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Herein, the synthesis and characterization of a novel polypyrrole (PPy)/zinc oxide (ZnO)/SWCNT nanocomposite together with pristine
polypyrrole is reported. These as-prepared materials have been characterized by FT-IR spectroscopy, X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and thermogravimetric analysis (TGA) techniques. The PPy/ZnO/

electrical conductivity at different concentration of ammonia ranging from 50 ppm to 2000 ppm. The sensing response of the sensor is
determined at 2000, 1000, 500, 400, 300, 200, 100 and 50 ppm and found to be 76.3, 60.5, 54.8, 52.6, 50.2, 48.5, 40.5 and 36.6%,
respectively The sensor displays excellent reversibility along with very high selectivity and stability. Finally, a sensing mechanism is also

INTRODUCTION

The discovery of conducting polymers by Shirakawa et al.
[1] marked the beginning of a new era in the sphere of polymer
science. Since, then the scientific community began to take an
interest in the field of electrically conducting synthetic polymers.
Ever since this branch of science has gathered impetus owing to
a great deal of primary research been carried out. This field
includes a variety of conjugated polymers such as polyacety-
lene, polypyrrole, polyaniline, polythiophenes and their nano-
composites, which have been used in sensing various gases/
vapour/chemical [2-10]. These polymers are also termed as
intrinsically conducting polymers (ICPs) as they possess native
ability to conduct electricity via delocalization of charge through
their extended m-conjugated system [3,7,8]. The sensors based
on ICP respond very quickly to the analyte. But problems with
these types of sensors are their poor stability, selectivity and
reversibility [2]. These problems can be solved by preparing
the nanocomposites of ICPs with inorganic nanomaterials like
Sn0,, ZnO, graphene and carbon nanotubes, efc. The sensor-
based on nanocomposites of ICPs exhibits outstanding sensing

proposed involving polarons (charge carriers) of polypyrrole and lone pairs of electrons of ammonia molecules.

‘I
SWCNT nanocomposite is used as a pellet-shaped ammonia sensor. The sensing response is calculated in terms of variation in the DC |
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response, reversibility, selectivity and stability at room temper-
ature as compared to pristine ICPs based sensors [3,6]. Amongst
these ICPs, polypyrrole and their nanocomposites have shown
alot of promise commercially as it can be easily synthesized, is
environmentally stable and possesses higher conductivity in
comparison to the other ICPs available. Recently, many research
papers have been published on gas/vapour sensors based on
nanocomposites of polypyrrole [7-10].

In recent years, carbon nanotubes (CNT) have become
indispensable building-blocks for sensing an assortment of
gases as they possess excellent chemical stability, exceptional
physical and chemical properties and high aspect ratio. The
presence of these properties has opened up a broad range of
applications for CNT, which include fabrication of nanoelect-
ronic devices, chemical sensors, biosensors, efc. [11-13]. Gas
sensors centred on PPy/CNT nanocomposites have engrossed
massive interest in the past few years and they have been
successful in detecting for ammonia [14].

Zinc oxide (ZnO) is an n-type semiconductor having a
broad bandgap of 3.37 eV, and its exciton binding energy
amounts to 60 meV. On account of these properties, ZnO nano-
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materials display enhanced electron mobility. ZnO nanomaterials
possess a high photoelectric reaction and are also chemically
and thermally stable, which make them ideal contenders for
fabricating functional chemical and biological sensors. ZnO-
based nanostructures have received considerable attention in
gas/vapour sensing applications recently. However to date, a
large number of published reports are available for fabricating
various types of sensing devices based on ZnO nanostructures,
it remains a challenge for researchers to fabricate sensors which
could be selective as well as sensitive [15,16].

Ammonia (NHs;), a harmful and poisonous gas is widely
present in the environment in the form of vehicular exhausts
and soils amended by urea. If inhaled in excess, it can lead to
several health problems which include cough, difficulty in brea-
thing, sore throat, tightness in the chest, tears, hoarse voice
accompanied by dizziness, headache, nausea, vomiting, fatigue
and various other symptoms. In some cases, exposure to large
quantities of ammonia can lead to pulmonary edema and adult
respiratory distress syndrome. Consequently, the development
of a high-performance ammonia gas sensor operating at room
temperatures and consuming less energy is extremely vital [7,
10,17,18]. In this study, an effort to combine the unique prop-
erties of polypyrrole, ZnO and SWCNT to fabricate a novel
pellet shaped ammonia sensor operating at room temperature is
made. Polypyrrole (PPy) and PPy/ZnO/SWCNT nanocomposites
were prepared by in situ chemical oxidative polymerization.

