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a  b  s  t  r  a  c  t

A  gas  sensor  consisting  in  polypyrrole  films  electrochemically  deposited  on  microelectrodes  arrays  was
fabricated  using  silicon  microtechnologies.  Polypyrrole  was  electrodeposited  on  platinum  microelec-
trodes  using  four different  electrodeposition  potentials,  five  counter-ions  and  three  salt  concentrations
to  assess  the  effects  of  these  parameters  on  the  sensing  properties  of  polypyrrole  films.  The  change  in
conductance  of  thin  polymer  layers,  due  to  adsorption  of ammonia  gas,  was  used  as a sensor  signal.  The
behaviors  of  the  polymer-based  gas  sensors,  including  response  time,  response  amplitude,  reproducibility
eywords:
as sensors
onducting polymer
olypyrrole
lectrochemistry
mmonia
orphology

and reversibility,  to various  ammonia  gas  concentrations  ranging  from  1  to 100  ppm  were  investigated.
The  experimental  results  showed  that  these  ammonia  gas  sensors  were  efficient  since  they  were  sensitive
to ammonia,  and  since  their response  was  fast  and  reproducible  at room  temperature.  The  most  efficient
ammonia  gas  sensor  was  obtained  with  a 248  nm-thick  polypyrrole  film  electrosynthesized  from  0.1  M
pyrrole  and  0.1  M LiClO4 under  an  electrodeposition  potential  of  +2.0  V/SCE.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Since polyacetylene was first shown to have high electrical
onductivities when properly doped [1,2], �-conjugated poly-
ers have been studied extensively, and subsequently, used in

arious applications such as: field effect transistors [3,4], solar
ells [5,6], electrocatalysis [7,8], protection against corrosion
9,10],  (bio)sensors [11–13] or cell culture [14–17].  Among the
arious conducting polymers, polypyrrole (PPy) stays one of the
ost studied because of its easy deposition from aqueous and

on-aqueous media, its adherence to many types of substrates, its
igh electronical conductivity and its stability in air and aqueous
edia. The simplicity of preparation and the possibility to control

xperimental conditions by electrochemical techniques make it
he most employed way. Moreover, it is now well-known that

any chemical or physical properties of electrodeposited polypyr-
ole can be strongly varied by modifying the electropolymerization
arameters including: solvent [18–21],  current density [22], pH
23], temperature [24], pyrrole concentration [25–27],  electrode-

osition potential [26–28],  counter-ion [19,26,27,29–31] and its
oncentration [32]. Furthermore, it has already been demonstrated
hat electrochemical polymerization conditions, particularly

∗ Corresponding author.
E-mail address: boris.lakard@univ-fcomte.fr (B. Lakard).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.05.005
counter-ion type, can strongly affect the conductivity of polypyr-
role films [27,30]. Indeed, large organic counter-ions induce higher
conductivity in PPy films, because they are more efficient space
fillers and produce isotropic polymers with higher crystallinity
than those incorporating small inorganic species [27,30]. This is
of importance since the initial conductivity of the polymer film is
supposed to impact on the gas sensitivity of the polymer film to
ammonia gas [33]. The morphological features of polypyrrole films
also strongly modify their properties. For example, polypyrrole
films prepared by Kaynak [32], in solutions with high concentra-
tion of p-toluenesulfonic acid, exhibited a higher roughness than
those elaborated in less concentrated solutions. The nature of the
counter-ions can also influence the polypyrrole’s film morphology
as shown by Fang et al. [34]. Indeed, they observed that the use
of different counter-ions led to polymer films with very differ-
ent roughness and morphology. Furthermore, both roughness
and morphology of the films greatly influenced the response of
the polypyrrole films to ethanol vapor when used as sensor’s
sensitive layer. Our research group has also studied the effect of
counter-ion’s type, pyrrole concentration and electrodeposition
potential on the conductivity [27] and morphological features of
polypyrrole films [26]. Concerning the conductivity [27], it was

shown that: (i) increasing the pyrrole concentration increased
the film conductivity, (ii) the highest conductivity was obtained
for an electrodeposition potential similar to pyrrole oxidation
peak’s, (iii) biggest counter-ions, such as p-toluenesulfonate or

