i) shows spectra of

pure PANi, PANi–TiO2 (5, 10, 15, 20 wt %) nanocomposites,

and TiO2 nanoparticles in NMP between 300 nm and 1000 nm

recorded by using UV–visible spectrophotometer (Analytic Jena,

SPECTROD 205). PANi as well as PANi–TiO2 nanocomposites

are soluble properly in NMP. Figure 5(i) indicates that pure

TiO2 absorbs light of wavelengths below 400 nm (UV region)

only, whereas PANi and PANi–TiO2 nanocomposites have broad

absorbance in the UV and visible regions. The spectra of PANi

show two characteristic bands at 320 nm and 630 nm,

Figure 2. FTIR profile of the (a) PANi, (b) 5, (c) 10, (d) 15, (e) 20 wt %

TiO2 in PANi–TiO2 nanocomposite, respectively, and (f) Pure TiO2.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. Surface pressure–area isotherm profile of PANi–TiO2 (20 wt %)

nanocomposite monolayer, particle concentration 0.2 mg/mL in NMP solu-

tion, spreading amount 200 lL and compressed to target pressure 10 mN/

m at 10 mm/min. Inset is the p-A isotherm profile of PANi monolayer,

particle concentration 0.2 mg/mL in NMP solution, spreading amount 200

lL, and compressed to target pressure 10 mN/m at 10 mm/min.
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respectively. The 320 nm band is attributed to a p-p* transition

in the benzenoid ring. The absorption in the visible range, at

630 nm, is attributed to the p–polaron transition in the quinoid

rings. The spectra are characteristic for the emeraldine base

formed upon the deprotonation action of NMP on the PANi

salt. Excess of NMP leads to deprotonation of the salt to emer-

aldine base. This is due to the C@O groups in NMP that forms

hydrogen bonds with the dopant acid and inhibits the doping

process.33,34

The position of the 630 nm absorption band is little shifted in

PANi–TiO2 nanocomposites with variation in concentration of

TiO2. In PANi–TiO2 (20 wt %) nanocomposites, the peak at

320 nm shifts to 340 nm and 630 nm shits to 648 nm and this

broad absorption band follows a long tail in the visible-light

region. The tail is indicative of charge carrier delocalization in

the polaron band favored by an extended chain conformation

of the PANi. Therefore, PANi–TiO2 nanocomposites can be

excited to produce more electron–hole pairs under visible-light

illumination and this is expected to increase photocatalytic

activities.35 As there is little red shift in case of PANi–TiO2 (20

wt %) nanocomposites, so we choose it for further

investigations.

The UV–Vis spectra of LB film of 25 layers of PANi–TiO2 (20

wt %) nanocomposites on quartz substrate is shown in Figure

5(ii). The two electronic transitions at 320 nm and 604 nm are

observed. These peaks arise due to the transition from a polaron

to bipolaron lattice. UV–Vis results indicated that film trans-

ferred from pure water surface is in the emeraldine base state.36

The position of the 630 nm absorption band is little shifted

with film thickness. Similar peaks were observed in single

monolayer but with very low intensity. The absorbance peak

increases with the number of deposited layers indicating that a

suitable multilayer build-up is accomplished.

X-ray Diffraction. Figure 6(i) shows the X-ray diffraction pro-

file of PANi, Pure TiO2 nanoparticles, and PANi–TiO2 (5, 10,

15, 20 wt %) nanocomposites when exposed to Cu-ka radiation

source from X-ray diffractometer (Philips XPERT-PRO MPD).

Most forms of PANi are amorphous and show the presence of

broad high-angle asymmetric scattering peaks stretching from

2h between 15� and 25�. The peaks of the synthesized PANi

show broad peaks (of less intensity) situated at �2h 5 21.23�

and 25.15� corresponding to d-spacing of 4.184 Å and 3.54 Å.

It indicates the presence of benzene rings and polymeric nitro-

gen. This d-space is the characteristic distance between the

planes of benzene rings in adjacent planes and is the interchain

or the close contact distance between two adjacent chains.

X-ray diffraction peaks for the TiO2 nanoparticles were

observed at 2H 5 25.24�, 37.76�, 48.01�, 53.86�, 54.97�, 62.65�,
68.80�, 70.19�, and 75.08�. They were assigned (101), (004),

(200), (105), (211), (201), (116), (220), and (215) diffraction

Figure 5. (i) UV–visible spectra of the (a) TiO2 nanoparticles, (b) 5, (c) 10, (d) 15, (e) 20 wt % TiO2 in PANi–TiO2 nanocomposite, respectively, and

