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a  b  s  t  r  a  c  t

Polyaniline/�-ferric  oxide  (PANi/�-Fe2O3) nanocomposite  films  exhibited  excellent  sensing  ability
toward  LPG  at  room  temperature.  The  films  were  studied  for their  response  to  LPG  at 50–200  ppm  con-
centrations.  The  nanoscale  morphology  of the  composites  provided  a large  surface  area  for  the  adsorption
of  gas  molecules,  thus  enhancing  the  gas  sensitivity.  The  sensing  mechanism  pertains  to a change  in  the
depletion  region  of  the p–n  junction  formed  between  PANi  and  �-Fe2O3 as a result of  electronic  charge
eywords:
olyaniline
-Fe2O3

anocomposite
PG

transfer between  the  gas  molecules  and  the  sensor.  The  maximum  response  was  obtained  for  PANi/�-
Fe2O3 (3  wt%)  nanocomposite  for  200 ppm  LPG.  The  response  times  of these  sensors  were  found  to  be  as
low  as  60  s.

© 2013 Elsevier B.V. All rights reserved.
ensor

. Introduction

Nano-inorganic materials are used to improve the various prop-
rties of polymers like thermal [1], mechanical [2], weather [3],
lectrical [4], etc. Polyaniline (PANi) is one of the conducting
olymers in which nanomaterials are used for their synergistic
ffect to improve electronic properties [5]. Among the nanosized
etal oxides that have been the focus of research due to their

otential application in electronic devices, maghemite (�-Fe2O3)
ave attained prominence due to their magnetic, photocatalytic
nd electrochemical properties [6–8]. Complex structures of nano-
ized �-Fe2O3 are being widely synthesized via various routes
ike hydrothermal [9], microwave [10], flame spray pyrolysis [11]
nd solvothermal [12]. Apte et al. [7] had also reported synthe-
is of �- and �-Fe2O3 by combustion reaction of ferric nitrate,
herein necked structure morphologies were observed. These
anostructures of �-Fe2O3 serve as sensing layers for gases, volatile
rganic compounds (VOCs) and other agents [13–15]. Room tem-
erature sensing of hydrogen gas by flower-like nanostructures
f hybrid ferric oxide has recently been reported by Agarwala
t al. [16]. Fang et al. [17] have also reported ferric oxide quartz

rystal microbalance (QCM) gas sensors for detection of dimethyl
ethylphosphonate. The high response of the sensor was due to the

ollow structure of ferric oxide. Study regarding carbon monoxide

∗ Corresponding author. Tel.: +91 257 2258420; fax: +91 257 2258403.
E-mail addresses: profsm@rediffmail.com, profsm@live.com (S. Mishra).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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detection by nanoflakes and nanowires of ferric oxide can also be
found in the literature [18]. However, these sensors often show
high response times which decrease only at high analyte concen-
tration. High temperature detection of VOCs by ferric oxide/zinc
oxide core–shell nanorods have been reported by Si et al. [19]. A
particularly high response factor for petroleum was obtained by
this sensor but at a temperature of 320 ◦C.

The one major drawback associated with sensing at high oper-
ating temperatures (∼300–1000 ◦C) is that the sensor often suffers
from instability and response variation as a result of structural
changes in the sensing material caused by high temperature [20].
Additionally, high temperatures pose a threat during detection
of combustible gases. Due to these limitations, intrinsically con-
ducting polymers (ICPs) such as polyaniline (PANi), polypyrrole
and polythiophenes are being increasingly used as sensing layers
operating at room temperature. The ICPs have the advantage of
higher sensitivity and enables safer detection of many inflammable
gases and VOCs [21–23]. They have unique electronic properties
due to the �-conjugation present in their backbones, and display
improved characteristics over conventional sensors based on nano-
metal oxides. PANi, in particular, has been extensively used due
to its ease of fabrication, high stability and electrical conductiv-
ity. Due to its singular redox properties, PANi has long been used
in ammonia sensing [24–26], VOCs detection [27] and in QCM

