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Inkjet-printed polypyrrole thin films for vapour sensing
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Abstract

Inkjet-printed films of the conductive polymer polypyrrole have been used for vapour sensing at room temperature. The electrical properties,
sensitivity, reproducibility and stability of the polymer chemiresistors are reported. A significant increase in conductivity was observed on the
exposure of the films to the vapours of simple alcohols. The value of the fractional resistance change,�R/R, of the films increased linearly with
increasing concentrations of both ethanol and methanol. A relatively high�R/R value, approximately 90%, was obtained on exposure to 5000 parts
per million of methanol. The response time of the inkjet-printed sensors to polar vapours was generally shorter than that for non-polar compounds.
It is suggested that the increase in conductivity may be related to a vapour-induced change in the transfer of charge carriers between the polymer
chains.
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. Introduction

Conductive polymers are currently being developed for a
ange of different applications, such as chemical sensors, dis-
lays and ‘plastic’ transistors[1–4]. Chemiresistors, based on
onductive polymers are particularly attractive as these com-
ounds can be modified chemically to exhibit a high sensitivity

o a range of gases and vapours, and have the potential for room
emperature operation[5,6]. Moreover, the materials can be pro-
essed easily by techniques, such as electrochemical deposition
7–9], self-assembly or spin-coating. The polymer polypyrrole
as been used extensively for chemical sensing. This material

s relatively stable and a high electrical conductivity may be
chieved by doping with organic acids[10–12].

Inkjet printing is now an important technology for depositing
ayers of conductive polymers[13,14]. The method works by
jecting an ink through very fine nozzles, 10–200�m diameter.
he advantages of inkjet printing over other thin film techniques,
uch as those noted above, lie in its patterning capability, the
fficient use of material, the high speed and low cost of the
rocess, and in the fact that thin films can be printed on flexible

morphology of inkjet-printed films (i.e. a series of connec
droplets) may allow rapid diffusion of the vapour molecules
and out of the film, leading to fast response and recovery ti
Arrays of sensing elements can also be printed from diffe
‘inks’.

In a previous publication, we have reported prelimin
results for sensors based on the inkjet printing of poly(
ethylene dioxythiophene) doped with polystyrene sulfon
acid (PEDOT-PSS)[15]. Here, we extend this work, by inves
gating the use of thin inkjet-printed polypyrrole films as sen
elements.

2. Experimental details

A commercial HP thermal printer with a resolution
600× 600 dots per inch was used in this study. The only m
ification to the equipment was to replace the ink with the p
mer solution. A water-based polypyrrole solution (5% polym
doped with proprietary acids was obtained from Aldrich,
(Product Number 482552).

Viscosity and surface tension are both key parameters o
ubstrates. For chemical sensing applications, the more ‘open’

∗ Corresponding author. Tel.: +44 191 334 2435; fax: +44 191 334 2407.
E-mail address: m.f.mabrook@durham.ac.uk (M.F. Mabrook).

organic solutions to be used in inkjet printing. The viscosity
must be low to allow the channel to be refilled in a fraction
of a second while the surface tension must be high to hold the
ink in the nozzle without dripping. A significant problem is to
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avoid clogging of the nozzles by dried ink. In general, printers
are designed to handle ink solutions with a viscosity of up to
100 cP and a surface tension of about 35 mN m−1. For the best
inkjet printing performance, the properties of the organic solu-
tion should match those of the ink used for the specific printer.
In this work, 10% ethylene glycol was added to the polypyrrole
solution to improve its viscosity. The final solution was filtered
using a 0.5�m PTFE filter.