dx.doi.org/10.1016/j.snb.2012.05.005
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:boris.lakard@univ-fcomte.fr
dx.doi.org/10.1016/j.snb.2012.05.005
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-naphthalenesulfonate, led to the highest conductivity. Concern-
ng the morphological features [26], the roughness of the films was
roved to be very dependent on the counter-ion type since the
iggest anions led to very flat surfaces having a small roughness
nd a high homogeneity. On the contrary, the smallest anions
ested or the use of a high electrodeposition potential led to high
oughness. Since the electropolymerization conditions strongly
nfluence the properties of polypyrrole films, it can be supposed
hat they also influence the gas detection efficiency of the polymer
lms, even if the influence of polymerization parameters on the
as detection efficiency of conducting polymer-based sensors has
eceived little attention in the literature until now.

In this context, the present work aims at investigating the influ-
nce of the electropolymerization parameters on the gas detection
fficiency of polypyrrole-based sensors and at studying the cor-
elation between conductivity or morphological features of the
olypyrrole films and their gas detection efficiency. That is why
olypyrrole films were electropolymerized at electrodeposition
otentials varying from +0.7 to +2.0 V/SCE, with 5 counter-ions
f different sizes: p-toluenesulfonate (TsO−), naphtalenesulfonate
NS−), nitrate, tetrafluoroborate, and perchlorate anions, and at
alt concentration varying from 0.01 to 0.5 M.  These various
olypyrrole films were electrodeposited on microsystems fabri-
ated using silicon microtechnology. The so-obtained gas sensors
onsisted of platinum microstructured electrode arrays. The poly-
er  films were deposited on these microelectrodes and also across

he insulating gap separating the microelectrodes of the sensor
ince the insulating gap between the neighboring electrodes was
lose enough, around 4 �m,  to allow the polymer film to coat
he insulated gap and to connect microelectrodes. Then, these
olypyrrole-based chemiresistors were tested for ammonia gas
ensing. In particular, their response, in terms of conductance
hanges when exposed to different ammonia concentration, was
tudied.

. Experimental

.1. Microsystems fabrication

The elaboration of the gas sensors began with the microsystems
abrication using lift-off process that consists in a photolithogra-
hy followed by a cathodic sputtering to obtain platinum patterns
eposited on 4′′ silicon wafers. To make the desired pattern,
onsisted of two interdigitated microelectrodes combs, it was nec-
ssary to fabricate a Cr/Glass mask for lithography. This mask was
esigned using Cadence conception software, and it was  fabri-
ated using a Heidelberg DWL  250 optical pattern generator. Silicon
afers used in this study were 100-oriented, 500 �m thick, p-type
oped and had a resistivity of 1–10 � cm−1. They were thermally
et-oxidized, at 1200 ◦C in water vapor flux during 12 h, in order

o produce a 1.4 �m thick SiO2 layer. Wafers and mask were pre-
leaned with a solution containing 50 mL  of H2SO4 and 30 mL
f H2O2. This step was necessary to remove organic residues at
he surface in order to start process in better conditions. Then,
he wafer was dried and placed on a hot plate (Prazitherm) for
0 min  at 120 ◦C. Next, a layer of negative photoresist (AZ 5214,
rom Clariant) was deposited by spin-coating thanks to an RC8-
arlsuss spin coater (30 s at a rotation speed of 3000 rpm). Wafer
as again placed on the hot plate for 150 s at 120 ◦C, before the
hotoresist was exposed, with the mask at the right position after
lignment, to an UV radiation flux of 36 mJ  cm−2 delivered by a

ouble-sided EVG 620 aligner. After 2 min  at 120 ◦C on the hot
late, the wafer was exposed, without the mask, to an additional
V dose of 210 mJ  cm−2. Therefore, the pattern drawn on the
ask was transferred to the resist, which was then developed, by
rs B 171– 172 (2012) 431– 439