sensors [28]. Often, PANi is combined with nanostructured met-
als and metal oxides to induce selectivity in the material [27–29].
These nanocomposites of PANi with metal and metal oxides can be
synthesized by various chemical and electrochemical methods, as
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eported in literature [29–31]. However, to the best of our knowl-
dge, a PANi/�-Fe2O3 system has not been studied for its sensitivity
o liquefied petroleum gas (LPG) at room temperature so far. LPG
s a flammable mixture of hydrocarbon gases (primarily propane
nd butane), which is used as a fuel in heating appliances and vehi-
les. It has a lower flammable limit (LFL) of 2% (20,000 ppm) in air.
herefore, upon any chance leakage, it poses a danger from possi-
le explosion, and also suffocation since it displaces air causing a
ecrease in oxygen concentration [32].

In this paper we investigate the effectiveness of PANi/�-Fe2O3
anocomposite systems in sensing of LPG at room tempera-
ure. �-Fe2O3 nanoparticles were synthesized sonochemically and
eposited in situ into the PANi matrix. In addition, PANi and its
anocomposites were doped with a novel binary dopant. Conven-
ional PANi doped with hydrochloric acid (HCl) gets de-doped in
ir over time, which limits their application as sensing layers. The
inary dopant used in our experiments has shown to extend the

ife of PANi and its nanocomposites in doped form thereby increas-
ng the material’s stability in ambient conditions. Furthermore, the
ANi/�-Fe2O3 nanocomposites were found to be highly sensitive to
PG. These nanocomposite films have thus been used for detection
f LPG at concentrations of 50–200 ppm, which is much lower than
ts LFL.

. Experimental

.1. Materials

Analytical grade aniline and ammonium persulphate (APS) were
urchased from Fisher Scientific (Mumbai, India), sodium dodecyl
ulphate (SDS), hydrochloric acid (HCl) and perchloric acid (HClO4)
rom Himedia Laboratories Pvt. Ltd. (Mumbai, India) and N-methyl-
-pyrrolidone (NMP) from Merck (Mumbai, India). Anhydrous
erric chloride (FeCl3) and sodium hydroxide (NaOH) were pur-
hased from RFCL Ltd. (Mumbai, India) and methanol from S.D.
ine-Chem. Ltd. (Mumbai, India). 18 M� ultra pure water from
mart2Pure system (Thermo Electron LED GmbH, Germany) was
sed for preparing solutions and washing purposes.

.2. Treatment of glass slides

To prepare the glass slides for thin film deposition, the micro-
cope glass slides (Polar India Corporation, Mumbai) were cleaned
y immersing them completely in 0.1 M HCl solution for an hour.
he slides were then successively sonicated in water and methanol
or 15 min  each, followed by vacuum drying.

.3. Sonochemical synthesis of �-Fe2O3 nanoparticles

Sonochemical synthesis of �-Fe2O3 nanoparticles was  carried
ut using an ultrasound probe (BO3 Ultrasonic Processor UP1200,
romtech, India). An excess of aqueous NaOH solution was  added
rop-wise to a 0.08 M aqueous solution of FeCl3 under ultrasound
5,33]. The temperature of the reaction mixture was maintained
t 30 ± 2 ◦C. A deep orange precipitate was obtained, which was
entrifuged at 8000 rpm, washed with water and dried in air at
0 ◦C. The resulting reddish-brown powder was  annealed at 500 ◦C
or 2 h to obtain �-Fe2O3.

.4. Synthesis and in situ deposition of PANi/�-Fe2O3 oxide
anocomposites
PANi/�-Fe2O3 nanocomposites were prepared by chemical
olymerization route. Aniline was dissolved in an aqueous solution
ixture of 1 M HClO4 and 0.05 M SDS by continuous stirring. Pre-

etermined amount of ferric oxide nanoparticles were dispersed
rs B 190 (2014) 120– 126 121

into the aniline solution via ultrasound. Two  pretreated glass slides
were placed in the beaker containing aniline solution. Polymeriza-
tion of aniline was facilitated by drop-wise addition of aqueous
solution of APS and 1 M HClO4 under continuous stirring at ambi-
ent temperature (30 ± 1 ◦C). The molar ratio of APS to aniline was
kept at 1.25. Following the addition of APS, the reaction mixture
was stirred for an additional hour and then left to stand overnight.
Thereafter, the glass slides were taken out of the reaction mix-
ture at a retrieval speed of 0.1 mm/min. Dark green, uniform films
of doped PANi/�Fe2O3 were deposited on the glass slides; these
were washed with water and methanol and vacuum dried for
30 min.

