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a b s t r a c t

The chemo-electrical properties of chitosan-carbon nanotubes (Chit-CNT) Conductive bio-Polymer nano-
Composites (CPC) transducers processed by spray layer-by-layer (LbL) technique have been investigated.
Results show that unlike most synthetic polymer matrices, chitosan provides the transducer with high
sensitivity towards not only polar vapours like water and methanol but also to a lesser extent toluene.
Quantitative responses are obtained, well fitted with the Langmuir-Henry-Clustering (LHC) model allow-
ing to link electrical signal to vapour content. Chit-CNT transducers selectivity was also correlated with
eywords:
onductive bio-Polymer nano-Composites
CPC)
hitosan
arbon nanotube (CNT)
olvent vapour sensing

an exponential law to the inverse of Flory–Huggins interaction parameter �12. These properties make
Chit-CNT a good transducer to be implemented in an e-nose. Additionally, the observation by atomic force
microscopy (AFM) of Chit-CNT morphology suggests a chemical nano-switching mechanism promoting
tunnelling conduction and originating macroscopic vapour sensing.

© 2010 Elsevier B.V. All rights reserved.
FM
-nose

. Introduction

Advances in nanotechnology and evolution of new smart mate-
ials have been playing a key role in the development of very
ccurate and reliable sensors [1]. Particularly carbon nanotubes
ince their discovery [2] have shown many exceptional mechan-
cal [3], electromechanical [4] and electrical [5,6] properties, which
llowed many new applications [7,8]. Carbon nanotube based
aterials have also proved their high potential for smart applica-

ions such as flow sensing [9], chemical sensing [10,11], biosensing
12,13] or cancer diagnosis and treatment [14,15]. Conductive bio-
olymer nano-Composites (CPC) obtained by percolating [16,17]
onducting nanofillers (metal or carbon) into an insulating poly-
er matrix have also shown high sensitivity towards temperature

ariations [18–24], biomolecules in solution [25], organic volatile
ompound in atmosphere [26–35]. Their ability to transduce this
nformation into interpretable signals made them crucial compo-

ents of electronic noses (e-nose) [36–39], which were popularized
y NASA to detect organic vapours leaks in space shuttles [40–42].
evertheless, there is no doubt that these already very effective

mart devices will see the number of their applications quickly

∗ Corresponding author. Tel.: +33 297 874 584; fax: +33 297 874 588.
E-mail address: jean-francois.feller@univ-ubs.fr (J.-F. Feller).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.01.036
increasing due to both the discovery of new targets such as lung
cancer anticipated diagnosis by analysis of exhaled breath of
patients [43] or explosives traces [44,45] and the development of
new CPC transducers with hierarchical architectures [46–49] or
the use of functionalised nanofillers [50–53]. Molecular recognition
of e-noses is not based on a “key/locker” principle because there
is generally no univocal relationship between one CPC formula-
tion and one analyte. By mimicking mammalian sense of olfaction
e-noses analyse a combination of electrical responses from a set
of selected CPC sensors [38,40,43]. The great advantage of this
strategy compared to traditional molecular recognition is to allow
the detection of an unknown molecule provided that the e-nose
has “learnt” to sense typical vapours. Thus the accuracy of the
nose will depend on quality of both calibration and assortment of
its elementary CPC transducers. Consequently CPC based e-noses
selectivity and sensitivity can still be improved taking benefit from
new developments in the CPC field. Firstly, although few stud-
ies report the use of CPC matrices sensitive to water vapour like
poly(ethylene terephthalate) [54], poly(ethylene-co-vinyl acetate)
[27] or poly(vinyl alcohol) [26], it is possible to overcome the lower

sensitivity of sensors to polar vapours like water and methanol by
using hydrophilic natural polymer matrices like chitosan [35]. In
fact, chitosan is also very attractive because of its biocompatibil-
ity, biodegradability, and bioactivity used for many applications in
medicine, pharmacy, etc. [55–58]. Secondly, the implementation of



B. Kumar et al. / Talanta 81 (2010) 908–915 909

Table 1
Chemical structure and physical properties of chitosan.