immersion in AZ 726 developer for 1 min, to reveal the pat-
tern. At the end of the negative photolithography process, optical
microscopy was used to ensure the correct development of the
resist, and a Fogale-Microsurf 3D profilometer was used to con-
trol the thickness of the deposited layer (1.4 �m).  Then, with
magnetron sputtering Plassys MP  500 system, it was possible to
realize the electrode layer. The vacuum chamber was  first pumped
down to 3 × 10−6 mbar with primary rotating oil pump and sec-
ondary cryogenic CTI8 pump. Before the depositing step, and in
order to increase the adhesion of the layer, 1 min of etching run
at a pressure of 7 × 10−3 mbar with argon gas and 250 W of RF
power was performed. Then, a thin adhesion of pure titanium layer
(30 nm)  was sputtered to improve the adhesion of the platinum
layer. The deposition of a pure platinum layer (150 nm) was then
achieved to realize the electrode system of the sensors. Sputtering
deposition parameters were as follows: sputtering pressure (Ar):
7 × 10−3 mbar, power: 150 W with DC Huttinguer generator, depo-
sition time: 15 s at 1 A for the Ti layer and 1 min  at 0.6 A for the Pt
layer. The last step was the dissolution of the remaining resist in
acetone with ultrasonic bath. The final optical control was  done
to eliminate microsystems containing some defects. The sensor
geometry, consisting of two  interdigitated microelectrodes combs
(Fig. 1a), was  chosen because it allows to measure conductivity
changes between the 2 combs, optimizes the signal delivered by
the sensor, and allows the electrodeposition of the polymer both
on the combs and in the gap between the 2 combs. Each microelec-
trode comb was composed of 50 bands measuring 100 �m wide
and 9996 �m long. The gap between the two  combs was 4 �m so
that the polymer can be deposited in this gap and can inter-connect
the two combs (Fig. 1b and c).

2.2. Electrochemistry

Electropolymerization of polypyrrole films was performed with
a PGZ 100 potentiostat (Tacussel-Radiometer Analytical SA-France)
controlled by using the VoltaMaster 4 software. A standard three-
electrode electrochemical set-up was  used. The reference electrode
was a Saturated Calomel Electrode (SCE) and the counter-electrode
was a platinum sheet. The working electrode was  the platinum
combs of the microsystem. All electrochemical experiments were
carried out at room temperature (293 K). Pyrrole was from ACROS
(article 15771 1000, 99% pure) and was  distilled under reduced
pressure before use. All salts were from Sigma Aldrich and were
used as received: lithium perchlorate (LiClO4), sodium nitrate
(NaNO3), sodium p-toluenesulfonate (NaTsO), sodium tetraflu-
oroborate (NaBF4), sodium perchlorate (NaClO4) and sodium
naphtalenesulfonate (NaNS). Chronocoulometry was used in order
to coat all platinum combs with a polypyrrole film of ∼250 nm.
Thus an electrodeposition potential of +1 V/SCE was applied until
reaching a total electric charge density of 99.2 mC  cm−2, corre-
sponding to a polypyrrole thickness of 248 nm, according to the
Faraday’s law [26,27]. However, since the charge efficiency of
the pyrrole electropolymerization could be different at various
electrodeposition potentials, the polymer film thickness could be
slightly different even if the total electric charge density was
the same for all experiments. Furthermore, Faraday’s law was
used to determine polypyrrole film thickness rather than mea-
surements performed by optical profilometry or by SEM because
Faraday’s law allowed obtaining the average thickness of the poly-
mer  films when profilometry led only to local measurements of the
thickness even if it gave additional information about the sample
roughness.
Glow Discharge Optical Emission Spectrometry measurements
were done to confirm the presence of dopants inside the polypyr-
role film or/and on its surface using a GD Profiler HORIBA Jobin
Yvon.
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Fig. 1. Schematic drawing of the microsystem (a), optical microscopy pictures of PPy films deposited on the combs by oxidation of pyrrole doped with ClO − (b) or TsO− (c).
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.3. Gas chamber