Different batches of PANi/�-Fe2O3 nanocomposites were pre-
pared wherein the amount of �-Fe2O3 nanoparticles incorporated
into PANi were varied as 1, 2 and 3 wt%, and subsequently labeled
as F1, F2 and F3, respectively. Polyaniline doped with HCl and
HClO4/SDS system were prepared as control and labeled as PH and
PHS, respectively.

2.5. Characterization

2.5.1. Fourier transform infrared (FTIR) spectroscopy
Fourier transform infrared (FTIR) spectra of pure PANi and

its nanocomposites were recorded on Shimadzu FTIR-8400 spec-
trophotometer (Tokyo, Japan) within the wavenumber range of
400–4000 cm−1. The samples were prepared in the pellet form by
mixing with potassium bromide (KBr).

2.5.2. UV-visible spectroscopy
UV–vis absorption spectra of the samples dissolved in NMP

(0.1 mg  sample/25 mL  NMP) were recorded on a Hitachi U-2900
spectrophotometer (Tokyo, Japan) in the range of 200–800 nm.

2.5.3. X-ray diffraction (XRD)
X-ray diffraction (XRD) analysis of �-Fe2O3 and PANi/�-Fe2O3

nanocomposites were conducted on Brukers D8 Advance X-ray
diffractometer (Germany) with CuK�1 radiation (� = 1.5404 Å)
within the 2� range of 20–80◦.

2.5.4. Field emission scanning electron microscopy (FE-SEM)
A Hitachi S-4800 field emission scanning electron microscope

(Tokyo, Japan) was used to assess the surface morphology of thin
films of PANi and its nanocomposites. The samples were given a
gold coating and mounted on a specimen stub prior to viewing
under the microscope.

2.5.5. Measurement of sensitivity of PANi/�Fe2O3
nanocomposites to LPG at room temperature

Thin films of PANi (PH and PHS) and PANi/�-Fe2O3 nanocom-
posites (F1, F2 and F3) were loaded in a sensing chamber and
two conducting probes were placed in contact with the films.
The current–voltage (I–V) characteristics of the thin films were
recorded in the bias range of 2 to −2 V by a multi meter through the
two probes. The I–V characteristics of each sample was  recorded
first in ambient air and then in different concentrations of com-
mercial grade LPG gas (50, 100, 150 and 200 ppm) mixed with
air. The electrical resistance of the films was deduced from I–V
graphs; a change in electrical resistance gave the sensitivity of
the films to LPG. The response of the sensor was measured after
a fixed interval of 60 s. To determine the effect of humidity on

the sensor response toward LPG, measurements were also taken
at two  different levels of relative humidity (RH) (∼22% and 67%).
All the electrical measurements were taken at room temperature
(30 ± 2 ◦C).
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X-ray diffractograms of PANi and its nanocomposites are shown
in Fig. 4. �-Fe2O3 nanoparticles were characterized using XRD
ig. 1. FTIR spectra of PANi/HCl (PH), PANi/HClO4-SDS (PHS) and PANi/�-Fe2O3

anocomposites at 1 wt% (F1), 2 wt% (F2) and 3 wt%  (F3) �-Fe2O3 content.

