
HAL Id: hal-00714636
https://hal.science/hal-00714636

Submitted on 4 Feb 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Fine control of carbon nanotubes-polyelectrolyte sensors
sensitivity by electrostatic layer by layer assembly

(eLbL) for the detection of volatile organic compounds
(VOC)

Bijandra Kumar, Y.T. Park, Mickaël Castro, J.C. Grunlan, Jean-François
Feller

To cite this version:
Bijandra Kumar, Y.T. Park, Mickaël Castro, J.C. Grunlan, Jean-François Feller. Fine control of
carbon nanotubes-polyelectrolyte sensors sensitivity by electrostatic layer by layer assembly (eLbL)
for the detection of volatile organic compounds (VOC). Talanta, 2012, Volume 88, pp.396-402.
�10.1016/j.talanta.2011.11.006�. �hal-00714636�

https://hal.science/hal-00714636
https://hal.archives-ouvertes.fr


Fine control of carbon nanotubes–polyelectrolyte sensors sensitivity by 
electrostatic layer by layer assembly (eLbL) for the detection of volatile organic 

compounds (VOC)

B. Kumara, Y.T. Park b, M. Castro a, J.C. Grunlan b, J.F. Feller a,∗

a

 
Smart

 
Plastics

 
Group,

 
European

 
University

 
of

 
Brittany

 
(UEB),

 
LIMATB-UBS,

 
Lorient,

 
France

b Polymer Nanocomposites Laboratory, Department of Mechanical Engineering, Texas A&M University, College Station, TX, United States

Volatile organic compounds (VOC) sensors have recently extended their field of application to medical

area as they are considered as biomarkers in anticipated diagnosis of diseases such as lung cancer by

breath analysis. Conductive polymer nanocomposites (CPC) have already proved their interest to fab-

ricate sensors for the design of electronic noses (e-noses) but, for the first time to our knowledge, the

present study is showing that electrostatic layer by layer assembly (eLbL) is bringing an interesting input

to tailor the sensitivity of carbon nanotubes (CNT)–polyelectrolyte sensors. By this technique transduc-

ers are progressively built in 3D alternating dipping into sodium deoxycholate (DOC)-stabilized SWNT

and poly(diallyldimethyl-ammonium chloride) [PDDA] solutions, respectively anionic and cationic. The

precise control of transducers thicknesses (between 5 and 40 nm) resulting from this process allows a

fine tuning of multilayer films resistance (between 50 and 2 k�) and thus of their sensitivity to VOC.

Interestingly the surfactant used to disperse CNT into water, DOC is also found to enhance CNT sensi-

tivity to vapors so is it for the polyelectrolyte PDDA. Finally it is found that transducers with 16 bilayers

of PDDA/DOC-CNT provide optimum chemo-resistive properties for the detection and discrimination of

the eight vapors studied (chloroform, acetone, ethanol, water, toluene, dichloromethane, tetrahydrofuran

and methanol).

1. Introduction

The development of chemical sensor for the detection of volatile

organic compound (VOC) is a highly attractive research theme

since last two decades [1–33]. Detection of volatile organic vapor

molecules and gasses is crucially important for the industrial, envi-

ronmental and human being safety. With concern to human health,

hundreds of organic vapors exist in the exhaled breath of humans.

Quantitative as well as qualitative presence of these organic vapors

could also be used to identify lung cancer. In addition, organic

vapors in human breath are also indicative of other diseases such as,

breast cancer, diabetes, several types of liver disease, etc. [29–34].

Since the discovery of one dimensional carbon nanotube (CNT), it

has attracted a great deal of attention as CNT are expected to exhibit

excellent properties as transducers due to their large surface area

and electrical conductivity [1,2,5,8]. Such exceptional character-

istics of CNT have been exploited to design chemical sensors in

various forms such as field effect transistor (FET) [3,4,22], random
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networks (RN) [12,14,31,32] and conductive polymer nanocom-

posites (CPC) [9–11,13–16]. The versatility of their properties by

simple adjustment of their formulation, their easy processing in

the melt or in solution, the variety of shapes they can take, their

operability at room temperature unlike metal oxide based sensors

working at several hundred degrees [6,7], make CPC attractive to

design multi-sensors able to detect VOC [4,5,9–11,16–19,21,24],

explosives [13,15], nerves agent [25,27,28] or to diagnose lung can-

cer from the presence of biomarkers in patients breath [19,29–33].