All experiments were performed under the same conditions
sing the experimental set-up described in Fig. 2. At first, each sen-
or was exposed for 1 h to a purified air flow of 50 mL  min−1 in
rder to stabilize the sensor and its electrical response in a con-
rolled environment. Indeed, air does not react with PPy layer and

 complete stabilization of the baseline was observed after 30 min.
he value of conductance measured after this stabilization was con-
idered to be the initial conductance, denoted G0. This synthetic
ir was used, as carrier gas, for both stabilization and dilutions.
hen, the sensors were exposed for 5 min  to ammonia, initially
oncentrated at 100 ppm. Each sensor’s electrical response was
btained under a constant gas flow (synthetic air or NH3 diluted
n the synthetic air) rate of 50 mL  min−1. Mass flowmeters were
sed to obtain different NH3 concentrations (varying from 1 to
00 ppm). This experimental set-up allowed PPy-based gas sen-
ors to be exposed at different ammonia concentrations. Between
ach exposition to ammonia, the sensors were exposed to synthetic
ir during 1 h to allow desorption of ammonia molecules from the
ensors.

.4. Gas measurements

Real-time monitoring of the sensor’s responses was  obtained
y measuring the evolution of the electrical potential with time
a measurement was made every 2 s). This was done using a
ata acquisition system, including a multi channel inputs allow-

ng simultaneous connection of up to 4 sensors. The system was
nterfaced by a computer and data were obtained using Labview. As
ndicated in the experimental set-up, the sensor’s electrical poten-
ial was recorded using a divisor voltage bridge (Fig. 2). Under these
xperimental conditions, the relationship between the voltage Ur

nd the sensor’s conductance G, can be expressed by:

 = 1
R((E/Ur) − 1)
here E = 5 V is the terminal voltage applied in the circuit and
aintained constant during the experiments and R the adjusted

esistance.
Then, G was divided by G0 corresponding to the stabilized con-

uctance under air flow before exposition of the sensor to ammonia
as. The temperature of the sensitive layer during the gas measure-
ents was close to room temperature.
4

3.  Results and discussion

3.1. Electrochemical synthesis of polymer films

Polypyrrole was electrochemically synthesized for the first time
in 1979 by Diaz et al. [35]. Subsequently, it has been shown that
it can be deposited either by potentiodynamic or potentiostatic
method but also that the properties of the polypyrrole films are
strongly affected by electropolymerization parameters including
electrodeposition potential, pyrrole concentration or supporting
salt.

Since one of the important objectives of this work is to cor-
relate the electrochemical conditions used to deposit PPy films
with their gas sensing properties, it was  decided to use chrono-
coulometry to electrosynthesize polypyrrole films having the same
thickness. Indeed, chronocoulometry consists in applying a con-
stant potential until reaching a fixed electrical quantity of charge,
the charge quantity being proportional to the thickness through
Faraday’s law. Consequently, by using chronocoulometry, it was
possible to obtain polypyrrole films all having the same thick-
ness (248 nm)  irrespective of the electrodeposition parameters
used. The electrodeposition parameters used in this study were:
the electrodeposition potential (varying from +0.7 V to +2.0 V/SCE),
the salt concentration (varying from 0.01 to 0.5 mol  L−1), and the
nature of the salt anion since we  have already extensively stud-
ied the influence of these parameters on the conductivity [27]
and morphological features [26] of electrodeposited polypyrrole
films [27]. Fig. 3 represents the chronocoulometries obtained dur-
ing the electrosynthesis, at different electrodeposition potentials,
of polypyrrole films in aqueous solutions composed of 0.1 M pyrrole
and 0.1 M LiClO4. This figure shows that the kinetics of the polymer
growth is strongly influenced by the electrodeposition potential
since the time necessary to reach 99.2 mC  cm−2 is very different
for each applied electrodeposition potential. For example, the elec-
trodeposition of the 248 nm thick PPy film was performed (from an
aqueous solution of 0.1 M pyrrole and 0.1 M LiClO4) in 14 s for an
applied potential of +2.0 V/SCE when it was performed in 149 s for
an electrodeposition potential of +0.7 V/SCE. Similarly, an increase
of the salt concentration led to a faster electrodeposition of polypyr-
role films: 133 s for 0.01 M LiClO4, 47 s for 0.1 M LiClO4 and 35 s for
0.5 M LiClO4 (in an aqueous solution of 0.1 M pyrrole and with an
electrodeposition potential of +1.0 V/SCE). The differences between
the electrodeposition times were less important when the counter-

ion was changed (in an aqueous solution of 0.1 M pyrrole and with
an electrodeposition potential of +1.0 V/SCE). The fastest electrode-
position time was obtained for ClO4

