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ABSTRACT: Volatile organic compound (VOC) chemical
sensors increasingly rely on the use of polymer nanocompo-
sites (PNCs) as sensing materials, thanks to the simple
processability of polymers combined with the conductivity
properties of nanoparticles dispersed in an insulating poly-
mer matrix. Recently, inkjet printing (IJP), the main advantage
of which is its patterning capability, was proven to be a
reliable technique for the deposition of these materials. In this
work, PNC chemical sensors were fabricated by IJP of a

polystyrene/carbon black based ink. The sensor responses
were measured upon exposure to acetone vapors and
analyzed as function of the sensitive material geometry.
Among the different realized geometries, the lines transverse
to the interdigitated electrodes fingers resulted in the optimal
configuration for the sensing layer in a VOC chemical sensor.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 122: 3644–3650, 2011
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INTRODUCTION

Nanosized inorganic fillers dispersed in insulating
polymeric matrices belong to the broader category of
polymer nanocomposites (PNCs). The conductivity
and mechanical stability properties of nanoparticles
combined with the simple processability of poly-
mers, low cost of production and of materials, possi-
bility of easy and cheap manufacture of the large
area devices, possibility of varying the composition,
and hence, properties of the organic materials make
the resultant hybrid system attractive in a wide
range of polymer-based devices, such as light-emit-
ting diodes,1–3 photodiodes,4 solar cells,5 magnetic
storage materials,6 and gas sensors.7

The possibility of using polymeric nanocomposites
for the manufacture of gas and vapor sensors relies
on a fundamental phenomenon, which is related to
the abrupt changes of the composite conductivity
when the nanofiller concentration reaches the perco-
lation threshold. When a polymer comes into contact
with a specific substance, the absorption of the gas
or vapor molecules changes its properties, that is,

the polymer matrix volume (swelling). Correspond-
ingly, a reduction of the filler volumetric fraction
occurs, which determines a disrupt of the conductive
paths and a change in electrophysical characteristics
of the composites, which is reflected as a change of
the electrical conductivity.8–17

Recently, inkjet printing (IJP) technology has rapidly
emerged as a novel technique for the deposition of a
wide variety of materials and has proven to be an useful
technique in the deposition of PNCs films, which up to
now, have prepared by techniques such as spin-coating
or drop-casting.18–21 The advantages of IJP over the
aforementioned techniques are in its potential for print-
ing on both nonflexible and flexible substrates, efficient
use of materials, reduced waste products, low cost of
the process, low processing temperature, and pattern-
ing capability. As for this last item, IJP technology
assumes a key role in the feasibility of modifying the
sensitive material geometry in a controlled and
extremely easy manner to optimize the sensor response.
In this work, volatile organic compound (VOC)

chemical sensors were fabricated by the printing of
polystyrene (PS)/carbon black (CB) nanocomposites
in different geometries realized with one or more
lines differently orientated with respect to the trans-
ducer fingers. The sensor responses were measured
upon exposure to acetone vapors and quantitatively
analyzed. The device performances were compared
in terms of sensitivity, response time, and limit of
detection (LoD). Moreover, the sensing material
morphology was characterized by means of scanning
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electron microscopy (SEM) and atomic force micros-
copy (AFM) analysis.

EXPERIMENTAL

The employed substrates (5 � 5 mm2) were made in
alumina (Euroacciai s.r.l., Villa Carcina, Brescia, Italy),
on which interdigitated Au electrodes were previ-
ously e-beam-evaporated and subjected to a lift-off
photolithographic standard process. The interdigi-
tated electrodes were characterized by the following
geometrical parameters: the finger length was equal
to 700 lm, the finger width was 100 lm, the gap dis-
tance between two adjacent fingers was 100 lm, and
the number of fingers was 10.

The sensing material was a PS/CB composite. The
atactic PS, supplied from Sigma-Aldrich (St. Louis,
MO) (weight-average molecular weight ¼ 25000),
was chosen for its sensing properties to different or-
ganic chemical compounds (e.g., acetone, ethanol,
toluene, benzene). The CB, used as conductive filler
in the preparation of composites, was CB Pearls
2000 (Cabot Co.). This was a furnace CB material
with a 1500 m2/g specific surface area, a 12-nm av-
erage particle size, and a 150 g/L density. The PS
matrix (80 mg) was dissolved in N-methyl-2-pyrroli-
done, and the CB nanoparticles (20 mg) were dis-
persed in the polymeric solution (0.5 wt %) by
means of an ultrasonic bath for 90 min. The PS/CB
suspension was finally filtered with a 0.2-lm filter
(polytetrafluoroethylene (PTFE)) with the aim of
removing bigger agglomerates.