Arrays of six sensing devices, each device being
10 mm× 4 mm, were printed onto insulating polyester films
with unmodified (i.e. smooth) surfaces and left to dry under
vacuum for 24 h. All the samples used in this study consisted of
a single inkjet-printed layer of polypyrrole. These were stored
and used at room temperature. A thin film sensor was mounted
in a specially constructed glass chamber where a carrier gas,
air, containing known concentrations of vapour was passed over
the device. The vapour concentration could be changed rapidly
for response time measurements. All the sensing experiments
were undertaken under atmospheric pressure at room tempera-
ture (21± 2◦C) in normal laboratory environments. Replacing
dry air with nitrogen as the carrier gas did not affect the stability
or the vapour-responses of the devices. The procedure for the
generation of the required concentration of vapours has been
described previously[16]. The direct current through the films
was measured with a voltage applied to the devices using a Keith-
ley 2400 digital source meter. Silver paint electrodes were used
t
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Fig. 1. Current vs. voltage characteristic of an inkjet-printed polypyrrole film
in dry air. The data are also shown in the presence of 5000 ppm of methanol or
benzene.

duced.Fig. 2 shows the results of exposing a polypyrrole film
to 5000 ppm of methanol at room temperature. The current
increased rapidly (more than two orders of magnitudes within
the first 20 s of exposure) to a maximum value after 60 s. After
several minutes, the current settled down to a steady value below
the maximum. On removal of the vapour and flushing the sample
chamber with air, the current returned to a value below its start-
ing point. A qualitatively similar response was observed using
ethanol, but in this case, the initial current change was less than
that observed using methanol of the same concentration.

The effect of repeatedly exposing a polypyrrole film to
5000 ppm of methanol is shown inFig. 3. The current response
is given inFig. 3(a). The shape of the curve changes after the first
exposure/recovery cycle and the initial current transient is less
apparent. Subsequent exposures to the alcohol vapour produce
relatively smaller increases in the measured current. As noted for
Fig. 2, following exposure to the vapour, the current recovered
to a value slightly less than that measured before exposure.

F osure
t

o connect the thin film to the source meter leads.

. Results and discussion

Optical microscopy was used to study the morpholog
he inkjet-printed polypyrrole films. All the films tested p
essed a uniform structure consisting of interconnected is
average size 25�m) of polymer chains. The current versus v
ge characteristic of the polypyrrole film exposed to dry a
iven inFig. 1. The approximately linear relationship sugge

hat ohmic contacts have been established to the polymer
he silver paste electrodes (the work function of polypyrro
eported to be about 5 eV[17], similar to that of Ag). The data
ig. 1can be used to calculate the resistivity of the inkjet-pri

ayer. Assuming that the thickness of the polypyrrole film
0�m, the resistivity was estimated to be about 1× 106 � cm.

n our experiments, the resistivity was found to vary somew
rom one printing to the next (see the later discussion on re
ucibility) but was generally in the range 1–1.5× 106 � cm.
ig. 1 also shows the current versus voltage characteristi

he inkjet-printed polypyrrole film in the presence of 5000 p
parts per million) of methanol or benzene. All the meas
ents were performed after 50 s of exposure. Similar beha
as also observed for the polypyrrole film in the presenc
thanol, propanol or chloroform. There was a clear increa

he device current upon exposure to all the vapours teste
he current–voltage response remained linear, indicating th
apours did not change the nature of the ohmic contacts be
he thin film and the electrodes.

The conductivity of the films was monitored at an app
oltage of 50 V, as methanol or ethanol vapour in air was in
r

t
e
n

ig. 2. Current response for an inkjet-printed polypyrrole sensor on exp
o 5000 ppm of methanol at room temperature. Applied voltage 50 V.
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Fig. 3. (a) Current response of an inkjet-printed polypyrrole sensor to repeated
exposures to 5000 ppm ethanol vapour. Applied voltage 50 V. (b) Data from (a)
replotted in the form of the fractional resistance change.

Many authors present the response of thin film sensors to
volatile vapours in terms of the fractional resistance change,
�R/R, of the sensor. This can be defined

�R

R
=

( |Rg − R0|
R0

)
× 100% (1)

whereRg is the maximum (minimum) resistance of the sensor
following exposure to the vapours andR0 is the initial resis-
tance. The results for ethanol exposure shown inFig. 3(a) are
replotted in this format inFig. 3(b). These data reveal a good
reproducibility for the fractional resistance change for repeated
exposures to the vapour.

