
Chapter 15
Gas Microsensors with Metalloporphyrin-
Functionalized Carbon Nanotube
Networked Layers

M. Penza, R. Rossi, M. Alvisi, D. Valerini, G. Cassano, E. Serra,
R. Paolesse, E. Martinelli, C. Di Natale and A. D’Amico

Abstract Networked carbon nanotubes (CNTs) films have been grown by
chemical vapor deposition (CVD) technology onto miniaturized Co-coated alu-
mina substrates for NO2 and NH3 gas sensing applications, at a sensor temperature
of 150�C. The sidewalls of the CNTs films have been modified by spray-coating
with two different metalloporphyrins (MPPs) consisting of a TetraPhenylPorphyrin
coordinated by a central metal of zinc (Zn-TPP) and manganese (Mn-TPP) for
enhanced sensitivity and tailored specificity. It was demonstrated that the gas
sensitivity of the MPPs-modified CNTs-sensors significantly improved by a factor
up to four-times through a catalytic effect of the MPPs. The gas sensing properties
of CNTs-sensors, including MPPs-modified CNTs, are characterized by a change
of the electrical conductivity in a model of charge transfer with a semiconducting
p-type character. A response of the CNTs-sensor functionalized with 2 spray-
layers of Mn-TPP has been measured as 0.43% to 0.5 ppm NO2, and as 0.09% to
10 ppm NH3, at 150�C. The MPPs-functionalized CNTs-sensors exhibit high
sensitivity, fast response, reversibility, good repeatability, sub-ppm range detec-
tion limit.
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15.1 Introduction

Gas sensors based on carbon nanotubes (CNTs) have been largely studied in
the form of networked films for highly-sensitive gas detection applications
[1–3]. Due to very high surface-to-volume ratio, hollow nanostructure, high
electron mobility, great surface reactivities and high capability of gas adsorption,
CNTs have been investigated as building blocks for fabricating novel devices
at nanoscale such as high-performance gas sensors and nano-platforms for
biosensing.

Networked films of carbon nanotubes (CNTs) have been grown by CVD
technology onto low-cost miniaturized alumina substrates. The sidewalls of the
CNTs films have been modified by spray-coating with two different metallopor-
phyrins (MPPs) consisting of a TetraPhenylPorphyrin coordinated by a central
metal of zinc (Zn-TPP) and manganese (Mn-TPP) for enhanced sensitivity and
tailored specificity. Hazardous gases such as NO2 and NH3 have been detected
with various responsiveness in the range of concentration from 0.1 to 1,000 ppm.
The response of the chemiresistors in terms of p-type electrical conductance has
been investigated as a function of the thickness of the functionalizing MPPs, at the
sensor temperature of 150�C.

Carbon nanotubes (CNTs) are 1D-nanometre hollow structures rolled as
single-walled or concentric multi-walled cylinders with high capability of gas
molecules adsorption for enhanced gas sensitivity even at low sensor tempera-
ture. Various gas sensor nanomaterials include semiconducting metal oxides,
conducting polymers, metal nanostructures and nanocomposites with nanofillers.
However, it has been demonstrated that single-walled CNTs are functional
nanostructures for detecting very low gas concentrations of NO2 and NH3 under
ambient conditions [1]. Various principles of transduction using CNTs have been
implemented for chemical sensing including field effect transistors (FET), sur-
face acoustic waves (SAW), quartz crystal microbalance (QCM), optical fibers,
electrochemical devices, chemiresistors. Here a two-pole chemiresistor has been
integrated.

Surface modifications of the CNTs with different functionalizing materials have
been employed to improve gas sensitivity and to tailor specificity. In fact,
nanoclusters of noble metals (Au, Pt, Pd, Ag) have been used to enhance gas
sensitivity of CNTs networked films, operating at a sensor temperature from room
temperature to 200�C [4–7]. Moreover, metalloporphyrins consisting of Tetra-
PhenylPorphyrins (TPP) coordinated by a central metal of zinc and manganese, are
functional materials that have been prepared as highly-sensitive receptors for
artificial olfaction [8] and volatile organic compounds (VOCs) detection at room
temperature [9, 10].