EXPERIMENTAL

Pyrrole 99% (Sigma-Aldrich), anhydrous ferric chloride,
methanol (Fischer Scientific India), zinc oxide nanoparticles
and single-walled carbon nanotube (SWCNT) from Platonic
Nanotech Limited Pvt Ltd. India was used as received. The
water used in these experiments was double distilled.

Synthesis of polypyrrole (PPy) and PPy/ZnO/SWCNT
nanocomposite: Polypyrrole (PPy) and PPy/ZnO/SWCNT
nanocomposite were prepared by in sifu oxidation polymeri-
zation method in aqueous medium using ferric chloride as oxidant
[8,9]. In the preparation of PPy/ZnO/SWCNT nanocomposite,
100 mg SWCNT were added in 100 mL double distilled water
and agitated for 30 min. After that 200 mg, ZnO was also added
into the above mixture and sonicated for 1 h. Then 2.08 mL
(0.03 mol) of pyrrole was added into the above suspension
containing ZnO and SWCNT and sonicated for 3 h. Ferric
chloride solution was prepared by adding 4.86 g (0.03 mol) of
itinto 100 mL double distilled water. After that ferric chloride
solution was poured dropwise into the suspension of PPy, ZnO
and SWCNT with continuous stirring. After 12 h a black coloured
slurry was obtained which was washed and filtered using double
distilled water and methanol. The filtered material (nanocom-
posites) was dried in an air oven at 70 °C for 24 h. Thus synthesized
nanocomposite was named as PPy/ZnO/SWCNT. The pristine
PPy was also prepared by an identical method in the absence
of ZnO and SWCNT.

Characterization: Fourier transform infrared spectroscopy
(FTIR) spectra were recorded using Perkin-Elmer 1725 instrument
on KBr pellets. To conduct morphological studies scanning
electron microscopy (SEM) and transmission electron microscopy

(TEM) was done using JEOL, JSM, 6510-LV (Japan) and JEM
2100, JEOL (Japan), respectively. X-ray diffraction (XRD)
data were recorded by Bruker D8 diffractometer with CuKo.
radiation at 1.540 A in the range of 5° <20 < 80° at 50 kV. The
thermogravimetric analysis (TGA) was performed by Perkin-
Elmer (Pyris Dimond) instrument, heating the samples from
24 °C to 1000 °C at the rate of 10 °C min™ in nitrogen atmos-
phere at the flow rate of 200 mL/min.

RESULTS AND DISCUSSION

FT-IR studies: Fig. 1 shows the FTIR spectra of PPy and
PPy/ZnO/SWCNT nanocomposite. The characteristic peaks
of PPy at 3388, 1550, 1310, 1192, 1088 and 1044 cm™ is attri-
buted to N-H stretching, C=C stretching, C=N bending, C-N
stretching and =C-H bending, respectively as shown in Fig.
la. [8,9]. The band at 920 cm™ corresponds to the C=N*-C
stretching and has been accredited to the formation of polarons
(charge carriers), which is also supportive of their doping by
FeCl. This result also confirms that polypyrrole was oxidized
by FeCl; containing positively charged entities, i.e. polarons
[8,9]. The slight decrease in the N-H, C=C, C=N and C-N
stretching frequencies in the spectra of PPy/ZnO/SWCNT
nanocomposite (Fig. 1b) may be owing to the interaction of
ZnO nanoparticles and SWCNT with PPy backbone. In the
case of PPy/ZnO/SWCNT nanocomposites, the slight shift in
the positions of characteristic peaks of PPy confirms the success-
ful formation of nanocomposite in which ZnO and SWCNT
are covered by the matrix of PPy as revealed by SEM and TEM
microscopy.
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Fig. 1. FT-IR spectra of (a) PPy and (b) PPy/ZnO/SWCNT nanocomposite