. Results and discussion

.1. Functional group identification by FTIR

Fig. 1 shows the characteristic functional groups of PANi. The
ain peaks observed in PH are 1502 and 1313 cm−1 correspond-

ng to the quinoid and benzenoid ring stretching, which shows the
romatic structure of PANi. The peaks at 3740 and 2983 cm−1 are
ssociated with – N H and C H stretching vibrations, respectively.
he band at 1240 cm−1 can be assigned to bi-polaron structure
elated to C N bond stretching of secondary aromatic amine, while
he band at 823 cm−1 can be attributed to aromatic out-of-plane

 H bending. A thin film of PANi doped with HCl has the dis-
dvantage of getting readily de-doped in air. To overcome this
roblem, PANi and its nanocomposites were doped with the binary
opant (HClO4-SDS system), which extended their life in doped
orm (Fig. 2), and rendered them usable in sensors. In case of PHS,

he quinoid and benzenoid rings appear at 1506 and 1305 cm−1,
espectively, indicating a structural change as a result of dop-
ng. The peak at 1240 cm−1 is more pronounced for PHS and the
Fig. 2. In situ deposited thin films of PANi/HClO4-SDS and PANi/HCl after air drying.

nanocomposites as compared to PH because the binary dopant
causes a greater delocalization of electrons in PANi. The actual peak
for Fe O bond stretching is at ∼553 cm−1 but it appears at 513 cm−1

in the nanocomposites [7]. The shift observed for this peak may
be a result of the finite size of the particles and their interaction
with PANi chains. A gradual shift in the absorbance peaks of the
nanocomposites toward higher wavenumber is observed, corre-
sponding to higher �-Fe2O3 content. This is indicative of interaction
between nano �-Fe2O3 and PANi chain [34].

3.2. UV-visible spectroscopy

The UV–vis spectra (Fig. 3) show the characteristic peaks of
polyaniline. In PHS the absorbance seen at 323 and 614 nm arises
due to �–�* and �–polaron transitions, respectively. In F1, F2 and
F3, these peaks appear red-shifted to ∼350 ± 5 nm and 620 ± 5 nm,
respectively, as a result of interaction of �-Fe2O3 nanoparticles with
PANi chains. No obvious absorbance for the �-Fe2O3 nanoparti-
cles can be observed in the spectra. It is evident that PANi and its
nanocomposites get de-doped when dissolved in NMP  since the
absorbance peaks belong to the emeraldine base form of PANi.

3.3. Phase identification by XRD
Fig. 3. UV–vis spectra of PANi/HClO4-SDS (PHS), and PANi/�-Fe2O3 nanocomposites
at 1 wt%  (F1), 2 wt%  (F2) and 3 wt% (F3) �-Fe2O3 content.
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ig. 4. X-ray diffraction patterns of �Fe2O3 nanoparticles and PANi/�-Fe2O3

anocomposites at 1 wt% (F1), 2 wt% (F2) and 3 wt% (F3) �-Fe2O3 content.

or phase identification before their incorporation into the PANi
atrix. The observed peaks have d-values of 0.30, 0.27, 0.21, 0.16

nd 0.12 nm corresponding to (2 2 0), (3 1 1), (4 0 0), (5 1 1) and
6 2 2) planes, respectively, which can be indexed to that of cubic
-Fe2O3. The decreased relative intensity of (3 1 1) plane indicates
hanges in crystal structure [35]. The lattice constant for the �-
e2O3 nanoparticles, as calculated from XRD data, is found to be
.823 nm,  which has also been reported by Sahoo et al. [36]. Retama
t al. [37] and Lindsley [38] observed this value as 0.835 nm,  cal-
ulated through SAED. A minor peak corresponding to (2 0 0) plane

s indicative of the presence of small amount of metallic iron; this
hows a somewhat hybrid nature of the oxide. The crystallite size of
hese nanoparticles, as calculated by Scherrer’s equation, is found
o be 29.5 nm,  and the crystallinity is ∼55%. The XRD patterns of

Fig. 5. FE-SEM micrographs of (a) �-Fe2O3 nanoparticles (500 nm)  and PANi
rs B 190 (2014) 120– 126 123

PANi/�-Fe2O3 nanocomposites show a sharp peak at ∼25◦, which
is associated with (1 1 0) plane of PANi. The crystallinity of F1 and F2
is about 63%, whereas for F3 it is 59%. The lowering of crystallinity
could be due to higher �-Fe2O3 content which hinders ordering of
the polymer chain.

