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Preface

The main trend in the nanoelectronics is connected with hybrid structure creation
and production using carbon nanotubes (CNT), which have been specially devel-
oped up for silicon integral circuits. In this case one can naturally combine modern
microelectronic achievements with the CNT advantages and thus produce
large-scale integrated circuits (LSIC) with several new and unique properties. This
method adds additional possibilities to the production and use of new devices with
built-in microwave range receivers and emitters for irradiation, cold emission, etc.,
as well as various magnetic, chemical, and biological sensors for use in LSIC. Thus,
a new direction has emerged for the general development of microelectronics. This
development is known as silicon–carbon nanoelectronics and allows the combi-
nation, within a single crystal, of the properties of both silicon and carbon struc-
tures, widening the characteristics of the usual planar LSIC and/or unique carbon
structures. The approach extends and magnifies the possibilities of digital treatment
of information and signals.

The characteristics of CNTs are very important to practical usage: they can
conduct an electric current of very high density (up to value 109 A/cm2), emit
electrons from their ends at low temperatures (cold electron emission), radiate light,
etc. However, to combine CNT growth with existing silicon planar technologies it
is necessary to know how their properties can be controlled and regulated. Property
control of CNTs is connected mainly with the doping and adsorption of the various
atoms and molecules.

This book provides information regarding the control of the electronic properties
of CNTs. It is shown that doping and adsorption lead to a change in the electronic
structure of the tubes as well as to the appearance of impurity states in the HOMO–
LUMO gap. The book presents thermodynamic calculations for the formation of
impurities and defects in the interaction of the nanotubes with hydrogen, oxygen,
nitrogen, and boron. These calculations are based on the thermodynamic theory of
self-organization of defects in solids, which was developed by the authors of this
book. This model allows the calculation of results of self-organization of structural
elements in multicomponent systems, including CNTs and clusters and precipitates
in condensed matter, and also assists understanding the formation of nanodroplet
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catalysts for the growth of CNTs. This model is adapted to the doping of carbon
nanotubes. The authors provide specific calculations for doping carbon nanotubes
with oxygen, hydrogen, nitrogen, and boron. They compare their thermodynamic
calculations with many experimental results that are presented in the scientific
literature. In particular entropy and enthalpy of the introduction of impurities in
carbon nanotubes are calculated after comparing their calculations with experi-
mental data. The possible directions for technological processes of optimization, as
well as the perspectives of p–n transition creation by CNT arrays are pointed out.
Although the scientific literature has accumulated a large empirical knowledge of
doping nanotubes, one problem is the lack of a theoretical model for analysis. This
book overcomes this. Analysis of a large number of experiments, based on the
theoretical model, allows for an understanding of the processes of doping carbon
nanotubes.

The book is a collective monograph written by the specialists of the Russian
Academy of Sciences Microelectonics Nanotechologies Institute. It contains six
chapters. In Chap. 1 the general problems associated with nanotube properties and
control are considered, especially in connection to their doping and adsorption. In
Chap. 2, the thermodynamics of these processes is studied and some equations are
derived, connecting the doping admixture concentrations with the technological
process conditions and features of the doping atom interactions with a graphene
lattice. Chapter 3 is devoted especially to hydrogen that can be regarded as an
etalon element, allowing the consideration and the undertaking of many experi-
ments and calculations or approval of various experiments and technologies, con-
nected with doping. The problem of a limiting degree for CNTs being filled by
hydrogen is considered in connection with hydrogen energetics. Chapters 4 and 5
are devoted to main, widely used, technological admixture atoms (oxygen and
nitrogen), playing an important role in a CNT property regulation. In the last,
Chap. 6 the problem of nanotube doping by acceptors (including boron) is con-
sidered, as well as the perspectives of the p–n transitions creation on CNT arrays.

We hope that the book help the scientists, students, and post-graduates to gain
orientation in the field of CNT property regulation problems as well as gaining
knowledge about CNT doping regularities and the arising structure characteristics
in connection with used technological process conditions.

The edition was supported by RF Ministry of Education and Science under the
framework of the State Program of scientific research support.

Moscow, Russia Prof. Alexandr Saurov
Academician of the Russian Academy of Sciences
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Abstract

This book provides information regarding the control of the electronic properties of
carbon nanotubes. It is shown that doping and adsorption lead to a change in the
tubes electronic structure as well as the appearance of impurity states in the
HOMO–LUMO gap. The book presents thermodynamic calculations of the for-
mation of impurities and defects in the interaction of the nanotubes with hydrogen,
oxygen, nitrogen, and boron. These calculations are based on the thermodynamic
theory of the self-organization of defects in solids, which was developed by the
authors of this book. This model allows the calculation of results of the
self-organization processes of structural elements in multi-component systems,
including carbon nanotubes, clusters and precipitates in condensed matter, as well
as providing an understanding of the formation of nanodroplet catalysts for growth
of carbon nanotubes. This model in the book is adapted for the doping of carbon
nanotubes. The authors provide specific calculations for doping carbon nanotubes
with oxygen, hydrogen, nitrogen, and boron. They compare their thermodynamic
calculations with many experimental results that are presented in the scientific
literature. In particular the entropy and enthalpy of the introduction of impurities in
carbon nanotubes are calculated after comparing calculations with experimental
data. Possible directions for technological process optimization, as well as the
perspectives of p–n transition creation by carbon nanotube arrays are indicated.
Although the scientific literature has accumulated a large empirical knowledge of
nanotube doping, this book analyzes a large number of experiments, based on
theoretical models, allowing an understanding of the processes of doping carbon
nanotubes. The book is intended for students, post-graduates, and researchers,
connected with various investigations and applications in the field of nanoelec-
tronics in general.

This edition was supported by RF Ministry of Education and Science under the
framework of the State Program for scientific research support.
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Chapter 1
Adsorption and Doping as Methods
for the Electronic Regulation Properties
of Carbon Nanotubes

Alexandr Saurov

Abstract This chapter contains general information about the doping of carbon
nanotubes, which allows the reader better understand the main problem addressed
in the book. It examines the interaction of gas molecules with the graphene lattice,
discusses the differences between physical and chemical adsorption, as well as the
differences between chemical adsorption and doping.

This chapter contains general information about the doping of carbon nanotubes,
which allows the reader better understand the main problem addressed in the book.
It examines the interaction of gas molecules with the graphene lattice, discusses the
differences between physical and chemical adsorption, as well as the differences
between chemical adsorption and doping.

Carbon nanotubes (CNT) are worthy of special attention from researchers and
developers of modern electronic devices [1, 2] for their unique mechanical, elec-
trical, and optical properties, which they exhibit in numerous experiments and
applications [1]. They have branched surfaces (achieving hundreds of square meters
per gram), that define their high sorption ability [2, 3], allowing CNT to adsorb
great amounts of inert gases, hydrogen, metals, water, etc. Studies of adsorption
process reveal their nature and characteristic parameters and is now one of most
significant problems facing nanotechnology in general [4, 5]. Another important
problem of CNT is connected with capillary phenomena, when the various sub-
stances are “drawn in” to the tubes [6]. This effects their study both theoretically [7]
and experimentally [8–10]. This is important not only as an investigation of theses
interesting objects, but also as an instrument of nanotube electrical property control
and regulation.

Single-wall carbon nanotube (SWNT) properties depend on both their structure
and morphology (chiral vector, length, diameter, the presence of closed or open
ends, defects, etc.). The method of growing CNTs with certain and planned

A. Saurov (&)
Institute Nanotechnology of Microelectronics, Russian Academy of Sciences,
Moscow, Russia
e-mail: a.saurov@tcen.ru

© Springer International Publishing AG 2017
S. Bulyarskiy and A. Saurov (eds.), Doping of Carbon Nanotubes,
NanoScience and Technology, DOI 10.1007/978-3-319-55883-7_1

1



architectures should allow access to tubes with the required properties. Note, that
the technique of growing CNTs and their refinement is permanently improving.
Perhaps this problem will be solved in near future, although even now we can
influence the growth of SWNT structures. We have effective methods, allowing the
introduction of defects into CNT [11], to open the closed ends and cuts the tubes,
decreasing their length [12–14].

It is sufficiently difficult to divide doping and adsorption processes for CNTs,
because the CNT (just as the graphene plane itself) presents a continuous and entire
surface. Therefore, the usual doping notion (an introducing of an admixture into the
substance) is not applicable. We must initially define a special notion known as
“CNT doping” as a process, when an admixture atom substitutes the basic atom in a
carbon network node. This definition is near to the common doping notion, but is
also near to the notion of “chemisorption”, when an admixture atom creates
chemical bonds with the basic substance atoms, located at a surface. Nevertheless,
we consider that the adsorption process includes all processes where a foreign atom
interacts with a carbon network surface, but does not substitute the lattice atom.

It seems likely that in the CNT case it is impossible to use the notion of free
charge carrier concentration to assess the results of doping. For example, oxygen
adsorption favors the whole concentration growth in nanotubes, but oxygen does
not replace the lattice carbon atoms and does not even form any chemical bonds
with these atoms [2, 15, 16]. This is because the oxygen interaction with a CNT is a
typical example of physical adsorption, which cannot change the CNT conductance.
It is connected with the fact that CNTs under adsorption change their electron
structure and consequently their main corresponding properties [17, 18].

The studies and understanding of these processes, as well as development of
adequate mathematical models can form a grounding for new perspective tech-
nologies, allowing the production of new devices on CNT bases. The adsorption
and doping processes are now the main tools for CNT property control and
regulation.

Doping and encapsulation. In classic microelectronics for material electronic
properties, doping is used (i.e., an impurity atom is introduced into the sample
volume). The impurity atoms introduced into the CNT arrays can occur in the
graphene lattice or occupy the inter-wall channels, thus we name it “volume dop-
ing”. For the SWNT the problem of doping is more complicated, because the
SWNT presents a graphite sheet, being rolled up into a cylinder, i.e., into a con-
tinuous surface. We can consider an impurity introduced into the hollow nanotube
inner space as “volume doping”, i.e., for SWNT this encapsulation process can be
considered as a variant of volume doping. Moreover, the usual substitution doping,
when one carbon network atom is replaced by an admixture atom, must be con-
sidered and named as “surface doping”.

Doping and adsorption. The doping affects on the electronic structure and the
conductance of nanotubes but this influence dose not exclude the others local
methods of CNT electronic property modification. We can change the structure and
the conductance of SWNT by adsorption of any atoms. Adsorption can have a
physical or chemical nature (chemisorption). For example, some experiments are

2 A. Saurov



demonstrating that even weak physical adsorption of oxygen and nitrogen on a
CNT can change their conductance. Chemisorption with the formation of an
adsorbent new covalent or ionic bond with a nanotube is a more powerful tool for
influencing SWNT properties. Even hydrogen (which in a physically adsorbed state
practically has no influence on CNT conductance) in a chemisorbed state suffi-
ciently affects their resistance. Chemisorption influence on tube conductance is
comparable with a doping influence, but can be more easily realized practically.

