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KEYWORDSABSTRACT

In this paper we describe an easy method to deposit thin films from soluble
Polypyrrole (Ppy) synthesizedby chemical polymerization using SDBS as
surfactant. Ultrasonic spray technique was adopted to deposit these films,
using a commercial domestic humidifier, on alumina substratescoated with
two interdigitated electrodes, to be used as chemiresistor sensor. The
obtained films were characterized by FTIR, X-ray diffraction, scanning
electron microscope (SEM), and four point probe techniques. We also
investigatedthe effect of polymerization time, molar ratios of Pyrrole monomer
to the oxidant (FeCl3) [Mo] / [Ox] on sensing property. X-ray diffraction
pattern of Ppy with SDBS showed a shift of diffraction peak angle of about
(2è = 11.46), relatively to pure Ppy, indicating that SDBS acted as a spacer
between the conducting polymer chains, and induced a very high d-spacing
comparing to the pure one. This has a positive impact on sensor sensitivity,
as it makes more easily for analyte molecules to penetrate inside the films.
Small peaks shifts were also observed between Ppy prepared with different
molar ratios [Mo] / [Ox], indicating that the higher the molar ratio, the
higherthe space between chains is. Conductivity measurements were made
for the selected molar ratios. The best conductivity was 0.62(S/cm)
corresponding to a molar ratio of 3. Finally, sensors showed a good sensitivity
towards methanol and ethanol which could be explained by the high specific
surface area and porosity as demonstrated by SEM images.
 2015 Trade Science Inc. - INDIA

INTRODUCTION

Semiconducting properties of organic materials are
not new, but the availability of film-forming semicon-
ducting polymers is very recent. There is a high level of
interest in the potential that these structures might have
for use in large-area thin-film electronics, because of

the prospect for low-cost fabrication of devices with
very acceptable performance. Over the last three de-
cades, conducting polymers such asPolypyrrole,
Polythiophene, and Polyaniline have attracted a great
deal of research interest because of the great promise
of their electrical, electrochemical and optical proper-
ties for commercial applications such as sensors, light-
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emitting diodes, rechargeable batteries, electrochromic
display devices, etc. In these applications, conducting
polymersare normally used as films or coatings, with
different thicknesses, depending on the requirements of
the application. Key hurdles to the use of these poly-
mers in commercial products have been the lack of facile
synthetic methods for producing useful quantities as well
as simple approaches for processing bulk polymer into
useful forms. In addition, the stability, including mechani-
cal, thermal, conductivity (with time and at high tem-
perature) and overoxidation, has been a concern. The
limitations in postsynthesis processability are due to the
chain stiffness and interchain interactions that render
these materials insoluble in commonsolvents. For ex-
ample, polymers can become crosslinked, highly
branched, or electrostatically crosslinked due to po-
laron/bipolaron charge interactions. The chemical or
ionic crosslinking renders the polymer intractable[1]. As
a result, these conjugated polymers are difficult to pro-
cess into thin films on flexible substrates using
traditionalmethod such as spin coating[2]. Polypyrrole is
one of the more promising conducting polymers. Itis
prepared by oxidation of Pyrrole either by chemical or
electrochemical means[3]. Chemically prepared Ppyis
in the form of brittle powders that are insoluble and
infusible, and have poor processability, the poor
processability ofPpy has been clarified by the existence
of strong interchain interactions. Polymerization condi-
tions affect the properties of Ppy such as monomer to
oxidant molar ratio, presence of surfactant, reaction time
and temperature[4]. Depositing a sensitivefilm on a
substrateis a crucial point when looking for reproduc-
ibility and stability of sensor response. There are
severalmethods for depositing sensitivefilms on a sub-
strate such as casting, spray, spin coating, self-assem-
bling, sputtering, evaporation, and Langmuir�Blodgett.

