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Abstract Designing nanoscale devices, such as gas sensors and thermal dissipa-
tors, is challenging at multiple levels. Exploring their properties through combined 
experimental and theoretical collaborations is a valuable approach that expands the 
understanding of their peculiarities and allows for the optimization of the design 
process. In order to select the most relevant functional molecules for carbon-based 
gas sensors, and provide the best sensitivity and selectivity possible, we study the 
electronic transport properties of functionalized carbon nanotubes (CNTs), both 
through experiments and theoretical calculations. The measurements are carried 
out both in argon and synthetic air, using CO, NO, and H2S as test cases, with 
carboxyl-functionalized CNTs. The calculations, performed in the framework of 
density functional theory, consider both metallic and semi-conducting prototype 
CNTs, with respective chiralities (6,6) and (7,0), exploring a broader range of func-
tional molecules and gases. The behavior of individual carboxyl-functionalized 
CNTs deduced from the multiscale results consistently reflect what happens at a 
larger scale and provides useful insights regarding the experimental results. CNTs 
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are excellent thermal conductors as well and show much promise as heat dissi-
pators in microelectronics. However, in practice, thermal properties of CNTs are 
affected due to the unavoidable presence of defects and interface with the environ-
ment. We investigated these limitations using a multiscale approach. Using molecu-
lar dynamics simulations, here we investigate the heat flow across the interface of 
a (10,10) CNT with various substances, including air and water. We also analyzed 
computationally the impact of CNT defects on its thermal transport properties using 
first principles calculations.

4.1  Introduction

When designing nanoscale devices, a common experimental strategy is to follow 
empirical approaches and educated guesses to obtain desired properties. Although 
generally successful, this methodology is not satisfactory because it does not bring 
any valuable contribution to the understanding in the corresponding fields of re-
search. Although more complex and slower to set-up, combining simultaneously 
experimental and theoretical studies allows for a comprehensive exploration of the 
various parameters that may influence the devices and their working conditions, as 
well as for a systematic screening of their possible functional components. In this 
case, it is possible to optimize the design, broaden the working conditions of the de-
vices and identify more precisely their limitations. In addition, these two strategies 
are not mutually exclusive and may take place one after the other.

Carbon-based gas sensors and heat conductors are typical examples of such 
nanoscale devices. Two very promising base components are carbon nanotubes 
(CNTs) and graphene ribbons, which both exhibit novel and extremely interesting 
electronic and thermal properties. Since at least one of their dimensions is generally 
between 1 and 50 nm, understanding these properties requires an accurate account-
ing for quantum effects. At the same time, they represent a challenge for current 
quantum mechanics-based theories, since at least one of their other dimensions is 
of macroscopic scale, generally of the order of 1 μm. Graphene is known to present 
less defects and produce less noise than CNTs when used for gas detection [1], how-
ever defects might be desirable in some cases, e.g. to attach functional molecules to 
a CNT in order to tune its selectivity. Regarding thermal conduction, both CNTs and 
graphene are known to exhibit ballistic transport at room temperature, which may 
improve significantly the dissipation of heat in integrated circuits over the usual 
diffusive mechanism [2]. In addition, vast explorations are still needed to clearly 
identify which applications these two materials are best suited for and which kinds 
of devices will be more easily produced at an industrial scale. In the following, we 
present our collaborative work on CNT-based gas sensing and thermal transport.

Gas sensing through miniaturized devices has a lot of potential applications in 
various areas, ranging from industrial processes to environmental issues. As such, it 
attracts a lot of attention [3]. Since carbon-nanotube-based sensors offer a promis-
ing path for ppm and sub-ppm gas detection, a lot of efforts are currently undertaken 
to better understand their structural and electronic properties [4]. With the use of 
CNTs, various challenges arise at different levels. First, the properties of one CNT 
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can be significantly affected by the presence of defects, deformations, adsorbed 
molecules, and dopants [5–7]. Then, when two CNTs are in contact, their respective 
chiralities and relative positions may strongly influence the overall properties of the 
device [8], in particular when networks of random CNTs are involved [9, 10]. And 
finally, the quality of the contacts between CNTs and electrodes strongly influence 
the operating conditions of the sensor on a larger scale [11].

The quality and interest of a sensor are determined by four key concepts: (i) sen-
sitivity, measured here by the effect a specified quantity of a gas has on the conduc-
tivity of the system, (ii) selectivity, i.e. the obtention of a response for a reduced set 
of gases, ideally one at a time, (iii) sensing dynamics, accounting for the necessary 
time to obtain a response from the device as well as the frequency at which it has to 
be reset or recalibrated, (iv) cost effectiveness, i.e. achievement of manufacturing 
scalability [12, 13]. Finding an improved set of parameters is the result of a delicate 
compromise, as improving one aspect might often degrade the others. Among the 
possible solutions explored so far, the use of sensors based on random networks of 
functionalized CNTs, as well as the providing of different functionalizations on the 
same chip, have proven promising ways of building devices suitable for both labo-
ratory investigations and manufacturing [14].

Semi-conducting nanotubes are known to be very sensitive but poorly selective to 
the presence of gases, while metallic nanotubes have a very low overall sensitivity 
[15]. By functionalizing appropriately the semi-conducting CNTs, it should be pos-
sible to modulate their sensitivities in a non-destructive manner and at the same time 
improve their selectivity [16–18]. Ultimately, all factors potentially affecting the sta-
bility of the response, e.g. oxygen, water vapor, or the presence of contaminants in 
the nanotubes, have to be explored as systematically as possible, in order to get clos-
er and closer to real working conditions, both in simulations and experiments [19].

Besides gas sensing, the peculiar properties of CNTs make them suitable for nu-
merous other potential applications. One of them is heat dissipation, a critical issue to 
address to e.g. further increase the transistor density in microprocessors. In this case, 
the key parameter is thermal conductivity, which is the property that measures the rate 
at which energy is transferred from two regions of a material that are kept at different 
temperatures. Electrons and phonons are responsible in transferring energy in a metal 
and insulator, respectively. At high temperatures, umklapp phonon-phonon scatter-
ing events provide the dominant mechanism for the increase of thermal resistance 
in non-metals, while electron-phonon interactions are responsible for the decrease in 
thermal conductivity in metals. In non-ideal materials, scattering with defects and/
or boundaries provide further mechanisms for the reduction of thermal conductivity.

For small temperature gradients, that is, in the realm of linear response theory, 
the heat flux vector JQ in a bulk material is linearly proportional to the spatial tem-
perature gradient ∇T via Fourier’s law, JQ T= − ∇κ , where κ is the thermal con-
ductivity coefficient, which has SI units of [J/(s·m·K)]. In an isotropic medium, 
such as a liquid, JQ and ∇T are collinear and therefore κ reduces to a scalar. In 
general, however, the thermal conductivity coefficient will be a tensor, in particular 
for highly anisotropic materials such as CNTs.

The interfacial thermal resistance, also known as Kapitza resistance RK, repre-
sents the barrier to heat flow that causes an abrupt temperature discontinuity ∇T 
across interfaces according to the relationship J GQ  = − ∇T (valid in the linear re-
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gime) where JQ is the heat flux across the interface [20]. The interfacial conductance 
G is defined as the inverse of the thermal resistance; that is, G R= 1/ K

. Interfacial 
thermal conductance measures the efficiency by which heat carriers (electron, pho-
nons) flow from one material to another. Generally, similar insulator materials facil-
itate a very efficient phonon transmission between them. More specifically, a good 
overlap or match between the thermal vibration spectra is required to minimize the 
Kapitza resistance at the interface of two materials.

Heat has deleterious effects on micro-electronics by rendering these components 
unreliable and often causing them a premature failure. Therefore, research into novel 
materials with enhanced thermal capabilities is highly desirable for industrial and eco-
nomic reasons. Perfect CNTs are expected to be ballistic thermal conductors, and for 
this reason, in principle CNTs would be ideal candidates for dissipating heat produced 
in chips or processors. The heat dissipation by CNT can be modeled in three steps:

1. The CNTs receive heat directly from the chip through a metallic interface to 
which is anchored.

2. Then, heat is transported along the CNT. This process is extremely efficient on 
ideal CNTs but in practice is limited by the presence of defects. These naturally-
occurring defects have negative effects on the thermal conductance of CNTs.

3. Finally, heat is dissipated to the ambient from the CNTs. This interface CNT/
environment limits considerably the efficiency of the cooling.

The third section of this chapter deals with the computational study of heat dissipa-
tion at the CNT/air and CNT/water interfaces using classical molecular dynamics 
(MD) simulations. The effect of the gas pressure and the coupling between CNT 
and water on the interfacial thermal resistance is reported herein.

There are several methods to compute the thermal properties of a material. In 
general, all these approaches often require a large cell along the heat transport direc-
tion to avoid the lost of long-wavelength phonons, which contribute significantly to 
the thermal properties. Mathematically, the phonon relaxation time in MD calcula-
tions can be decomposed in two contributions: (i) phonon scattering due to umklapp 
processes and point defects in the bulk; and (ii) phonon scattering with the boundar-
ies and heat sink/source in the computational cell.