Doping and chemisorption. The separation of chemisorption and adsorption for
SWNT seems to be a conditional one. In both cases are formed some new chemical
bonds between the adsorbed atom and the nanotube carbon network. As this takes
place, so proceeds a sufficient change of the systems’ electronic spectra and
properties, as well as charge transport. For example, for nitrogen doping on SWNT
we have two well-known doping mechanisms with near energy parameters: first,
classical substitution (graphite-type) doping; second, pyridine-type doping. The
chemisorption of the impurity atoms can be realized on both external and internal
surfaces of a nanotube, and the case of internal chemisorption can be considered as
volumetric adsorption.

The adsorption can have an accentuated applied meaning, for example, as a
process allowing the design of hydrogen storage. The first investigation of CNT
adsorptive abilities in respect to hydrogen gave very optimistic results. For
example, Dillon obtained a value of 5–10 wt% [19], Chen obtained 10–20 wt%
[20], whilst in other work [21–24] values of more than 8 wt% at 80 K and 10 MPa
have been achieved. Note also, that the physical adsorption efficiency is connected
with tube curvature [25] and an intensive adsorption runs into the tubes and pores,
formed by tube bunches [21, 26–28], not considering the defect influence [22, 29].

The adsorption process plays an important role in the mechanisms of charge
carrier transfer or carrier emission, and therefore the adsorption parameters must be
defined to create any controlling technologies. The main method used to define
these parameters are studies of the adsorption process kinetics, and particularly the
gravimetric measurements under desorption. To obtain a definition of the adsorbed
atoms or molecules energies and numbers it was first necessary to develop a general
thermodynamic model of adsorption. In this book, such a model is generated on the
basis of the Gibbs free energy minimization method studies [30–32]. The foun-
dations of our calculation are described in several publications [33, 34].

The adsorption processes on carbon nanotubes have some important peculiarities
in comparison with the adsorption on a volume substance. First, the tubes are
charged and therefore there can appear with strong electric fields at their ends.
Second, the nanotube surface has strong inner elastic stresses. Moreover, in a
multilayer CNT every tube has its own field of elastic stresses, which increase with
a decrease in tube radius. Hence, the adsorption processes in single-wall and
multi-wall nanotubes are different in their features and respectively this difference
must be taken into account in theoretical models and calculation algorithms for the
adsorption process parameters in these cases. In general, the CNTs in terms of their
structure are placed between graphene and fullerene [1, 6].
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A detailed review of CNT adsorption is presented in a survey by Eletzky [6].
Adsorption theoretical models have been developed by [35]. Calculations [15, 16]
have shown that for any adsorption type, the forbidden zone width narrows, but this
effect is weaker for physical adsorption case. At high adsorbate, concentrations
appear at discrete levels, splitting off from corresponding zones, with their positions
changing with changes in the adsorbate donor–acceptor properties and concentra-
tions. It is obvious, that this situation affects the CNT optical and electric properties,
and this effect can be used for practical purposes. Thus, adsorption changes the
electronic properties of the “CNT–adsorbate” system, and this can be used to create
various types of sensor.

The authors of one piece of research [36] obtained analogous results. In par-
ticular, they showed that under physical adsorption of the complex organic mole-
cules there proceeds a localization of the charge carriers on CNT, which defines
some change in the nano-conductor resistance. The energy spectrum depends on the
molecular system rigidity. A crystallization of the coating leads to a step-wise
rigidity change with a step-wise growth of CNT conductance. The theoretical
calculations were affirmed by the results obtained by the molecular dynamics
method [37]. The adsorbed addend can be movable ones [36], and it was affirmed
by Monte-Carlo experiments.

From the scientific literature data we can conclude that at low temperatures (up
to 150 K) the adsorption is mainly physical in character with stable bonds between
carbon and adsorbent not being formed. The physical adsorption is usually caused
by various natural forces (van der Waals interactions, electrostatic polarization,
etc.), characterized by an absence of exchange interaction, peculiar to the
chemisorption. Under physical adsorption processes of the molecule decomposition
into atoms, along with their recharging, does not occur, hence we can neglect the
electronic processes. Note, that hydrogen physical adsorption is observed at low
temperatures (up to 80 K) and its content is no more than 1.2 wt% of hydrogen.
Such a small value of physical adsorption is connected with the fact that chemical
bonds are not forming.

Chemisorption is characterized by the formation of covalent or ionic bonds, as
well as an adsorbate changing theirs charge. The adsorptive abilities of nanotubes
increasing in this case, but the adsorption process itself is more complicated,
because for chemical bond formation the adsorbate must overcome a potential
barrier. If the adsorbate (i.e., as for the case of hydrogen) exists in a molecular form,
it must be transformed in an atomic form. At the same time the forces holding the
adsorbate in place are stronger under chemisorption, something which arises from
the amount of adsorbed substance. These properties make chemisorption a
prospective process for hydrogen energetics in general (i.e., for creating hydrogen
storage devices with working temperatures, exceeding the room temperature).

Investigations of the graphite paramagnets [38] and adsorptive characteristics
[39] have shown that the nature of bond hybridization is changing for the adsorbent
atom, on which the adsorption proceeds: namely sp2p-hybridization transforms into
s2p2-hybridization. This means that one of the carbon r-bonds is being torn apart,
whilst the two free bonds join the two hydrogen atoms (formed after the molecule
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dissociates). There are also suggestions of other mechanisms of CNT electric
property change.
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Chapter 2
Thermodynamics and Kinetics
of Adsorption and Doping of a Graphene
Plane of Carbon nanotubes and Graphene

Sergey Bulyarskiy and Alexandr S. Basaev

Abstract This chapter presents a theoretical introduction to the problem of doping
carbon nanotubes (CNTs) and graphene. It examines the basic concepts of ther-
modynamics, such as thermodynamic systems, balance the internal energy, and free
energy.

This chapter presents a theoretical introduction to the problem of doping carbon
nanotubes (CNTs) and graphene. It examines the basic concepts of thermody-
namics, such as thermodynamic systems, balance the internal energy, and free
energy. Kinetics of thermodynamic processes and basic equations that describe
them are discussed in this chapter. We show the method for determining the kinetic
coefficients of the interaction of the gases with the matter and discuss the con-
duction of experiments that allow the calculation of kinetic coefficients. We
describe a method for determining the concentration of defects that arise upon the
doping of CNTs and graphene. This method consists of describing the Gibbs free
energy of the thermodynamic system, which consists of carbon material placed in a
certain gas environment. The search for minimum Gibbs energy allows us to find
the desired concentration of defects. The method of analysis of results from
experiments on desorption substances is analyzed in detail and the calculation of
kinetic coefficients is given in practice, when several desorption processes
overlap. This chapter provides concrete examples of the application of the theo-
retical approaches described above. The problem of calculating the distribution of
nanoparticle catalyst size is resolved and changes in nanoparticle size after the
annealing process due to the phenomenon of coalescence are analyzed. A system of
equations for growth of nanotubes is identified and solved. It takes into account the
impact of the temperature gradient in the reactor on the rate of growth of nanotubes,
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and the allowance for the formation, on the surface of catalyst nanoparticles, of
intermetallic compounds and the buffer layer of pyrolysis residues which slow
down the growth of CNTs.

2.1 The Equilibrium of Thermodynamic Systems

Classical thermodynamics can only describe systems in thermodynamic equilibrium
and processes connecting states of equilibrium. The thermodynamic system is a
particular amount of a substance, contained within definable boundaries. The
objects of our study are the graphene and carbon nanotube. They grow or are
subjected to annealing at a certain temperature and a certain composition of a gas
medium. In this chapter, graphene and nanotubes will be called crystals. Graphene
is a 2D crystal, which is a flat graphene nanoribbon. A CNT is an allotrope of
carbon with a cylindrical nanostructure. The nanotube arises from a graphene
nanoribbon folding into a tube. The axis of this structure is defined by crystallo-
graphic direction. This direction is called a chiral vector which connects two
crystallographically equivalent sites on a 2D graphene sheet. Graphene and nan-
otubes have a certain symmetry arrangement of carbon atoms. Therefore, they may
be referred as crystals.

Our thermodynamic system is a crystal that is in equilibrium with the sur-
rounding gas environment, kept at a constant temperature and constant pressure.
Pressure P, volume V, and temperature T, and number of particles N, are examples
of thermodynamic properties of a system. The thermodynamic state of a system is
determined if the thermodynamic properties of the system are known.

The types of thermodynamic system are: an open system which can exchange
matter and energy with its surroundings; a closed system which can only exchange
energy with its surroundings; an isolated system which can exchange neither energy
nor matter with its surroundings. Our system is impervious to the exchange of
matter with the surroundings, hence the system is closed. Boundaries that separate
the system may be real material boundaries (vessel wall) or imagined. Imaginary
boundaries determine a certain volume, in which the thermodynamic parameters
(temperature, pressure, number of particles) are kept constant. The aim of the
macroscopic thermodynamic approach is to find the equilibrium concentration of
defects of a particular type in the crystal. All thermodynamics are based on studies
of systems. When we speak of processes and cycles, we have to bear in mind that
these occur in systems with well-defined boundaries. The laws of thermodynamics
will provide relations among thermodynamic properties.

A thermodynamic property may be any general quantity that has a unique value
for each thermodynamic state of a substance. There are thermodynamic properties
and some functions that define the thermodynamic state of the system. A state
function only depends on the state of the system and does not depend on the way in
which the state has been achieved. The change of state parameters and state
functions is solely determined by the initial state and final state of the system.
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The function of the thermodynamic state is known as thermodynamic potential.
Wewill use the following functions:U—internal energy; S—entropy;H = U + PV—
enthalpy; G = H – TS—Gibbs energy.

For an infinitesimal, quasistatic (reversible) process, occurring in a closed sys-
tem, we write the first law as [1]:

dQrev ¼ dUþPdV ð2:1Þ

where dQrev is an amount of heat that is transferred to the system in a reversible
process; dU is a change in the internal energy; and PdV is thermodynamic work.
Work and heat are quantities that represent the exchange of energy between a
system and its surroundings; work and heat are assumed to be positive when energy
is transferred to the system.

The differential change in the internal energy is then given by:

dU ¼ dQrev � PdV ð2:2Þ

Both terms on the right-hand side of (2.2) depend on each other. But their difference is
the differential of a thermodynamic property and does not depend on heat and work.
The internal energy is defined by a differential expression, provided by the first law.
That is, only difference in internal energy is defined. The internal energy in integrated
form is then only determined to within a constant, which may be chosen to be zero at
an arbitrary point. The main contribution to the internal energy of the crystal gives the
energy of chemical bonds between atoms and the energy of the lattice vibrations.

The definition of entropy is usually given on the basis of the second law of
thermodynamics. In our case it is better to use the definition of Plank [2]. The
number of states at a given energy is related to a quantity, called the entropy of the
system, S. The entropy of a crystal with a defect consists of a configurational and a
vibrational part: S ¼ Sconf þDSv.

Sconf ¼ kB lnX ð2:3Þ

where X is the number of microstates that implements the macroscopic state of the
systems.

Variation of vibrational entropy change is [3]:

DSv ¼ kB lnðvi=vdÞ ð2:4Þ

where mi is the oscillation frequency of the ideal crystal lattice and md is the fre-
quency of vibrations of the crystal lattice with a defect.