The processed dispersion was used as ink and
printed onto a 50�C heated electrode/substrate sys-
tem. The inkjet equipment was specially designed

by Aurel s.p.a. (Modigliana, Italy) for the printing of
inks onto flexible substrates as reels or single sheets
and not flexible substrates. This printer used the pie-
zoelectric drop-on-demand technology to eject drop-
lets through a Microdropt Technologies GmbH (Nor-
dersted, Germany) printhead (70-lm opening nozzle
with a 180-pL droplet volume). The patterned sens-
ing material geometries consisted of one or more
lines created by overlapped droplet sequences (50%
overlap, 0.5-Hz drop emission frequency, 0.05 mm/s
printhead speed), differently oriented with respect
to the transducer fingers.
The functional PS/CB ink was characterized by

dynamic laser scattering (DLS) with an HPPS 3.1
instrument (Malvern Instruments, Malvern, Worces-
tershine, UK) to determine the particle size distribu-
tion of the filler in suspension and the dispersion sta-
bility in the solutions. The inks were characterized by
DLS at different aging times.
Optical microscopy (Polyvar MET Reichert-Jung),

SEM (LEO 1530), and AFM (Veeco, Dimension Digi-
tal Instruments Nanoscope IV, Plainview, NY) were
used to investigate the morphology of the printed
PS/CB layer. In detail, the AFM analysis was per-
formed in tapping mode at ambient conditions.
A volt-amperometric technique, at a constant bias,

was employed for sensor direct-current electrical
characterization. The sensor response was measured
upon exposure to acetone vapors at different concen-
trations (600, 1250, 2500, and 5000 ppm) in a test

Figure 1 Electrical scheme for the resistance measure-
ments. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 2 (a) Size distribution curve of the CB particles
for the PS/CB dispersion. (b) (n) Nanoparticles average
size and (l) PDI measured in the aging time from 0 to 600
days by DLS analysis. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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chamber that allowed us to monitor and control the
pressure, flow rate, actual gas composition, humid-
ity, and environmental temperature (600 ppm was
the lowest gas concentration that could be intro-
duced and kept constant). In this system (Kenosistec
equipment), the device was placed in a stainless
steel test chamber placed in a thermostatic box at a
controlled temperature (20�C) and humidity (30%).
The chamber was provided with an electrically
grounded connector for bias and conductance meas-

urements, as shown in Figure 1. A constant flow
rate (500 cm3/min) of the gas carrier, that is, nitro-
gen or synthetic air, crossed the test chamber. The
carrier could be properly humidified through a
water bubbler placed in a thermostatic bath. In this
environment, characterized by a controlled tempera-
ture and humidity, the resistance value of the device
in its equilibrium state was first measured (baseline);
after that, an intentional disruption of the equilibrium
state was produced by the introduction of a VOC

Figure 3 Optical micrographs of printed devices with different geometries: (a) single-line transverse, (b) double-line
transverse, (c) single-line parallel, (d) three-line parallel, and (e) cross. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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analyte in a controlled amount and by its mixture with
the gas carrier. To validate and monitor the gas mixture,
a thermo Antaris IGS FTIR analyzer (Thermal Fisher
Scientific, Waltham MA) was placed at the gas output
to measure the chemical compound concentration in
the test chamber with a resolution of parts per million.
Hardware and software implemented on a work station
allowed us to control and record the environmental pa-
rameters, device bias, and output signal; this made it
possible for us to perform customizable automated tests
on devices for the measurement of sensor parameters,
such as sensitivity, response time, hysteresis, and LoD.
In detail, the sensitivity, expressed in terms of the rela-
tive differential response and LoD, according to the con-
ventional definition by IUPAC, is defined as the analyte
concentration at which a sensor response corresponds
to a signal-to-noise ratio equal to 3.