The first method for computing thermal conductivity coefficient κ is based on 
the application of Green-Kubo (GK) relations to equilibrium molecular dynamics 
(MD). [21, 22] In this method, the thermal conductivity coefficient κ is proportional 
to the time integral of the heat flux autocorrelation function. The advantage of the 
GK method is that it allows us to compute the full thermal conductivity tensor from 
a single albeit long MD simulation and often it does not require very large compu-
tational cells. The main disadvantage of this method, however, is that it converges 
very slowly in time.

The second general method is based on non-equilibrium molecular dynamics 
(NEMD). One of the best NEMD methods is the algorithm proposed by Florian 
Müller-Plathe, [23] which can be used to compute the thermal conductivity of a 
condensed phase material. In this approach, the velocities of two particles in different 
regions of the system are swapped at regular times so as to induce a hopefully linear 
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temperature gradient, from which the thermal conductivity can be extracted directly 
from Fourier’s law. The main disadvantage of the method is that it requires particu-
larly large computational cells to converge the thermal conductivity coefficient.

We must mention that the calculated and experimentally measured values for the 
thermal conductivity coefficient κ in CNTs are greatly scattered in the literature. 
The disagreement between reported calculations are due inconsistencies in simula-
tion protocols used, poor sampling, or a combination of thereof. The disagreement 
between theory and experiment is due in part to ill-defined quantities such as the 
superficial area and the intrinsic slow convergence of quantities involved. In this 
work, however, we pursue a simple and direct strategy to characterize thermal trans-
port in CNT/air and CNT/water interfaces, by which we apply directly temperature 
gradients across the interface and we observe the response of the system in time. In 
the following, we summarize our findings.

This chapter is organized as follows: Sect. 4.2 is dedicated to the gas sensor; in 
Sect. 4.2.1, we first describe the experimental setup as well as the computational de-
tails of our ab initio calculations, before explaining our use of transmission integrals 
as indicators of the individual sensing characteristics, and finish with the ballistic 
model we use to evaluate Fermi energy shifts; in Sect. 4.2.2, we discuss the experi-
mental, ab initio, and ballistic results. Section 4.3 is about the thermal properties of 
nanotubes; in Sect. 4.3.1, we describe the computational details; in Sect. 4.3.2, we 
discuss the dynamical properties of the CNT/air system, as well as the results of non-
equilibrium molecular dynamics simulations of the CNT/air and CNT/water systems.

4.2  Carbon Nanotube-Based Gas Sensor

Gas sensing through nanoscale devices is multiply challenging: the measured sig-
nals are very small and noisy, the fabrication of the devices implies a high level 
of integration, and the modelling of the process requires the inclusion of quantum 
effects associated to a multiscale approach. Meeting these challenges involves the 
efficient use and extension of cutting-edge methodological and technological ap-
proaches, in a multidisciplinary framework.

4.2.1  Methods

In the present collaboration, we focus on comparing the computational results with 
the experimental ones, in order to assess the overall consistency between both lev-
els. Our purpose is to design a generic strategy for combined experiments and cal-
culations, in order to speed-up the selection of relevant functional molecules pro-
viding a good compromise between sensitivity, selectivity, and resilience, for the 
detection of gases. Our calculations include the determination of ground-state and 
quantum-transport properties of the core ingredients of the sensors, together with 
their validation through confrontation with the experimental results.

4 Gas Sensing and Thermal Transport Through …
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4.2.1.1  Experimental Setup

The gas measurements are performed with nitrogen monoxide (NO), carbon mon-
oxide (CO), hydrogen (H2), hydrogen sulfide (H2S) and ammonia (NH3), using syn-
thetic air (dry mix of N2 and O2, SA in the following) as a buffer gas at 150° C. 
Oxygen (O2) is measured in an argon (Ar) buffer at 150° C. In addition, three of the 
gas analytes (NH3, H2S and NO) are tested at 30° C in a SA buffer. The chamber 
used for the measurements is around 200 ml in volume and the gas flow is 0.5 l/min 
during the tests.

The sensor device is shown in Fig. 4.1 and fully described in [24]. It is made by 
inkjet-printing carboxyl-functionalized SWCNTs on Si-chips between Pt electrodes 
on a 200 nm-thick thermal SiO2. By printing a small amount of SWCNTs on the 
chip, a gate-tunable semiconducting channel is formed, having p-type gate response 
between the electrodes [25–27]. The electrical conductance of the channel in the 
sensors is ≈0.5 μS with a relatively small gate effect (≈30 %) when varying the gate 
voltage from -5 V to +5 V. As the typical resistance of the devices may vary a lot, we 
have selected both highly-resistive (in the MΩ range) and weakly-resistive (in the 
kΩ range) sensors. The whole measurement system is PC-controlled in a LabVIEW 
environment.

The sensors were measured by monitoring the source-drain (S-D) current with 
a constant source-drain bias of 1 V. The effect of the gate voltage on the variation 
of sensor response was tested by measuring the same gas pulse with three different 
gate voltage values (-5 V, 0 V and +5 V). It is worth noting that at a temperature of 
150° C the gate-effect is negligible, mostly due to an enhanced Schottky emission 
at the interfaces of semiconducting and metallic nanotubes [26–29]. This enhance-
ment of Schottky emission is also seen as a lower resistance of the sample at 150° C 
than at room temperature. Each gas pulse is preceded, and followed, by at least 
10 min of exposure to only the SA (or Ar).

4.2.1.2  Theoretical Modeling

At the theoretical level, CNT-based systems require a multiscale description. Sim-
ulating a complete 400 nm-long junction with atomic-scale details is indeed way 
above the current limits of our most sophisticated models. In these conditions, the 

Fig. 4.1  Sensor chip used in 
measurements, featuring a 
series of inkjet-printed CNT 
networks of different sizes, 
a gate with variable voltage 
for the measurements, and 
a heater to desorb gases 
between measurements
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calculations provide complementary information with respect to the experimental 
results, in order to facilitate the understanding of the phenomena involved in the 
measurements. They also bring useful support in speeding-up the process of iden-
tifying relevant functional molecules for a selective detection of gases. Since for 
systems such as CNTs we have to account for quantum effects, we have chosen to 
first model the individual sensing units with as much accuracy as possible. Since 
they are abundant in the experimental devices, we have chosen the (6,6) and (7,0) 
CNTs as model systems for metallic and semi-conducting CNTs, respectively. We 
also want to be systematic, which is why we have developed a general strategy 
to give a consistent access to the conductivities of the systems and their other pa-
rameters. When needed, tight-binding models can easily be parametrized after the 
atomic-scale results, in order to access larger scales.

In order to progressively build accurate models of the gas sensor, we start with 
an ab initio description of the structural and transport properties of a functionalized 
CNT. The results then allow us to tune semi-empirical models and treat a bigger part 
of the sensor when necessary. The typical length-scale of experimental interest is of 
the order of 50 nm, which means around 5000 atoms for a nanotube. This is actually 
tractable provided that multiscale simulations are performed, because we will not be 
able to take efficiently into account the many functional molecules attached to those 
portions of tubes with our most accurate models. Before considering a larger part of 
the sensor, the first step is to explore the contributions the individual CNTs can bring 
by themselves to the sensor response and how far they can account for the experi-
mental results. This is what we focus on in this second section of the present chapter.

4.2.1.3  Ab initio Calculations

We first focus on very small portions of nanotubes (typically 5 nm) and describe 
them in a fully ab initio framework. The purpose of this first step is to build a 
comprehensive database describing what happens in the immediate surroundings 
of a functional molecule when a molecule of gas approaches, as well as the local 
influence of its presence on the electrical conductance of the CNT. These results can 
be used later to parametrize tight-binding models, in order to be able to encompass 
several dozens of functional molecules at once [30]. Though less accurate, such 
models should provide a useful insight on the dynamics of the detection, since we 
are able to expose the functional molecules to a mixture of gases at various concen-
trations. The system sizes that can be reached at this level comprise several thou-
sands of atoms, and thus carbon nanotubes of around 20–50 nm in length.

The following discussion will focus on the most detailed calculations we have 
carried out. The geometries are optimized within the framework of Density Func-
tional Theory (DFT), using the Atomic Simulation Environment (ASE) [31] pilot-
ing the SIESTA code [32]. We use a double-zeta polarized basis for the wavefunc-
tions, the PBE approximation for exchange-correlation, and a periodic simulation 
cell along the nanotube axis. The quantum transport calculations are performed 
within the Non-Equilibrium Green’s Function (NEGF) formalism [33, 34], using 

4 Gas Sensing and Thermal Transport Through …
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the Wannier function-based technique [35] specifically implemented in ASE [31]. 
Comparisons and tests are also conducted using Abinit [36].