− anions (47 s for LiClO4 and 46 s
for NaClO4) but no general trend was  observed as a function of the
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Fig. 2. Experimental set-up for the d

nion’s size since the electrodeposition times were: 58 s for NO3
−,

8 s for NS−, 93 s for TsO− and 97 s for BF4
−. Furthermore, it must

e noticed that the presence of the counter-ion was demonstrated
y Glow Discharge Optical Emission Spectrometry measurements.

ndeed, this technique allowed us to confirm the presence of Cl
lement inside the polypyrrole film but also on the surface of the
olypyrrole film thus demonstrating that the dopants are present

n the polymer film even if the quantification of the dopants in the
lm is not possible.
.2. Evaluation of the sensor’s conductance under ammonia flow

Firstly, the sensor was exposed to synthetic air for stabilization
f the baseline, leading to a constant electrical response, and so, to a

ig. 3. Chronocoulometry curves obtained during PPy polymerization for electrode-
osition potentials varying from +0.7 to +2.0 V/SCE.
on and the analysis of ammonia gas.

constant initial conductance G0. Then, during 300 s, the sensor was
exposed to the ammonia flow, the ammonia being concentrated
at 10–100 ppm. This exposition led to a decrease in the sensor’s
conductance G, as shown in Fig. 4 that represents the evolution of
G/G0 versus time. After being exposed to ammonia for 300 s, the
sensor was  again exposed to synthetic air during 3000 s to evaluate
its reversibility. The increase of the sensor’s conductance observed
under exposition to synthetic air, corresponds to desorption of
ammonia molecules from the polypyrrole film.

The mechanism of interaction between polymer films and
ammonia has already been studied by Carquigny et al. [36] and
by Lähdesmäki et al. [37]. Since polypyrrole can be considered
as a p-type semi-conducting material composed of both neutral
and oxidized monomer units, the ammonia adsorption onto the
PPy films was shown to begin with the lost of an electron by
the nitrogen’s doublet of some nitrogen atoms of the polymer
backbone, leading to the formation of NH+ radical groups. This
electron transfer between ammonia molecule and the polymer’s
positive hole induces a diminution of the positive charge den-
sity which leads to a decrease in the conductance. Consequently,
after adsorption of NH3, the polymer becomes less conducting,
and the measured conductance decreases. On the contrary, during
desorption of the ammonia molecules, the sensor’s conductance
increases.

3.3. Influence of electrodeposition parameters on the sensor’s
responses

The sensor’s responses measured during the exposition of
polypyrrole-based gas sensors to ammonia, concentrated at 40 and
75 ppm, are gathered in Table 1. The electrodeposition conditions
leading to unexploitable responses are not given in the table but
they will be discussed afterwards in the paper. The behavior of
the gas sensors was  estimated using both the normalized con-

ductance changes (100�G/G0), and the measured slopes of the
curves giving the evolution of G/G0 with time. Indeed, looking
at the beginning of the exposition to ammonia flow, G/G0 vari-
ation was linear with time. Consequently, the calculation of the
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Fig. 4. Evolution of the normalized conductance versus time for PPy-based sensors electrodeposited with 0.1 M ClO4
− at EEDP = + 1.0 (a), +1.3 (b), +2.0 V/SCE (c), or with 0.1 M
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− at +1.0 V/SCE.

lope values gave us information about the sensitivity of the gas
ensor.