RESULTS AND DISCUSSION

Before deposition, the PS/CB dispersion was charac-
terized by DLS analysis to investigate the average

Figure 4 SEM images of (a) PS/CB printed on alumina sub-
strate and (b) alumina. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary. com.]

Figure 5 AFM phase images of the PS/CB samples
printed in different zones of the substrate with (a) low, (b)
partial, and (c) complete covering by the [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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size distribution and the time stability. These meas-
urements are reported in Figure 2. In particular,
the distribution curve of the CB particle size in the
dispersion presented a peak centered at 220 nm
[Fig. 2(a)]. In addition, long monitoring of this disper-
sion showed a time stability of about 2 years, and the
polydispersity index (PDI) values ranged between
0.12 and 0.18; this indicated that the dispersion was
homogeneous [Fig. 2(b)]. The results of this analysis,
combined with the viscosity (2.42 mPa s) and surface
tension (46 mN/m) properties of the suspension,
indicated that the dispersion could be employed as
ink. Indeed, crucial elements of a dispersion for
dispensing by an inkjet printhead are both the time
stability and the particle size in suspension, which
must be less than 1/100 of the nozzle diameter, to pre-
vent clogging and blockage of the nozzle itself and
the entire capillary. Therefore, these parameters indi-

cated that the prepared PS/CB dispersion could be
suitably processed by the IJP system.
Successively, the devices were fabricated by IJP of

the sensing material in five different geometries.
Each geometry consisted of one or more lines paral-
lel or transverse to the fingers of the interdigitated
electrodes; the fifth geometry was a cross. Moreover,
two different configurations were fabricated with
three and five overlapped layers for each pattern
with the aim of investigating the thickness effect on
the sensor performances. The optical micrographs of
the samples with different geometries are shown in
Figure 3.
Before investigating the sensor device working

conditions, we carried out the morphological analy-
sis of the printed layers to get useful information on
the sensor behavior. In Figure 4, the SEM image of a
three-layer sample is shown as a comparison, with
the simple substrate used as a reference. The printed
PS/CB distribution on the substrate was clearly
not uniform [Fig. 4(a)] because of just the substrate
surface, which had a porous and sliver-shaped
structure [Fig. 4(b)]. Thus, multiple layers of printed
material were necessary to cover the pores and to
obtain a continuous film. This morphological analy-
sis was supported by the AFM investigations
performed on the same samples. In particular, in
Figure 5, the AFM phase images obtained by the
scanning of 1 � 1 lm2 surfaces of a three-layer sam-
ple in different zones are reported. The three images
acquired at the printed line center were in agree-
ment with the SEM analysis results concerning the
nonuniformity of the deposited nanocomposite.
Indeed, the printed material distributed differently
on the substrate, as pointed out by pictures
related to three typical configurations characterized
by low [Fig. 5(a)], partial [Fig. 5(b)], and complete
[Fig. 5(c)] coverage of the substrate by the
nanocomposite.
However, if, on the one hand, the high roughness

of the alumina substrate (average roughness
� 800 nm) and its sliver-shaped structure induced an
ununiform distribution of the printed material, on the

Figure 6 Three-layer sensor electrical responses to ace-
tone vapors. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 7 Five-layer sensor electrical responses to acetone
vapors. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

TABLE I
Resistance, Sensitivity, LoD, and Response Time of the

Three-Layer Sensors to Acetone Vapors

Morphology
Resistance

(KX)
Sensitivity
(S/ppm)

LoD
(ppm)

Response
time (s)

Cross 13.3 1.345 � 10�6 100 100
Two-line
transverse

38.5 1.837 � 10�6 150 100

Single-line
transverse

57.6 1.071 � 10�6 180 100

Three-line parallel 95.7 0.8124 � 10�6 560 100
Single-line parallel 1000 4.4394 � 10�7 560 100
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other hand, it ensured a better adhesion of the inkjet-
printed ink.

After the sensing layer characterization, the electri-
cal characterization of all of the manufactured sensors
was performed. The electrical responses of the three-
layer and five-layer devices to acetone vapors are
shown in Figures 6 and 7, respectively. The device
responses to the analyte were determined by the rela-
tive differential response, defined as (R � R0)/R0,
where R is the sensor resistance upon its exposure to
solvent vapors and R0 is the sensor baseline resist-
ance. The parameters that characterized the three-
layer sensor performances are summarized in Table I,
whereas the ones for the five-layer sensor are reported
in Table II.