Experimentally, by applying a bias voltage, it is indeed possible to explore the 
transport properties around the Fermi level of the system, with a typical range of 
1 or 2 eV. By applying a gate voltage, the Fermi level can be shifted, thus further 
tuning the transport properties of the sensor. We have thus chosen to focus our at-
tention on the [ − +1 5 1 5. , . ] eV energy interval, even if the calculations give us ac-
cess to a much broader energy range. In order to provide an instant and synthetic 
access to our results, we have devised a strategy to determine the qualitative effect 
the presence of a gas will have on the transport properties of the functionalized 
CNTs. In order to stay as consistent as possible between experiments and calcula-
tions, we have based our analysis exclusively on the transmission, which is the only 
quantity directly linked to the experimental measurements. Our guideline has been 
that the stronger a molecule binds to the CNTs, the higher is the effect on the CNTs’ 
transport properties: strongly bound molecules indeed tend to close or open a full 
conduction channel. We have thus organized our calculations in 3 steps:

1. determine the transmission T0
0  for a selected (n,m) CNT, bare;

2. determine the transmission Tf
0  for the selected CNT, functionalized with a 

selected group f;
3. determine the transmission Tf

g  for the selected CNT, functionalized with f, and 
with a molecule of a selected gas g at a close distance (typically 2 Å) from the 
functional group.

Our objective is to provide an easy-to-read and direct indicator, which means a 
number in the present case. To extract such a number, we first integrate the differ-
ence of the transmissions Tf

0  and T0
0  over the energy interval of interest E E1 2,[ ] . 

At this stage, we obtain the overall perturbation of the electrical conductance due to 
the presence of the functional molecule:

 
(4.1)

By integrating the difference of the transmissions Tf
g  and Tf

0  over the same energy 
interval, as well as isolating the positive and negative parts, we obtain a reliable 
indicator of the sensitivity of the functional group to a gas:

 

(4.2)

For metallic nanotubes we could even define a relative value and give results in 
percents. The only problem with this approach is that it would not hold anymore 
for semi-conducting tubes because the transmission in the bare CNT drops to zero 
around the Fermi level.

Calculating these integrals is in some sense a way of summarizing the explora-
tion of the sensitivity by applying different bias and/or gate voltages. Despite their 
qualitative character, they provide a compact, simple and direct view of the most 
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interesting molecule/gas combinations. It is also much more reliable than the DOS, 
which is known to reflect the transport properties very poorly, when not wrongly, 
when extracted from Kohn-Sham orbitals obtained with LDA-based approxima-
tions [37–39]. Another great advantage is that we are able to provide an immedi-
ately usable summary of the information to the experimentalists in the format of 
tables: by a simple look at these, one gets instantly an idea about the possible ad-
ditional sensitivity and selectivity brought by the functional molecules, and which 
ones among them are the best candidates for sensor applications. As a bonus, high 
values pinpoint gas molecules that might poison and/or damage the sensor because 
of their strong binding to the CNTs. In addition, our post-processing tools display 
separately the positive and negative parts of these integrals, in case the whole inte-
gral would occur to be near zero because of compensations, and thus automatically 
highlight the systems for which a detailed analysis is immediately necessary. Since 
such cases have been rare among all the systems considered here, and for sake of 
simplicity, we will only present the whole integrals in the following.

4.2.1.4  Ballistic Model

In order to provide the experimentalists with relevant device parameters, we evalu-
ate Fermi energy shifts in the case of a ( n,0) semi-conducting CNT by calculating 
band structures with the MOSCNT software package [40–42]. As it is not possible 
to simulate a CNT-based field-effect nanotransistor (CNTFET) with a 200 nm-thick 
oxide layer and a channel length of 400 nm, we have looked for an equivalent and 
accessible electrostatic structure. An illustration of the simulated CNTFET device is 
given in Fig. 4.2. The agreement between both equivalent structures has to be found 
for the reference oxide layer before introducing the CNT, since this is precisely 
where the CNT will find itself. It corresponds to finding an identical potential profile 
on the oxide surface ( z = 0  nm, 0 400< <x  nm), where the CNT will be located.

Figure 4.3 shows the electrostatic potential distribution obtained for the initial 
device (Fig. 4.3a) and compares it to that of a device with a 50 nm-long channel 
and 22.5 nm-thick oxide layer (Fig. 4.3b), for drain-source and gate voltages cor-
responding to experimental conditions (Vds = 1  V, Vg = 0  V). This reshaping of 
the device provides an equivalent distribution of the potential on the oxide surface 
( z = 0  nm), as shown in Fig. 4.4, where the two surface potentials have been com-
pared for gate voltages spanning the experimental range going from -5 V to 5 V. The 
potential is plotted there as a function of the relative position x L/  in the channel, 
L being the total length of the considered channel. The plots are superimposed for 
the whole range of gate voltages.

The 50 nm channel length is sufficiently large to have the potential in the middle 
of the CNT free from constraints coming from the source and drain electrodes. The 
behaviour of a longer CNT will thus be similar, with a ballistic behaviour in the 
central area, correlated with the existence of a plateau on the band diagrams.

These band diagrams are shown on Fig. 4.5 for a 110 nm-long (7,0) CNT, consid-
ered as a channel for a transistor with an oxide layer of 22.5 nm, for the three experi-
mentally used gate voltages. As shown, the effective channel has a length of 50 nm.

4 Gas Sensing and Thermal Transport Through …
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The plots have been generated considering both electrons and holes as carriers, 
and using the full NEGF settings of the MOSCNT package: NEGF transport is used 
rather than semiclassical ballistic transport; the recursive Green’s function method 
is preferred here to solve the NEGF problem, as the CNT is quite long. The package 

Fig. 4.3  Potential profiles for the drain-source voltage fixed to Vds = 1  V and the gate voltage 
Vg = 0  V. a the real 400 nm-long / 200 nm-thick device. b the equivalent 50 nm-long / 22.5 nm-
thick device. An agreement is looked for in the oxide only

 

Fig. 4.2  Representation of 
the simulated CNTFET. A 
single ( n,0) semi-conducting 
CNT is used as the channel of 
the transistor
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does not take into account the electron-electron (hole-hole) interactions, or elec-
tron-hole interactions. To be able to compute a Fermi energy shift, band diagrams 
are computed for Vds = 0 V ( dotted curves) and Vds = 1 V ( solid curves), the latter 
corresponding to the experimental configuration and the former used as reference.

The pseudo-Fermi level EF is plotted with symbols in each diagram ( line with 
open symbols and line with closed symbols respectively for Vds = 0 V and Vds = 1 V). 
It corresponds to the electrochemical potential which makes the link between the 
density of carriers and the electrostatic potential within the CNT by means of the 
CNT carrier statistics. As expected, EF goes below the valence band for negative 
gate bias, confirming that conduction occurs thus through the holes, whereas it goes 
above the conduction band for positive gate bias where electrons are transported. 
Simulations with other CNT chiralities show similar behaviours (not shown).

4.2.2  Results and Discussion

Figures 4.6 to 4.8 show a summary of the dynamical sensor responses, measured at 
different temperatures under the conditions discussed in Sect. 4.2.1. The sensor re-
sponses were measured by monitoring source-drain (S-D) current while applying a 
constant source-drain bias voltage of 1.0 V. The sensor resistance was calculated as:
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where Rsensor is sensor resistance, Ubias is the used S-D bias of 1.0 V and Imeas is the 
measured current. The tested gas profiles were pre-mixed in a PC-controlled gas 
blender before introducing them into the measurement chamber, meaning a homog-
enous gas injection into chamber. Here with 5 min gas pulse we mean that the sen-
sors were exposed to tested gas (concentration) for 5 min.
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Fig. 4.5  Band diagrams of 
the equivalent device, with 
both electrons and holes tak-
ing into account. The conduc-
tion and valance bands are 
given for Vds = 1 V ( solid red 
lines) and Vds = 0 V ( dotted 
red lines) together with their 
corresponding pseudo-Fermi 
levels (in line with open 
symbols and line with closed 
symbols respectively).  
a Vg =−5 V. a Vg = 0 V.  
a Vg = 5 V 
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The graphs are organized vertically in four axes, showing applied gate voltage, 
gas profile, raw measurement data (resistance) and relative sensor response (SR). 
The horizontal axis is divided in three segments to clarify measurements performed 
with different gate voltage values. The relative sensor responses are calculated as:

 
(4.4)

where SR is the relative sensor response, Ranalyte is the resistance during a gas pulse 
and R0 is the reference resistance, which is the linear fit of the resistance taken 
within the 10 min before the gas is introduced into the chamber (being individual 
for every gate voltage value and gas pulse).

In the measurements with NH3 (50 ppm) and NO (50 ppm), Figs. 4.6 and 4.7 re-
spectively, the changes in resistance (conductivity) are significant and realizable for 
practical gas sensing applications. Especially with NH3, the tested gas concentra-
tion is very low. With both gases, the temperature plays a key role for gas detection. 

SR
R R

R
=

−analyte 0

0

Fig. 4.6  Sensor responses for 50 ppm of NH3. a at 150° C. b at 30° C. Gate voltage is changed 
step-wise at 25, 50 and 75 mn from -5 V to 0 V to +5 V, respectively. At both temperatures, the first 
pulse causes the largest relative response due to a cleaner sensor surface. Only small differences 
are seen with different gate voltages. The response at higher temperature is remarkably lower than 
at room temperature and sensor recovery is naturally better at higher temperature. Note, that at 30° C, 
the resistance value changes while the gate voltage varies

 

4 Gas Sensing and Thermal Transport Through …



112 Y. Pouillon et al.

With NH3, better detection (bigger sensor response) was obtained at 30° C while for 
NO; the sensitivity is increased at higher temperature. We expected to have different 
sensor responses with varying gate bias for our sensors. For NH3 detection, chang-
ing gate bias did not have significant effect on sensors responses, even though with 
zero gate bias the sensor response was the smallest. For NO detection, small differ-
ences in sensitivities were observed with highest sensor response with negative gate 
bias and the smallest with positive gate bias. In all measurements the sensor drift 
was relative small except in NH3 measurement at 30° C.