.3.1. Influence of the electrodeposition potential on the sensor’s
esponses

Gas sensors were obtained by electropolymerization from an
queous solution of 0.1 M pyrrole and 0.1 M LiClO4 at different
lectrodeposition potentials (EEDP): +0.7, +1.0, +1.3 and +2.0 V/SCE.
t appears that the sensitivity of the sensors increases with the
lectrodeposition potential. For example, for gas sensors exposed
00 s to NH3 at 75 ppm, the normalized conductance changes
ere comprised between 0.21% (for EEDP = +0.7 V/SCE) and 22.8%

for EEDP = +2.0 V/ECS). Similarly, the slopes of sensor’s responses
mounted to between 16.0 nS s−1 and 1283.0 nS s−1. Consequently,
he increase of the slopes with the electrodeposition potential
emonstrates that the polypyrrole-based sensors are most sen-
itive when the polypyrrole film is electrosynthesized at high
lectrodeposition potential. Concerning the reversibility, Fig. 4
hows that it is not complete for all sensors and all concentra-

ions but no general trend was observed that might correlate the
eversibility with the electropolymerization conditions. For exam-
le, the reversibility was good for polypyrrole films obtained at
1.0 V/SCE (only the signal measured for 100 ppm ammonia was not
completely reversible), but was quite unsatisfactory for polypyrrole
films synthesized at +1.3 V/SCE. The reversibility could probably be
improved by heating the sensors to desorb the ammonia molecules
from the polymer films, by using a longer desorption time or by
decreasing the exposure time. Indeed, the time of exposure cho-
sen in this work was  300 s, and led to a better reversibility than the
one obtained in our previous study in which the exposure time was
6000 s [36].

In another previous work [28], we  showed that an increase of
the electrodeposition potential led to a decrease in the polymer
film’s conductivity (from 20,000 to 600 S m−1) since a high elec-
trodeposition potential caused an overoxidation of the polymer
leading to C O bonds that break the conjugation in the hetero-
cyclic polypyrrole. It is possible to propose an explanation to the
fact that polymer films having a higher initial conductivity leads to
less sensitive gas sensors. Indeed, the adsorption of a given amount
of ammonia molecules will only slightly modify the conductivity
of a polymer material having a very high conductivity (for example
metals). On the contrary, the same amount of ammonia molecules

will greatly perturb the conductivity of a semi-conducting material,
such as heterocyclic polymer films, having a lower conductivity.
The same trend was already reported by Subramanian. In the case
of polyaniline-based chemiresistors, they found that the relative
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Table  1
Sensor’s responses to ammonia changes for different electrodeposition conditions.

Electrodeposition potential (V/SCE) Electrolyte salt [NH3] (ppm) 100 (�G/G0) (%) Slope (nS s−1)

0.7

LiClO4 (0.1 M)

40 0.17 12.8
75 0.21 16.0

1.0
40 3.8 153.2
75 6.8 310.6

1.3
40 8.8 622.3
75 18.4 1250.0

2.0
40 16.0 613.9
75 22.8 1283.0

1.0

NaClO4 (0.1 M)
40 1.0 51.9
75  1.7 88.3

NaNO3 (0.1 M)
40 3.9 314.9
75 6.7 464.3

NaBF4 (0.1 M)
40 0.2 86.0
75  0.4 166.1

LiClO4 (0.01 M)
40 0.8 73.0
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mer film area allowing the adsorption and diffusion of ammonia
molecules was  reduced and did not allow to obtaining satisfactory
gas measurements.
LiClO4 (0.5 M)

hange in conductance decreased with the increase of original con-
uctance [38].

.3.2. Influence of the counter-ion type on the sensor’s responses
Gas sensors were obtained by electropolymerization from an

queous solution of 0.1 M pyrrole at an electrodeposition potential
f +1.0 V/SCE. A salt was added, at a concentration of 0.1 M,  to this
olution. Salts were NaClO4, LiClO4, NaNO3, NaBF4, NaTsO or NaNS.

When polypyrrole electropolymerization was performed in an
lectrolytic solution containing TsO− or NS− as counter-ions, poly-
er  films exhibited a poor response to ammonia. Since these

olymer films possessed the highest conductivities, 3 × 105 S cm−1

nd 1 × 105 S cm−1 for TsO− and NS−, respectively [27], their lack of
ensitivity to ammonia demonstrates that the initial conductivity
f the polypyrrole films can impact on their gas sensing. The mor-
hology of TsO− and NS−-doped polypyrrole films can also offer
nother explanation. Indeed, big anions led to very small values of
oughness parameters showing that the polymer samples were flat
nd homogeneous, whereas polymer films containing small anions
ed to coatings with higher roughness values [26]. Consequently,
he gas sensing may  be improved by an increase in the polymer
urface roughness.