The Gibbs free energy is:

G ¼ H � TS ð2:5Þ
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The free energy G of a system is defined by the system enthalpy H minus the
product of the temperature T and the entropy S.

Suppose we keep the volume and energy of a system constant but allow the
number of particles to change. If the temperature and pressure are not allowed to
change, then the entropy must change as well as the number of states that modify
the system. Alternately, changing the number of particles at constant volume and
entropy must change the energy of the system and other thermodynamic potentials
as each atom also adds a unit of chemical potential to the system.

H ¼ TSþ
X
i

liNi G ¼
X
i

liNi ð2:6Þ

The chemical potential is the Gibbs free energy per each particle.

li ¼
@G
@Ni

ð2:7Þ

There are two types of thermodynamic variable: an intensive variable is a state
variable whose value is independent of the size of the chosen system (e.g., tem-
perature T, pressure P); an extensive variable is a state variable whose value is
proportional to the size of the chosen system (e.g., amount of substance N, volume
V). The chemical potential is the intensity value.

Equilibrium in a thermodynamic system assumes that the established tempera-
ture and pressure and all the thermodynamic processes are stationary. The variation
that takes the system out of balance, satisfies the Clausius inequality in this case:

dUþPdV � TdS[ 0 ð2:8Þ

Our system is closed. In this case the variation of internal energy and volume are
available as dU ¼ 0; dV ¼ 0. The inequality (2.8) implies conditions for a change
of entropy.

dS\0 ð2:9Þ

Formula (2.9) is equivalent to the statement: at equilibrium, the entropy of the
system is maximized, if the volume and the internal energy remain constant. If the
entropy and volume are constant, the internal energy is maximized
(dV ¼ 0; dS ¼ 0 ! dU[ 0). As pessure is constant, different variations that bring
the system out of balance should have a maximum energy which represents not
only its internal energy but its energy with some addition of potential energy, i.e.,
its enthalpy. By substituting the enthalpy change in the Clausius inequality (2.8)
we get:
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TdS� dHþVdPþ dVdP\0 ð2:10Þ

After reasoning similar to that above, we obtain equilibrium conditions at constant
pressure:

ðdSÞH;P\0; ðdHÞS;P [ 0 ð2:11Þ

From (2.10) it follows that at equilibrium there must be a minimum of Gibbs free
energy:

ðdGÞH;T [ 0: ð2:12Þ

Thus, in equilibrium, the Gibbs free energy of a thermodynamic system takes a
minimum value. Therefore, any variation leads to the fact that this value increases.

2.2 Thermodynamic and Kinetic Approaches
to the Description of Thermodynamic Systems

2.2.1 Kinetics Equations

Physical kinetics deals with the rates of thermodynamic processes, factors which
influence the rates, and the explanation of the rates in terms of the reaction
mechanisms of the processes. In kinetics, the time variable is introduced and rate of
change of concentration of reactants or products is a function of time. We must
bring the system out of thermodynamic equilibrium, to study the kinetics of a
process.

We consider the thermodynamic system of a solid state (nanotubes or graphene)
and an outer gaseous medium. A solid is exchanging with the external environment
by particles. We used the kinetic model, based on the main notions of Langmuir’s
theory, described in several works [4, 5]:

• The particles are emitted or captured from the environment at the certain ad-
sorption sites; Nb

ai is the concentration of particles, captured on b-type solids, a
is the type of particles, and i is the type of place that captures them.

• The particles do not interact with one another.
• Nb

i is the concentration of the i-type absorption sites. It is a constant value,
defined by the sample fabrication prehistory.

• Every adsorption center binds only one molecule.

It is necessary to consider, in the framework of Langmuir’s theory, the
adsorption kinetics as a whole. The rate of adsorption reaction is defined as a
change in number of molecules of reactant or product per unit time:
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dNb
ai

dt
¼ cbaNa Nb

i � Nb
ai

� �
� ebaN

b
ai; ð2:13Þ

where Na is the concentration of particles in gaseous phase, defining an adsorbate
partial pressure; cba is the probability of adsorbate capture by b-type adsorption
centers for the unitary concentration of the adsorbate in gaseous phase; and eba is the
probability of the particle emission or desorption from b-type adsorption centers.

To solve (2.13), it is necessary to know the concrete values of the kinetic
coefficients, which define the particles capture and emission (adsorption and des-
orption) process probabilities. In equilibrium state the right-hand side of (2.13)
becomes zero, and substituting the concentration of particles in gaseous phase ðNaÞ
in this equation, we obtain the expression of a desorption probability:

eba ¼ cbaN
a exp �gba=kT

� �
: ð2:14Þ

where gba is the partial Gibbs free energy of a particle that occupies a place of type

Nb
i ; k is the Boltzmann constant; and T is absolute temperature.
The kinetic equation (2.26) can be written as:

dNb
ai

dt
¼ cbaNaN

b
i � cbaNa þ eba

� �
Nb
ai ¼ C � Nb

ai

s
ð2:15Þ

where C ¼ cbaNaN
b
i is constant, if Na and Nb

i are constant; and s is a relaxation time
of the process. The relaxation time has the following physical meaning: the time
during which the concentration of particles at certain places is reduced 2.73 times
(base of the natural logarithm).

The general expression (2.15) allows investigation of the transition from a
non-equilibrium thermodynamic system state to an equilibrium state.

2.2.2 Solutions of Equations of Physical Kinetics

Solution of (2.15) depends on the conditions of the process. We consider two
special cases:

1. Emission or desorption of particles into a vacuum (Nb
i ¼ 0, when t = 0 is

Nb
ai ¼ Nb

ai0)

dNb
ai

dt
¼ �Nb

ai

s
! Nb

ai ¼ Nb
ai0 exp � t

s

� �
ð2:16Þ

2. Particles, captured by the adsorption site at a low temperature (eba ¼ 0,

s�1 ¼ cbaNa; when t = 0 is Nb
ai0 ¼ 0)
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dNb
ai

dt
¼ C � Nb

ai

s
! Nb

ai 1� exp � t
s

� �h i
ð2:17Þ

2.2.3 The Kinetic Coefficients

Kinetic processes occur when a thermodynamic system is driving toward a state of
equilibrium. The study of this process makes it possible to calculate the kinetic
coefficients, which characterize the probability of capture or emission of particles
from certain sites of a solid. It is important to regard these probabilities. Capture of
particles is a result of their diffusion to a certain site of a solid, where they come to
react. The result of the reaction is its localization on the site. There are two stages of
the process: diffusion and reaction. Since these steps proceed sequentially, the
kinetic coefficient is presented as:

cba ¼
V

sdifa þ sreaca
ð2:18Þ

where V is the unit volume; sdifa is the diffusion time; and sreaca is the time of the
reaction flow.

The diffusion time (sdifa ) is found from the well-known relationship of
Smolukhovsky:

V
sdifa

¼ 4pRaDa ð2:19Þ

where Ra is the free path of particle type a before its capture and Da is the diffusion
coefficient of the particles.

The reaction time of the particles with the capture site can be found from the
relationship:

V
sreaca

¼ SbaDa

Ra
exp �Eb

a

kT

� �
ð2:20Þ

where Sba is the cross-section of the particle interaction with the place of its
localization and Eb

a is the repulsive potential energy barrier that prevents the capture
of particles.

We combine formulas (2.19) and (2.20), and get:

cba ¼
4pRaDaSba exp �Eb

a=kT
� �

4pR2
a þ Sba exp �Eb

a=kT
� � ð2:21Þ
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Formula (2.21) is useful for the preliminary assessment of kinetic coefficients.
However, formulas (2.19) and (2.20) are approximate. Therefore, it is necessary to
calculate the kinetic coefficients of the experiment.

The kinetic experiments were performed at a constant temperature. In this case,
all the coefficients of formulas (2.16) and (2.17) are constant. An overview of the
results of such experiments is shown in Fig. 2.1. The curves of the change of
concentration of adsorbed particles allow us to find the relaxation time. Typically,
this time is reduced with increasing temperature. The relaxation time can be found
by means of a tangent from the beginning of the experimental curve to the x-axis
(Fig. 2.1a, b). The accuracy of the tangent is small. To find a more accurate
relaxation time it is necessary to build curves in semi-logarithmic coordinates.

Fig. 2.1 Modeling relaxation kinetic curves at different temperatures (T1 > T2 > T3); a calcula-
tion of formula (2.28) in linear coordinates; b calculation of formula (2.29) in linear coordinates;
c calculation of formula (2.28) in linear coordinates; d temperature dependence of the probability
of particle emission
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We draw a line parallel to the x-axis from the point 0.434 on the y-axis to the kinetic
curves. The projections of the points of intersection on the x-axis are the kinetic
constants. Then we drop a perpendicular to the axis of time and find the relaxation
time. The probability of emission of the adsorbed particles is equal to s−1. We then
build this value into the Areniusa coordinates. The slope allows identification of the
activation energy (2.22), which then permits the calculation of the capture ratio
according to formula (2.23).

Eb
a ¼ k

T1T2
T1 � T2

ln
ebaðT1Þ
etnðT2Þ
� 	

ð2:22Þ

cba ¼ eba Tið Þ exp Eb
a=kTi

� �
=Na ð2:23Þ

2.2.4 Kinetic Processes in Carbon Nanostructures

We have considered the kinetic processes at a constant temperature. Such processes
are rarely used in experimental practice. This is due to the fact that the time of
inertial heating of a solid state is comparable to the relaxation time of the transport
process. In this case, the experiment is not accurate because of large systematic
measurement errors.

However, calculations using formulas (2.16)–(2.23) are very important in the
analysis of technological experiments devoted to carbon nanostructures. These
calculations make it possible to estimate the length of time during which the ther-
modynamic system comes to equilibrium. This interval is comparable to the mag-
nitude of 3s. If the experiment time is more than this value, then processing of the
experimental results can completed using thermodynamic formulas. We will show in
Sects. 2.6 and 2.7 of this chapter that the thermodynamic approach can be used to
analyze the results of physical adsorption and chemisorption at high temperatures.

Solids lose mass when heated. This is due to the emission of particles from their
surface. One can overcome the inertia of heating by heating at a low constant rate.
This method is known as thermal gravimetric analysis (TGA). This has become
standard in the technology of CNTs. The theory of this method is analyzed in
Sect. 2.9. The practice of its application is given in Chaps. 3–5.

2.2.5 Role and Limits of the Thermodynamic Approach
with Regard to the Process of Doping Carbon
Nanostructures

The results of thermodynamic calculations are values of doping impurity concen-
trations and defects that may arise, provided that the system has come to
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thermodynamic equilibrium, or an alloying process is under equilibrium conditions.
These concentrations are expressed as a simple formula, if the impurity or defect is
not ionized:

N ¼ Nb exp �g=kTð Þ ð2:24Þ

where Nb represents concentrations of sites that the impurity or defect may take and
g is the free energy of the process of introducing an impurity or defect formation.

Formula (2.24) becomes more complicated if the impurity in a solid is ionized or
if occurs a formation occurs with several defects, which interact with each other.
These situations will be calculated subsequently. However, formula (2.24) resem-
bles the Boltzmann distribution. Exact thermodynamic formulas really connect with
the energy of the introduction to the solid, concentrations of other impurities, as
well as the conditions under which it occurs: temperature, pressure, gas composi-
tion, ionization of several donor or acceptor defects, as well as other factors.
Thermodynamic formulas are accurate when they describe the conditions of equi-
librium that occur in most cases. These formulas reflect the probability of reaching
the impurity concentration value if the balance in the system is not achieved.