In the sensor memory studies shown on Fig. 4.8 (applying different analytes 
sequentially on same sensor) it was shown that for detecting NH3, the previous 
measurements conducted with the sensor does not have an influence on the sensor 
response, i.e. sensor response is almost identical for the first NH3 pulse no matter 
what have been the previous measured gas. Of course, for second NH3 pulse, the 
imperfect sensor recovery resulted in lower responses. In case of sensing NO, the 
preceding NH3 measurement decreases the sensitivity but the sensor recovery re-
mains fast. As a whole, the repeatability of the sensor is high.

Fig. 4.7  Sensor responses for 50 ppm of NO. a at 150° C. b at 30° C. Sensor recovery is again 
better at higher temperature. At 150° C, only small differences in sensitivity are observed with a 
different gate bias. At 30° C, the sensor starts to drift at the end of measurement causing the last 
relative response to be very small
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4.2.2.1  Measurements of CO, H2S, H2 and O2

Negligible detection is obtained with the CO (50 ppm), H2S (100 ppm), H2 (50 ppm) 
and O2 (1 %) analytes at 150° C (results not shown here). For this temperature, the 
sensors showed a small response for H2S at the very first gas pulse but the sensitiv-
ity became negligible afterwards. The reason for this phenomenon remains unclear, 
however it has been shown that H2S can undergo oxidation in air and on activated 
carbon surfaces [43, 44], resulting in the formation of elemental sulphur. Moreover, 
in the presence of catalysts and water, SO2 and H2SO4 might form on the surface of 
the sensor, thus poisoning it [45, 46].

4.2.2.2  Measurements of NH3

When exposing the sensor to 5-minute-long 50 ppm NH3 pulses (with a 20 minute 
recovery at 150° C between pulses), the channel resistance increases by 12 % dur-
ing the first pulse (Fig. 4.6a), followed by a 8 % change during the second and 10 % 

Fig. 4.8  Sensor responses 
for mixed 50 ppm pulses of 
NO and NH3 at 150° C. Each 
pulse of NO (solid line) is 
followed by 2 pulses of NH3 
( dashed line)

 

4 Gas Sensing and Thermal Transport Through …



114 Y. Pouillon et al.

in the third pulse. At 30° C the change in channel resistance is bigger, being 20 % 
for the first pulse and 10 % for the second (Fig. 4.6b). The third pulse is causing the 
biggest relative sensor response, being 20 % during the pulse and even more after it. 
The difference between the first and second pulses indicates non-complete recovery 
of the sensor after the first gas pulse. Nevertheless, the first and the third gas pulses 
give almost identical responses at both temperatures and the second pulse the low-
est response. As a whole, there are no significant differences in sensitivity with the 
three different gate voltage values, even though a 0 V gate bias corresponds to the 
smallest sensor responses.

4.2.2.3  Measurements of NO

Measuring the sensing device response using 50 ppm pulses of NO at 150° C, we 
observe a lowering of the resistance value of 20 % during the first pulse, of 17 % 
during the second, and 10 % during the third pulse (Fig. 4.7a). At 30° C, the resis-
tance decreases by 7, 7 and 5 %, respectively (Fig. 4.7b).

4.2.2.4  Measurements with Sequential NO and NH3 Pulses

In order to study the effect of different analytes measured sequentially on the same 
sensor (sometimes referred to as sensor memory), one pulse of 50 ppm of NO and 
two pulses of 50 ppm of NH3 are introduced after each other into the chamber at 
150° C. The insertion of three gas pulses are repeated with three different gate 
voltages (-5 V, 0 V and +5 V). After each 5-minute-long pulse, a 20-minute recov-
ery time is applied. Because of the noisy measured signal and the opposite sensor 
responses with the two tested gas analytes, the relative sensor response curve is 
plotted using a 6-point running average to smooth the curve. All the relative re-
sponses are calculated using the preceding 10 mn time period with only carrier gas 
(synthetic air) in the chamber (Fig. 4.8).

At -5 V gate bias, the introduced NO gas decreases the resistance by 12 % (small-
er than measured previously showing 20 % drop). The first NH3 pulse increases 
resistance with 13 %, which is almost identical to the previously measured value 
(without preceding NO pulse). At 0 V gate bias, the sensor response for NO is -7 %, 
which is less than the previously measured value without NH3 pulses. On the other 
hand, the first NH3 pulse is giving the same response (10 %) as in the earlier experi-
ment without NO. Moreover, the second pulse is similar as with a -5 V gate bias; 
in absolute, it is similar to the first pulse, but relatively smaller. At +5 V gate bias, 
sensor response for NO is -10 %, which is again smaller than that measured without 
NH3. On the other hand, it is higher than with 0 V gate. At least in this case, varying 
the gate voltage has a contribution in the sensor sensitivity towards NO because 
when NH3 was not involved, the sensitivity was equal with 0 V and +5 V gate biases. 
For NH3 the situation is similar as with previous gate voltages (-5 V and 0 V); the 
first pulse is giving similar response as when NO is not involved and the response 
for the second pulse is smaller.
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As a whole, this measurement reveals that the sensor response is similar to the 
first NH3 pulse, no matter what is measured before. In other words, there is no 
sensor memory when measuring NH3, i.e. the sensor sensitivity and repeatability 
towards NH3 are maintained during repeated measurements with different gas ana-
lytes. On the other hand, when measuring NH3, the sensor needs either higher tem-
perature or longer recovery time at 150° C for a more complete desorption of gas 
molecules from the sensor surface. In the case of NO, sensor recovery is faster than 
with NH3 but the sensitivity is decreased.

The results are in qualitative agreement with other works published in the lit-
erature on CNT-based gas sensors. Overall, oxidizing analytes or those undergoing 
oxidation in air during the measurement feature an increased electrical conductance 
of the channel, while the reducing moieties decrease the latter [47–59]. The absolute 
value of the sensor response shows considerable dependence on the sensor itself. 
Devices made of individual semiconducting nanotubes clearly outperform those 
made of films of tangled networks and show significant molecular gating effect 
[47]. In the case of nanotube networks or bundles, the sensor response is typically 
higher for the less conductive sensing layers [54, 55].

4.2.2.5  Simulation Results

The transport calculations give us direct access to the transmission T( )E  as a func-
tion of energy within the CNTs, which describes the conduction channels and their 
modifications, both due to the functionalization and to the presence of gases. The 
electrical conductance can be obtained by multiplying the transmission by the quan-
tum of electrical conductance ( G e h0

22= / ) [60].
Figure 4.9 shows the calculated transmissions obtained for metallic CNTs and 

semi-conducting CNTs. In the case of metallic CNTs (Fig. 4.9b), a gas is detected 
only when it chemisorbs on the nanotube, which results in the loss of one conduction 
channel at around a specific energy close to the Fermi level. Analyzing the response 
of a semi-conducting CNT is a much more complex task, as all molecules tend to 
bind stronger to it. However, the influence of the gas on the electrical conductance 
always shows up in a region below the Fermi energy (Fig. 4.9d), the position and 
extent of which depend on both the functional molecule and the gas involved. This 
means that, by properly tuning the bias and gate voltages, both the sensitivity and 
selectivity of the sensor could be optimized to specific gases.

While analysing transmission plots brings a lot of insight for each considered 
functional molecule, its practical interest quickly decreases when the number of 
possible configurations is large. In order to provide a global and synthetic view, we 
go back to a basic statement: the stronger a molecule binds, the larger it will open 
or close conduction channels in the CNT. We assume that the effect on the electrical 
transport properties of the CNTs can be expressed as a monotonic function of the 
binding energy of the functional molecules with the CNTs. The characteristics of 
this function will not be explored here, since SIESTA suffers from Basis Set Super-
position Error (BSSE) [61] and achieves poor accuracy regarding binding energies. 
Instead we follow a statistical approach, in order to determine thresholds of interest 

4 Gas Sensing and Thermal Transport Through …



116 Y. Pouillon et al.

for the transmission integral α f
g  from Eq. 4.2 corresponding to inert, physisorbing, 

and chemisorbing molecules. Figure 4.10 shows the value ranges of the transmis-
sion integrals for the 260 systems we have performed calculations on. Both semi-
conducting and metallic CNTs display very similar behaviors, which is why we 
have grouped them together. Three regimes can be distinguished in Fig. 4.10a: inert 
and physisorbed molecules produce values of α below 0.20, strongly physisorbed 
ones range between 0.20 and 0.80, and chemisorbed ones reach above 1.00. In order 
to separate noise from physisorption, Fig. 4.10b focuses on the 0.00–0.20 range. 
By individually matching molecules and transmission plots with the histograms, 
we have determined that physisorbed molecules typically peak out in the 0.09–0.15 
range. Thus, in practice, we consider that the use of transmission integrals provides 
good hints about successful detections when the empirically-determined condition 
is fulfilled:

 
(4.5)0 10 1 00. .< <α f

g

Fig. 4.9  Equilibrium geometries and transmission coefficients (in units of conductance) of simu-
lated CNT. a equilibrium geometry of a perfect (6,6) metallic CNT exposed to NO. b correspond-
ing transmission coefficients obtained for the perfect metallic CNT in vacuum ( solid red line) and 
for the metallic CNT exposed to NO ( dotted blue line). c equilibrium geometry of a 1-vacancy 
(7,0) semi-conducting CNT functionalized with COOH exposed to H2S. d corresponding transmis-
sion coefficients obtained for the perfect semi-conducting CNT in vacuum ( solid red line), for the 
functionalized CNT in vacuum ( dashed black line) and for the functionalized CNT exposed to H2S 
( dotted blue line)
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otherwise the difference between the curves is either not significant enough to ob-
tain a reliable one-to-one correspondence between α f

g  and the curves themselves, or 
reflecting a too strong binding to achieve detection (passivation of the CNTs) and 
properly desorb the molecules. But as this simple technique tends to underestimate 
the real difference between the compared data sets (because of the positive and 
negative areas in the integrals), the fulfilling of condition (4.5) is already the sign 
of a good sensitivity. Moreover, since it is computationally cheap, this analysis can 
be repeated at will to validate the introduction of new systems into the database 
and/or the modification of computational parameters (e.g. basis sets and exchange-
correlation functionals).

Tables 4.1 and 4.2 show the transmission integrals α f
g  for metallic CNTs and 

semi-conducting CNTs for two sets of molecules and gases, both for perfect and 
defected CNTs. Our results are fully consistent with experiments. As expected, the 
metallic tubes display a low sensitivity but have a good selectivity. Functional-
izing them might slightly increase their sensitivity, but significantly degrades their 
selectivity. On the contrary, and not surprisingly, the semi-conducting tubes display 
a much higher sensitivity but a very poor selectivity. Functionalization decreases 
the sensitivity significantly, while opening the way to improving the selectivity. 
By exploring further functionalizations, it might indeed be possible to find the best 
compromises for a specific set of gases.

4.2.2.6  Fermi Energy Shifts 

Figure 4.11 shows both the calculated drain-source current as a function of the gate 
voltage I Vds g( )  (Fig. 4.11a), as well as the Fermi energy shifts that can be deduced 
in the same conditions (Fig. 4.11b). The same results are obtained when including 4 
subbands in the model instead of the 2 subbands taken into account here. The Fermi 
energy shifts are calculated by making the difference between the pseudo-Fermi lev-
el EF obtained at any Vds and Vg, and that provided by ds g 0V V V= =  (see Fig. 4.5). 
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Fig. 4.10  Histograms of the values spanned by transmission integrals α f
g  over the 260 systems 

simulated. a full range. b low-value range. Each system corresponds to a CNT type/functional 
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They aim at providing further practical information to the experimentalists. By 
combining these results with the locations of the maximum deviations on the trans-
mission curves caused by the presence of a gas, we can extract ranges of interest 
for gate voltages. For instance, on Fig. 4.9, one can see that for the functional-
ized (7,0) CNT, the maximum deviations between the transmission curves with 
H2S (blue dashed curve) and those without H2S (black dotted curve) is obtained 
at Em = -0.95 eV. Detection could thus be improved by shifting the Fermi level to-
wards lower energies, in order to align this maximum with the middle of the detec-
tion window. From Fig. 4.11b, we can extract the gate voltages that will maximize 
the detection for this specific case: they will be located around 2 V. Thanks to this 
insight, and as soon as the modeled CNTs match the experimental setup, the experi-
mentalists will be able to focus on specific intervals instead of having to sweep a 
broad range of gate voltages.

4.3  Thermal Transport in Carbon Nanotubes

As stated in the introduction, CNTs are excellent thermal conductors but, in prac-
tice, thermal properties are lost due to the presence defects and interfaces. In this 
section of the chapter, we address computationally the impact of defects and inter-
faces on thermal properties of CNTs [62]. To this end, we investigate the heat flow 

Table 4.1  Theoretical evaluation of the sensitivity of metallic carbon nanotubes to different gases. 
The first column indicates the kind of CNT defect considered — “ideal” standing for no defect and 
“vacancy” corresponding to an axisymmetric vacancy, as well as the functional molecule under 
focus. The transmission integrals for selected gases are reported in the other columns. Values ful-
filling condition 4.5 are highlighted in bold
Defect/Function CH4 CO CO2 H2O H2S NH3 NO NO2

Ideal/none 0.00 0.00 0.00 −0.02 −0.03 −0.07 −0.41 −0.67

Ideal/NH2 0.02 0.01 0.00 0.02 0.06 0.05 −0.02 0.03
Ideal/OH 0.02 0.01 0.03 0.06 0.03 0.14 0.06 0.17
Vacancy/none 0.02 −0.01 0.07 0.06 0.10 – −0.18 0.08
Vacancy/CF3 −0.01 −0.01 0.01 – 0.00 0.04 −0.00 0.00
Vacancy/COOH 0.12 0.10 0.13 0.12 0.10 0.12 0.11 0.11

Table 4.2  Theoretical evaluation of the sensitivities of semi-conducting carbon nanotubes to dif-
ferent gases. The first column indicates the kind of defect considered — “ideal” standing for no 
defect and “vacancy” corresponding to an axisymmetric vacancy, as well as the functional mol-
ecule under focus. The transmission integrals for selected gases are reported in the other columns. 
Values fulfilling condition 4.5 are highlighted in bold
Defect/Function CO H2O H2S N2 NO NO2 O2 SO2 SO3

Ideal/none −1.09 −1.16 −1.18 −1.15 −1.14 −1.21 −1.18 −1.16 −1.19
Ideal/NH2 −0.02 −0.01 −0.01 −0.00 −0.00 0.05 −0.00 0.02 0.05
Vacancy/COOH −0.02 −0.05 −0.14 0.02 −0.06 −0.12 −0.05 −0.05 0.03
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at the CNT/air and CNT/water interfaces via non-equilibrium classical molecular 
dynamics (MD) simulations. In addition, we complete the description with an es-
timation of the impact of defects on CNT’s thermal conductance using First Prin-
ciples calculations.

4.3.1  Computational Details

We describe now the computational details of our classical MD simulations of a 
(10,10) CNT immersed in either air or water. The First Principles calculations on 
the defected CNTs are also described.

4.3.1.1  Air/CNT System

Classical MD simulations were performed using the large-scale atomic/molecular 
massively parallel simulator (LAMMPS) molecular dynamics code (version De-
cember 2011) from Sandia National Laboratories (Albuquerque, New Mexico) 
[63]. All MD simulations considered a single 40 nm long (10,10) CNT (6520 car-
bon atoms) immersed in a bath of air molecules (see setup depicted in Fig. 4.12) 
maintained at 1 atm or 10 atm to investigate the effect of pressure. The ratio of N2/O2 
number of molecules was the one corresponding to normal air (0.78/0.22). In total, 
we used 1600 air molecules (1248 nitrogen and 352 oxygen molecules) for the 1 atm 
case and 10 times more for the 10 atm system. The system was placed in a cubic box 
of volume 400 Å3. An ideal armchair (10,10) CNT has 40 carbon atoms per unit cell, 
a diameter of 13.562 Å, and translation period of length 2.461 Å. Thus, our system 
contains 163 unit cells along the nanotube axis, which is sufficient to minimize 
finite size effects on thermal transport properties. Periodic boundary conditions 
(PBCs) were imposed in all directions so that the CNT is essentially infinite in the 
axial z direction. The PBC eliminates the effects of phonon-boundary scattering. 
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Vds ranging from 0 to 1 V. b Shifts of the pseudo Fermi energy level induced by the gate voltage of 
the device in the same condition as in a ( see text)
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The x and y dimensions of the simulation cell were large enough so as to minimize 
the interaction of the CNT with its own periodic images in the lateral perpendicular 
directions.

The Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO)  [64] 
potential model was employed to approximate the bonded as well as the non-bond-
ed Lennard-Jones dispersion-repulsion interactions in the CNT. The AIREBO force 
field is an improvement of the well-known Brenner potential.  [65, 66]

The air molecules were considered explicitly as diatomic molecules. The covalent 
bond in nitrogen and oxygen molecules was described by a Morse-type potential:

 (4.6)

with dissociation energy D =9.7597 (5.1147) eV, equilibrium internuclear distance 
req = 1.098 (1.207) Å, and α= 2 642.  (2.680) Å-1 for nitrogen (oxygen) molecule. 
The actual experimental molecular parameters are very close; namely, D = 9 8.  
(5.1) eV and req = 1 09.  (1.21) Å for nitrogen (oxygen) molecule.