(f) pure PANi; (ii) UV–visible spectrum of LB film of 25 layers of PANi–TiO2 (20 wt %) nanocomposite deposited on quartz substrate. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. p-A multiple isotherms profile of PANi–TiO2 (20 wt %) nano-

composite monolayer, particle concentration 0.2 mg/mL in NMP solution,

spreading amount 200 lL, target pressure 10 mN/m, rate 10 mm2/min,

and no. cycles are 3.
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Figure 6. (i) XRD profile of (a) pure PANi, (b) TiO2 nanoparticles, (c) 5, (d) 10, (e) 15, and (f) 20 wt % TiO2 in PANi–TiO2 nanocomposite. (ii) XRD

pattern of ITO-coated glass and LB film of 25 layers of PANi–TiO2 (20 wt %) nanocomposite deposited on ITO glass substrate. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. (a) AFM image of PANi–TiO2 (20 wt %) nanocomposite LB film deposited on the quartz substrate, (b) the corresponding height profile, (c)

its 3D image and (d) count of particle size distribution, (e) AFM image of edge of LB film of 25 layers of PANi–TiO2 (20 wt %) nanocomposite, (f) the

corresponding height profile and (g) 3D image. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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peaks of anatase TiO2. All peaks are in good agreement with the

standard spectrum (JCPDS no.: 21–1272). Figure 6(i) shows

XRD patterns for 5, 10, 15, 20 wt % TiO2 in PANi–TiO2 nano-

composite, respectively, exhibiting strong diffraction peaks at

2H 5 25.23�, 37.73�, 48.07�, 53.86�, 54.83�, 62.59�, 68.79�,
70.15�, and 75.06�. The hybrid component materials show the

characteristics of both PANi and TiO2. With increasing TiO2

percentage in the composite, the intensity of the broad peak of

PANi is decreased. The average particle size of PANi–TiO2 (20

wt %) nanocomposite is found to be 29 nm using Debye-

Scherrer’s equation,

s5Kk=bcosh

where K is the shape factor, k wavelength of X-ray, b is the line

broadening at half the maximum intensity (Full Width at Half

Maximum) in radians, and h is the Bragg’s angle.37

Figure 6(ii) shows X-ray diffraction patterns of the ITO coated

glass substrate revealing peaks at 2H 5 21.66�, 30.52�, 35.52�,
37.68�, 50.78�, and 60.72� (JCPDS Card No. 06–0416). They

were assigned (211), (222), (400), (411), (440), and (622) dif-

fraction peaks of ITO film.38,39 The XRD pattern of the LB film

of 25 layers PANi–TiO2 (20 wt %) nanocomposite deposited

ITO-coated glass, illustrated in Figure 6(ii), shows the peaks at

2H 5 21.75�, 25.72�, 30.89�, 35.94�, 48.22�, 50.78�, and 62.59�.
The peaks at 2H 5 25.72�, 48.22�, and 62.5� can be indexed to

the anatse TiO2 phase. The intensity of peaks of ITO at

2H 5 21.75�, 30.89�, 35.94�, and 50.78� is dampened.

The thickness of LB film of 25 layers is found to be 700 nm

using Debye-Scherrer’s equation.

Atomic Force Microscopy of Nanocomposite Films

The PANi–TiO2 nanocomposite LB film was scanned under

atomic force microscope (AFM) (Solver-NEXT NT-MDT; Zele-

nograd, Moscow, Russia) equipped with Silicon nitride (SiN)

probe in noncontact mode. It has tip curvature radius 6 nm,

attached to a cantilever having resonance frequency (87–

230 kHz), and force constant 5.1 mN/m. The quartz substrate

was initially scanned under AFM and root mean square (RMS)

roughness <1 nm was observed which ensures the smoothness

of the quartz and its suitability for deposition of the monolayer.

Figure 7(a) shows AFM image (512 3 512 pixels) of PANi–

TiO2 (20 wt %) nanocomposites monolayer on the quartz sub-

strate. Its corresponding height profile and its three-

dimensional (3D) view is shown in Figure 7(b,c), respectively.

The scan range was 1 lm 3 1 lm and scan rate was 1 Hz. Sur-

face roughness average was 2.02 nm and RMS roughness was

2.67 nm. We noted that the PANi–TiO2 monolayer surface

roughness is smooth at a molecular level and is composed of

pebble-like protrusions. The monolayer microscopic structure is

formed from nanometer-scale grains. We find maximum num-

ber of counts of particles having size �29 nm as shown in Fig-

ure 7(d).40 Figure 7(e) shows the image of edge of the LB film

of 25 layers of PANi–TiO2, scan range 2 lm 3 2 lm. The

height profile shows the approximate height is about 700 nm

(along Z-axis) up to 1.2 mm then after that height profile

reaches nearly zero indicating the surface of quartz as shown in

Figure 7(f). Figure 7(g) shows 3D image of edge of the LB film

of 25 monolayer of PANi–TiO2 which also shows the height of

LB film of 25 layers from above the quartz surface.41

CONCLUSION

We succeeded in preparing and characterizing the ultrathin self-

assembled films of PANi–TiO2 nanocomposites. FTIR study

shows the presence of both TiO2 and PANi molecules in of

PANi–TiO2 nanocomposites, whereas XRD study confirmed the

anatase phase and particle size of PANi–TiO2. Electronic structure

of PANi–TiO2 and its LB film is confirmed by UV–Vis spectros-

copy. Surface pressure–area isotherms indicate an increase in con-

densed area of PANi–TiO2 over PANi molecules at the air–water

interface. The investigation revealed the inclusion of TiO2 in the

polymer matrix, which occurs during the film formation. Mor-

phology of PANi–TiO2 nanocomposite LB films shows that they

are formed from nanometer-size grains. We are further investigat-

ing the electrical properties of PANi–TiO2 nanocomposite LB

films. The possibility of manipulation of the material size and

shape by LB technique is of great importance for a better use of

conducting properties, thus extending its applications. This work

is highly useful for sensor device fabrication technology.
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