Many sensors have been combined together to develop electronic

nose. However, discrimination power of e-nose comes from the

selectivity of various sensors [23–25]. Therefore, it is crucially

important to develop each sensor with a unique sensing pattern.

However, some issues such as dispersion of CNT, selectivity of

sensors, sensor fabrication and conductive network architecture

must be of concern prior to the development of CPC based sensors

exhibiting high selectivity as well as fast response. Thus it appears

useful to take benefit from tools that proved their effectiveness, first

in controlling conducting nanofillers dispersion such as surfactants

[35–37], functionalization of filler [8,10,38] and second in struc-

turing a conducting architecture such as decoration [25,26,39],

double filler percolation [40], segregated networks [41–44],
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Fig. 1. Schematic of the ELbL process for making conductive thin films that involves dipping a substrate in cationic PDDA and anionically stabilized SWNT mixtures, followed

by rinsing with water and drying with filtered air. These steps generate one bilayer (BL) and are repeated to grow a film with a given number of bilayers.

self-assembly by electrostatic interactions eLbL [45–57] or spray

sLbL [9–11,24,26]. Many of these issues can be evaded using

electrostatic layer-by-layer (eLbL) self-assembly, which has been

widely used to produce multifunctional thin films in a homoge-

neous and controlled manner [35,36]. A variety of functional thin

films have been produced using the eLbL technique, including

antimicrobial, gas barrier, sensing, electrochromic, flame retar-

dant, and electrically conductive eLbL thin films [37,44]. The

biggest advantage of this deposition technique is that the num-

ber of cycles deposited determines the thickness of the film,

thus the final thickness of the coated film can be controlled.

Another advantage is the good compatibility with most types and

shapes of substrates, such as glass slides, silicon wafers, plas-

tic films (i.e., polyethylene terephthalate (PET), polystyrene and

polypropylene), and fabrics [43–47]. In the present work, vapor

sensors were assembled by electrostatic layer by layer (eELbL)

approach using poly(diallyldimethyl-ammonium chloride) [PDDA]

as the polycation, and sodium deoxycholate (DOC)-stabilized

SWNT as negatively charged layers. Each positive and negative pair

deposited is referred to as a bilayer (BL). Hierarchically structured

CPC multilayer films were characterized by transmission electron

microscopy (TEM), scanning electron microscopy (SEM) and UV

spectroscopy followed by the investigation of their chemo-resistive

properties probing the influence of polyelectrolyte characteristics,

volatile organic compounds nature and transducer film thickness.

To our knowledge it is the first time that a CNT based sensor assem-

bled by eLbL is used to detect VOC, only a couple of works report

studies on moisture monitoring [48,49].

2. Experimental

2.1. Materials

Purified SWNT (1 nm diameter and 0.1–10 �m length, with

C ≥ 88 wt%) were purchased from Unidym Inc. (Menlo Park, CA).

Poly(diallyldimethyl-ammonium chloride) (PDDA) with a molecu-

lar weight of 100 000–200 000 g mol−1, sodium deoxycholate (DOC)

(C24H39NaO4, ≥98%), sulfuric acid (H2SO4, 98%), hydrogen peroxide

(H2O2, 30 vol.%), and methanol (99.8 vol.%) were purchased from

Aldrich and used as received. Fused quartz slides (Structure Probe

Inc., West Chester, PA), single side polished (1 0 0) silicon wafers

(University Wafer, South Boston, MA), and 5 MHz gold electrode

quartz crystals (Maxtek, East Syracuse, NY) were used as substrates

for visible light absorbance, thickness, and mass measurements,

respectively. Poly(ethylene terephthalate) PET (0.175 mmMelinex

ST505) was purchased from TekraCorp., New Berlin, WI. Substrates

were cut to size for TEM and SEM images.