The several intermolecular interactions were modeled with the usual 6–12 
Lennard-Jones (LJ) potential:

 
(4.7)

The LJ parameters were taken from [67] and are collected in Table 4.3. The LJ cutoff 
radius was set to 14 Å in all our CNT/air MD simulations. Clearly, our modeling of 
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Fig. 4.12  Snapshot of an 
equilibrated 400 Å long 
(10,10) carbon nanotube 
with 16,000 air molecules 
at 10 atm. The figure shows 
a cylindric halo of air mol-
ecules around the nanotube. 
A close-up view is shown 
down to the right. Nitrogen 
(oxygen) atoms are depicted 
as blue (red) dots, while the 
nanotube is the horizontal 
cylindrical structure of cyan 
color
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the interaction between the CNT and air molecules is too simplified because it ne-
glects, among other aspects, the different adsorption topologies (air molecule over 
C-C bond, atop a C atom, or at the center of an hexagon). Nonetheless, we remark 
that no consensus has been yet achieved on the adsorption energetics of these mol-
ecules on CNT [68]. For example, Arora and Sandler [69] used the LJ parameters 

C-N 0.002 8782ε =  eV, εC-O = 0 0032401.  eV, σC-N = 3 36.  Å and σC-O = 3 19.  Å, which 
were obtained previously by Bojan and Steele [70] by fitting low coverage adsorp-
tion data of nitrogen and oxygen molecules on planar graphite sheets. Arab and 
coworkers [71] reported slightly different values for the modeling of the interac-
tion between air molecules and CNT, namely, εC-N = 0 00263.  eV, εC-O = 0 00310.  eV, 
σC-N = 3 44.  Å and σC-O = 3 23.  Å.

Typically, our MD simulations usually start off with an energy minimization of 
the system to eliminate steric clashes. The system was then equilibrated at constant 
temperature (T = 300 K) and pressure (P = 1 atm and 10 atm were used here) for 
over 0.5 ns in the isotropic NPT ensemble. We employed the Nosé-Hoover ther-
mostat and an isotropic barostat, with a coupling time constants of 10 and 100 fs, 
respectively. It was necessary to couple each subsystem (air and CNT) to a different 
thermostat to avoid non-equilibrium situations such as the coexistence of tempera-
ture gradients across the system.

After the NPT equilibration, the cell contracted slightly to the final volume of 
395.048 Å3 for the system at 10 atm and 395.106 Å3 for 1 atm case. Next, the system 
was further relaxed in the NVT ensemble at 300 K for over 2 ns. This protocol en-
sured that the system was free of internal stresses and relaxed to their corresponding 
thermodynamic state. All MD simulations used a time step of 0.4 fs, which ensured 
a very stable time propagation of the system. To further check the stability of the 
MD simulations, a subsequent equilibration in the NVE (constant energy) ensem-
ble was carried out to monitor the total energy and other thermodynamic variables 
(pressure, temperature) of the system. No drifts were observed during these NVE 
calculations as shown in Fig. 4.13.

4.3.1.2  Water/CNT System

All MD simulations of the water/CNT interface were also performed with the 
LAMMPS code [63]. For consistency with previous calculations on the CNTs, the 
carbon atoms were described using the AIREBO potential [64–66]. The SPC/Fw 
force field [72] was adopted in all simulations to model bulk liquid water in contact 

Intermolecular Pair ϵ (eV) σ (Å)
C-N 0.004 3666 3.54
C-O 0.004 8480 3.42
N-N 0.007 8877 3.68
O-O 0.009 7393 3.43
O-N 0.008 7636 3.56

Table 4.3  Lennard-Jones 
parameters for the different 
intermolecular pair interac-
tions in the CNT/air system
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with a (10,10) CNT. This flexible model is based on the well-known rigid simple 
point charge (SPC) model but reproduces better the liquid properties of bulk water. 
The SPC/Fw force field parameters are collected in Table 4.4.

The interaction between water molecules and the CNT was approximated via 
a simple Lennard-Jones 6–12 potential. The LJ parameters were taken from the 
graphite/water force field as reported in [70]. Due to the large variability in water/
CNT Lennard-Jones parameters reported in the literature, here we investigated how 
a scaling of these parameters affects the interfacial heat transfer between water and 
the CNT. Namely, the functional form adopted is the following:

 

(4.8)

where σ λ σ λOC OC( ) = / /1 6 and ε λ λ εOC OC( ) = 2  are the scaled version of the original 
Lennard-Jones parameters. In this approach, values of λ greater (less) than 1 in-
crease (diminish) linearly the relative importance of the attractive over the repulsive 
part, whereas a value of λ = 1 reverts to the original force field parameters [70]. In 
our calculations, we considered the values of 1.0 and 1.2 for λ. The resulting water/
CNT Lennard-Jones parameters are collected in Table 4.5.

All Lennard-Jones interactions between different species were truncated at 12 Å, 
while the electrostatics due to water molecules was handled by the P3M scheme [73] 
with a 12 Å cutoff in the short-range part. Separated thermostats were attached to 
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Fig. 4.13  Typical time 
evolution of the pressure (in 
atm), temperature (in Kelvin), 
and total energy (in eV) from 
our NVE/MD simulations of 
the 1 atm ( grey) and 10 atm 
( black) equilibrated systems. 
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the water molecules and nanotube subsystems to facilitate the temperature equili-
bration. The whole system was equilibrated at 300 K and 1 atm. A conservative time 
step of 0.2 fs was adopted in all MD simulations.

The molecular dynamics (MD) simulations started with the equilibration of a cu-
bic box of volume 97.61 Å3 of 30,916 SPC/Fw water molecules at 300 K and 1 atm. 
The average density from our isobaric-isothermal (NPT) MD simulations was 
1.008 g cm-1, which is in good agreement with the reported value (1.012±0.016 g cm-1)  
[72]. After several nanoseconds of equilibration, we took the final configuration and 
drilled a cylindrical cavity to insert a (10,10) CNT such that all water molecules are 
exterior to the latter. The final system contained 29,097 water molecules around a 
CNT of 1,640 carbon atoms (41 unit cells) oriented along the periodic z direction. 
Equilibration was assessed by visual inspection of the time evolution of several 
thermodynamic quantities during MD simulations in the microcanonical (NVE) en-
semble. No drifts were observed in the calculated quantities as shown in Fig. 4.14.

4.3.1.3  CNT with Defects

Pristine carbon nanotubes (CNTs) are predicted to be excellent thermal conduc-
tors. However, this ideal picture is limited by the presence of defects [48]. These 
defects, which are always present in realistic CNTs have deleterious effects on the 
overall thermal conductance of CNT. It is possibly to study the impact of these 
defects in the CNT’s thermal conductance through First Principles calculations. 
This can be done in two steps: (i) First, the formation energy of the different defects 
is calculated through Density Functional Theory (DFT). This allows us to know 
their relative abundance. (ii) Later on, the phonon scattering due to the defects is 
calculated combining Non-Equilibrium Green’s Function (NEGF) formalism with 
Brenner potential, using a Divide and Conquer strategy [74]. We remark that more 
sophisticated approaches, which include the effect of anharmonicity and phonon-
phonon interactions, can be applied to study the thermal conductivity [75]. How-
ever, those are computationally heavier and, in practice, unaffordable for the system 
sizes considered here.

Table 4.4  The SPC/Fw force field parameters introduced in [72]. The functional form K eq( )d d− 2 
was adopted for harmonic stretching (similarly for bending) interactions
dOH  
(Å)

KOH 
(kcal mol-1Å-2)

θHOH  
(deg)

KHOH 
(kcal mol-1 rad-2)

σOO  
(Å)

εOO  
(kcal mol-1)

qH 
(e)

qO 
(e)

1.012 529.581 113.24 37.95 3.165 492 0.155 4253 0.41 −0.82

λ σOC  (Å) εOC  (kcal . mol–1)
1.0 3.1900 0.074 928 2982
1.2 3.0945 0.107 896 7495

Table 4.5  The SPC/Fw 
water-carbon nanotube force 
field parameters as a function 
of parameter λ [72]
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4.3.2  Results and Discussion

4.3.2.1  The CNT/Air Interface

A snapshot of a typical configuration of the CNT/air system is given in Fig. 4.12. 
Equilibrated snapshots were taken for subsequent production runs to characterize 
the static and dynamic properties of the system. Visual inspection of equilibrated 
configurations (for a snapshot, see Fig. 4.12) reveals the presence of a concentric 
halo of air molecules around the CNT. First, we characterize the strength of the 
coupling between the CNT and air molecules via an analysis of the vibrational 
density of states. Later, non-equilibrium molecular dynamics (NEMD) simulations 
are presented to study the transport of heat due to artificial gradients imposed to 
the system.