Chitosan (molecular structure)

Molecular weight 190,000–310,000 g mol−1

Degree of acetylation DA 15–25%
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Index of secondary swelling in water WRV 104%
Ashe 0.26%
Humidity 2.74%
Viscosity 86.4 Pa.s (2

arbon nanotubes (CNT) in polymer matrices apart from improving
echanical properties [59] or electrical conductivity [60] has also

roved to be effective in designing electrochemical [61–66] and
mperometric [67] biosensors especially when associated to chi-
osan. All these considerations suggest that combining CNT with
biomatrix such as chitosan will provide effective transducers for
-noses although to our knowledge there is no report in literature
f any use of Chit-CNT to sense organic vapours.

To investigate this new idea, we have developed Chit-CNT
ransducers hierarchically structured by spray layer-by-layer on

icroelectrode using a newly developed protocol [49] and then
tudied their chemo-electrical properties by submitting them to

set of typical solvent vapours. Results are analysed with the
angmuir-Henry-Clustering (LHC) model [35] and interpreted in
he light of CPC morphology at the nanoscale determined by
tomic force microscopy (AFM), and also considering �12 the
lory–Huggins intermolecular interactions parameter.

. Experiments

.1. Materials

N-7000 multiwall carbon nanotubes (CNT), kindly provided by
anocyl® (Belgium) were dried under vacuum at 60 ◦C temper-
ture for 24 h prior to solution preparation. According to TEM
ata of the producer, this grade corresponding to CNT with an
verage diameter of 10 nm and a mean length between 100 and
000 nm, is in good agreement with AFM measurements of this
aper. Chitosan (Chit) which is a random copolymer made of �-
1→4)-N-acetyl-d-glucosamine and a-(1→4)-d-glucosamine was
urchased by Aldrich (France). Some of its characteristics such as
olecular weight and degree of acetylation (DA) are presented in

able 1. Decreasing chitosan DA under 50% by partial deacetyla-
ion of chitin (poly-�-(1→4)-N-acetyl-d-glucosamine), results in a
igher solubility in aqueous media which also facilitates CNT dis-
ersion and transducers processing. All solvents (water, methanol
nd toluene) were obtained from (Aldrich, France) and used as
eceived.

.2. Fabrication of vapour sensors

Fabrication of vapour sensors was performed in two steps.
irstly 20 mg of chitosan were dissolved in 1% acetic acid solution at

0 ◦C temperature under constant stirring. After obtaining a clear
olution, the desired amount of carbon nanotubes (in vol.%) was
ispersed under sonication for 1 h at 50 ◦C and kept degassing for
0 min once a homogeneous Chit-CNT dispersion was achieved. In
second step, CPC transducer films were processed by spray depo-
0 rmp)

sition layer-by-layer (LbL) technique [30–33] onto inter-digitated
electrodes composed of 25%Ag/75%Pd tracks separated by 15 �m
ceramic gap and prepared by cleaving 22-nF capacitors [37]. Elec-
trodes were polished and then cleaned with ethanol to remove
any pollution from their surface. CPC solution was sprayed onto
electrodes layer-by-layer with a homemade device allowing a pre-
cise control of nozzle scanning speed (Vs = 10 cm s−1), solution flow
rate (index 2), stream pressure (ps = 0.20 MPa), and target to nozzle
distance (dtn = 8 cm). During solvent evaporation, CPC micro beads
of 50–100 nm can weld to form a hierarchical 3D networks by
percolation [49]. Transducer film thickness was kept constant by
spraying ten layers for all samples to ensure a good reproducibility
of dynamic properties of sensors. After fabrication, vapour sensors
were conditioned at 30 ◦C in controlled atmosphere for one night.

2.3. Morphological characterization by AFM

AFM experiments were performed under ambient conditions
using light tapping mode AFM (TM-AFM) on a multimode scanning
probe microscope (Nanoscope IIIa, Veeco). The ratio of the set point
amplitude to the free amplitude was maintained approximately
at 0.9. RTESP AFM tips (Veeco), with typical resonance frequency
between 300 and 400 kHz and tip radius between 5 and 15 nm were
used. Three-dimensional characteristics of CNT as well as Chit-
CNT CPC were quantitatively measured using the section analysis
software of the microscope (V6.13r1 by Digital instruments). Both
curvature and the surface roughness (0.5–1 �m) of films sprayed
on inter-digitated electrodes have prevented direct observation by
AFM in good conditions; thus, it was necessary to prepare new
Chit-CNT films, using the same spray LbL protocol, but this time
on silica wafers (Mat. Technology, France) washed with deionised
water to remove any contamination and dried with filtered nitro-
gen. To determine the initial structure of CNT network within CPC,
all AFM measurements were done on samples, which had not been
exposed to vapours.