2.2. Electrostatic layer-by-layer assembly

A 0.25 wt% PDDA aqueous solution was prepared as a cationic

solution. The anionic solution was prepared by dissolving 0.05 wt%

SWNT in deionized water, stabilized by 1 wt% DOC and followed

by mild ultrasonication for 20 min to remove large SWNT bundles

and impurities. All quartz slides and silicon wafers were prepared

by piranha treatment. The quartz slides were treated with a PDC

32G oxygen plasma etcher (Harrick Plasma, Ithaca, NY) prior to

use. PET substrates were cleaned with methanol, followed by rins-

ing, drying, and corona treatment with a BD-20C Corona treater

(Electro-Technic Products, Inc., Chicago, IL). Each eLbL deposition

was proceeded by alternately immersing into the PDDA solu-

tion and DOC-stabilized SWNT suspension, rinsing with deionized

water, and drying with filtered air as schemed in Fig. 1. Follow-

ing deposition, all films were stored in a dry box for a minimum

of 12 h prior to testing. The detailed procedures for eLbL assem-

blies are described in a previous publication [57]. PDDA/DOC-CNT

samples were prepared following the same eLbL deposition tech-

nique on top of interdigitated copper electrodes (IDE) that had

been etched by photolithography on epoxy substrate and cleaned in

ethanol. Typical dimensions of IDE were (10 mm × 10 mm × 2 mm)

with track gap and width of 0.5 mm of 0.25 mm, respectively (see

IDE photo in Fig. 2). Beforehand, in order to investigate the effect

of DOC on the chemo-resistive properties, neat CNT and CNT-DOC

solutions were prepared; CNT (2 mg) were dispersed in chloroform

(20 cm3) via sonication (30 min). The DOC-CNT solution was pre-

pared separately by dispersing CNT (2 mg) in aqueous solution of

DOC (0.5 wt% in 20 cm3). The CNT and CNT-DOC solutions were

respectively deposited onto cleaned electrodes (IDE) via solution
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Fig. 2. Scheme of chemo-resistive vapor sensing device [42].

spraying technique [11], 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).

2.3. Characterization techniques

2.3.1. Thin multilayer film characterization

Thickness data was obtained with a PHE-101 Ellipsometer

(Microphonics, Allentown, PA) with a 632.8 nm laser and using a

65◦ angle of incidence. The weight was measured with a Maxtek

(East Syracuse, NY) research quartz crystal microbalance (QCM) by

dipping the entire crystal and holder into each deposition mixture.

Absorbance of films on quartz slides was measured between 250

and 850 nm with a USB2000 UV-vis spectrometer (Ocean Optics,

Dunedin, FL). Thin film cross-section images were obtained with

a Jeol 1200 EX TEM (Jeol USA Inc., Peabody, MA) with an operat-

ing voltage of 100 kV. TEM specimens were embedded in an epoxy

resin comprised of Araldite 502 modified bisphenol A and Quetol

651 ethylene glycol diglycidyl ether, along with dodecenyl succinic

anhydride hardener (2:1:1 mole ratio) and benzyl dimethyl amine

accelerator (0.02 ml per 1 g of total epoxy resin). The specimens

were sectioned and placed on 300 mesh nickel grids. Surface images

were obtained with a Quanta 600 FE-SEM (FEI Co., Hillsboro, OR)

at an operating voltage of 100 kV.

2.4. Dynamical vapor sensing measurement

Chemo-resisitive properties of PDDA/DOC-CNT sensors were

investigated by recording their electrical responses when submit-

ted to 10 min successive cycles of dry nitrogen and vapors streams.

The dynamic system consisting in mass flow controllers, solvent

bubblers and electrical valves is controlled by LabView software.

Bubbling dry nitrogen in liquid solvent provides a saturated vapor

stream, which can in turn be diluted by dry nitrogen flow to the

desired concentration at room temperature. In this paper we did

not vary the concentration of vapors to study the influence of this

parameter on chemo-resistive properties of sensors, but this has

been already done in previous works by using the LHC model, which

predicts the concentration dependency of electrical responses

[9,11,24]. Moreover, the limit of detection (LOD) of our systems

is in the range of 2–10 ppm, which is compatible with the neces-

sity to detect ppb concentrations of VOC in breath, provided that

a preconcentrator is used. The sensing device [42] is presented in

Fig. 2 and samples were placed in 90 mm × 10 mm × 3.5 mm cham-

ber. The total flow rate was kept constant at Qv = 100 cm3 min−1.

Electrical characteristics of the CPC transducer were recorded with

a Keithley 6517A multimeter.

3. Results and discussion

3.1. Growth of SWNT assemblies

Morphological characterizations of eLbL assemblies were done

with different types of electronic microscopes requiring specific

substrates. Nevertheless the multilayer deposition was done in

the same way as for transducers association to interdigitated elec-

trodes. Fig. 3a shows an image of a series of SWNT-based assemblies

denoted as [PDDA/(SWNT-DOC)]n, where n is the number of bilay-

ers deposited. A TEM micrograph of this film’s cross-section, which

illustrates a highly inter-diffused nanostructure, is shown in Fig. 3b.