4.3.2.2  Dynamical Properties of the CNT/Air System

The vibrational density of states (VDOS) was computed to measure the degree of 
coupling between the CNT and air molecules and is shown in Fig. 4.15. In general, 

Fig. 4.14  Instantaneous values of the temperature, internal pressure, and total energy during con-
stant energy (NVE ensemble) molecular dynamics simulations of the SPC/Fw water-nanotube 
system. No drifts are observed and the thermodynamic properties remained stable and fluctuating 
around target values during the simulation
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a large overlap between vibrational modes is associated with a more efficient heat 
transfer between them, while a mismatch in vibrational modes usually implies the 
converse. The vibrational density of states (VDOS) or power spectrum was com-
puted from the Fourier transform,

 (4.9)

of the normalized velocity autocorrelation function:

 
(4.10)

where N is the number of atoms. Due to the large volume of data generated only 
the system at 1 atm was analyzed. Figure 4.15 also shows the VDOS of a smaller 
system (a 100 Å long (10,10) CNT immersed in 150 air molecules) and confirms 
that the conclusions remain the same. From Fig. 4.15, both nitrogen and oxygen 
are expected to couple with the acoustic modes of the CNT. At high frequencies, 
however, oxygen gas couples to the so-called G mode of the CNT (1600 cm-1) better 
than nitrogen molecules, whose stretching vibrations fall outside the spectral range 
of CNT. The calculated fundamental stretching frequencies of isolated nitrogen and 
oxygen molecules are 2238.16 and 1504.37 cm-1, respectively, which agree well 
with the experimental values of 2358 (1580) cm-1 for nitrogen (oxygen).

4.3.2.3  Non-Equilibrium Molecular Dynamics Simulations  
of the CNT/Air System

After equilibration, thermal transport properties were computed by introducing an 
artificial temperature gradient across the system. To this end, we have performed 

VDOS exp i Cvv( ) ( ) ( ) ,ω ω= −∫ t t dt

N

1

C ( ) (1/ N) (0) ( ) / (0) (0) ,
=

= 〈 ⋅ 〉 〈 ⋅ 〉∑ v v v vvv i i i i
i

t t
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Fig. 4.15  Vibrational density 
of states (VDOS) of a 400 Å 
long (10,10) CNT and 1600 
air molecules at 1 atm. In 
grey, it is shown the VDOS 
of a smaller system, a 100 Å 
long (10,10) CNT immersed 
in 150 air molecules. In both 
cases, only oxygen molecules 
show significant coupling 
at high frequencies with the 
vibrations of the CNT, which 
occurs in the spectral region 
of about 1600 cm-1. The 
number of atoms is indicated 
in parentheses
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temperature jump MD simulations in which we suddenly raised the temperature of 
the CNT in an otherwise equilibrated system. Then, we followed the time evolu-
tion of each subsystem temperature in the microcanonical (NVE) ensemble. More 
specifically, the method consists of imposing a sudden rescaling of the velocities 
of carbon atom in the CNT to match the preset temperature (400 K). Then, we al-
low the system to thermally relax at constant energy and volume conditions (NVE 
ensemble). We monitor the temporal temperature profile of the air molecules and 
CNT to understand the time evolution of the heat transfer. This setup actually re-
sembles the experimental conditions, where the heat is dissipated from a source to 
the environment.

Figure 4.16 shows the temperature decay of an initially heated CNT at 400 K 
embedded in a bath of air molecules at 300 K at 1 atm (Fig. 4.16a) and 10 atm 
(Fig. 4.16b). The displayed curves are the average over 10 independent MD tra-
jectories that started from totally uncorrelated and equilibrated configurations. The 
total simulation time was 1.6 ns for the 10 atm system (Fig. 4.16b) to reach steady 
state and up to 2 ns for the 1 atm case (Fig. 4.16a).

From Fig. 4.16, it is clear that larger pressures favor faster cooling of the initially 
heated CNT. This result is not surprising since the impingement rate r of an ideal 
gas on a surface is linearly proportional to the pressure P according to the expres-
sion r mk= P TB/ ,2π  where m is the mass of the gas molecule and kB is the 
Boltzmann constant.

To be more quantitative, the time evolution of the temperature of each subsys-
tems was fitted to a Newton-like cooling-heating law equation,

 (4.11)

where T∞  is the steady-state temperature (once all transients die off), T0
 is the ini-

tial temperature, and τ is a relaxation time constant. Thus, a larger relaxation time 

T =T + T -T exp - /0( ) ( ) ( ),t t∞ ∞ τ

Fig. 4.16  Time evolution of the temperature of a 400 Å long (10,10) CNT (initially heated at 
400 K) and air system (initially at 300 K) at different total pressures. a at 1 atm. b at 10 atm. The 
curves are the average over 10 independent MD trajectories. Fits to the Newton cooling-heating 
law Eq. 4.11 are shown by the grey solid and black dashed lines
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τ implies a slower decay to the final temperature T∞ . The fitted parameters are col-
lected in Table 4.6. The inverse time constant can be expressed mathematically as
 

(4.12)

where A is the superficial area of contact, CP is the specific heat at constant pressure, 
m is the mass of the nanotube, h is the coefficient of heat transfer between the CNT 
and the air (power per unit of area and temperature difference). The ratio,

 (4.13)

allows us to cancel several unknowns and affords a quantitative measure of the dif-
ference in efficiency with respect to air pressure. Thus, it is estimated that at 10 atm, 
the heat transfer between the nanotube and the air is about 9 times more efficient 
than at 1 atm, in agreement with the ideal gas law prediction.

4.3.2.4  Non-Equilibrium Molecular Dynamics Simulations  
of the CNT/Water System

A snapshot of a typical equilibrated CNT/water configuration for the scale param-
eter of the used Lennard-Jones functional of Eq. 4.8 taken to λ = 1 0.  is shown in 
Fig. 4.17. Similar MD calculations were repeated for λ = 1 2.  to gauge the impact 
of the water/CNT force field parameters in the interfacial heat transfer. These 
simulations proceed similarly as in the CNT/air case. We performed temperature 
jump MD simulations in which the temperature of the CNT was suddenly raised 
to 400 K in an otherwise equilibrated system at 300 K and 1 atm. The temperature 
jump of the CNT was achieved by a simple rescaling of the carbon velocities 
to match the target value (400 K) at the beginning of the non-equilibrium NVE/
MD simulation. We monitored the cooling of the nanotube as time progresses 
during this simulation. An average over five independent trajectories is shown in 
Fig. 4.18a–b for values of λ = 1 0.  and 1.2, respectively. As expected, the presence 
of a condensed phase as water provides a more efficient way of cooling than the 
previously studied case of air. In the latter case, the CNT did not cool down to 
ambient temperature even after 1.6 ns, whereas for the case of water the relaxation 

1

τ
=

Ah

mCP

,

τ τ
− − = ≈1 1 9 15( ) / ( ) ( ) / ( ) . ,10atm 1atm 10atm 1atmh h

Table 4.6  Fitting parameters according to Newton’s cooling law Eq. 4.11 for the time evolution 
of the temperature shown in Fig. 4.16
Subsystem Pressure ( )T T0 − ∞  (K) T∞  (K) τ

−1  (1/ps)

CNT 10 atm 24.615 320.142 0.004 535
CNT  1 atm  5.695 344.608 0.000 495
AIR 10 atm −8.724 308.054 0.001 654
AIR  1 atm −35.493 337.924 0.000 236
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just took about 200 ps. Figure 4.18 clearly shows that a greater water/CNT cou-
pling leads to a better heat transfer. The water bath hardly changed its temperature 
due to the large heat capacity of water and the presence of large number of these 
molecules.

We fitted the temperature decay of the nanotube according to the Newtons cool-
ing law Eq. 4.11. The fitted parameters are displayed in Table 4.7.

As explained before, a large value of the parameter τ −1 is related to a more ef-
ficient heat transfer. The table shows that a larger coupling between CNT/water 
results in a more effective heat transfer. Taking the ratio between τ −1  values yields 
a quantitative measure of the difference in heat transfer between the two MD simu-
lations. The cooling of the CNT in water with λ value of 1.2 takes place about 1.42 
times faster than with λ = 1 0. .  Finally, we note that the fitted parameters for τ −1  
(Table 4.7) are much greater than the ones corresponding to the CNT/air interface 
(Table 4.6). This results underlines the superior efficiency of water as a cooling 
agent over the air when dissipating heat from CNTs.

4.3.2.5  Impact of CNT Defects on Thermal Transport

As mentioned before, real CNTs have defects which limit the intrinsic thermal 
conductivity of these nanostructures. To investigate how defects affect the thermal 
properties of CNTs, first, we calculated their formation energy in pristine CNTs to 
estimate probability of ocurrance; and then we estimate computationally the reduc-
tion in thermal conductance due to defects.

Fig. 4.17  Snapshot of a typi-
cal equilibrated configuration 
of the SPC/Fw water/CNT 
system. Oxygen ( hydrogen) 
atoms are depicted as red 
( white) spheres, while carbon 
atoms are the cyan spheres. 
View along the nanotube 
axis. A cylindrical shell of 
water molecules around the 
nanotube was colored as CPK 
for clarity
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In our DFT analysis of the formation energies of defects in CNTs we considered 
three of the most common defects in CNTs, which have been extensively studied in 
the literature [76–82]: (i) Stone-Wales (SW), (ii) Mono-vacancies (MV), and (iii) 
Di-vacancies (DV). In all cases, the defects can be oriented in two possible configu-
rations (parallel and perpendicular to the CNTs axis, see Fig. 4.19). Moreover, an 
additional type of di-vacancy structure, with a bigger reconstruction, is also studied 
(see also Fig. 4.19).