Among the simple methods for depositing sensing films,
those obtained by self-assembling have the best unifor-
mity. However, the thickness of the film is limited by the
self-assembling chemical process and usually is reduced
to a monolayer or some tens of nanometers. On the
other hand, with the casting method is possible to de-
posit a thicker film, but there is a poor control on the
amount of material deposited. Furthermore, the struc-
ture, thickness and uniformity of the film change from
one run to another. Although spray and spin coating

methods have better controllability, they have a lack of
the sensor response reproducibility, which is depen-
dent on the uniformity, structure and thickness of the
sensitivefilm. Such reproducibility is required, for in-
stance, when replacing sensors without calibration steps
or in systems where two or more sensors with similar
characteristics are required[5]. In the present work, a
novel method for depositing Polypyrrolefilms based on
an ultrasonic atomizer was developed. Although ultra-
sonic atomization has been widely investigated and used
for a variety of applications, up to our knowledge it has
not been used for depositingPolypyrrole films used as
sensors, so far. Polypyrrole sensitivefilms were depos-
ited on alumina substrates coated with two interdigi-
tated electrodes, for their use as chemical sensors. The
obtained films were characterized by FTIR, X-ray dif-
fraction, scanning electron microscope (SEM) and four
point probe techniques. We also investigated the effect
of polymerization time, molar ratios of Pyrrole mono-
mer to the oxidant (FeCl3) [Mo]/[Ox] on sensing prop-
erty.

EXPERIMENTAL

Materials

Materials used for the chemical synthesis were Pyr-
role monomer (Py) purchased from (Merck), Sodium
dodecylbenzenesulfonate (SDBS) (Aldrich) (Mw =
348.48 g/mol), hexahydrate ferric chloride
(FeCl

3
.6H

2
O), Ethanol (Aldrich), Methanol (Merck),

Acetone (Panreac), Deionized water (DI), all materials
used in this research were analytical grade.

Polypyrrole synthesis

Polypyrrole was chemically synthesized with five
different molar ratios (3, 5, 6, 8, and 10) of monomer
to oxidant [Mo] / [Ox]. The oxidant solution was pre-
pared by dissolving1 mmol of hexahydrate ferric chlo-
ride in 25 mL of DI water under stirring for 10 min. The
monomer solution was prepared by dissolving the ap-
propriate moles Pyrrole in 100 mL of DI water by stir-
ring for 10 min, theflask was put in ice bathto maintain
the temperature between (0Ú- 5Ú) C[6], then 5 mmol
of SDBS was addedunder stirring for 30 min. Thena
drop wise of oxidant solution was added to the cold
mixture of Py and SDBS during one hour, the mixtures
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were gently stirred until the termination of the polymer-
ization reaction by pouring excess amount of methanol
into the black mixture. Three polymerization times (1,
24, 45) h were chosen for each molar ratio. Finally,
solutions were filtered, and theresulted black Ppy pre-
cipitates were washed with DI water, methanol, etha-
nol, and acetone, sequentially followed by drying in
vacuum oven at 30Ú C for 24 hours.

Ultrasonic spray deposition system

The deposition system consists of four main parts:
mist generator (from LAICA) equipped with piezoelec-
tric ultrasonic transducer, air compressor, heater, and
nozzle, as shown in Figure 1. A controlling valve was
used to control air flow rate which was measured with
a rotameter[5,7].

Preparation of sensors substrates

Figure 2 shows alumina substrate with two inter-
digitated electrodes used in this work[8]. Thecleanliness
of substrates is of prime importance to have good ad-
herent films. So, we followed a multistep cleaning pro-
cedure, consisting ofsoaking the alumina substrates in
distilled water, methanol, distilled water, acetone,
anddistilled water, successively, in an ultrasonic bath for
10 minutes. Then, substrates weredriedin oven at 70Ú

C for one hour.

Sensors fabrication by ultrasonic spray deposition

About 50 mL from thepreparedPpysolutions were
put in the pulverization flask, which is in turn placed in
the ultrasonic bath, just above the transducer (see Fig-
ure 1). Compressed air, with 500 cc/min flow rate, en-

Figure 1 : Schematic view for ultrasonic spray deposition technique

Figure 2 : Schematic view of the interdigitatedsensors
substrates

ters the flask inlet, carries the generated Polypyrrole
mist andexits from the outlet of the flask into the glass
nozzle, and finally to the heated substrate. A tempera-
ture of about 100ÚC was found to give the best re-

sults. The deposition time was fixed at 15 min for all
sensors. In the following, we will denote each sensor
by (Sx-y) where x indicates the molar ratio, and y the
polymerization time.