Dark and light grey areas are SWNT-rich and PDDA-rich regions,

respectively, and the darkest black spots are catalyst impurities.

The uniform distribution of SWNT in the matrix is due to the

effectiveness of DOC as a stabilizer for SWNT [35,36]. In addi-

tion to highlighting thin films structure, the TEM image verifies

the 38.4 nm thickness of a [PDDA/(SWNT-DOC)]20 film, measured

independently by ellipsometry. The surfaces of these SWNT-based

assemblies were also analyzed using SEM, as shown in Fig. 3c. A

surface image of [PDDA/(SWNT-DOC)]20 shows a homogeneous

network of SWNT. DOC exfoliation of individual SWNT in water

ultimately forms a uniform distribution in the thin film. SWNT con-

tacts within this network offer a pathway for electron transport

through the film, as shown in these SEM images (as well as in the

TEM image in Fig. 3b). Growth of this film proceeds at 1.9 nm per

BL, which suggests very uniform deposition of highly individualized

SWNT. Linear growth of these nanotube-based thin films up to 20 BL

was observed using several complementary techniques (ellipsom-

etry for thickness, quartz crystal microbalance (QCM) for mass, and

UV–vis absorbance), as shown in Fig. 4a. The constant concentra-

tion of SWNT in every bilayer, determined with QCM, supports the

assumption that the increasing absorbance of [PDDA/(DOC-CNT)]n

is due to increasing film thickness. Linear growth also confirms

successful combination of positively and negatively charged com-

ponents and constant composition up to 20 BL. Fig. 4b shows the

absorbance and transmittance spectra of the [PDDA/(DOC-CNT)]n
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Fig. 3. (a) SEM image for PDDA/DOC-CNT (4 BL), (b) dispersion of CNT (TEM image), (c) thickness of PDDA/DOC-CNT (20 BL) and (d) high resolution image for thickness

measurement.

Fig. 4. (a) Growth of PDDA/(SWNT-DOC) thin films, as a function of the number of bilayers deposited. Film thickness was obtained by ellipsometry, mass by QCM, and

absorbance (at 550 nm) by UV–vis (inset), respectively. (b) Absorbance and transmittance spectra of PDDA/(SWNT-DOC) thin films, measured in 2 BL step up to 20 BLs by the

UV–vis spectrometer.
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Fig. 5. Electrical resistance change as a function of deposited bilayers. Measurement

was performed on PDDA/(SWNT-DOC) deposited on interdigitated electrodes.

films between 300 and 850 nm, up to 20 bilayers. The PDDA/(DOC-

CNT) system has over 82% transmittance with 20 bilayers and over

98% with only two bilayers at 550 nm wavelength. An increasing

number of PDDA/(DOC-CNT) bilayers was deposited on interdig-

itated electrodes and electrical resistance were measured. Close

packing of this layered structure resulted in an electrical resistance

decrease, as illustrated in Fig. 5. While thickness increase and mass

uptake as a function of bilayers number revealed a linear growth,

electrical resistance of the system exhibited a power law decrease

as could be expected for percolated systems.

3.2. Vapor sensing properties of PDDA/DOC-CNT transducers

3.2.1. Influence of DOC on chemo-resistive properties

Before investigating the sensing behavior of PDDA/(DOC-CNT)

multilayer system, we have been wondering whether DOC could

not influence CNT selectivity or sensitivity towards VOC. For that

purpose, a surfactant free deposition process was chosen to make

the sensors, namely spray layer by layer technique (described in

Section 2). Thus it was possible to fabricate transducers made of

five monolayers of CPC onto the same interdigitated electrodes as

that used for electrostatic LbL. Sensors made by deposition of CNT

in chloroform without any surfactant and CNT stabilized with DOC

in water were exposed to the same standard set of solvents vapors

(chloroform, acetone, ethanol, water and toluene). The resistance

changes recorded during experiments were converted into relative

amplitude Ar, calculated from Eq. (1), which allows comparisons

the sensor’s performances:

Ar =
Rv − Rini

Rini
(1)

where Rv is the resistance of sensor when exposed to vapor and

Rinit is the initial resistance in dry nitrogen at room temperature.

Fig. 6 shows that DOC molecules have a limited influence on

CNT selectivity towards solvent vapors, but strongly enhance their

sensitivity, i.e., double the amplitude of their responses to almost

all solvents, excepted that of acetone which is only slightly larger.