It is surprising that the DVs are more stable than MVs (see Fig. 4.20). However, 
in DVs, all the C atoms are three-fold coordinated, whereas in mono-vacancies, one 
of the C atoms is two-fold coordinated, making the structures rather unstable. It is 
observed a general trend: The formation energies increase upon the size of the CNT 
increase. This is due to the curvature effects (more important in small radii CNTs), 
that stabilize the defects. In the case of the zigzag CNTs, this is not strictly true and 
an oscillatory behavior can be observed. This is because not all the CNTs are metal-
lic—only the (3p,0) are—whereas all the armchair ones are. All these findings are in 
good agreement with previous works in the literature [18, 76–78, 80–82].

The main conclusion of this part is that the di-vacancies and Stone-Wales are the 
most stable defects on CNTs. However, all the studied defects have small enough 
formation energy so that all could be created during the growing process of CNT, 
that usually takes place at high temperatures. Regarding the scattering that these 
defects produce in the phonon transport in CNTs, firstly we calculate the thermal 

Table 4.7  Fitted parameters for different values of the parameter λ of the temperature decay 
shown in Fig. 4.18 of the (10,10) carbon nanotube surrounded by SPC/Fw water molecules accord-
ing to Newton’s cooling law of Eq. 4.11
λ T T0 −( )∞  (K) τ

−1 (ps-1) T ∞  (K)

1.0 49.899 0.015 0851 301.134
1.2 48.712 0.021 4132 299.248

Fig. 4.18  Time evolution of the temperature of carbon nanotube (CNT in legend) and water bath 
in a non-equilibrium NVE/MD simulations. The curves are the average over five independent 
trajectories. The plot also shows the fitted curve according to the Newton’s cooling law (see text). 
a the value of coupling CNT/water parameter was λ = 1 0. . b coupling CNT/water parameter was 
λ = 1 2.
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conductance of the pristine CNTs at room temperature (see Fig. 4.21a). As salient 
features, we find that the conductance does not depend on the chirality of the CNTs 
and scales linearly with its diameter (i.e. the thermal conductance is an intrinsic 
property of CNTs and is proportional to the number of C atoms of the CNT). When 
a defect is introduced in the CNT, a scattering process occurs and the thermal con-
ductance is reduced by a factor F with respect to the pristine CNT. The results for 
the zigzag CNTs are shown in Fig. 4.21b (similar trends are obtained for armchair 
CNTs). Obviously the impact of a defect decreases as the radius of the CNT increas-
es. This is because phonons can find alternative pathways to propagate easier in 
wider CNTs rather than in narrower ones. The impact of all investigated defects on 
CNT’s thermal conductance is very similar, with the exception of the reconstructed 
di-vacancy, which reduces the conductance 20–30 %. We remark that for the (7,0) 
CNT with a Stone-Wales defect, our reduction factor (0.81) agrees quite well with 
a previous NEGF calculation (0.82) [83].

Finally, with all these data, we can use the Divide and Conquer strategy to in-
vestigate how the thermal conductivity decays with the concentration of impurities. 
Figure 4.22 shows the results for SWs and DVs in a zigzag (7,0) nanotube as an 
example. The results are very similar for other defects and CNTs.

4.4  Concluding remarks

In summary, we have presented a fundamental exploration of the properties of CNT-
based gas sensors and thermal conductors, both at the experimental and theoretical 
levels. We have provided a methodology to perform a computational screening of 
functionalized CNTs for gas sensing and described the interfacial thermal dynamics 
of CNTs in contact with air or water.

Fig. 4.19  The seven different defects studied in this chapter (in armchair CNTs). Bottom-Right: 
The 5-7-5-7-5-7 more reconstructed divacancy
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Fig. 4.21  a Thermal conductance of CNTs vs. their diameter. The data for armchair ( blue circles) 
and zigzag ( red squares) CNTs are shown all together since the conductance does not depend on 
the chirality. b Reduction factors F for the different defects in zigzag CNT as a function of their 
radius

 

Fig. 4.20  Formation energies for different types of defects. a in zigzag CNTs. b in armchair CNTs
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Fig. 4.22  Reduction factor 
by a SW ( solid line) and 
DV ( dashed line) defects in 
a zigzag (7,0) CNT vs. the 
concentration of defects
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Regarding gas sensing, we can conclude that, at the experimental level, the sen-
sitivities of the sensors for the investigated analytes are limited in terms of absolute 
change of channel resistivity and gate effect. The following conditions are essential 
to achieve improved sensor performance:

1. CNT films show non-linear behaviors, i.e. are diluted networks. Positive gate 
is applied, i.e. a larger Schottky barrier is seen by the carriers to inject from the 
semiconducting nanotubes to the metallic ones. This is confirmed by the theo-
retical results, which additionally point to reduced intervals of gate voltages.

2. Low channel bias is applied, since only a small fraction of the carriers can pass 
the barrier and any local modulation of the field (gas absorption on the CNTs 
nearby the junctions) can induce large relative changes in the channel current.

3. Increasing the temperature of the sensor with an integrated heater. Actually, a 
small increase (up to +50° C) may be needed to improve significantly the sensi-
tivity (in the case of NO).

4. The role of the buffer gas is crucial as it might react with the analyte. NO in an Ar 
buffer induced insignificant change of any sensor parameter, while in a synthetic 
air buffer NO oxidizes to NO2, bringing the detection limit lower than 1 ppm.

The main challenge is to find molecules that do not passivate the CNTs, and this is 
where calculations can bring significant contributions. From the theoretical point 
of view, the combination of DFT and NEGF formalisms allow for a qualitatively 
correct description of the intrinsic transport properties of the CNT-based sensors. 
To be fully quantitative, one has to span a representative sample of the various con-
figurations encountered in real systems, including varying CNT chiralities, defect 
densities, rate of functionalization, and the surrounding environment of each CNT. 
In any case, the calculations have to take the techniques used to produce the sensor 
into account. In order to efficiently speed-up the selection of functional molecules, 
the theoretical and experimental works have to be performed in tight collaboration, 
since the calculation results have to reflect the experimental choices, in addition to 
be accurate. With the advent of higher computing power and the currently progress-
ing integration of the available software, it will be possible to address this kind of 
devices more and more accurately and get much closer to the experimental condi-
tions. In the near future, the theoretical study of multiple nanotubes at once in con-
tact with a mix of gases will become accessible at the quantum level, while a better 
and faster processing of the signal will occur at the experimental level.

CNTs are known to be excellent thermal conductors and represent, therefore, 
ideal candidates for micro-electronics cooling. In general, the presence of an inter-
face results in a degradation of the thermal transfer properties of CNT. Extensive 
classical molecular dynamics simulations have been carried out to understand the 
interfacial transfer of heat between a CNT and the air. To this end, we investigated 
computationally a 400 Å long (10,10) CNT immersed in a large bath of explicit air 
molecules. We monitored the time evolution of the temperature of each subsystem 
under non-equilibrium conditions. The unit cell was filled with varying amounts of 
air molecules (a total of 1600 and up to 16000 air molecules were used) to elucidate 
the effect of pressure on the heat transfer across the interface. We have demonstrat-
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ed that higher air pressures lead to more efficient heat dissipation from the CNT. 
From the analysis of the vibrational density of states, we conjecture that oxygen 
molecules may be more effective in such dissipation process as they exhibit strong 
overlap with the vibrations of the nanotube ( G-band mode). Finally, from temper-
ature-jump molecular dynamics simulations, we estimate that the system at 10 atm 
is about 9 times more efficient at dissipating heat than the system at 1 atm, which is 
consistent with the ideal gas behavior. The relation between efficiency and pressure 
was found to be approximately linear within the investigated pressures. As for the 
CNT/water interface, our molecular dynamics simulations confirm that water is a 
more efficient cooling agent than air. The cooling efficiency in presence of water is 
significantly greater than in presence of air, easily by one order of magnitude. We 
have shown that larger Lennard-Jones coupling between water and CNT subsys-
tems favors a more efficient heat dissipation of the CNT to the water. In summary, 
our molecular dynamics simulations have convincingly shown the role of gas pres-
sure on heat dissipation from CNT and the effect of the coupling between CNT and 
water on the overall thermal transport properties.

The current work has focused on the atomic scale, in order to examine the very 
mechanisms of the physical and chemical processes involved in gas detection and 
heat transfer. The comparison of the experimental and theoretical results show that 
the individual contributions of the basic components—in this case the CNTs—play 
an essential role in the qualitative understanding of these processes, and account 
for a significant part of the quantitative results. They constitute a solid base for the 
elaboration of larger-scale models, which will bring forward this understanding to 
other important aspects of the devices: collective outcome when having CNT net-
works, contacts with electrodes, mixing of CNT chiralities and diameters, et c. In 
the near future, by growing sufficiently comprehensive databases, it might be pos-
sible to evidence general trends that will make it easier to manufacture, among other 
things, nanoscale CNT-based sensors and cooling systems. In parallel, the currently 
ongoing progress in understanding the properties of graphene might as well bring a 
growing body of very useful information.
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