2.4. Dynamical vapour sensing measurement

The vapour sensing characteristics of the composites were
investigated by recording their chemo-electrical responses when
submitted to successive 10 min rectangular pulses of volatile
organic compound (VOC) and pure nitrogen flows. Mass flow con-
trollers, solvent bubblers, and a program developed under LabView

software drove electrical valves. The organic vapour concentra-
tion in the main flow is adjusted by blending two gas streams,
one fully saturated through bubblers and another of pure nitrogen.
The device is regulated at room temperature. Total flow rate was
kept constant during measurement (100 cm3 min−1). CPC electrical
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Fig. 1. AFM images (height profile) of Chit-2%CNT (vol.%) CPC from low magnifi

haracteristics were recorded with a KEITHLEY 6517A multime-
er. The whole device is fully described in a previous paper [53].
nly “fresh” transducers, fabricated in the same conditions, where
xposed to the different vapours.

. Results and discussion

.1. Chemical switching at the nanoscale

AFM is a versatile technique widely used in nanotechnology
o characterize changes in nanotubes morphology occurring at
he nanoscale due to any physico-chemical treatment or chemical
eaction such as in situ polymerization or grafting on the surface
50–53]. AFM can also be used to manipulate CNT sheathed with
oly(carbonate) which have been extracted from a fractured sur-
ace in order to visualize their morphology in situ by SEM [68].

ore generally as CNT tend to associate into clusters or bundles
ue to van der Waals forces, AFM is used to determine their aggre-

ation level, after synthesis or after dispersion into solvents or
olymer matrices. In this work AFM has been used to visualize pris-
ine CNT structure, after it has been dispersed into chloroform and
eposited onto freshly cleaved mica by spin coating at 2500 rpm.
ue to the lack of solubility of untreated CNT, several minutes of

Fig. 2. AFM morphology (height profile) of
n to high magnification (a) 5 �m, (b) 2 �m and (c) 1 �m full scale successively.

sonication were necessary to reach a satisfying level of disper-
sion, immediately prior to spin-coating deposition. On the other
hand various surfactants can be used to get individual dispersion
of CNT in aqueous solution. Chitosan acting as a cationic surfactant
in acidic aqueous solution can be used to achieve a stable disper-
sion of CNT leading to several advanced applications [62,69,70].
AFM experiments have also been performed to determine the
actual morphology of Chit-CNT transducers, and its influence on
chemo-electrical properties. A homogeneous dispersion of CNT was
observed for Chit-CNT composites as attested in Fig. 1. It is clearly
observed that CNT are well separated from each other and it seems
that they are completely coated by chitosan polymer. on Fig. 2 care-
ful observations make it clear that the surface and dimensions of
CNT have been considerably modified, evidencing that carbon nan-
otubes’ surface has been fully sheathed by chitosan. From Fig. 3 by
comparing dimensional characteristics of pristine CNT and Chit-
CNT dimensions, it can be concluded that chitosan chains can pack
around CNT to form sheaths about 70–100 nm long and 10–20 nm

thick. Moreover, it can be assumed that the same kind of architec-
ture can develop on sensors surface and be the core of the sensing
mechanism when penetrant molecules will diffuse through the CPC
transducer. Additionally almost no single pristine CNT could be
found, whereas the major fraction of the sample was composed of

pristine CNT (left), Chit-CNT (right).
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at the same time it is possible to determine its influence on Chit-
CNT sensor chemo-electrical behaviour. In a first experiment only
the vapours’ nature is changed and electrical responses to water,
methanol and toluene are recorded and plotted. Fig. 4 attests the

Table 2
Component compositions for different vapour sensors.
Fig. 3. CNT corrugated by polymer chain (a) pristine

oalesced chitosan coated CNT forming a continuous phase, which
ould not be easily imaged without damaging AFM tip.

