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CARBON NANOTUBES AND THEIR NANOCOMPOSITES
FOR CARBON DIOXIDE SENSING
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Abstract. In this paper we present some applications of carbon nanotubes and carbon
nanotubes-based matrix nanocomposites in sensing of carbon dioxide. The design of
surface functionalization of carbon nanotubes in order to improve the sensitivity and
selectivity for carbon dioxide sensing is presented. Experimental results of CO, sensing
have proven high sensitivities for the functionalized films. Novel concepts for differential
resonant sensors aiming the reduction of base-line drift during long term operation are
described. Advantages versus drawbacks regarding the using of carbon nanotubes in gas
sensing are presented in the last section of this review.
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1. Introduction

Carbon nanotubes (CNT), discovered by Sumio lijima in 1991 [1] are
fullerenes—related structures with the diameter of a few nanometers.

Due to their unique geometry and dimensions, carbon nanotubes exhibit
remarkable electrical, thermal, chemical, optical and mechanical properties
[2, 3].

In the last decade, the CNTs have become a very important material for a wide
range of applications like nanoelectronics, optoelectronics, polymer matrix
nanocomposites electrochemical capacitors, sensors (gas sensors and
biosensors), field—emission displays, hydrogen storage, nanoscale reactor,
photovoltaic devices, transistors, Schottky diodes, electrodes.[4-6].

The CNTs can be classified into two types: single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [7, 8].

Due to the extreme high surface-to-volume ratio, carbon nanotubes have
generated huge interest among researchers, focused on exploiting these materials
for the development of new gas sensing structures.

In this paper, we review some applications of carbon nanotubes (pristine or
functionalized) and their matrix nanocomposites in carbon dioxide sensing.

'"Honeywell Romania, Sensor and Wireless Laboratory Bucharest, Romania.
*Corresponding member of the Academy of Romanian Scientists.



92 Bogdan Serban, Cornel Cobianu, Cazimir-Gabriel Bostan, Octavian Buiu

2. Carbon dioxide sensing using carbon nanotubes and their matrix
nanocomposites

Carbon dioxide detection at room temperature still remains a challenge in the field
of chemical sensors. Since carbon dioxide is an almost inert molecule, the design
of a sensor with high sensitivity, reversible response time and selectivity is
difficult. Recently, many efforts were dedicated to conceive new carbon
nanotubes —based sensor for carbon dioxide.

Zribi et al fabricated a carbon dioxide sensor using a single—walled carbon
nanotubes(CNT) and a microelectromechanical system (MEMS) resonator.
Adsorption of the carbon dioxide molecules onto the surface of carbon nanotubes
changes the stress state of sensing film, which is then further transmitted to the
substrate of the sensor and thus changing its resonant frequency, as it is the case
of resonant sensors based on vibrating beams. It is important to emphasize the
excellent properties of this type of resonant sensor [9]: (a) sensitivity-300 Hz/%
CO; (resonance frequency f;=155 kHz); (b) linearity-93%; (c) hysteresis-less than
2% (c) no cross-sensitivity with moisture or oxygen. Koylothu et al developed a
surface acoustic wave (SAW) based CO2 sensor using carbon nanotubes as the
sensitive layer. Adsorption of carbon dioxide molecule in the sensitive layer
changes conductivity of the carbon nanotube. This conductivity change will give a
shift in frequency which is correlated with the concentration of carbon dioxide
molecule in the examined sample. Carbon nanotube can be used single or in
conjunction with BaTiO3;, La;,O3, SnO,, Sm,03, CaCOs etc. [10].

Sivaramakrishnan fabricated a resistive carbon nanotube-based sensor fabricated
by attaching nanoparticles of calcium carbonate to SWCNTs. The resistance of
CNTs film changes due to the reaction between calcium carbonate and carbon
dioxide. A major drawback of this type of sensors is its slow response time [11].
Faizah et al developed carbon nanotubes — based sensor by measuring the change
in electrical resistance upon carbon dioxide adsorption [12].

Ong et al fabricated a sensor by depositing a thin layer of a multi-wall carbon
nanotube-silicone dioxide composite upon a planar inductor-capacitor resonant
circuit. It is demonstrated that permittivity of carbon nanotubes changes to CO,
concentration, with linear and reversible response [13].