Therefore, it can be concluded that the use of DOC surfactant

has positive effect on the sensors chemo-resistive characteristics,

mainly by improving CNT dispersion (see Fig. 3b) and thus the total

surface accessible to vapor molecules.

3.3. Chemo-resistive behavior of [PDDA/(DOC-CNT)]16

Coming back to the investigation of the multilayer transducer

chemo-resistive behavior, [PDDA/(DOC-CNT)]16 sensors were

exposed to a set of analytes representative of the variety of

VOC (concentration of 100%), comprising the vapors studied in
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Fig. 6. Influence of DOC on sensing characteristics of SWNT deposited on interdig-

itated electrodes.

previous paragraph, i.e., chloroform, acetone, ethanol, water and

toluene (vapors in bold caps are part of lung cancer biomarkers

according to authors of Refs. [30,31,34]), plus three additional

ones, dichloromethane, tetrahydrofuran and methanol. The choice

of transducers made of 16 bilayers is justified by the fact that it

corresponds to the optimum of response amplitude to water and

methanol as shown in Fig. 5. The first comments about signals

collected in Fig. 7, are that responses are fast (only some seconds

are needed to get a measurable variation of resistance), reversible

(the recovery of initial resistance shows that analyte molecules

are not kept inside the transducer) and reproducible (first and

second cycles are almost identical suggesting that the conducting

network structure has not been modified) for all vapors. These

results suggest that the eLbL process provides a conductive CNT

networks able on the one hand to easily disconnect/reconnect itself

upon vapor molecules diffusion due to its weak thickness, and on

the other hand to be enough robust to support local swelling by

VOC thanks to a close packing of layers by electrostatic assembly.

The second aspect to be considered is the ability of sensors to

discriminate between the different vapors to which it is submitted.

Actually, the comparison of responses maximal amplitude Ar max

for each analyte after 10 min exposure in Fig. 7, reveals the follow-

ing ranking: Ar(methanol) > Ar(ethanol) > Ar(dichloromethane) >

Fig. 7. Chemo-resistive signal of [PDDA/(DOC-CNT)]16 towards studied vapors.
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nanocomposites.

Ar(chloroform) > Ar(tetrahydrofuran) > Ar(acetone) > Ar(toluene).

Moreover vapors can be associated by families, alco-

hols > chlorinated solvents > cyclic molecules and acetone

demonstrating the good selectivity of [PDDA/(DOC-CNT)]16

sensors.

3.4. Influence of number of layers on selectivity and sensitivity of

sensors towards VOC

In order to have an overview of both sensitivity and selectiv-

ity of [PDDA/(DOC-CNT)]n sensors as a function of n, the number

of bilayers of the transducer, the maximum amplitudes of all sen-

sors responses after 10 min exposure to the eight solvent vapors

studied have been summarized in Fig. 8. This graph highlights that

there is a compromise to find between electrical conductivity of

the multilayer film (driven by the number of layers) and it sensitiv-

ity function of it ability to give a quick and large response (driven

by the vicinity to the percolation threshold), without compromis-

ing the reproducibility of the signals in time (only small distance

variations, of the order of some nm, are allowed at CNT/CNT junc-

tions). It is also striking that although the 4 BL transducer is the less

sensitive of the series, it gives measurable signals which selectivity

(ranking of amplitude to vapors) is the same as the most sensitive

ones. This means that transparent vapor sensors could be designed

by eLbL process, as 4 BL only correspond to 8 nm thick transducers.

4. Conclusion

The electrostatic layer by layer assembly (eLbL) process was

found to bring an interesting input to the field of Conductive

polymer nanocomposites (CPC) vapor sensors as it provides trans-

ducers with high stability due to the progressive building in 3D

of alternating anionic and cationic nanolayers. The precise con-

trol of transducers thicknesses allows a fine tuning of multilayer

films resistance and thus of their sensitivity to VOC. Its has been

showed that both DOC the surfactant used to disperse CNT into

water, and the cationic polyelectrolyte PDDA were enhancing CNT

sensitivity to VOC. Finally it is the transducers with 16 bilayers

of PDDA/DOC-CNT which are found to provide optimum chemo-

resistive properties for the detection and discrimination of the

eight vapors studied (chloroform, acetone, ethanol, water, toluene,

dichloromethane, tetrahydrofuran and methanol). Thus it is likely

that eLbL technique will have a strong potential of development in

the fabrication of highly sensitive vapor sensors.
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