We can conclude that each of the approaches in thermodynamic and kinetic have
their own place in the development of technology for obtaining carbon nanos-
tructures. They complement each other and allow a deeper understanding of
ongoing technological processes.

2.3 Description of Defect Formation in Crystals

Crystalline solids contain different types of structural defects. If the imperfection is
limited to one structural or lattice site and its immediate vicinity the imperfection is
termed a point defect [6]. It can be seen in numerous experimental observations
evidencing defects in CNTs such as vacancies [7], inclusions, and topological
(Stone–Walles) defects [8] as well as dopants [7]. Defects in nanotubes have
attracted great attention, both theoretically and experimentally, because of their
potential use in a great variety of applications.

The formation of crystal defects can be studied in various ways [6, 9].

2.3.1 The Quasi-chemical Reaction Method

Such a method is described in detail in the books by Krőger [6]. This method has
several names: the quasi-chemical reaction, the material balance method, and the
mass-action law. However, they all have the exact same physical nature, which is
set out below. There is a separation of the formation of defects into several stages.
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Each stage is described by the chemical reaction occurring in the solid body and on
its surface, for example: X

i

viYi ¼
X
j

vjZj ð2:25Þ

where Y is the chemical symbol of the molecules (the defect or quasi-molecule
complex in the solid state) which react; Z is the chemical symbol of the molecules
that occur after the end of the reaction; v is the mole fraction of the substance; and
i and j are indices of the molecules, both joined and formed by the reaction.

It is believed that the reactions take place under conditions that are close to
balanced. A change in the Gibbs free energy after completion of the reaction is zero
at equilibrium:

DG ¼
X
i

vili �
X
j

vjlj ¼ 0 ð2:26Þ

where l is the chemical potential of the reagents. From (2.26) we get:

X
i

vili ¼
X
j

vjlj ð2:27Þ

Now, assigns each structural element of the lattice of the solid (impurities or
point defects, and so on) to the chemical potential, which is determined by the
equation:

li ¼ l0
i
þ kT lnXi; ð2:28Þ

where l0
i
is the chemical potential of the material of which the defect comprises,

under standard conditions and Xi is the concentration of the defects of i-type.
Formula (2.28) is valid, if the defect and the substance in which it is formed, are

an ideal solid solution. If the defect interacts with the substance, the solid solution is
regular. In this case we must use the activity instead of concentration:

ai ¼ ciXi and li ¼ l0
i
þ kT ln ai; ð2:29Þ

where ci is the activity coefficient that takes into account the interaction of the
defect with the lattice material, where it is formed.

We substitute formula (2.28) into (2.27) and get an expression for calculating the
defect density in the case of the ideal solid solution:

Q
j Xj
� �vjQ
i Xið Þvi ¼ exp

1
kT

X
i

vil
0
i
�
X
j

vjl
0
j

 !" #
¼ KidðTÞ; ð2:30Þ
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where KidðTÞ is the quasi-chemical reaction equilibrium constant, which describes
the formation of a defect in a solid of the ideal solid solution.

If we substitution (2.29) into (2.27), we obtain the concentration of defects in the
regular approximation:

Q
j Xj
� �vjQ
i Xið Þvi ¼

Q
j cið ÞvjQ
j cj
� �vi exp 1

kT

X
i

vil
0
i
�
X
j

vjl
0
j

 !" #
¼ KregðTÞ ð2:31Þ

where KidðTÞ is the quasi-chemical reaction equilibrium constant, which describes
the formation of a defect in a solid of the regular solid solution.

This method is applied as follows:

• Model of defect formation, described by a system of quasi-chemical reactions in
solids and on its surface.

• An attempt is made to find the equilibrium constant (2.30) or (2.31) of the
experiment.

• Calculation of the concentration of defects.

This method is developed and well used in many scientific papers [6]. It has
repeatedly been used successfully, especially for the chalcogenide semiconductors.
However, this method has certain disadvantages:

• The parameters of the problem are the equilibrium constants. They are not
known. These constants cannot always be expressed in terms of chemical
potentials. The following example shows the problems. Vacancy is the absence
of an atom in its place. The question arises, what is the chemical potential of the
vacancy? It does not have a simple physical meaning in the comparison with the
chemical potential of the atom. A rigorous approach is required to apply the
concept of chemical potential for the type of atoms, but not for the type of
vacancy defects or anti-structural defects.

• The equilibrium constants appear in the final formulas for the required con-
centration of defects in the form of products and sums. These are constant
equilibrium processes, which include several chemical reactions. These con-
stants are not described by formulas (2.30) and (2.31). They are identified in
some experiments. However, the search for them that takes place is not always
successful.

• There is always a question about how much reaction is necessary to describe a
model for a specific task. What kinds of reactions are chosen for the model?
How many initial equations are there? These important questions pre-determine
the answer to the problem that will be solved.
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2.3.2 The Gibbs Free Energy Search Minimum Method

This method has been proposed in several works [10, 11]. Its application has
allowed the solution of a number of important tasks for semiconductors [9] and
CNTs [12]. This approach is derived from (2.12) and (2.26). This method requires
writing the Gibbs free energy of the system and finding its minimum. The minimum
of Gibbs free energy corresponds to the state of thermodynamic equilibrium. One
can identify the equilibrium concentration of defects during the process of finding
the minimum energy.

The Gibbs free energy search minimum method will be described in detail in this
and the following chapters. The advantages of this method surpass the method
quasi-chemical reactions.

A solution to the problem of the concentration of defects comprises: the partial
Gibbs free energies of the formation of defects; the energy of defect ionization;
consideration of the donor’s or acceptor’s nature; the concentration in the lattice
sites of a solid, which they may occupy; and the temperature and pressure of the
process gases in the reactor. These values have a clear physical meaning. They can
be determined experimentally or calculated theoretically.

The problem is solved in its general form considering the number of defects, the
number of different places they may occupy, the solid lattice structure, and the
composition of the gas mixture in the reactor not being limited. The problem of
selection of the initial set of chemical reactions is absent. Here the parameters of the
substances that are in the experiment are used. The influence of defects on each
other is detected in the course of solving the problem.

The method of compiling the equation for the Gibbs free energy of a thermo-
dynamic system containing a solid with defects will be used and analyzed in detail
in this chapter and chaps. 3, 4, 5.

2.4 The Thermodynamics of Physical Adsorption
of Carbon Nanotubes and Graphene

Adsorption is a phenomenon which occurs on an interface as part of a two-phase
system, resulting in the solid phase surface being enriched bymolecules from a gaseous
phase. The adsorbate are a molecule of matter that is adsorbed by a solid; adsorbent in
turn, is the substance which is adsorbing the molecules from gaseous phase.

A distinction must be made between physical and chemical adsorption, although
it is not easy to divide these processes. For example, the hydrogen adsorption on
CNTs often is characterized by energies, being intermediate between typical values
of physical and chemical adsorptions, and therefore it is difficult to use standard
energy criterion for their mechanisms division or definition [1]. Usually physical
adsorption is called an association process, where no presentation is apparent of
processes of chemical bond destruction or formation, and where the adsorbent and
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graphene lattice interaction proceeds via van der Waals type forces, etc. On the
contrary, for chemisorption it is characteristic to identify the formation of new
covalent and ionic bonds with a dissociation nature and the charge transfer between
adsorbate and adsorbent.

2.4.1 Objects of Research: CNTs and Graphene

Allotropic forms of carbon have attracted the attention of scientists around the
world. The material that is of primary interest is graphene, which pushed CNTs into
second place. A graphene lattice makes it possible to generate various forms of
carbon: graphene, nanotubes, fullerenes [13]. Graphene is a honeycomb lattice of
carbon atoms. Graphite can be viewed as a stack of graphene layers. Carbon
nanotubes are rolled-up cylinders of graphene. Fullerenes C60 are molecules
consisting of wrapped graphene achieved via the introduction of pentagons on the
hexagonal lattice. This forms a united type of lattice. Carbon, the elementary
constituent of graphene and graphite, is the 6th element in the periodic table. In its
atomic ground state, its 6 electrons are in the configuration 1s22s22p2, i.e. 2 elec-
trons fill the inner shell 1s, which is close to the nucleus and which is irrelevant for
chemical reactions, whereas 4 electrons occupy the outer shell of the 2s and
2p orbitals. Because the 2p orbitals (2px, 2py, and 2pz) are roughly 4 eV higher than
the 2s orbital, it is energetically favorable to put 2 electrons in the 2s orbital and
only 2 of them in the 2p orbitals. By superposition of the 2s and two 2p orbitals,
which we may choose to be the 2pxj i and the 2py



 �
states, one obtains the planar sp2

hybridization.
The adsorbed molecules are arranged over the chemical bonds of the graphene

lattice. They hold the force of van der Waals in the case of physical adsorption.
These molecules may be inside single-walled nanotubes or between layers of
multi-walled tubes.

2.4.2 Differences Between Physical and Chemical
Adsorption

Although the physical and chemical adsorption is not connected with great ener-
getics or charge transfers, it can in some cases strongly affect CNT properties. It
was shown in several theoretical and experimental studies, that molecular hydrogen
adsorption does not change CNTs. On the other hand it is known that nitrogen and
oxygen, under physical adsorption, can change the width of the HOMO–LUMO
zone and type of a conductance of n- or p-type. Adsorption can transform a
semi-conductive CNT into a metallic CNT.
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The chemisorption of the various substances is rarely realized in practice, and
therefore it is weakly studied compared with physical adsorption. However, it gives
the possibility to change the material energy spectrum and form new, strong bonds,
and therefore is an effective and important tool for CNT property modification. The
mechanism of chemisorption influence on the SWNT conductance is very com-
plicated. First, during chemisorption we often see a charge transfer between the
adsorbates and nanotubes. Second, chemisorption usually deforms the nanotube
carbon framework, and the arising stresses also change the tube’s electronic
properties, with the deformations for a finite length SWNT being sufficient. The
main features of these two described adsorption types are presented in Table 2.1.

Therefore, nanotubes have many non-equivalent places for adsorption.
Moreover, adsorption (both, physical and chemical) and doping change the elec-
tronic properties of nanotubes. This is therefore an important tool in the control of
tube characteristics and regulation after their synthesis.

The thermodynamic model of adsorption in CNTs was developed in Bulyarskiy
and Basaev [14, 15, 16]. In this model one situation is considered where the CNT
surrounding medium is presented with an a-type adsorbate. This can exist in
molecular or atomic form (the latter we will call particles), however, (in spite of the
particles aggregate state) the medium with given conditions can hold any certain
amount of particles. In a gaseous phase, it corresponds to a condensation start point,
but in solution it corresponds to saturation. The limiting number of particles, Na,
which can be held in the outer media, we call place number, but the real number of
particles in the gaseous phase, Ng

a , is smaller. The upper index shows the place
held by a particle, and the lower index indicates the particle type. In condensed
liquid phase, all places are occupied by particles, and therefore these two numbers
are equal. In an ideal gas the particle concentration can be expressed through
pressures by the relationship:

Na ¼ pas=kT ; Ng
a ¼ pa=kT; ð2:32Þ

where pa is the partial pressure of the a-type adsorbate and pas is the partial pressure
of its saturated vapor.