.2. Chemo-electrical behaviour of Chit-CNT

CPC chemo-electrical response to organic molecules can be
nterpreted and quantified from the analysis of changes in elec-
rons motion within CNT percolated network. It is assumed that
uring their diffusion through the composite, vapour molecules
an disconnect CNT/CNT junctions by increasing the gap between
anotubes directly by adsorbing on carbon or indirectly by relax-

ng macromolecules in the vicinity of the junction. Consequently
uantum-tunnelling conduction (less effective) will develop to the
etriment of ohmic conduction, resulting in an important resis-
ance increase even for a small amount of solvent molecules. The
mplitude of this phenomenon is classically evaluated by following
he evolution of Ar the relative resistance defined by Eq. (1).

r = Rv − Rinit

Rinit
(1)
here Rinit is the initial resistance, Rv the resistance in the presence
f vapour. Ar depends on many parameters among which at least
he following ones must be controlled: sample thickness (main-
ained constant in this study by the number of sprayed layers),
emperature (controlled around bubblers by thermo-regulated
nd (b) Chit-CNT, with corresponding height curves.

baths and in atmosphere by conditioned air), initial resistance
(varied from 2.5 to 18 k� by changing CNT content, see Table 2),
amount of molecules in the sensor surrounding (varied from 0 to
100% of saturated vapour by accurate flow-meters) and specific
interactions of vapour molecules with macromolecules from the
matrix (evaluated from solubility parameters available in Table 3
through the determination of Flory–Huggins intermolecular inter-
action parameters �12 calculated in Table 4). In fact Table 3 shows
that not only solubility parameters but also dielectric permittivity
and even size of the solvent molecules are different. Neverthe-
less in the present case they all have a monotonous evolution
when ranked according to Ar, which was not the case in a previ-
ous study [49]. By changing only one of these influent parameters
CNT (mg) Chitosan (mg) Protonation (%) CNT (vol.%) Rinit (k�)

1.76 20 100 2 18
3.54 20 100 4 9.5
5.3 20 100 6 2.5
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Table 3
Polarity ıp, dielectric permittivity εr and size d of solvent molecules.

ıT (J1/2 cm−3/2) ıd (J1/2 cm−3/2) ıp (J1/2 cm−3/2) ıh (J1/2 cm−3/2) εr (F m−1) d (nm)

Water [71] 47.9 15.50 16.00 42.40 75 0.34
Methanol [71] 29.7 15.10 12.30 22.30 32 0.41
Toluene [71] 18.2 18.00 1.40 2.00 2.57 0.575
Chitosan [72,73] 38.61 23.02 17.30 25.72 – –

Table 4
Global solubility parameters and Flory–Huggins interaction parameters �12 of chitosan with water, methanol and water.

Water Methanol Toluene

Water – – –

Methanol – – –

e
n
s
m
t
a
c
A
w
t
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3

t
e

Toluene

�12[chitosan]
Ar [Chit-CNT]

fficiency of Chit-CNT to transduce these differences in chemical
ature demonstrating at the same time the high selectivity of this
ensor towards organic vapours. Ar obtained for water is approxi-
ately three times higher than for methanol and five times higher

han for toluene. Signals are reproducible from a cycle to the other
nd no solvent molecules seem to remain inside samples as initial
onditions are recovered after full desorption. Although a lower
r was observed for toluene and methanol, signals were enough
ell defined to be processed without difficulty. Finally the response

imes of the different sensors were all of the order of the minute
nd even less if the first interpretable base line variations are
onsidered.

.3. Origin of Chit-CNT sensors selectivity
To interpret further on the origin of selectivity of Chit-CNT
owards VOC, chemical interactions have been firstly consid-
red. �12 the Flory–Huggins matrix/analyte interaction parameter,

Fig. 4. Response of different vapours towards Chit-2%CNT (vol.%).
– – –

0.63 1.33 17.92
0.9 0.3 0.15

already found to be meaningful in interpreting chemo-electrical
properties [29], has been calculated with Eq. (2) and collected in
Table 4. The closest to zero �12 is, the highest the interactions
between polymer chains and organic molecules.