In this study, MPP-modified CNTs networked films have been investigated for
sub-ppm gas sensing of NO2, including NH3 at ppm-level, working at a temper-
ature of 150�C.
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15.2 Experimental Details

The scheme of the fabricated device is shown in Fig. 15.1. CNTs films were grown
by CVD technology onto miniaturized alumina substrates (5 mm width 9 5 mm
length 9 0.6 mm thickness). Co (6 nm thick) catalyst was sputtered onto alumina
substrates at a working pressure of 6 9 10-2 mbar, at room temperature and a
supplied RF power of 150 Watts. Then, the Co-coated substrates were placed in a
quartz boat and inserted at the center of a 1-in. diameter quartz tube reactor housed
in a furnace of the CVD processing chamber to grow CNTs. The chamber was
evacuated up to 5 9 10-3 Torr, then the substrates were heated at 550�C upon H2

flow (100 sccm) at a working pressure of 100 Torr. Then, a carbon gaseous pre-
cursor of acetylene (C2H2) with a flow rate of 20 sccm was added to H2 gas with a
flow rate of 80 sccm. The working pressure was fixed at 100 Torr with a depo-
sition time of the CNTs layers for 30 min. After CNTs growth, the samples were
equipped by vacuum thermally evaporated Cr–Au (20/300 nm) contacts to serve
for the electrical measurements of the two-pole chemiresistor. The Cr/Au electrode
sizes were 1 mm width 9 5 mm length. The gap between two electrodes was
3 mm. The CNTs films have been modified with a metalloporphyrins layer:
(5,10,15,20-tetraphenylporphyrin)zinc [ZnTPP] and (5,10,15,20-tetraphenylpor-
phyrin)manganese chloride [MnTPPCl] have been synthesized according to lit-
erature methods [11, 12]. A layer of two distinct M-TPPs with different thickness
corresponding to 1 and 2 spray-layers was deposited by spray-coating onto the
surface of the CNTs networks previously grown. The M-TPPs were dispersed in
solvent of chloroform for spray-coating. Metalloporphyrins were not modified to
be covalently anchored onto the surface of the nanotubes, nonetheless even non-
covalent interactions between metalloporphyrins and carbon nanotubes are strong
enough to ensure the adhesion of the M-TPPs film.

The electrical resistance, at room temperature and upon inert atmosphere, of the
un-modified, 1 spray-layer and 2 spray-layers ZnTPP, 1 spray-layer and 2 spray-
layers MnTPPCl functionalized CNTs-sensors was measured as 4.51, 4.68 and
7.20, 4.65 and 6.69 kX, respectively. The presence of a given MPPs layer at
increasing thickness onto the surface of the CNTs film increases the electrical
resistance in the chemiresistor proportionally to the thickness of the deposited
MPPs. The sheet resistance of the CNTs films was estimated in the range of
1–2 kX/square.

Fig. 15.1 Scheme of the
fabricated MPPs-modified
CNTs-chemiresistor device
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The fabricated CNTs sensors have been located in a test cell (500 ml volume) for
gas exposure measurements. The cell case is able to host up to four chemiresistive
sensors. Dry air was used as reference gas and diluting gas to air-conditioning the
sensors. The gas flow rate was controlled by mass flowmeters. The total flow
rate per exposure was kept constant at 1,500 ml/min. The gas sensing experiments
have been performed by measuring the electrical conductance of CNTs thin films in
the two-pole format upon controlled ambient of individual NH3 reducing gas and
NO2 oxidizing gas in the range of 10–1,000 ppm, and 0.1–10 ppm, respectively, at
sensor temperature of 150�C.