Table 2.1 Comparison of physical and chemical adsorption parameters

Interaction parameters Physical adsorption Chemical adsorption

Type of the chemical bonds van der Waals bonds Chemical covalent bonds

Temperature range of the
physical phenomenon
appearance

Approximate temperature
range 0–100 K

Approximate temperature
range above 100 K

Activation energies of
adsorption processes

Adsorption energy is low,
as a rule, a few tenths of a
meV

Adsorption energy values from
a few tenths to single units of
eV

Charge exchange between
adsorbate and adsorbent

Charge exchange is absent Charge exchange is possible in
some processes
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Thus, the gaseous phase formally can be divided to small volumes, each of which
can hold only one gaseous molecule. A second molecules appearance induces an
excessive particle condensation process. This approach we will call a cell model for
the gaseous molecules. This was developed initially by Bulyarskiy [9–11].

The particle is connected with a capture at some place (site) on the adsorbing surface.
The number of atomic sites is equal, Nb. The number of adsorbate particles, being
captured on these sites, we denote as Nb

a , and such notation shows that the molecule
or atom of an “a”-type substance takes place over a “b”-type chemical bond.

These processes proceed with some probability, which counts very little in the
thermodynamic equilibrium conditions, but is defined the kinetics processes. The
adsorbate capture (adsorption) at a given place is accompanied by a free energy
change at a value equal to the Gibbs partial free energy.

The method used is based on the Gibbs free energy minimization [9–11], and it
is supposed that there is equilibrium in the system, i.e., the temperature and pressure
are equalizing and all kinetic processes become stationary ones. In this case, for the
constant temperature and pressure values the Gibbs free energy is:

G ¼ H � TS: ð2:33Þ

This must have some minimum. Let us present the Gibbs free energy in the form:

G ¼ Gg Nað ÞþGS Nað Þ; ð2:34Þ

where Gg is the gaseous phase free energy; Na is a summary number of the a
particles in both gaseous and condensed phases; and GS is the free energy of the
system, containing the nanotubes with adsorbed molecules or atoms on them (by
physical adsorption).

2.4.3 The Conservation Law of Place Number

Conservation laws for place and particle numbers play an important role for the
considered solutions to these problems, as does as the law of charge conservation.
The processes of the two “independent” adsorbate particles arranged on a CNT are
not really “independent”. Conservation laws, listed below, establish the relationship
between these processes.

The term “place” here and in the sections below indicate one of the following
situations:

– A site of a carbon atom in the node of crystal lattice. This case is suitable for
doping and for chemisorption.

– A site on the p-bond, that corresponds to chemisorption only.
– A position above the chemical bond. This case corresponds to physical

adsorption.
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The conservation laws for place number can be written down for both gaseous
and condensed phases. Their number corresponds to the various place types, which
are contained in the gaseous and condensed phases. For gaseous phase, the number
of place types coincides with the number of atom and molecule types, which can be
adsorbed. Each conservation law contains all the structural units, occupying the
given types of places (i.e., a-type). These laws have the form:

ua ¼ ka Na � Ng
a � Na

0

� �
; ð2:35Þ

where Ng
a is the molecule number in gaseous phase, occupying the a-type sites.

Such a molecule concentration defines the adsorbate partial pressure (2.32); and Na
0

is the number of sites in gaseous phase that remain free.
For the condensed phase, the conservation laws have a similar form. Their

amount corresponds to the adsorption place number:

ub ¼ kb Nb �
X
a

Nb
a � Nb

0

 !
; ð2:36Þ

where Nb
0 is the number of adsorption places, that remain free.

The summation sign denotes that on one place there can be adsorbed different
molecules. The a index runs all possible parameters for all molecule types that can
be adsorbed on given sites.

2.4.4 The Laws of Conservation of Particle Number

The number of such laws is equal to the adsorbed a-type particle variants. The
balance is defined by the lower index, and the equation has the form:

ua ¼ ka Na � Nb
a � Ng

a

� �
; ð2:37Þ

where the index b is running all possible values, corresponding to the number of
place types, on which the physical adsorption can take place.

2.4.5 Free Energy of the Systems

The system as a whole is closed, and is limited by the reactor volume, where the
thermodynamic equilibrium is established and where the temperature and pressure
remain constant. Our thermodynamic system includes two subsystems, describing
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the gaseous and condensed phases. These phases exchange by particles, and as a
result, thermodynamic equilibrium is established, after which both subsystems
becomes quasi-closed, and we can apply to them all thermodynamic laws.

Let us consider the subsystem, relating to the gaseous phase. To every molecule
sort we can ascribe a certain partial thermodynamic potential, its value depends on
how the molecule appeared in the system. First, a molecule amount is entered in the
system before the moment when chemical equilibrium is reached. In this case the
work, corresponding to the molecule’s transport from the outer (with respect to
reactor) medium, is equal to the chemical potential of the given molecule type.
Second, the adsorbates can appear as a result of the pyrolysis of other substances,
and in this case, we must take into account the free energy of the molecule
pyrolysis. Both cases can be considered by introducing and using the value of the
molecules free energy in its gaseous phase gaag. Thus, the free energy of a given
subsystem can be written as:

G Ng
a

� � ¼ ggaN
g
a � kT lnWg; ð2:38Þ

where Wg is the thermodynamic probability of the subsystem, connected to the
gaseous phase. This probability equals the number of possible adsorbate rear-
rangements over a phase’s possible sites:

Wg ¼
Y
a

Na!
Ng
a ! Na � Ng

að Þ!: ð2:39Þ

The analogous relationships can be written for the condensed phase subsystem
taking the form:

G Nb
a

� � ¼ gbaN
b
a � kT lnWS; ð2:40Þ

where WS is the thermodynamic probability of the subsystem, connected with the
condensed phase, which equals:

Wg ¼
Y
a

Nb!

Nb
a ! Nb � Nb

a

� �
!
: ð2:41Þ

The minimization will be carried out by the Lagrange indefinite multipliers
method. The functional for this operation was obtained by summation of the sub-
systems (2.8) and (2.10) free energies with condition (2.4)–(2.7).

U ¼ gbaN
b
a þ ggaN

g
a � kT ln Wg * WS

� �þua þub þua ¼ 0: ð2:42Þ
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Using Stirling’s formula for the factorial changes we obtain:

U ¼ gbaN
b
a þ ggaN

g
a � kT

X
a

Na lnNa � Ng
a lnN

g
a � Na � Ng

a

� �
ln Na � Ng

a

� �� 

þ
X
b

Nb lnNb � Nb
a lnN

b
a � Nb � Nb

a

� �
ln Nb � Nb

a

� �� 

8>><
>>:

9>>=
>>;

þ ka Na � Ng
a � Na

0

� �þ kb Nb �
X
a

Nb
a � Nb

0

 !
þ ka Na � Nb

a � Ng
a

� � ¼ 0

ð2:43Þ

Let us take derivatives of the functional (2.43) with respect to the place numbers
Na and Nb. Setting them equal to zero, we receive an equation system for the
Lagrange indefinite multipliers (ka and kb) in the form:

ka ¼ kT lnNa � ln Na �
X
a

Ng
a

 !" #
; ð2:44Þ

kb ¼ kT lnNb � ln Nb �
X
a

Nb
a

 !" #
: ð2:45Þ

The meaning of the derivative of the functional with respect to the particle
number is the given substance chemical potential la [3, 9], therefore differentiating
(2.43) with respect to the particle number, we obtain:

ka ¼ la ¼ l0a þ kT ln aað Þ; ð2:46Þ

where l0a is the standard chemical potential of element a and aa is this element
activity in the gaseous phase.

During the following minimization of functional (2.43), we can calculate the
values of the adsorbate molecule numbers both in gaseous phase and adsorbed on
the nanotube chemical bonds:

Ng
a ¼ aaN

a exp � gga � l0a
kT

� 	
; ð2:47Þ

Nb
a ¼ aaN

b exp � gba � l0a
kT

� 	
: ð2:48Þ

Thus, the adsorbed molecule concentration is proportional to the component
activity in the gaseous phase and depends on the temperature and adsorbate
properties, which are defined by its partial free energies (for adsorption and
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appearance in gaseous phase). Formulas (2.47) and (2.48) allow us to obtain some
useful relationships.

First, we can calculate a coefficient of the adsorbate molecule distribution
between gaseous and condensed phases in the form:

Nb
a

Ng
a
¼ Nb

Na
exp � gba � gga

kT

� 	
¼ kT

Nb

pas
exp � gba � gga

kT

� 	
: ð2:49Þ

In the second part of relation (2.49) the Clapeyron formula (2.32) is used. The
distribution coefficient is determined by saturation vapor pressure and partial Gibbs
potentials.

Second, formulas (2.47) and (2.48), together with (2.49) and taking account of
(2.1), allow us to obtain the adsorption isotherm equation:

Cb
a ¼ Nb

a

Nb
¼ paKb

a ; ð2:50Þ

where Cb
a is the concentration of atoms (a) on the site (b) of the CNTs and pa is the

partial pressure of component (a).
The equilibrium constant is:

Kb
a ¼ 1

pas
exp � gba � gga

kT

� 	
:

Thus, the adsorption isotherm studies allow us to evaluate a difference between
the partial free energies. Note, that when the adsorbate is introduced into a reactor
(but does not form in the reactor), the adsorbate partial free energy is equal to its
chemical potential, and hence the adsorption free energy can be defined as
Gb

a ¼ gba � la, and thereafter formula (2.48) takes the simple and usual form:

Nb
a ¼ Nb exp �Gb

a

kT

� 	
: ð2:51Þ

Note also, that in this explicit form the adsorption connection does not appear
with the conditions of the processes, running in gaseous phase. We can not evaluate
the role of activity (in the gas phase) on concentration values of defects.

Thus, in this section we analyzed the phenomenon of physical adsorption in
CNTs and detected the main factors determining its quantitative parameters. The
results of this section will be used to analyze the amount of hydrogen that can be
held in storage—made using CNTs.
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2.5 The Thermodynamics of Doping and Chemical
Adsorption

Carbon nanotube doping and the atoms and molecules chemisorbed into them are
joined and united by a phenomenon of charge transport, that is accompanying any
new chemical bond formation. The types of the formed bonds can divide these
processes. The process of doping is accompanied by rupture of bonds in the gra-
phene lattice. If the process involves an addition of foreign atoms, molecules and
radicals via p-bonds, we must call it chemisorption. Note, that from a thermody-
namic point of view the nature of the formed bonds is not principal, because the
bond character influences only the partial free energy value for a particular bond.
The final mathematical expression is the same for doping and chemisorption. Below
we will consider some problems related to the charge transfer influence on CNT
property control.