Similar data were found for a range of organic vapours.
Table 1compares the�R/R values and response times (mea-
sured as the time taken for the response to change from 10 t
90% of the maximum) for exposure of a polypyrrole sensor
to 5000 ppm of different vapours. A significant difference in
both parameters is evident for the vapours used. The recover

Table 1
The measured sensitivity and response time to 5000 ppm of different vapours

Compound Dielectric constant �R/R (%) Response time (s)

Methanol 33.6 88 40
Ethanol 24.3 68 60
Propanol 20.1 55 70
C
B

Fig. 4. Variation in fractional resistance change of the inkjet-printed polypyrrole
sensor as a function of the dielectric constant of the vapour (data fromTable 1).

time was not more than 40 s for all the vapours. The change
in �R/R with the dielectric constant of the vapour is shown in
Fig. 4(data fromTable 1). The value of�R/R increases approx-
imately linearly with the increase in the dielectric constant. The
fractional change in resistance of 88% noted on exposure to
5000 ppm of methanol must be contrasted to literature values
of 23% for polypyrrole synthesized by chemical polymeriza-
tion and deposited by dip-coating[7], and 65% for polypyrrole
blended with poly(methyl methacrylate) and deposited by elec-
trochemical deposition[12]; in both these cases, about 5000 ppm
of methanol vapour was used. This suggests that inkjet printing
offers a useful approach to fabricating high sensitivity thin film
sensors.

It is difficult to explain our sensing results in terms of a single
physical process. A number of different mechanisms might lead
to a change in the conductivity of the polypyrrole film[18]. For
example, the presence of the organic vapour could:

(i) oxidize or reduce the polymer, changing the number of
charge carriers on the polymer chains;

(ii) interact with the mobile charge carriers on the polymer
chain and affect their mobility;

(iii) modify the potential barrier for the hopping process of
charge carriers between the polymer chains;

(iv) interact with the dopant molecules or
uc-
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(v) provide a morphological change, for example, by prod
ing self-assemblies of conductive polymers clusters[8].

It is considered that mechanism (i) is an unlikely proces
his investigation as alcohols are not strong oxidation or re
ng agents. The increase in the steady state conductivity
hat observed following the initial current transient) may
ttributed to the dielectric properties of the vapour molec

15,19]. Polar solvents with high dielectric constants can ind
screening effect between the counter ions and the c

arriers on a polymer backbone. This reduces the Cou
nteraction between the polypyrrole and the dopant molec
hereby enhancing the hopping rate and dc conductivity (i.e
ess (iii) above). The higher sensitivity and faster response
or methanol may be related to the small size of the meth
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molecules, allowing these to interact and diffuse efficiently in
the polymer layer. Furthermore, the large dielectric constant of
methanol (∼34) compared to ethanol (∼23) probably results
in better interaction between its molecules and the polymer film
(seeFig. 4), e.g. with the nitrogen atoms of the polypyrrole[20],
perhaps also affecting the film morphology.

The initial transient response observed in the polypyrrole
sensors is probably associated with a capacitance effect. The
presence of an organic vapour, such as ethanol, within the
polypyrrole film will increase the dielectric constant of the
inkjet-printed layer. The initial increase in current then results
from the charging of the capacitor formed between the Ag elec-
trodes. The relatively long time constant observed for this initial
transient (compared to the expectedRC time constant of the
sensing devices) will be related to the time taken for the vapour
molecules to diffuse into the sensing film. With repeated expo-
sures to the vapours, the initial transient becomes less apparent,
as the vapour molecules cannot be completely removed from the
polypyrrole film.