The temperature was measured with a J-type thermocouple by means of a
multimeter (Agilent, 34401A). The dc electrical conductance of the CNTs-sensors
has been measured by the volt-amperometric technique in the two-pole format by a
multimeter (Agilent, 34401A). The sensors were scanned by a switch system
(Keithley, 7001) equipped by a low-current scanner card (Keithley, 7158) with a
multiplexed read-out.

15.3 Results and Discussion

The morphology and structure of the fabricated CNTs networks has been char-
acterized by scanning electron microscopy (SEM), as shown in Fig. 15.2. A dense
network of bundles of multiple tubes consisting of multi-walled carbon nano-
structures appears with a maximum length up to 5 lm and single-tube diameter in
the range of 5–40 nm. Amorphous carbon, non-nanotube material, metal impuri-
ties are present in the grown nanomaterial as well. Figure 15.3 shows the atomic
force microscopy (AFM) image of the CNTs layers coated with MPPs. This
demonstrates a good local coverage of the carbon nanotubes with the sprayed
metalloporphyrins to enhance gas adsorption.

The measured electrical conductance of the functionalized CNTs upon expo-
sure of a given oxidizing (NO2) or reducing (NH3) gas is modulated by a charge
transfer model with p-type semiconducting characteristics. Figure 15.4 shows the

Fig. 15.2 FE-SEM image of
the CVD Co-grown CNTs
layers
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typical time response in terms of electrical resistance change for four chemire-
sistors based on unmodified CNTs, MnTPP-modified CNTs (CNT ? 1MnTPP,
CNT ? 2MnTPP), and ZnTPP-modified CNTs (CNT ? 2ZnTPP), exposed to
NH3 and NO2 gas, at 150�C. The electrical resistance of all CNTs-sensors
increases (decreases) upon a single gas exposure of the NH3 reducing (NO2

oxidizing) gas due to molecules adsorption. These results demonstrate that MPPs-
modified CNTs-chemiresistors are able to detect a wide range of gas concentra-
tions of NH3 (10–1,000 ppm) and NO2 (0.5–10 ppm) with a very low limit of
detection in the range of sub-ppm for NO2 and a few ppm level for NH3, at 150�C.
These minimal detection limits are very interesting for environmental NO2

air-monitoring and industrial processes control NH3 detection applications.
Figure 15.5 shows the calibration curves of the resistance change of the four

CNTs-chemiresistors operating at 150�C for ammonia and nitrogen dioxide. The
MnTPP-modified CNTs sensor with two spray-layers exhibits the maximum

Fig. 15.3 AFM image of the
Metalloporphyrins-modified
CNTs layers

Fig. 15.4 Time responses towards 5-min pulses of a NH3 and b NO2 of the four chemiresistors
based on CNTs, un-functionalized and functionalized with 1 and 2 sprayed-layers of Mn-TPP and
2 sprayed-layers of Zn-TPP, at 150�C
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response for both gases considered. This could be attributed to catalytic effects of
the metalloporphyrin for enhancing gas adsorption.

15.4 Conclusions

CVD technology has been used to grow networked layers of multi-walled CNTs
onto cost-effective miniaturized alumina substrates. CNTs-chemiresistors have
been fabricated for NO2 and NH3 gas sensing applications, at a sensor temperature
of 150�C. The sidewalls of the CNTs films have been modified by spray-coating
with two different metalloporphyrins (MPPs) consisting of a TetraPhenylPorphyrin
coordinated by a central metal of zinc (Zn-TPP) and manganese (Mn-TPP) for
enhanced sensitivity compared to un-functionalized CNTs networked layers.
Detection limit of 0.5 ppm NO2 and 10 ppm NH3 has been measured. Finally,
MPPs-modified CNTs-sensors are very interesting for advanced nanosensors
operating at moderate temperatures with low power consumption. These micro-
sensors could be used for environmental air-monitoring applications (NO2) and
industrial processes control (NH3).
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