Let us suppose, as in Sect. 2.1, that a system is in equilibrium, i.e., the tem-
perature and pressure are level, all kinetic processes also become stationary and the
Gibbs free energy (2.2) takes its minimal value. However, in our case in (2.3)
appears a new term, describing the free energy of an electronic subsystem. Thus, we
have:

G ¼ Gg Nað ÞþGS Nb
a

� �þGe; ð2:52Þ

where Ge is the free energy of charge carriers (electrons and holes). The last term in
the free energy expression characterizes a free energy fraction, relating to the
particles (adsorbate atoms and molecules) changing their charge, something that
can accompany the adsorption process.

It was said above, that two “independent” adsorbate particles, arranged on a
CNT, are not independent. A mutual conditionality of concentrations is established
due to several conservation laws, listed below.

2.5.1 The Conservation Laws for the Number of Places

We can write down many laws, as there are the various place types in nanotubes.
Every conservation law contains all the structural units which can occupy given
type places, e.g., for b-type we have:

ub ¼ kb Nb �
X
a

Nb
a � Nb

0

 !
; ð2:53Þ

where kb are the Lagrange indefinite multipliers.
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Because we are considering the place numbers the system’s total balance is
established with the upper index in the formula, but the index a runs through the all
values which possibly used in the model, including b.

As we did in Sect. 2.4, let us single out the conservation laws for the gaseous
and condensed phases. For example, for the gaseous phase we can write:

ubs ¼ Nbs �
X
a

Nbs
a � Nb

0 ¼ 0: ð2:54Þ

However, expression (2.53) is practically the same, and hence we can unite them
in one system, compelling the index b to run through all values which are char-
acteristic to the gaseous phase.

2.5.2 The Conservation Laws of Particle Number

As above, we can write down many laws, as there are the various particle types
which can be adsorbed. The balance is established via the lower index, and the
equation itself has the form:

ua ¼ ka Na �
X
b

Nb
a � N0

a

 !
; ð2:55Þ

where kb are the Lagrange indefinite multipliers.
The index a runs through all values characteristic to the condensed phase. Note

also, that the conservations laws can be written down as components of a func-
tional, as in Sect. 2.1, and the notation form does not change the equations meaning
and results.

2.5.3 The Conservation Law of Charge

Under the chemisorption and doping processes the exchange of the charge carriers
proceeds between the nanotube and adsorbate particle, and therefore in the con-
servation law system arises an additional law of charge conservation. The law
demands that the nanotube must remain neutral as a whole. This equation is a unique
one in our system, but plays an important role, because it establishes a specific
general balance, equalizing the charges of free carriers and ionized adsorbates:

ue ¼ ke n� pþ
X
a;b

nba �
X
a;b

Nb
a d

b
a

( )
1� dba
� � !

; ð2:56Þ
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where nba is the electron number, captured on defects, that equals either the number
of defects that have captured the electrons or the number of chemisorbed molecules
(atoms) for which the adsorption process is accompanied by charge transport
(namely, electrons); Nb

a is the number of a-type adsorbed particles; dba takes
meanings of “1” for chemisorption with electron loss (a donor process) or “0” for a
processes with a hole loss (acceptor process); dba is the delta-function, introduced to
take into account the fact that the components of nanotubes and media, with which
the tube is interchanging, do not make a contribution to the described part of the
free energy.

To calculate the equilibrium concentrations of the adsorbed particles we use the
following algorithm.

(1) We must compose an equation of the Gibbs free energy for a nanotube with
adsorbed particles, and also this equation must consist of two parts, namely the
configuration and energetic ones.

(2) We must carry out free energy minimization, using the Lagrange indefinite
multipliers method, taking into account the above described conservation laws.

In accordance with this algorithm, let us write down the Gibbs energy in the
form:

G ¼ H � TS ¼ H � TST � kT lnW ; ð2:57Þ

where W is the state of thermodynamic probability [9–11] and ST is the thermal part
of the system’s entropy.

To calculate the free energy of a nanotube with the adsorbate, let us introduce the
Gibbs partial potential per single adsorbed particle:

gba ¼ Hb
a � TSba ; ð2:58Þ

where Hb
a is the enthalpy and SbaT is the vibrational entropy of the particle

adsorption.
It follows from the partial parameter definition, that the defect formation energy

can be found using this parameter multiplication of a given particle number. For our
problem, taking into account the above-stated algorithm, we can write the thermal
part of the system free energy as a sum of the energies for the neutral defect
formation electronic states of ionization, i.e., as the expression:

G ¼
X
a;b

Nb
ag

b
a þ Eg p�

X
a;b

nba 1� dba
� �" #

þ
X
a;b

eba Nb
a � nba

� �
dba þ nba 1� dba

� �� 
( )
1� dba
� �

;

ð2:59Þ

where eba is the particle ionization energy; and the indices a and b are running all
values, thereby accounting for both the CNT atoms and the particles of media, into
the system free energy where the nanotube is located.
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We can use the expression for the thermodynamic probability from several
works [9–11]:

W ¼ NCð Þn
n!

Nvð Þp
p!

Y
a;b

Nb! rba
� �nba Rb

a

� �Nb
a�nba

nba! Nb
a � nba

� �
!

; ð2:60Þ

where Nc vð Þ is the effective state density into the conductance zone (in valence
zone); n pð Þ are the concentrations of free electrons (holes); and rba Rb

a

� �
is a

degeneration factor of the filled (unfilled) electron state of the defect.
This probability accounts for the possible permutations of both the electrons and

holes (over the states of the nanotube permitted zones) and the adsorbates over the
adsorption places or their possible re-charging under the capture process on the
nanotube.

As was said above, the search for the free energy extreme will be undertaken
using the Lagrange indefinite multipliers method. The functional for the determi-
nation of the conditional extreme point location has the form:

U ¼ G� kT lnW þ
X
a

kaua þ
X
a

kbub þ keue; ð2:61Þ

where ka, k
b, and ke are the Lagrange indefinite multipliers, that arise from the

conservation laws for the particle number (2.55), places number (2.54), and charge
(2.56), correspondingly. The number of Lagrange indefinite multipliers is equal to
the conservation law numbers.

Substituting expressions (2.54)–(2.60) into (2.61), we obtain the formula for the
functional, which must be minimized:

U ¼
X
a;b

Nb
ag

b
a þ Eg p�

X
a;b

nba 1� dba
� �" #

þ
X
a;b

eba Nb
a � nba

� �
dba þ nba 1� dba

� �� 
( )
1� dba
� �

� kT n lnNC � n ln nþ p lnNv � p ln pþ nþ pþ
X
a;b

nba ln r
b
a þ Nb

a � nba
� �

lnRb
a þNb

a

�(

� nba ln n
b
a þ nba � Nb

a � nba
� �

ln Nb
a � nba

� �� nba þNb lnNb � Nb

�

þ
X
a

ka Na �
X
b

Nb
a

 !
þ
X
b

kb Nb �
X
a

Nb
a

 !
þ ke n� pþ

X
a;b

nba �
X
a;b

Nb
ad

b
a

" #
1� dba
� �( )

:

ð2:62Þ

At first glance (2.62) is very bulky and tedious, but for minimization one can
take only the partial derivatives of it, and after differentiation the majority of its
additives vanish (i.e., become zero). Thus, we obtain the equation system:
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@U

@Nb
a

¼ gba þ ebad
b
a ð1� dba)� kT lnRb

a � ln Nb
a � nba

� �� 

� ka � kb � ked

b
a 1� dba
� �

:

ð2:63Þ

Formula (2.63) is namely an equations system, and the equation number equals
the number of combinations which can be formed from indices a and b, corre-
sponding to the various types of particles and places. The interactions between the
defects of the system are concluded or contained in the Lagrange multipliers, whose
physical meanings are yet to be considered and established.

Let us suppose that in formula (2.63) there are only indices a (corresponding to
an adsorbate particle in an outer media) or b (corresponding to the nanotube carbon
atoms). In this case we have Rb

a ¼ 1 and nba ¼ 0, and as a result we obtain an
expression connecting two (from three) Lagrange multipliers:

ka ¼ �ka þ gaa þ kT lnNa
a : ð2:64Þ

The free energy derivative with respect to the particle number is their chemical
potential and therefore: ka ¼ la, kb ¼ lb. The chemical potential in a regular
approximation can be expressed in the form:

la;b ¼ l0a;b þ kT ln aa;b; ð2:65Þ

where l0a;b is the chemical potential of the pure component and aa;b is the com-
ponent activity, connected with its concentration by: aa ¼ caXa, where ca is the
activity coefficient and Xa is the a-type adsorbate concentration.

Taking the derivative of expression (2.63), with respect to electrons or hole
concentrations, we define a physical meaning of yet one more Lagrange multiplier:

ke ¼ kT ln
n
Nc

¼ �EF ; ð2:66Þ

i.e., the multiplier ke is equal to the Fermi energy value, but with the opposite sign.
The final expressions for the number of the defects and electrons captured on

them have the form:

Nb
a ¼ Nb

bA
b
a 1þBb

a

� �
; nba ¼ Nb

bA
b
aB

b
a ; ð2:67Þ

where:

Ab
a ¼ Rb

a
aa
ab

exp
1
kT

�gba þ EF � eba
� �

dba 1� dba
� �� 
� �

; ð2:68Þ

2 Thermodynamics and Kinetics of Adsorption … 31



Bb
a ¼ rba

Rb
a

exp
1
kT

�EF þ eba þ 1� dba
� �

Eg � 2eba
� �� 


1� dba
� �� �

:

Below, formulas (2.67) and (2.68) will be derived in more detail for some
concrete examples of doping and chemisorption, thereby becoming clearer.

From formula (2.67) can be derived a sufficiently simple expression for the
adsorbed molecule number. The CNTs as a rule have hole-type conduction and are
not degenerate, hence in this case:

Nb
a ¼ aa

ab
Nb
b exp � gba

kT

� 	
exp

Eg � eba � EF

kT

� 	
þ 1

� �
: ð2:69Þ

It follows from formula (2.69), that the number of one type of adsorbed particles
is connected with the concentration of all other adsorbed atoms for the following
reasons. First, let us note that a number of empty adsorption places, Nb

b , depends on
the total defect number. For the defect formation in a usual solid body this number
tends to the lattice basic atom number (that as a rule is sufficiently greater than the
defect number), but under adsorption of various types of particle in nanotubes there
arises a competition for adsorption places. In such a situation it is necessary to use

the place number conservation law. A mutual connection between the Nb
b defect

with other defects is expressed by: Nb
b ¼ Nb �Pa 6¼b N

b
a . Second, a connection is

established through the Fermi energy, which depends on all adsorbate numbers. For
example, an acceptors introduction into the CNT immediately leads to a growth in
the donor admixtures number.

Formula (2.69) is correct in all cases. However, under physical adsorption,
adsorbates re-charging are practically absent and therefore the activation energy for
the electron or the hole can be turned to infinity. For this case, the expression in
square brackets in formula (2.69) becomes equal to “1”. Let us note also, that under
adsorption the carbon atom number in the nanotube does not change and the defect
number is small compared with the basic cell number, thus, we have ab ! 1.
Taking into account all these conditions, we can write the following expression for
several types of particles adsorption:

Nb
a ¼ Na

Na
Nb �

X
a6¼b

Nb
a

 !
exp � gba

kT

� 	
: ð2:70Þ

For one type of atom adsorption we get:

Nb
a ¼ Na

Na
Nb � Nb

a

� �
exp � gba

kT

� 	
: ð2:71Þ
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From (2.71) we can obtain the expression for Langmuir’s isotherm [17–19]:

Nb
a ¼

NbNa exp � gba
kT

� �
Na exp � gba

kT

� �
þNa

¼ Kp
1þKp

Nb; ð2:72Þ

where K ¼ 1
pas
exp � gba

kT

� �
is the equilibrium constant and p is the pressure.