Characterization and gas sensitivity measurement

Electrical conductivity measurement of Ppy pow-
der pelletswas done by using standard four probe
method (SIGNATONE) equipped with (KEITHLEY
617 programmable electrometer), and (KEITHLEY
220 programmable current source). Thin pellets were
prepared from Ppy powder using a stainless steel mold
with 1 cm diameter and 10 tonspressure.

The structural characterization of Ppy with SDBS
wasobtained by using (Philips, X�pert), X-ray powder

diffractometer XRD with Cu Kemission (= 1.54187
AÚ). Diffraction patterns were collected between 10Ú

and 70Ú in 2. FTIR spectra were obtainedby (Bruker,
Vector 22 spectrometer) in transmission mode, by
scrapinga little amount from the deposited Ppy film (af-
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ter washing in DI water ethanol, and methanol succes-
sively) and mixing withKBr (Merck), the mixture was
crushed and mixed in a mortar, and compressed into
pellet. Morphology measurement was obtained by SEM
(Scanning Electron Microscope) (VEGAII TESCAN)
with (LVSTD) detector. Gas sensitivity measurements
at different concentrations of methanol, and ethanol for
each sensor were made in a known volume chamber
equipped with a measurement systemconsisting of dual
display multimeter (FLUKE 45) connectedtoa
computerformeasuring sensor resistance[9].

RESULTS AND DISCUSSIONS

FTIR spectrum

IR spectrum of prepared Ppy in transmission mode
was recorded between (500-4000) cm-1, and shown
in Figure 3. The peak at 3430 cm-1 belongs to N-H
stretching vibration, two small peaks at 2924 cm-1 and
2844 cm-1 refer to the C-H symmetric and antisym-
metric in both CH2, and CH3 aliphatic, C-H out of
plane deformations were observed approximately at the
region between 1600 cm-1, and 2100 cm-1, followed
by 1544 cm-1, and 1452 cm-1 assigned to the C=C ring
stretching that is responsible of the conductivity of the
material. Peaks at 1295 cm-1, and 1165 cm-1 refer to
S=O symmetric and antisymmetric in sulfonates
whichconfirms the SDBS presence. The four peaks at

(1042, 964, 869, and 796) cm-1indicate the C-H in
plane, and out of plane deformations in Pyrrole units.
This spectrumis in well agreement withpublished re-
sults[10,11,12].

Electrical conductivity

Variation of synthesized Polypyrrole conductivity
with molar ratiois shown in Figure 4. A linear relation is
observed in the studied range; the conductivity had its
highest value (0.62 S/cm) at [Mo]/[ox] = 3, and
decreasegraduallyby the increment of molar ratio until
reaching the lowest value (0.035 S/cm) at [Mo]/[ox] =
10. This could berelated to the decrease of thepolymer
doping level, as FeCl

3
acts as a dopant through Cl-, in

addition to its oxidant role[13].

Figure 3 : Infrared transmission spectrum (FTIR) of Polypyrrole with SDBS

Figure 4 : Conductivity of polypyrrole with SDBS at different
[Mo]/[Ox]
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XRD

X-ray diffraction patterns for pure Polypyrrole
andthat with SDBS, [Mo]/[ox] = 6 in both cases, are
shown in Figure 5. We observe a shift of diffraction
peak angleof Ppy with SDBS of about (2è = 11.46Ú),

relatively to pure Ppy[14], indicating that SDBS acted as
a spacer between the conducting polymer chains
(interlayer spacing), and induced a very high d-
spacingcomparing to the pure one. The d-spacing was
calculatedfrom Braggs�s equation (1)[4]. and the results
are shown in TABLE 1.

(1)

This difference of d-spacing highlights the impact
of the surfactant, and explains in part the great incre-
ment of solubility, due to its high steric effects between
the chains during their formation.