The results indicate that for whatever investigated
geometry, the three-layer sensors were all faster than
the five-layer devices. In detail, the response time,
defined as the time required for the signal to change
from 10 to 90%, for the three-layer devices was equal
to 100 s; this was one order of magnitude lower
than that of the five-layer devices (>3000 s). In this
last case, the real time response value could not be
estimated because the sensor response did not reach
the saturation level in the investigated exposure
time for each analyte concentration. This behavior
could have been due to the different surface-to-
volume ratios of the two configurations.

However, generally, the dynamic responses of
sensors with different geometries are strongly influ-
enced by R0. In fact, when the different geometries
of the three-layer configuration were compared
(Fig. 6), the performances of the devices with trans-
verse geometry were better than those of the paral-
lel-geometry devices in terms of the sensitivity and
LoD (see Table I). Both the increase of VOC sensitiv-
ity and the decrease of LoD meant an improvement
of the performances corresponding to a lower base
resistance of the devices.

This behavior could be easily explained through a
comparison of the single-line geometries. Indeed,
because the equivalent circuit of the transverse geom-
etry was composed of multiple resistors placed in par-
allel, the device transduction effect in this geometry
was enhanced with respect to the parallel geometry.
The multiple-line geometries were ruled by the same
mechanism, even if in a more complex manner.

The different geometries were realized with
consideration of the minimum width dimension of
the printed sensing material line and the transducer
geometry (e.g., no more two transverse lines could
be printed). In particular, the cross geometry was
projected to increase the sensing surface with respect
to the transverse single-line geometry. The dynamic
response of the cross device effectively showed an
improvement with respect to the transverse line in
terms of both the sensitivity and LoD but in a less

TABLE II
Resistance, Sensitivity, LoD, and Response Time of the Five-Layer Sensors to Acetone Vapors

Morphology Resistance (KX) Sensitivity (S/ppm) LoD (ppm) Response time (s)

Two-line transverse 8.6 2.4351 � 10�6 60 >3000
Single-line transverse 8.9 2.188 � 10�6 75 >3000
Three-line parallel 50 1.746 � 10�6 200 >3000
Single-line parallel 175 1.056 � 10�6 300 >3000

Figure 8 Calibration curves of the (a) three-layer and (b)
five-layer sensors for all of the different geometries. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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significant manner when compared with the trans-
verse two-line geometry. This behavior was easily
explained because the printed material along the
parallel direction and not comprised between two
contiguous fingers slightly influenced the electrical
response (second-order effects). This statement was
confirmed by the dynamic responses of the parallel
geometries (single- and three-line geometries), which
had the worst performances.

The correlation between the base resistance and
sensitivity was also confirmed in the case of the
five-layer devices (see Table II), which were charac-
terized by a lower base resistance than the three-
layer ones. Indeed, a higher number of multiple
layers of sensing material increased the amount of
the sensing material and induced the highest relative
differential responses.

In Figure 8, the calibration curves of both configu-
rations, three layer [Fig. 8(a)] and five layer
[Fig. 8(b)], are reported. The data presented to com-
pare all of the geometries were interpolated by lin-
ear fits. The calibration curve analysis allowed us to
determine both the sensitivity (the angular coeffi-
cient of the calibration curve) and the LoD parame-
ters. The results indicate that the electrical response
varied linearly as the analyte concentration increased
for all of the manufactured chemical sensors in the
investigated concentration range (600, 1250, 2500,
and 5000 ppm).

CONCLUSIONS

In this work, PNC-based chemical sensors were
manufactured, and the relation between the device
performances and the sensing material geometry
was investigated. To this aim, IJP technology was
employed to deposit the sensing material selectively
and to take advantage of the patterning capability of
this deposition method, and different geometries
were realized in an extremely easy and controlled
manner.

The results point out that the sensing material
realized with a lower number of layers improved
the device performances in terms of response time,

thanks to a suitable surface-to-volume ratio. More-
over, the PNC-based chemical sensors fabricated by
IJP of lines transverse to the fingers of the interdigi-
tated electrodes showed the best sensitivity and
LoD.
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