3.4. Surface morphology of thin films

Fig. 5(a–d) presents the FE-SEM micrographs of �-Fe2O3
nanoparticles and PANi/�-Fe2O3 nanocomposites (1, 2 and 3 wt%).
Uniform, nanospheres of �-Fe2O3 with a diameter of ∼22 nm was
observed in Fig. 5(a). This shows the effectiveness of ultrasound
in producing non-aggregated nanoparticles even in the absence
of an encapsulating agent. Fig. 5(b–d) shows the nanospheres of
�-Fe2O3 to be uniformly dispersed in the PANi matrix. Nanofib-
rillar morphology of polyaniline with a diameter of about 100,
96 and 70 nm (±5 nm)  can be seen for F1, F2 and F3 systems,
respectively. It appears that an increased amount of �-Fe2O3
nanoparticles resulted in PANi nanofibers with smaller diameter.
From the FE-SEM results it is evident that ultrasound induced cavi-
tation produced non-aggregated, nanostructured �-Fe2O3, and also
aided in uniform dispersion of the nanoparticles into the polymer
matrix.

3.4.1. Sensing of LPG by PANi/�-Fe2O3 nanocomposites
The sensing of LPG in ambient conditions (in air) is a practi-

cal approach to observe sensor response to LPG in presence of
atmospheric gases. Moreover, sensing at room temperature pre-
vents response variation in sensor that typically results from high
operating temperatures. It also facilitates safer detection of com-
bustible gases like LPG. A pictorial representation of two-probe gas
sensing setup is presented in Fig. 6. Fig. 7(a) shows the I–V curve
of PH and PHS systems in air and at 200 ppm LPG. Semiconducting
nature of PANi and its nanocomposites is evident from the non-
linear I–V plot. PANi doped with the binary dopant (PHS) shows a

much higher electrical conductivity as compared to conventional
HCl doped PANi (PH). This could be because, unlike in PH, the binary
dopant in PHS provides an effective electric route for the move-
ment of charges which increases the electrical conductivity of PHS.

/�-Fe2O3 nanocomposites at 1 wt% (b), 2 wt% (c) and 3 wt% (d) (1 �m).
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Fig. 6. Pictorial representation of a two-probe gas sensing setup.

o significant change in the electrical resistance of PH and PHS is
bserved on exposure to LPG. Thus, the introduction of the binary
opant only acts to increase the electrical conductivity and life of
ANi in doped state but does not render it sensitive to LPG. How-
ver, with the incorporation of �-Fe2O3 nanoparticles a pronounced
ncrease in resistance is observed in the PANi/�-Fe2O3 nanocom-

osite even when exposed to a low LPG concentration of 100 ppm,
s shown in Fig. 7(b). This increase in resistance on exposure to
PG becomes more significant with increasing content of �-Fe2O3

ig. 7. (a) Current–voltage (I–V) curve of PANi/HCl (PH) and PANi/HClO4-SDS (PHS)
ystems in air and at 200 ppm LPG. (b) Current–voltage (I–V) curve of PANi/�-Fe2O3

anocomposites at 1 wt% (F1), 2 wt% (F2) and 3 wt% (F3) �-Fe2O3 content in air and
t  100 ppm LPG.
Fig. 8. Current–voltage (I–V) curve of PANi/�-Fe2O3 nanocomposite at 3 wt% �-
Fe2O3 content (F3) in air and at different LPG concentrations.

nanoparticles. Fig. 8 shows I–V curve of F3 system in air and at LPG
concentrations of 50–200 ppm. A significant increase in resistance
is observed for F3 on exposure to a very low LPG concentration
(50 ppm). Hence it is evident that a low amount of �-Fe2O3 is suffi-
cient in detection of LPG at concentrations much lower than its LFL.
The increase in resistance is a result of change in electron density
of the nanocomposite system upon exposure to LPG. In the PANi/�-
Fe2O3 nanocomposites, the p-type PANi combines with the n-type
�-Fe2O3 to form a hetero p-n junction with a depletion region. As
the gas is injected into the sensing chamber, the gas molecules get
adsorbed at the sensor surface and subsequently diffuse into the
polymer where they interact with the polymer moieties. Such inter-
action induces a potential, which causes a change in the depletion
region due to electron charge transfer and thus changes the resis-
tance of the material [20,21,39,40]. The decrease in current, which
is observed when the nanocomposite is exposed to LPG, indicates
an increase in the depletion depth. Consequently, the size of the
conducting channel within the nanocomposite decreases, and the
resistance of the nanocomposite increases.