X-ray diffraction study: Fig. 2 represents the X-ray diffra-
ction patterns of PPy and PPy/ZnO/SWCNT nanocomposites.
A broad peak observed at 20 = 24.7°, represents the repeating
units of pyrrole ring, confirming the amorphous nature of PPy
as shown in Fig. 2a [8,9]. The main characteristic peaks of
ZnO nanoparticles in PPy/ZnO/SWCNT nanocomposite were
observed at 20 = 33.27°, 35.67°, 54.10°, 62.38° 64.20° as
shown in Fig. 2b, which correspond to the (002), (101), (110),
(103) and (200) planes of ZnO nanoparticles, respectively [19].
In case of PPy/ZnO/SWCNT nanocomposite, the broadening
and shifting of characteristic peaks of PPy (at 26 = 24.9°) confirms
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Fig. 2. XRD spectra of (a) PPy and (b) PPy/ZnO/SWCNT nanocomposite

the interaction of PPy with the ZnO and SWCNT which is also
supported by FTIR results.

Scanning electron microscopy (SEM) studies: The surface
morphology of PPy and PPy/ZnO/SWCNT nanocomposite

was revealed by SEM micrographs as shown in Fig. 3. The
morphology of pristine PPy (Fig. 3a) shows the agglomeration
of several globular nanoparticles. In the case of PPy/ZnO/
SWCNT nanocomposite, a slight change in morphology is
observed and globular nanoparticles become larger in size (Fig.
3b). There are no free ZnO nanoparticle and SWCNT which
confirms the polymerization of pyrrole on the surface of ZnO
nanoparticle and SWCNT. However, there is a linear structure
decorated with some globular nanoparticles (enclosed in the
marked circle), which is due to entrapment of SWCNT as well
as ZnO nanoparticle inside the PPy matrix due to electronic
interaction of PPy chains with both the ZnO nanoparticle and
SWCNT.

Transmission electron microscopy (TEM) studies: The
TEM micrographs of PPy/ZnO/SWCNT nanocomposite at two
different magnification viz. 100 nm and 50 nm are given in
Fig. 4. These micrographs revealed an encapsulation of ZnO
nanoparticles (dark black coloured) and SWCNT into the matrix
of PPy (grey coloured part). The decoration of ZnO nanopar-
ticles on SWCNT can be observed on which polymerization
of pyrrole takes place. Thus, the formation of PPy chain on
the vast surface area of ZnO nanoparticles on SWCNT provides
a large number of adsorption sites, which is very advantageous
in the sensing.

Fig. 4. TEM micrographs PPy/ZnO/SWCNT nanocomposite at different magnifications
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Thermogravimetric analysis: Fig. 5 represents the TGA
thermographs of PPy and PPy/ZnO/SWCNT nanocomposites.
The weight loss% and thermal stability of PPy and PPy/ZnO/
SWCNT nanocomposite were determined by TGA technique
in the range of 30-600 °C. In case of PPy (Fig. 5a), there were
three weight loss processes at about 80 °C, 270 °C and 360 °C,
which may be related to the removal of moisture, loss of dopant
and degradation of polymer chain, respectively [9]. In case of
PPy/ZnO/SWCNT nanocomposites (Fig. 5b), the weight loss
process started at about 400 °C, which showed the greater thermal
stability of it as compared to pristine PPy. At 600 °C, the weight
loss% was 81.60% and 25.94% for PPy and PPy/ZnO/SWCNT
nanocomposites, respectively. Thus, the outstanding thermal
stability of PPy/ZnO/SWCNT nanocomposites confirmed the
formation of nanocomposite due to a strong electronic inter-
action of PPy chain with ZnO nanoparticle and SWCNT.
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Fig. 5. Thermograms of (a) PPy and (b) PPy/ZnO/SWCNT nanocomposite

Sensing: For performing the ammonia sensing experi-
ments, 0.350 g of PPy/ZnO/SWCNT nanocomposite was conv-
erted into pellet-shaped sensing material by applying a pressure
of 75 kN applied for 15 min using a hydraulic machine. The
sensing experiments of PPy and PPy/ZnO/SWCNT nanocom-
posites were performed by using a four-in-line probe with a
temperature controller (PID-200, Scientific Equipments, India).
All the sensing experiments were carried out at room temperature.
The DC electrical conductivity was calculated using the
following equation:

[In2(2S/2)]
O= v /T ey
[27S(V /1)]
where I, V, W and S stand for the current (A), voltage (V), thick-
ness of the pellet (cm) and probe spacing (cm), respectively
and o is the conductivity (S cm™) [20,21].