In some cases, pristine CNTs exhibit a low affinity toward analyte molecules. As a
consequence of this behavior, this type of sensor shows lack of selectivity, low
sensitivity etc. Non-covalent or covalent functionalization of carbon nanotubes could
increase the affinity for target molecule, and thus the performance of the sensor.

Serban et al proposed that the selection and functionalization of sensing materials
(polymers and carbon nanotubes) should be done according to the Hard soft acid
bases (HSAB) theory [14-20].
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Carbon dioxide, together with RCO", SO;, AlH3;, BFs;, Na’, Li", H', AICls,
B(OR)s, are examples of hard acids. According to the HSAB theory, a hard base
is suitable for CO, sensing. Examples of hard bases include alcohols , ethers,
chloride anion (CI’), acetate anion (CH3COQ"), fluoride anion (F’), ammonia
(NHj3), primary, secondary and tertiary aliphatic amines (RNH»,, R,NH, R3N), and
amino group functionalized polymers. As a consequence of this theory, it is
assumed that the compounds eligible for carbon dioxide detection could be amino
groups—based polymers and/or carbon nanotubes functionalized with amino
groups and matrix nanocomposites based on these types of compounds. The
interaction between carbon dioxide and amino groups is reversible, fast and leads
to carbamates [21-23].

Different types of aminocarbon nanotubes were used in detection of carbon
dioxide (Figs. 1-4) as component of matrix nanocomposites [24, 25]

Fig. 1. The structure of aminocarbon nanotubes.
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Fig. 3 The structure of aminosulfonic carbon nanotubes.
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Fig. 4. The structure of carbon nanotubes linked through the spacercontaining amino groups.

Three different procedures for design of polymer—carbon nanotubes matrix
nanocomposites were identified.

A. Mixing solution of a aminogroup-based polymers and aminocarbon
nanotubes and sonication in ultrasonic bath for twelve hours

Among the used amino-groups based polymers in detection of carbon dioxide are:
polyethyleneimine, polyllylamine, polyvinylamine, Versamid 900, BMBT etc.
[26-29]. The used amino carbon nanotubes are presented in Figs. 1, 2 and 4.

Using a surface acoustic wave (SAW) device (Fig. 5.) Serban et al. demonstrated that
a matrix nanocomposite based on polyethyleneimine and aminocarbon nanotubes is
more effective in sensing than polyethyleneimine [23]. As shown in Fig. 5, the CO,
sensing layer is located in between the two interdigitated (IDT) structures of a SAW
delay line, which is then placed in the feed-back of an electronic oscillator,
determining its oscillation frequency. The shift of the central frequency of the
oscillator is proportional to the target gas. In our case, an oscillator with the central
frequency of 80 MHz was used, and for a CO, concentration of 2500 ppm, the
frequency shift was equal to 800 Hz for a PEI+amino-CNTs coated (35 nm thickness
determined) SAW sensor, whereas for PEI coated SAW sensor the equivalent values
calculated from previous reports are between 200 Hz.

A

Fig. 5. SAW-based chemical sensor,
where a sensitive layer is positioned between two interdigitated structures.
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In Fig. 6, we present a method of direct printing which can be used for the
selective, additive and maskless deposition of the sensing layer, in the appropriate
region between the two IDT’s of the SAW delay line. The liquid state of the
sensing layer is atomized and then directed by the computer-controlled nozzle in
the desired position.

The thermal treatment of the deposited jelly layer is thermally consolidated for
reaching the final solid state of the sensing film.

GAS FLOW ATOMIZED MATERIAL

ATOMIZER NOZZLE

MODULE MODULE

DEPOSITION
MATERIAL

Fig. 6. Schematic presentation of a direct printing tool
for the selective deposition of the sensing layer.

B. Covalent functionalization of polymers with aminocarbon nanotubes

Functionalization of chloromethylated polystyrene with aminomethylcarbon
nanotubes and functionalization of brominated polyphenyleneoxide (PPO) with
amino carbon nanotubes a are presented in figs. 7 and 8 [28].

CH—CH;— f——CH—CH;—

r
CH,—CI r CH,— NH—CH;—===m

Fig.7. Functionalization of chloromethylated polystyrene
with aminomethylcarbon nanotubes.
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Fig. 8. Functionalization of brominated PPO with amino carbon nanotubes.