�12 = V

RT
(ıT pol − ıT sol)

2 (2)

With V the molar volume of the solvent (cm3 mol−1), T: the tem-
perature (K), R = 8.314 J mol−1, ıT sol: the solvent global solubility
parameter (J1/2 cm−3/2), ıT pol: the polymer global solubility param-
eter (J1/2/cm3/2), ıT is derived from Eq. (3)

ı2
T = ı2

d + ı2
p + ı2

h (3)

where ıT: global solubility parameter from dispersion bonds
between molecules (J1/2 cm−3/2); ıd: solubility parameter from
dispersion bonds between molecules (J1/2 cm−3/2); ıp: solubility
parameter from polar bonds between molecules (J1/2 cm−3/2); ıH:

solubility parameter from hydrogen bonds between molecules
(J1/2 cm−3/2).

The following ranking is obtained: �12 (water) < �12
(methanol) < �12 (toluene), which is perfectly correlated with
that of response amplitudes: Ar (toluene) < Ar (methanol) < Ar

Fig. 5. Correlation between electrical response and molecular interactions.
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ig. 6. Schematic drawing of expansion/contraction of chitosan chains during
apour/nitrogen cycles, respectively

water). As shown in Fig. 5, this correlation is well fitted by Eq. (4)
n which Ar increases exponentially with 1/�12.

r = a eb/�12 (4)

here a and b are constants.
This evolution is in good agreement with the results obtained

y Yoon et al. [74] who explained this dependency by local volume
xpansion of the matrix around CNT/CNT junctions. Associating
revious statements on chemical interactions with AFM observa-
ions of nanotubes wrapped with chitosan macromolecules puts
ight on what could be the origin of vapour sensing mechanism
n CPC: chemical nano-switching resulting from CNT/CNT disjunc-
ion due to macromolecules relaxation and further expansion by
welling as schematized in Fig. 6. During organic molecules diffu-
ion, the small gap between CNT (only several nanometers) filled
ith macromolecule adsorbed on their surface will increase in

ccordance with the affinity of organic molecules for the polymer
atrix. In turn consequences of these structural changes on CPC

esistivity will be enhanced due to the fact that tunnelling con-
uction depends exponentially on inter CNT gap Z according to Eq.
5).

= a ebZ (5)

here � is the resistivity, a and b are positive constants and Z is the
ap between two vicinal CNT [75].

The sensitivity of final transduction of organic vapour
ature/content will thus be proportional to the number of junctions

or which 0 < Z < Zc, Zc being the critical gap over which electrons
o not have enough energy to jump from a nanotube to the other.

n turn the number of chemically switchable junctions will depend
n the initial number of junctions related to the amount of CNT in
he polymer matrix.

.4. Effect of initial resistance and CNT content

The best way to investigate the effect of initial number of
NT/CNT junction is to vary the amount of CNT in Chit-CNT to
btain a set of CPC samples with different resistivities as presented
n Table 2. This dependency of CPC electrical properties on CNT con-

ent simply depends on the percolation theory that describes well
he insulator-to-conductor transition in nano-composites observed
hen increasing conductive filler content [16,17,22,75,76]. At low
anofiller concentrations, the electrical conductivity of the com-
osite remains very close to the conductivity of the pure electrically
Fig. 7. Effect of CNT concentration on different vapour response.

insulating polymer matrix since the filler amount is not sufficient
to form conductive pathways. When a critical filler volume frac-
tion (depending on the nature, size, aspect ratio, compatibility and
other factors), called percolation threshold is reached, a three-
dimensional conductive network is built through the composite.
Table 2 shows that increasing CNT concentration from 2 to 6 vol.%
results in a decrease in transducer resistance from 18 to 2 k�
approximately. When these three different Chit-CNT sensors are
exposed to the test set of vapours (water, methanol and toluene),
extracting from each experiment the average maximum Ar allows
building the graph of Fig. 7. This synthesis provides a good overview
of Chit-CNT responses depending on vapour nature and CNT con-
tent. Chit-2%CNT is the transducer giving the highest response for
all vapours followed successively by Chit-4%CNT and Chit-6%CNT.
These results are in good agreement with the percolation theory
explaining that the closest the CNT content is to the percolation
threshold (estimated 0.5% for Chit-CNT systems) the easiest is the
conductive network disconnection and consequently the highest is
the variation in magnitude of relative amplitude. Thus the effective-
ness of chemical nano-switching due to vapour molecules diffusion
is lower for high nanofiller content and in fact Fig. 7 shows that the
responses of both Chit-4%CNT and Chit-6%CNT are weak. Addition-
ally, it can be noticed that whatever the CNT content in CPC the
vapour ranking is preserved confirming the chitosan selectivity and
also reproducibility of experiments.