Formulas (2.69)–(2.71) allow calculation of the adsorbed particle concentrations
for all cases of monomolecular adsorption.

The results of this section are generic and can be can be used in all cases when
doping or chemical adsorption is studied. However, the derivation of the formulas
appears complicated at first reading. Therefore, these findings are dismantled again
in Chaps. 3–6 for simple examples.

2.6 Kinetics of Doping Carbon Nanotubes and Graphene

Kinetics of reactions in the solid state are well developed. Information on this
subject can be found in numerous monographs and textbooks, i.e., [20]. The the-
oretical part of the problem is easily solved both analytically and numerically. An
example of solving this problem is shown below.

Task: doping CNTs or graphene during treatment in an atmosphere of doping
atom vapor. At time t = 0 the nanotube is placed in an atmosphere which consists
of an ideal gas of dopant. It is supposed that the chemical bonds between carbon
atoms of the solid are broken by heating. The probability of this process is denoted
by ec. The concentration of the resulting vacancies is denoted by Nc

v . This process is
described by the kinetic equation:

dNc
v

dt
¼ �ccN

g
c N

c
v þ ec Ncnt

c � Nc
v

� � ð2:73Þ

where cc is the probability of capture of carbon from the gas phase on the vacancies
of the lattice; Ng

c is the carbon concentration in the gas phase; and Ncnt
c is the

concentration of carbon in the lattice sites. The solid body only exists in impurity
pairs and the carbon in the gas phase is practically absent (Ng

c ! 0). Then:

dNc
v

dt
¼ ec Ncnt

c � Nc
v

� � ð2:74Þ

The impurity concentration in the gas phase (Ng
a ) can be calculated using the

Clapeyron equation:
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Ng
a ¼ pa=kT ; ð2:75Þ

where: pa is the partial pressure of the impurity gas in vapor phase. Capture of the
impurity by vacancy and emission of the impurities is a process occurring simul-
taneously. It is described by the kinetic equation:

dNc
a

dt
¼ caN

c
vN

g
a � eaN

c
a ð2:76Þ

where ca is the probability of an impurity atom being captured from the gas phase to
a vacancy; and ea is the probability of impurity emission from the solid to the
gaseous phase. The problem is solved with initial conditions, Nc

vð0Þ ¼ 0,
Nc
að0Þ ¼ 0. A full joint solution of (2.74) and (2.76) is very cumbersome.

Therefore, the results are presented in Fig. 2.2. Analytical results are presented in
the following conditions:

Nc
v ¼ Ncnt

c 1� exp �ectð Þ½ � Nc
a ¼

capaNcnt
c

eakT
1� exp �ectð Þ½ �; then ec � ea

ð2:77Þ

Kinetics is limited by a slower process, namely, by the formation of carbon
vacancies.

Nc
v ¼ Ncnt

c 1� exp �ectð Þ½ � Nc
a ¼

capaNcnt
c

eakT
1� exp �eatð Þ½ �; then ec � ea

ð2:78Þ

Kinetics is also limited by an impurity atom being captured from the gas phase.
One knows that the energy gap of the C–C bond is 4.2 eV [12]. Energy needed

to create vacancies of carbon atoms in a graphene lattice should be greater than this

Fig. 2.2 Kinetics of doping CNTs or graphene during annealing in impurity vapor. (1) Nc
v ; (2) N

c
a
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value. An experiment was undertaken [21] permitting the evaluation of this energy.
The authors [12] annealed nanotubes for 5 h at a temperature of 2500 K. The
annealing led to the formation of about 1% vacancies that chemisorbed hydrogen
further. This data allows the estimation of the emission rate of carbon atoms. It was
calculated at 5 � 10−7 s. We calculate the coefficient of capture using formula
(2.21), assuming that the nanotube is surrounded by an ideal gas and the capture is
limited only by the diffusion process (Cc = 1.2 cm3 s−1). The concentration of
nanotube atoms was 1017 � 1018 cm−3. The value of these variables allows esti-
mation of the energy of carbon vacancies to be 10 eV. The calculations, presented
in Chap. 3, give a value of the energy of hydrogen desorption that is about 2.7–
3 eV. Therefore, CNTs and graphene cannot chemisorb hydrogen when they are
annealed in an atmosphere of this gas. Instead, one uses graphene in hydrogen
plasma. The plasma lowers the energy of the process and makes it possible.

Kinetics of processes is complicated and time consuming, so research work in
this direction for nanotubes is nearly non-existent.

2.7 Kinetics of the Desorption Process

The adsorbed atoms characteristics can be determined by studying the desorption
process. At present the methods and apparatus of thermal (thermogravimetric)
analysis (TGA) and differential thermogravimetric analysis (DTGA) are well
developed. These methods are based on the measurements of the substance losses
under heating and now are widely used for to determine the various parameters of
many adsorption processes. In this connection, below we will consider in detail the
connection between the parameters of desorption from a surface and some
parameters, considered earlier, in previous sections.

The basis of the kinetic model used are notions of Langmuir’s theory, derived in
several works [1, 10]:

– Adsorption proceeding on certain adsorption centers (cites).
– Adsorbent molecules not interacting with each other.
– Adsorption center numbers being a constant value, defined by sample fabrica-

tion prehistory.
– Every adsorption center binding to only one molecule.

Let us consider under the framework of Langmuir’s theory the adsorption
kinetics as a whole. The equation of the adsorption has the form:

dNb
ai

dt
¼ cbaiNa Nb

i � Nb
ai

� �
� ebaiN

b
ai; ð2:79Þ

where Nb
ai is the concentration of adsorbate atoms, captured on i-type places; Nb

i is
the concentration of i-type places; Na is the concentration of adsorbate in gaseous
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phase, defining an adsorbate partial pressure; cbai is the probability of adsorbate
capture by the i-type adsorption centers for the unitary concentration of the
adsorbate in gaseous phase; and ebai is the probability of the adsorbate desorption.

In order to solve (2.79), it is necessary to know concrete values of the kinetic
coefficients, which define the gas adsorption and desorption process probabilities.
In equilibrium state the right-hand side of (2.79) becomes zero, and substituting in
this equation the adsorbate concentration (2.71), we obtain for a desorption prob-
ability the expression:

ebai ¼ cbaiN
a exp �gbai=kT

� �
: ð2:80Þ

Experiments connected with gas desorption are usually carried out under con-
tinuous pumping out and, therefore, the pressure of the adsorbed gas is equal to zero
(and the molecule concentration, Na ¼ 0). Equation (2.25) is simplified to the form:

dNa

dt
¼
Xm
i¼1

dNb
ai

dt
¼ �

Xm
i¼1

mbaiN
b
ai exp � gbai

kT

 !
dt; ð2:81Þ

where mbai ¼ cbaiN
a and gbai is the adsorption partial free energy, introduced by (2.19).

In formula (2.81) summing is carried out over the number of places the adsorbate
atoms are captured, and therefore in (2.81) it is enough to study a desorption
process for only one type of such a place.

The nanotubes are usually annealed at high vacuum conditions and temperatures
1000–1200 °C during several hours before measurements. This is done to remove
from the samples the amorphous graphite, low-molecular complexes, and unde-
sirable adsorbates. After annealing the temperature is decreasing and the nanotubes
are saturated by adsorbate under a specific temperature. After that the cryostat with
the sample is cooled to helium temperatures. When an equilibrium state is reached,
the samples are heating at a constant rate (i.e., at c = 0.25 K/s). In these tests the
sample temperatures changed linearly with time: T ¼ T0 þ ct, where T0 is the
heating start temperature, chosen as a rule long before the desorption process starts.
During the heating process the amount of de-adsorbed substance is recorded. For a
full description of the process under the framework of formula (2.81) it is necessary
to change the function argument, i.e., to pass from argument t (time) to argument
T (temperature). After the change of variables we obtain a differential equation:

dNb
ai

Nb
ai

¼ � mbai
c
exp � gbai

kT

 !
dT; ð2:82Þ

where c is the sample heating rate.
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The solution of this equation has the form:

Nb
ai ¼ Nb

a0i exp � mbaiT
c

E2
gbai
kT

 !" #
; ð2:83Þ

where E2 xð Þ is the integral exponential function of second order.
Equation (2.83) allows us to obtain the kinetic coefficients: gbai is the Gibbs free

energy of adsorption (molecular bond) and mbai is the desorption probability. The
values are determined by a comparison of the analytical expression with experimental
results, but practically it is more convenient to use the desorbed gases concentration
derivative with respect to temperature (the DTGA method). This curve for a single
process has only one maximum, but for a processes superposition—several maxi-
mums, the number of which equals the independent desorption process number. For
such desorption process superposition the derivative is described by the expression:

dNa

dT
¼
Xm
i¼1

dNb
ai

dT
¼ �

Xm
i¼1

mbaiN
b
a0i

c
exp � gbai

kT

 !
exp � mbaiT

c
E2

gbai
kT

 !" #
: ð2:84Þ

For this the following conditions are taken into account:

dEn xð Þ
dx

¼ �En�1 xð Þ:

An asymptotic expansion of the function:

En xð Þ ¼ exp �xð Þ
x

1� n
x
þ n nþ 1ð Þ

x2
� � � �

� �
;

We should also consider the fact that the temperature range of desorption rate
derivative maximum as a rule has values x > 30.

The desorption probability at the peak maximum temperature with number i (i.e.,

at temperature Tmi), with a systematic error of order k2T2= gba
� �2

, is equal [22]:

mbai ¼ cbaiN
a ¼ cgbai

kT2
mi
exp

gbai
kTmi

 !
: ð2:85Þ

Substituting (2.85) into (2.30) and approximating the integral exponential
function, we obtain the equation:

dNa

dT
¼
Xm
i¼1

gbai
kTmi

Nb
aiZ exp � T2

T2
mi

1� 2gbai
kTmi

 !
Z

" #
; ð2:86Þ

where Z ¼ exp gbai
k

1
Tmi

� 1
T

� �h i
:
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An analogous equation for a thermally stimulated desorption of electrons from
traps was obtained [11]. Formula (2.86) is very convenient in order to analyze the
desorption kinetics and allows, with high precision, the division of the processes of
desorption onto the components and definition of desorption parameters. In this
formula the maximum temperature and the peak amplitude are evaluated directly
from an experimental curve, and we must select only bond energy, which can be
completed with an accuracy of 1–2%.

In summary it must be stated that in this chapter the general expressions
describing the adsorption processes have been derived, and will be developed and
completed below given material consideration. We present specific examples of the
application of this theoretical model in Chaps. 2–6.