C. Incorporation of functionalized carbon nanotubes into the backbone
of the polyaniline through doping [28]

A matrix nanocomposite polyaniline/carbon nanotubes can be synthesized through
doping (Fig. 9). The doping is ensured by the sulfonic group (which protonates
the emeraldine), while sensitivity toward carbon dioxide molecule is ensured by
amino groups.

N@—N N=— —N
X 1-x n
HA +
H H |
H
X

Fig. 9. Doping of emeraldine with HA (HA is aminosulfonic carbon nanotubes from fig. 3).

Despite the fact that, according to the HSAB theory, aminocarbon nanotubes are
borderline bases (very much alike aromatic amines), many amino groups are
situated at the layer surface (due to the nanometric size of carbon nanotubes) and
are able to interact with the carbon dioxide molecules. Carbon nanotubes also
possess a good hydrophobicity and thus can limit the cross-sensitivity due to
humidity. Finally, the carbon nanotubes improve the mechanical properties of the
layer and may increase the lifetime of the polymer due to their antioxidant
character [30, 31].
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Another approach for carbon dioxide sensing is the use of carbon nanotubes —
ionic liquid matrix nanocomposites.

Serban et al conceived a CO, gravimetric sensor concept based on sensing silicon
nanocantilever and reference silicon nanocantilever, each of them being
functionalized with the appropriate sensing and reference layer, respectively [32-34].
The sensing layer contains ionic liquid with amino group (which, according to the
HSAB theory, are more susceptible to react with carbon dioxide and thus yielding to
mass loading). Ionic liquid used are 1-(4-amino butyl)-3 methylimidazolium
hexafluorophosphate, 1-(2-amino ethyl)-3 methylimidazolium tetrafluoroborate.
Carbon nanotubes used are functionalized with amino groups, also.

The reference layer contains the same compounds, the only difference being in the
fact that all amino groups are in form of hydrochloride. Thus, all these amino
hydrochloride groups are insensitive toward carbon dioxide. In Fig. 10, we show
an example of such an differential resonator containing both a vibrating sensing
beam (where the terminal sensing amino groups are exhibited) and vibrating
reference beam (where the sensing amino groups have been poisoned with
hydrogen chloride, thus becoming un-sensitive).

.

[~ reference layer

- —7

sensing layer

Fig. 10. Simplified schematics of a differential resonant CO, sensor
with functionalized sensing and reference layer
located above two suspended beams vibrating at their natural resonance frequencies.

Such a novel all-differential resonant sensing concept has the advantage of a
smaller drift of the baseline of the sensor response with respect to prior art, where
not only temperature compensation occurs, but also the effects of the sensing film
ageing and its humidity response are minimized due to the fact that the sensing
layer and the reference layer have similar visco-elastic properties and humidity
response [35].
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3. Limitations and concerns regarding the carbon dioxide sensing with
carbon nanotubes and their matrix nanocomposites

Despite the high number of carbon nanotubes—based gas sensors, there are still
several drawbacks remaining before the real-world application. Among these,
we can mention:

e Synthesis of pure and defect-free carbon nanotubes is difficult and
costly.

e Synthesis of identical and reproducible carbon nanotubes is
challenging.

e Low selectivity, mainly for pristine carbon nanotubes.

e Slow response [2.8].

Intensive research is performed all-over the world for reducing the effect of the
above challenges and bringing faster these nanotechnology enabled sensors to the
application field.

4. Conclusions

Some applications of carbon nanotubes (pristine or functionalized) in carbon
dioxide sensing were reviewed.

Appropriate functionalization of carbon nanotubes increases sensitivity and
selectivity toward carbon dioxide molecules.

HSAB (hard soft acid bases) theory was reviewed as useful tool for
functionalization of pristine carbon nanotubes.

Different types of carbon nanotubes- based matrix nanocomposite (with polymers,
metal oxides, calcium carbonate, ionic liquid) were proven useful in carbon
dioxide detection.

Experimental results obtained on SAW delay line sensors have shown sensitivity
of our CO, sensors, beyond state of the art.

Novel resonant sensing principles were proposed for further improving the
performances of the resonant differential sensors in terms of sensor drift
reduction.
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