The sensor response to LPG was  recorded using the frac-
tional baseline manipulation method [41] that gives a normalized
response, as shown in Eq. (1).

Response = Rg − Ra

Ra
(1)

In this equation, Rg is the resistance of sensor in presence of gas
and Ra is the resistance of sensor in air. Fig. 9 shows the response
v/s concentration graph of PANi/�-Fe2O3 nanocomposites. It is
observed that the response of the sensor increases with increase
in amount of �-Fe2O3 nanoparticles incorporated into PANi. Since
the gas response of a sensor mainly depends on the surface interac-
tions between the gas and the sensing material, therefore a greater
surface area of the sensor leads to stronger interactions between
the adsorbed gases and the sensor surfaces [42]. Consequently, an
enhancement in gas response of the sensor is observed. In case of
PANi/�-Fe2O3 nanocomposite sensors, an increasing content of �-
Fe2O3 nanoparticles, due to their high surface area, increases the
adsorption sites for the gas molecules leading to greater interaction
between the gas and the sensor. Therefore at higher gas concentra-
tions more of the gas molecules get adsorbed on the nanoparticle
surface bringing about a change in the depletion region and increas-
ing the resistance in a short time. The F3 sample thus shows a

maximum response factor of 1.3 for 200 ppm LPG concentration.
Even at 50 ppm LPG concentration, the response factor of F3 at 0.5
is much greater than that of F1 and F2 at a low response time of
60 s.
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Fig. 9. Response v/s concentration graph of PANi/�-Fe2O3 nanocomposites at 1 wt%
(F1), 2 wt% (F2) and 3 wt%  (F3) �-Fe2O3 content.
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ig. 10. Response v/s relative humidity graph of PANi/�-Fe2O3 nanocomposites at
 wt% �-Fe2O3 content (F1) for 100 ppm LPG concentration.

Finally, to ascertain whether humidity affects the sensor
esponse toward LPG, measurements were taken at relative humid-
ty levels of 22% and 67% (room temperature ∼28 ◦C). Fig. 10 shows
he response v/s relative humidity plot of F1 for 100 ppm LPG
t room temperature. A minor decrease in sensor response was
bserved for an increase in humidity level, the percentage differ-
nce in response between the two humidity levels being 2.3%. This
esults from polarization of water molecules near the PANi sur-
ace, which leads to formation of attractive forces between water

olecules and the polymer. A thin layer of water thus forms on
he PANi surface, which decreases the number of adsorbed gas

olecules resulting in lowering of response [43].

. Conclusion

PANi and PANi/�-Fe2O3 nanocomposites were chemically syn-
hesized at room temperature using a novel binary dopant,

nd their films were deposited in situ on glass substrates. The
ANi/binary dopant system did not get de-doped in air, thus
acilitating its use as a sensing layer. To induce sensitivity, sono-
hemically synthesized �-Fe2O3 nanoparticles were incorporated

[

[

rs B 190 (2014) 120– 126 125

into the PANi matrix in varied amounts (1–3 wt%). Spherical
nanoparticles of �-Fe2O3 having an average size of ∼22 nm were
found to be embedded into nanofibrillar PANi. These nanocom-
posite films were tested for LPG sensing at room temperature.
The interaction between the gas molecules and the nanocomposite
material induces a potential causing an increase in the depletion
area of PANi/�-Fe2O3. As a result, the resistance of the mate-
rial increases upon exposure to LPG. The sensor response toward
LPG increased with increasing amount of �-Fe2O3 nanoparticles in
the nanocomposite. The large surface area of �-Fe2O3 nanoparti-
cles provided greater adsorption sites for the gas molecules. This
resulted in higher response at higher �-Fe2O3 content. PANi/�-
Fe2O3 (3 wt%) nanocomposite exhibited excellent gas response at
a low gas concentration of 50 ppm with a response time of 60 s. A
slight lowering of sensor response toward LPG was observed at a
higher relative humidity level.
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