Other polypyrrole films were doped with counter-anions having
 similar size. However, their responses to ammonia were differ-
nt. Thus, NaNO3 and LiClO4 salts leads to the best sensitivities
ince the normalized conductance changes to 75 ppm ammonia
ere of 6.7% and 6.8%, respectively. On the contrary, NaBF4 and
aClO4 lead to a poor sensitivity of 0.4% and 1.7%, respectively. The

esponse time of the gas sensors to 75 ppm ammonia exhibits the
ame trend since NaNO3 and LiClO4 lead to the fastest responses
464.3 and 310 6 nS s−1, respectively) when NaBF4 and NaClO4 lead
o the slowest responses (166.1 and 88.3 nS s−1, respectively).

.3.3. Influence of the salt concentration on the sensor’s responses
The responses to ammonia of sensors incorporating polypyrrole

lms electrosynthesized from 0.01 M and 0.5 M LiClO4 were also
easured and compared to the response obtained from polypyr-

ole electrosynthesized from 0.1 M pyrrole. The electrodeposition
otential was +1.0 V/SCE. Changing the concentration of LiClO4 in
he electrolyte solution does not improve the sensitivity of the
ensors (Table 1). Indeed, in the case of polypyrrole films syn-
hesized with 0.01 M LiClO4, the sensor’s signal was  very low

ince the normalized conductance changes to 75 ppm ammonia
as only 1.0%. The morphology of the films obtained at 0.01 M

nd 0.1 M LiClO4 being very similar, the poor sensitivity of this
ensor may  be due to the very low conductivity of the PPy film
75 1.0 88.1
40 0.2 20.0
75 0.3 23.2

(�298 K = 1.1 × 103 S m−1) compared to the conductivity of PPy film
obtained from 0.1 M LiClO4 (�298 K = 1.3 × 104 S m−1). Indeed, in the
case of 0.01 M LiClO4, the conductivity is very low and consequently
there are very few monomer units in the polymer film that can be
reduced by ammonia molecules to generate a conductance signal
of the gas sensor. In the case of sensors incorporating PPy films
obtained with 0.5 M LiClO4, the sensor’s signal was also very small.
This cannot be due to the conductivity of this polymer film since it
is similar to the conductivity of the film obtained from 0.1 M LiClO4,
thus it may  be explained by the morphology of the polymer films
since 0.5 M LiClO4 led to coatings having a very small developed
area compared to the other ones [27]. Consequently, the poly-
Fig. 5. Evolution of the normalized conductance versus time for three different
polypyrrole-based sensors (for ammonia concentrations varying from 1 to 10 ppm).
PPy  films were synthesized from 0.1 M ClO4

− , 0.1 M Py, EEDP = +2 V/SCE.
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ig. 6. (a) Evolution of polypyrrole-based sensor’s normalized conductance versus t
ith  0.1 M ClO4

− , 0.1 M Py, EEDP = +2 V/SCE and (b) evolution of the slopes of gas sen

.4. Optimization of the PPy-based ammonia gas sensor

From our point of view, an efficient polypyrrole-based gas
ensor is characterized by a good sensibility to ammonia concen-
ration, a good reproducibility and a fast response. Consequently,
he polymer layer leading to the highest normalized conductance
hanges and to the highest slope of the curve giving the normal-
zed conductance as a function of time, was chosen for additional
nvestigation. Thus, from the gas measurements previously per-
ormed, it appeared that polypyrrole films electrosynthesized from
.1 M pyrrole, 0.1 M LiClO4 under an electrodeposition potential
f +2.0 V/SCE were the most sensitive. Indeed, this coating leads
o very competitive normalized conductance changes: 16.0% when
xposed to 40 ppm ammonia and 22.8% when exposed to 75 ppm
mmonia (Table 1). Furthermore, the slopes were also the highest
1283 nS s−1 when exposed to 75 ppm ammonia), indicating that
he sensitivity is optimal in these conditions. The reproducibility
f the sensor’s response was also quite good as proved by Fig. 5
epresenting the electrical responses of different sensors, having
he same thickness and prepared with the same electropolymer-
zation conditions, to ammonia changes (during the first 150 s of
he exposition to ammonia).