Peaks positions and d-spacings for each molar ra-
tio [Mo]/[Ox] were calculated and plotted in Figure 6.
We observed a decrease of d-spacings with the incre-
ment of the oxidant (decrease of monomer/oxidant ra-
tio). This could be explained bythe increase of the oxi-
dation intensity of polymerization reaction, which de-

Figure 5 : XRD diffraction patterns of Polypyrrole: a. pure Ppy, b. Ppy with SDBS, [Mo]/[ox] = 6

TABLE 1 : Comparison of d-spacing between the pure and
added SDBS one, [Mo]/[ox] = 6

Polypyrrole 2è (Rad) d-spacing (A) 

Pure Ppy 25.42 3.504 

Ppy /SDBS 13.96 6.344 

TABLE 2 : Experimental conditions used in fabrication of
tested sensors

sensor [Mo]/[Ox] Polymerization time 

S3-1 3 1 

S3-24 3 24 

S3-45 3 45 

S5-1 5 1 

S5-24 5 24 

S5-45 5 45 

S6-1 6 1 

S6-24 6 24 

S6-45 6 45 

Figure 6 : Effect of molar ratio on XRD diffraction peaks
positions and d-spacings
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Figure 7 : Sensitivities of sensors S3, seriestowards ethanol, and methanol

Figure 9 : Sensitivities of sensors S6 seriestowards ethanol, and methanol

Figure 8 : Sensitivities of sensors S5 seriestowards ethanol, and methanol
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feats the effect of spacer and reduces the distance be-
tween chains.

Gas sensitivity

The percentagesensitivity S of Ppy sensors upon
exposure to methanol, and ethanol vaporswas calcu-
lated from relation (2):

(2)

Where R
0
is the initial sensor resistance, R

v
 is the sen-

sor resistance after exposing to the target vapor[15].
Three series of sensors (S3, S5 and S6) were studied,
each corresponds to a predefined monomer to oxidant
ratio namely 3, 5 and 6. Sensors of high molar ratios
S8 and S10 were excluded, because of their sensitivity

Figure 10 : SEM morphology of Ppyfilm deposited by ultrasonic spray technique after1 h polymerization time (S3-1)

Figure 11 : SEM morphology of Ppyfilm deposited byultrasonic spray technique after 24 h polymerization time (S3-24)
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instability, may be due to their low conductivity. Each
series include three different polymerization times,
namely 1h, 24h and 45h. TABLE 2 summarizes the
experimental conditions used in fabrication of tested
sensors.

Figures (7-9) showsensitivities of these sensors as

a function of methanol and ethanol concentrations. In
all sensors, the sensitivity increases with analyte con-
centration, with a trend to saturation. Moreover, sensi-
tivity to methanol and ethanol increased steadily with
the increasing of molar ratio, and also with the increas-
ing of polymerization time. The S3 series sensors

Figure 12 : SEM morphology of Ppyfilm deposited by ultrasonic spray techniqueafter 45 hpolymerization time (S3-45)

Figure 13 : SEM morphology of Ppynano-flakes located at the internalsurfaces of the tubular poresfor 45 h reaction time (S3-
45)
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showed the highestsensitivity, and among them S3-
45(45 h polymerization time) had the highest one.
Changes in sensitivity with the polymerization
timeswereattributed tomorphological factors related to
surface area, and porosity, as will be discussed in the
next paragraph. Also, for all sensors the sensitivity to-
ward ethanol is higher than methanol, this could be at-
tributed to the higher volatility of methanol, leading to a
lower concentration in the polymer[16].

SEM

Morphology of Ppy films prepared with different
polymerization times were examined by (SEM); for S3
series sensors ([Mo]/[Ox]=3), the results are shown in
Figures (10-13). All films possess high porosity, with
poresdiameter of about 2 µm, which enhance sensor

sensitivity, as it increases the specific area of the inter-
action surface. Stratified layers inside the tubular pores
are observed, which aresimilar to thin flakes with nano
dimensions of about42nm, and granulesof about 90 nm.
This leads to an increase of area-to-volume ratio, and
could explain sensitivity improvement with polymeriza-
tion times increase.

CONCLUSIONS

We have demonstrated the feasibility of
nanostructure films by a homemade ultrasonic spray
setup, from soluble Polypyrrolewith SDBS surfactant,
and synthesized by chemical oxidation polymerization.
It�s showed that addition of SDBS leads to an increase

of the interchain spacing, so enhancing Polypyrrole solu-
bility. Impact of molar ratio of Pyrrole monomer to FeCl

3

oxidant, and polymerization timeon sensitivity toward
methanol and ethanol were studied. Improvement of
sensitivity was correlated with the morphology of the
obtained films, as demonstratedby SEM. Best results
were obtained for sensors made form a molar ratio of
3, and 45h polymerization time.
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