3.5. Correlation between electrical responses and solvent fraction

Apart from being sensitive to chemical nature of VOC, Chit-
CNT sensors can give responses proportional to the amount of
organic molecules in their surrounding. Our experimental device
allows to scan a wide range of compositions of vapour flows from
0 to 100% (a concentration of 100% corresponds to the saturated
vapour). Although with narrow vapour concentration ranges it is
convenient for applications to assume a linear evolution, curves
of Fig. 8 show clearly that it is not the case on the whole com-
position range. On the contrary curves for water, methanol and
toluene follow quite exactly sorption curves evolution obtained by
weight measurement as previously observed [35,49]. Conveniently
Chit-CNT sensors chemo-electrical responses are well fitted using
the Langmuir-Henry-Clustering (LHC) model [35,53]. This model
derived from classical sorption models, describes quite well which
diffusion regime takes place in the CPC: simple adsorption, diffu-

sion, clustering, corresponding respectively to the three terms of
Eq. (6).

Ar = bL · (f ′′ − f ) · f

1 + bL · f
+ kH · f + (f − f ′) · f n′

(6)
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ig. 8. Influence of vapour concentration on relative amplitude for Chit-2%CNT
vol.%) and Chit-CNP [32] CPC.

here bL is the Langmuir affinity constant, f′′ is the vapour fraction
ver which Langmuir’s diffusion is replaced by Henry’s diffusion,
is the solvent fraction, kH is Henry’s solubility coefficient, n′ the
umber of vapour molecules associated in clusters.

Moreover, Chit-CNT curves never cross and seem to be homo-
hetic, i.e., their proportionality is the same for all vapour contents.
nly the curve of carbon nanoparticles filled chitosan CPC (Chit-
NP) has a different shape: no Langmuir contribution is observed at

ow vapour concentrations (it can be fitted with only a HC model)
nd its amplitude is always lower than that of Chit-CNT for the
ame vapour (water). This result is consistent with the fact that
eaker density of junctions is expected in CNT network than in
CNP network. Additionally from being useful to determine the

mount of molecules in atmosphere from the electrical response
f the CPC, these curves can help to determine the most suitable
oncentration range for a defined sensor, i.e., they allow to avoid
he clustering zone (over 70%) in which the signal can be large but
n the other hand can generate non-reversible distortion of the
onductive network due to large volume expansion. In fact, sol-
ent molecules meeting the sensor by successive waves will firstly
dsorb on macromolecules and CNT without causing much struc-
ural changes than simple perturbations of electrons motion. But
rogressively as their amount in the CPC will increase, carriers will
ave to jump by tunnelling due to the increasing gap between
NT. Finally in the clustering regime induced by high concentra-
ion of water molecules, the expansion of the conducting network
esults in a sharp increase in CPC resistance. Surprisingly when
he sensor is plunged back into pure nitrogen flow, conductive
athways are established again and a quick resistance decrease is
bserved down to the initial value. This confirms the good stability
nd durability of Chit-CNT sensors, which is essential for sensing
pplications.

. Conclusion

Spray layer by layer has been found to be an effective tech-
ique to develop Chit-CNT transducers for vapour sensing. Chitosan
atrix has demonstrated a high sensitivity to polar vapours such

s water and methanol (difficult to obtain with synthetic poly-
ers being mostly non-polar) but also non polar ones like toluene.

his good selectivity on the whole range of vapour content makes

hit-CNT a good candidate for implementation in an e-nose.

nterestingly it has been possible to model the evolution of the
ransducer’s response (Ar) with vapour content and to predict its
electivity to vapours as a function of interaction parameter �12. In
ight of AFM observations at the nanoscale suggesting how chitosan

[

[

[

1 (2010) 908–915

macromolecules are associated to carbon nanotubes, it was possi-
ble to propose a mechanism of chemical nano-switching, which
could explain the macroscopic chemo-electrical behaviour of CPC
and fits well to the idea that solvent molecules diffusion can lead
to an increase of tunnelling conduction.
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