The response of this gas sensor was studied more thoroughly, in
articular the gas response to more diluted ammonia was  mea-
ured. Fig. 6a exhibits the polymer-based sensor’s response to
mmonia at a concentration of 1–10 ppm. Once again, the signal
enerated by the gas sensor to ammonia gas consisted in a con-
uctance decrease due to the reduction of oxidized units of the
olymer backbone. These measurements also show that the limit of
etection of the PPy sensor was around 3 ppm (the signal obtained
or 1 ppm ammonia was not enough satisfactory to consider 1 ppm
s the detection limit). Furthermore, as can be seen in Figs. 4–6,
he conductance decrease depends on the concentrations of the
ollutant in the gas chamber. In particular, it was  possible to deter-
ine the slope value of the sensor’s response obtained for each

mmonia concentration, then to plot the variation of the slopes
ersus ammonia concentration. Fig. 6b represents the evolution

f the slope versus ammonia concentration. A linear relationship
as observed between the slope and the ammonia concentra-

ion on the whole concentration range. It can also be noticed that
olymer-based gas sensors operate at room temperature. This is an
r low concentrations of ammonia gas (1–10 ppm) for a polypyrrole film synthesized
electrical responses to ammonia concentrations.

important advantage since other chemiresistors, for example those
based on metallic oxides, work at high temperatures (about 450 ◦C)
in order to optimize the electrical response. On the contrary, we
have previously shown that polymer-based gas sensors responses
were optimal at 25 ◦C [36].

Consequently, the characteristics of this latter polypyrrole-
based gas sensor are very competitive compared to other ammonia
gas sensors based on polypyrrole films. For example, an ammonia
gas sensor based on Langmuir–Blodgett PPy film was  developed
but its detection limit was of 100 ppm in ammonia [39]. Bai et al.
had electrochemically co-polymerized polypyrrole and sulfonated
polyaniline to obtain an ammonia sensor that was efficient for con-
centrations higher than 20 ppm [40]. Concerning ammonia sensors
based on electrosynthesized PPy film, the most interesting study
was conducted by from Brie et al. [33]. This work was  done with var-
ious doping agents but was  limited to concentrations higher than
10 ppm.

4. Conclusion

A gas sensor consisting of interdigitated microelectrode combs
electrochemically coated by a polypyrrole film was developed. The
electrodeposition conditions (electrodeposition potential, anion
concentration and nature of the anion doping the polymer film)
were varied to obtain polymer films having different properties
and to evaluate the influence of each electrodeposition parame-
ter on the ammonia sensing properties of the polymer films. Thus,
the electrodeposition conditions were determined and consisted in
an electrodeposition potential of +2.0 V/SCE, a pyrrole concentra-
tion of 0.1 M and in the use of ClO4

− as dopant. Such conditions
led to a gas sensor operating at room temperature with a high
detection efficiency, a good reproducibility, a fast response, and
a low detection limit (around 3 ppm). The characteristics of this
latter polypyrrole-based gas sensor are very competitive com-
pared to other ammonia gas sensors based on polypyrrole films
[33,37,39,40].  Furthermore, even if the reversibility of the gas sen-

sors can again be improved, the developed gas sensors present an
interesting potential for environmental pollution monitoring since
the ammonia sensing measurements were successfully performed
in air and since the sensors operated at ambient temperature with a
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igh sensitivity to ammonia, and with a low detection limit (3 ppm)
hat is below the ammonia toxicity values since the long-term
llowed concentration that people may  work in is 20 ppm [41].
inally, even if it was shown that polypyrrole-based sensors are
trongly sensitive to ammonia, it must be noticed that the devel-
ped gas sensors are not totally selective. Indeed, polypyrrole is a
-type conducting polymer whose doping level and electric con-
uctance strongly decrease when detecting an electro-donating
as, such as ammonia. The same type of reaction occurs when
olypyrrole is exposed to other electro-donating gas. On the con-
rary, a lot of other gas, such as volatile organic compounds (VOCs),
r such as CO, that is rather inert to redox at room temperature, can-
ot interfere with the detection of ammonia by polypyrrole-based
ensors.
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