Sensing response: The sensing response (%) of the sensor
was calculated as the function of change in DC electrical
conductivity in the exposure of ammonia vapour for 60 s. The
formula used for the calculation of % sensing response (S) was
as follows:

Ac
S=—x100
s @)
where: 6; and Ac represent the initial DC electrical conductivity
and change in DC electrical conductivity in the exposure of

ammonia for 60 s, respectively [20].

First of all, the sensor-pellet was properly attached to the
four-in-line probe of the device. Then, the probe was kept in
the sealed beaker containing highly volatile ammonia solution
of known concentration for 60 s. In the exposure of ammonia
vapour, the conductivity of the sensor started to decrease till
60 s. During this period of 60 s, the change in conductivity
was calculated for determining the sensing response. After that,
the probe holding sensor-pellet was removed from the beaker
containing ammonia solution and exposed in the fresh air for
60 s. The conductivity started to increase in air and returned
to near its initial value after 60 s (Fig. 6).
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Fig. 6. Variation in DC electrical conductivity of sensor on alternate

exposure of ammonia and air at different concentrations

In the presence of ammonia vapour, a decrease in the
conductivity is due to the interaction of lone pairs of electrons
of nitrogen atoms of ammonia molecules with the charge carriers
(holes) of PPy. In case of conducting polymers like poly-
pyrrole, polythiophene and polyaniline, etc. the charge carriers
are polarons and bipolarons which act as a hole. The electrical
conductivity is directed by the number of these charge carriers
(holes) besides their mobility along with the extended mt-conju-
gated structure. Thus, any interaction which neutralize or reduces
the mobility of these charge carriers can alter the electrical
conductivity of PPy [4,5,8,9]. As we know that ammonia is a
good Lewis base, which easily donates its lone pair to positively
charged holes of PPy. There may be two possibilities when
ammonia molecules get adsorbed on the sensor surface; (i)
complete neutralization of charge carriers due to donation of
lone pair of electrons of ammonia to the charge carriers (holes)
of PPy and (ii) the weak electronic interaction between lone
pairs of electrons and charge carriers (holes) of PPy.

In this study, second type interaction is possible only because
the sensor showed a dynamic response in conductivity, i.e.
decrease in ammonia vapour and then returned to its original
value in air. This is due to desorption of ammonia molecules
from sensor surface in the air and thus deletion of electronic inter-
action between lone pairs of electrons and charge carriers of PPy.

The sensing response of sensor was calculated at 2000,
1000, 500, 400, 300, 200, 100 and 50 ppm and found to be
76.3,60.5,54.8,52.6,50.2,48.5, 40.5 and 36.6%, respectively
(Fig. 7). Greater sensing response at higher concentration is
due to the availability of a larger number of ammonia molecules
(i.e. greater number of lone pairs), which reduce the mobility
of a huge number of charge carriers. Thus, greater change in
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Fig. 7. Sensing response of the sensor towards ammonia at different
concentrations

conductivity (i.e. sensing response) was observed at higher
concentration. On the other hand, the change in conductivity
was minor due to a reduction in the mobility lesser number of
charge carriers by comparably lesser number of lone pairs of
ammonia at lower concentrations. The results show that the
sensor can detect ammonia vapour at very low concentration
of 50 ppm with a sensing response of 36.6%.

Reversibility: The reversibility of the sensor was studied
by exposing the sensor-pellet in ammonia vapour for 30 s.
Then, sensor-pellet was removed from ammonia vapour and
exposed in the air for 30 s. These procedures were followed
for three continuous cycles comprising of total 180 s as shown
in Fig. 8. The sensor shows an excellent dynamic response,
i.e. decrease and recovery of initial conductivity in the ammonia
vapour and air, respectively, revealing a highly reversible nature
of the sensor. After three complete cycles, the conductivity
did not return to the initial value at 2000 ppm and 1000 ppm
due to partial desorption of ammonia molecules from the sensor
surface. But at a lower concentration, the initial conductivity
recovered completely due to complete desorption of the lesser
number of adsorbed ammonia molecules from the sensor surface.
Thus, this ammonia sensor exhibits complete reversibility at
lower concentrations viz. 300, 200, 100 and 50 ppm.
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Fig. 8. Reversibility of the sensor on alternate exposure of ammonia and
air at different concentrations