The gradual increase in the resistance of the sensing
films observed on repeated exposures to the organic vapours
(Fig. 3(a)) is probably due to the extraction of some dopant
molecules, which may also lead to a densification of the poly-
mer (i.e. processes (iv) and (v), above)[8]. Therefore, on each
exposure/recovery cycle, the doping level of the polypyrrole film
slightly decreases, leading to a higher resistance state. However,
t our
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s rs.

from different batches of the printing solution. We believe that
this is due to the amount of polymer deposited at each time
of printing, perhaps related to small variations in the viscosity
and the surface tension of the printing solution. An improved
formulation for the inkjet-printed solutions is therefore needed
together with dedicated inkjet printing system (rather than the
modified commercial equipment) to improve the reproducibil-
ity of the sensors. For this purpose, it is very important to use
a computer-controlled microdot system to allow the control of
the structure and the thickness of the inkjet-printed layers. Elec-
tronic control of the dosing heads of the microdot system should
ensure a high level of dosing precision as to volume, timing
and placement to improve the reproducibility of the films and
produce the required thickness of the film. Moreover, doping
polypyrrole with different organic acids could result in higher
sensitiveness in their interactions with vapours.

Over time (devices stored at room temperature and in air)
the resistivity of the polypyrrole devices increased from about
1.1× 106 � cm to over 2× 106 � cm in a period of 45 days.
This may be attributed to a decrease in the doping level of
the polymer, a change in the inkjet-printed layer morphology
affecting the conduction pathways through the thin film, or to
the removal of solvents, mainly water, from the printed films.
However, despite this increase in resistance, the�R/R response
of the films to alcohol was unchanged. This result is entirely
consistent with the data shown inFig. 3, i.e. although the initial
r resis-
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t
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i re to
a n a
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w
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u gas.
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he fractional resistance change on exposure to the vap
lways the same, as shown inFig. 3(b).

The variation in�R/R on exposure to different conce
rations of ethanol and methanol are shown inFig. 5. The
ensitivity of the films to the vapours was determined f
he slopes of the curves: 9× 10−3% ppm−1 for methanol an
.4× 10−3% ppm−1 for methanol. Similar sensing results w

ound when nitrogen was used as the carrier gas (inste
ir). The reproducibility of the responses for different polyp
ole sensors was very good, with�R/R values of 90± 5 and
0± 5% for exposure to 5000 ppm of methanol and etha
espectively. Sensors printed from the same polymer sol
ossessed differences in resistivity of±20%. However, a muc
reater variation, of up to 100%, was found for devices pri

ig. 5. Variation in fractional resistance change of the inkjet-printed polypy
ensor as a function of the concentration of methanol and ethanol vapou
is

f

esistance of the sensing layers changes, the fractional
ance change (to the same concentration of the same vap
he same.

All the sensors tested in this investigation showed
ncrease in resistance of approximately 10% upon exposu
ir with a 40% humidity. Higher humidity levels resulted i
harp increase in the resistance, to over 40%, whereas
umidity had very little effect on the resistance (no chan
ere observed for humidity below 10%). For example,Fig. 6
ontrasts values of�R/R for exposure to different vapou
sing either dry air or 40% humidified air as the carrier
espite the small decrease in the sensitivity of the inkjet-pr

ig. 6. Comparison of the response of the inkjet-printed polypyrrole sen
000 ppm vapours with 40% humidified air (black area) and dry air (sh
rea).
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film in a humid environment, the relative response to polar
and non-polar vapours is similar in both the dry and wet
ambients.

4. Conclusions

The work described in this paper augurs well for the use of
inkjet printing as a simple means of producing chemiresistor
sensors based on conductive polymers. Relatively high sensi-
tivities are reported for inkjet-printed polypyrrole thin films to
alcohol vapours. This effect is attributed to the influence of the
vapour on charge transfer between polymer chains. Prelimi-
nary experiments also indicate that the sensors respond well
following several weeks’ storage under laboratory conditions.
However, improvements in the quality of the inkjet printed lay-
ers are needed before these layers can be used in sensing devices.
In particular, the doping of the polymer needs to be changed so
that this is not affected by the sensing vapours.
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