Selectivity: The selectivity of the sensor towards ammonia
vapour was determined in the exposure of some common volatile
organic compounds (VOCs), e.g. ethanol, methanol, acetone
and acetaldehyde at the highest and the lowest concentrations,
i.e. at 2000 ppm and 50 ppm, respectively (Fig. 9). The sensor
pellet was exposed in ammonia and all the tested VOCs one
by one for 60 s and then the sensing response was calculated.
At 2000 ppm, the sensing response was found to be 76.3, 23.1,
21.4, 14.3 and 9.2% towards ammonia, ethanol, methanol, acetone
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2
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Fig. 9. Selectivity of the sensor at 2000 ppm and 50 ppm of ammonia
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and acetaldehyde, respectively. So, even at a higher concentration
of 2000 ppm, the sensor showed high selectivity. Whereas at
50 ppm, the sensor responded towards ammonia only with a
sensing response of 36.6%. Therefore, the sensor was found
to be exclusively selective for ammonia vapour at 50 ppm.

Stability: The stability of sensor operating at room temper-
ature is considered to be an important constraint for practical
application. The major concern of the sensors based on condu-
cting polymers is their poor stability. The sensitivity of these
sensors drastically reduces after some days. However, the stability
of the sensors based on nanocomposites of conducting polymers
is much improved as compared to pristine polymers due to the
outstanding stability of filler inorganic nanomaterials [3,6,10].

In this study, the stability was determined by calculating
the sensing response for consecutive 15 days at the lowest and
the highest concentrations, i.e. 50 and 2000 ppm concentrations
of ammonia (Fig. 10). The sensor exhibited excellent stability
even after 15 days at both the tested concentrations.
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Fig. 10. Stability of the sensor at 2000 ppm and 50 ppm of ammonia

Sensing mechanism: In case of the sensors based on the
conducting polymers, adsorption of the analyte gas/vapour on
the sensor surface is supposed to the very first step. After adsor-
ption, analyte molecules interact with the charge carriers
(polarons/bipolarons) of the polymer affecting alteration in
the electrical properties (resistance/conductivity). However,
this process is found to be more robust in conducting polymer-
based nanocomposites. The reversible nature of the sensor is
due to desorption of analyte molecules from sensor surface
when exposed in the air [4,5,8,9,20,21].

In this study, we have proposed the sensing mechanism
based on adsorption/desorption phenomena of ammonia
molecules on the vast surface area of sensor-pellet (Fig. 11).
Ammonia is an electron-rich molecule and good Lewis base.
The lone pairs of electrons of the adsorbed ammonia molecules
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Fig. 11.Proposed sensing mechanism concerning the electronic interaction of charge carriers of PPy with lone pairs of ammonia molecules

interact at the electron-deficient charge carriers (holes) of PPy
which reduces the charge intensity and mobility of the charge
carriers. Therefore, a sudden decrease in conductivity was obser-
ved as soon as sensor-pellet got exposed in ammonia vapour.
When sensor-pellet was exposed in air, desorption of ammonia
molecules started resulting in an increase in conductivity. After
complete desorption of ammonia molecules from the sensor,
the charge intensity and mobility of charge carriers recovered,
leading to the retrieval of initial DC electrical conductivity of
the sensor.

Conclusion

In this study, in-situ oxidative polymerization method for
the preparation of a novel PPy/ZnO/SWCNT nanocomposite
in aqueous medium using ferric chloride as an oxidant is used.
The structure and morphology of the prepared material were
studied by FT-IR spectroscopy, X-ray diffraction technique,
scanning electron microscopy, transmission electron microscopy
and thermogravimetric analysis. The PPy/ZnO/SWCNT nano-
composite has been used to fabricate a pellet-shaped ammonia
vapour sensor operating at room temperature. The sensing
response of the sensor was found to be 76.3, 60.5, 54.8, 52.6,
50.2,48.5,40.5 and 36.6% at 2000, 1000, 500, 400, 300, 200,
100 and 50 ppm of ammonia, respectively. The sensor was found
to be completely reversible as well as very stable till 15 days.
The sensor shows high selectivity towards ammonia at 2000
ppm, but at 50 ppm it is exclusively selective, i.e. responds to
ammonia only in the presence of different VOCs tested. Thus,
PPy/ZnO/SWCNT nanocomposite can be used to fabricate highly
efficient and novel ammonia vapour sensor at room temperature.
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