2.8 The Thermodynamics and Kinetics of Chemical Vapor
Deposition Growth of Carbon Nanotubes

The problem of the growth of CNTs is described in detail in several books,
including [12, 23, 24]. Chemical vapor deposition (CVD) is the most modern
method for growing arrays of carbon nanotubes for nanoelectronics. It is a chemical
process, used to produce high-purity, high-performance solid materials.
Although CVD offers the benefit of significantly lower synthesis temperatures than
arc-discharge and laser ablation techniques, it still requires a growth temperature of
600–950 °C [23]. A further drop in temperature has been associated with the use of
plasma (PECVD). Until now, this PECVD process has become the most popular
method to synthesize SWCNTs and Multiwalled carbon nanotubes—MWCNTs,
MWCNT arrays, and ordered SWCNT strands on various substrates [12, 23, 25].

In principle, a catalyst has a critical effect in reaction of kinetics by lowering the
energetic barrier of a particular chemical reaction, neither modifying thermody-
namics nor being consumed. During a standard thermal CVD or PECVD procedure,
a substrate is coated with a layer of metal catalytic nanoparticles, most commonly
nickel, cobalt, iron, or a combination thereof. The metal nanoparticles can also be
produced in other ways, such as reduction of oxides or oxide solid solutions. The
size of the catalytic nanoparticles can be controlled by patterned (or masked)
deposition of the metal, annealing, or by plasma etching of a metal layer. The
substrate with catalytic particles is usually heated to approximately 700 °C in a
protective gas. To initiate the growth of nanotubes, two gases are bled into the
reactor: a process gas (such as ammonia, nitrogen, or hydrogen) and a
carbon-containing gas (such as acetylene, ethylene, ethanol, or methane) [23]. The
substance and the morphology of the catalyst play an important role in the growth
of CNTs. We will carry out the analysis of the formation of catalyst nanodroplets.
We will examine the kinetics of the catalyst interaction with the gas phase of the
reactor and what processes accompany the growth and doping of CNTs.
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2.8.1 Catalyst Nanoparticles

Researchers of CNT growth (e.g., [26]) have concluded that the diameter of nan-
otubes is associated with the catalyst nanoparticles diameter, from which they
growth. Nanoparticles from catalyst formation (nucleation) are complex, occurring
under the influence of the several factors [12]. The sizes of nanodroplets are
increasingly determined by the temperature of its synthesis, its surface tension, and
the thickness of the metal film from which it is formed. We have undertakend a
study of the influence of temperature of technological processes on the diameter of
the catalyst particles. The results of these studies are shown in Fig. 2.3.

Fig. 2.3 The distribution of particles size. a, b Are a surface scans, 1 � 1 lm, produced via
atomic-force microscope; c, d show the distribution of nanoparticles according to their size; a,
c are immediate results after magnetron sputtering; b, d are results after annealing at 500 °C for
30 min
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Here, Ti (10 nm) and Ni (2 nm) thin films were deposited by magnetron sput-
tering of silicon oxide on the coated silicon surface. Nanoparticles appeared
immediately after deposition on the surface of the catalyst (Fig. 3.3a). Samples
were annealed at 500 °C for 30 min. We studied the catalyst nanodroplets by
atomic-force microscopy, ScanAsyst™. This produces high-resolution, 3D images
by scanning over the sample surface. The peaks of the distribution of particles are at
28 nm size, immediately after deposition. It was found that the particle distribution
changes after annealing, receiving an additional distribution of particles with a
maximum of 18 nm. The phenomenon of coalescence occurs during annealing.

We constructed a thermodynamic model of the formation of the catalyst cluster
to better understand the observed phenomena. The thermodynamic model, which is
built below, explains the shape of the experimental nanodroplet size distribution
and shows the important role played by the surface tension of the particles during
formation. The theoretical distribution is obtained by calculating the minimum
Gibbs free energy of the system, in which the clusters are formed by the catalyst.
The surface tension of the particle catalysts are obtained after comparing experi-
mental and theoretical distributions.

2.8.2 The Free Energy of the Particles

The free energy of the particles at a constant pressure (Gibbs energy) plays a
significant role in the self-formation of the particle, its melting, and the growth of a
CNT. The expression for the free energy including surface tension is given by:

Gk ¼ Gi þGS ¼ �gini þ 4pr2i cl; ð2:87Þ

where gi is the partial Gibbs free energy per atom in the particle; ni is the number
of atoms in the particle of the catalyst; ri is the radius of the particle; and cl is the
surface tension. The first term describes the connection of an additional particle to
particle r. The second term is associated with the occurrence of a boundary, sep-
arating the particle from its environment. Equation (3.25) gives the free energy of
the particle in gas phase.

The free energy of the particle is expressed in terms of the number of atoms
within it. We assume that the particle is a sphere. This is true if the number of atoms
in it is more than a few hundred. Iron in the particle of the catalyst has a
body-centered lattice, which has a volume a3, and in this volume there are 3 atoms.
Accordingly, the volume of the particle is a3ni/2. Then:

ni ¼ 8p
3

� 	
r3i
a3

; ri ¼ 3
8p

� 	1=3

an1=3i ; ð2:88Þ
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Gk ¼ �gini þ 4pr2i cl ¼ �gini ¼ �gini þ cn2=3i ;

c ¼ 3ð Þ2=3p1=3a2cl:
ð2:89Þ

The coalescence changes the free energy of the system, because it occurs in two
types of clusters: globular particles and mono, each of which is subject to their
distribution. The free energy of the system, consisting of a number of mono and
globular clusters, can be written as (2.89):

Gk ¼
X
j

Mj �gjnj þ cjn
2=3
j

� �
þ
X
i

Ni �gini þ cir
2=3
i

� �
ð2:90Þ

where Mj is the concentration (number) of globular particles; Ni is the concentration
(number) of independent mono particles (by independent we mean mono clusters,
not part of the globules); gj is the partial energy of attachment of particles to the
globule; and gi is the partial energy of the particle attachment to an independent
mono particle.

It is important to note that each particle can take one of three locations: in free
state, as part of an independent mono particle, or as part of the globule.

2.8.3 The Laws of Conservation for the Number of Sites
and Particles

For each phase we can provide the number of sites (NFe) for particles of a certain
type and number of particles (NFe) that occupy them. In a condensed liquid phase,
all the sites are filled with particles, so the two numbers are equal. In an environ-
ment of ideal gas, these numbers can be expressed in terms of pressure:

NFe ¼ pFes VFe=kT; NFe ¼ pFeVFe=kT; ð2:91Þ

where pFes is the partial vapor pressure of the atoms that make up the cluster; pFe is
the partial vapor pressure at saturation; and VFe is the volume, occupied by iron
atoms.

Equation (2.91) follows from the cellular model of the gas [12]. The number of
places (NFe) is the total number of cells for the gas molecules. This number is equal
to the volume of the gas that is divided by the volume of a molecule, found in the
saturated vapor pressure. The law of conservation of the number of sites is:

NFe � NFe � NFe
0 ¼ 0; ð2:92Þ

where NFe
0 is the number of places in the gas phase which are free.

The law of conservation of particles in the case of a globular cluster is a different
analog for mono clusters. It is necessary to enter the following parameter of

2 Thermodynamics and Kinetics of Adsorption … 41



clusters: Ni is number of mono clusters containing the same number of iron particles
ni. Ni * ni is the total number of particles in these clusters, the number of particles
containing iron ni. Mj is the concentration of globular clusters, each of which
contains nj iron atoms. The total number of iron atoms in the system remains
constant. The law of conservation of atoms is:

NFe �
X
i

Nini �
X
j

Mjnj � N0
Fe ¼ 0: ð2:93Þ

2.8.4 Calculation of the Cluster Size Distribution

Cluster size distribution is calculated by minimizing the Gibbs free energy of the
crystal by the method of undetermined multipliers of Lagranzh. This energy can be
written as:

G ¼
X
i

NiGki � kT lnW ð2:94Þ

where Gki is the partial Gibbs free energy of a particle containing i atoms. It is
defined by (2.89) or (2.90), which is determined by the nucleation model.

In order to write the thermodynamic probability, and then go on to calculate the
entropy configuration, we proceed as follows:

1. The placement of the iron atoms at the sites. These atoms are the centers of
particles and globules. The probability of such a placement can be written as:

WFe ¼ NFe!
NFe! NFe � NFeð Þ! ð2:95Þ

2. The placement of the particles and globules. Particles are placed at sites which
are occupied by iron atoms. The probability of such a placement can be written
as:

W ¼ NFe!
Q

i ðRiÞNi
Q

j ðRjÞMjQ
j Mjnj!

Q
i Nini! NFe �

P
i Nini �

P
i Mjnj

� �
!

ð2:96Þ

where Ri and Rj are the degeneration coefficients of the particles and globules,
respectively. The value of these coefficients depends on the shape of the cluster.
Since the particles and globules are oriented in space randomly, and they them-
selves have a shape close to the sphere, then the value of these coefficients is 1.
Finally, the thermodynamic probability is:
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W ¼ NFe!
Q

i ðRiÞNi
Q

j ðRjÞMj

NFe � NFeð Þ!Qj Mjnj!
Q

i Nini! NFe �
P

i Nini �
P

i Mjnj
� �

!
: ð2:97Þ

The Gibbs free energy, whilst taking into account (2.90), is written in the form:

G ¼
X
j

Mj �gjnj þ cjn
2=3
j

� �
þ
X
i

Ni �gini þ cir
2=3
i

� �
� kT lnW ð2:98Þ

The standard method of Lagrange multipliers involves the creation of a func-
tional, consisting of values whose minimum is sought, and the conditions under
which the minimum is reached. Equations (2.92), (2.93), (2.97), and (2.98) allow us
to write the functional in the form:

U ¼
X
i

Ni �gini þ cin
2=3
i

� �
þ
X
i

Mj �gjnj þ cjn
2=3
j

� �

� kT NFe lnNFe þ
X
i

Ni lnRi þ
X
j

Mj lnRj

" #

� kT � NFe � NFe
� �

ln NFe � NFe
� ��X

j

Mjnj ln Mjnj
� �" #

� kT �
X
i

Nini ln Ninið Þ � NFe �
X
i

Nini �
X
j

Mjnj

 !
ln NFe �

X
i

Nini �
X
j

Mjnj

 !" #

þ kFe NFe � NFe � NFe
0

� �þ kFe NFe �
X
i

Nini �
X
j

Mjnj � N0
Fe

 !
;

ð2:99Þ

Calculate the derivative of formula (2.99) in the number of places:

@U
@NFe ¼ �kT ln NFe� �� ln NFe � NFe

� �� 
þ kFe ¼ 0 ð2:100Þ

From (2.100), we find one of the Lagrange multipliers:

kFe ¼ kT ln
NFe

NFe � NFe � N0
Fe

� 	
ð2:101Þ

Calculate the derivative of formula (2.99) in particles:

@U
@NFe

¼ �kT ln NFe � NFe � N0
Fe

� �� ln NFe �
X
i

Nini �
X
j

Mjnj

 !" #

þ kFe � kFe ¼ lFe

ð2:102Þ
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lFe ¼ l0Fe þ kT ln aFeð Þ

where aFe is the activity of iron.
We then find the second Lagrange multiplier:

kFe ¼ kT ln
NFe

NFe �
P

i Nini �
P

j Njnj

 !
þ lFe ð2:103Þ

Derivatives with respect to the number of globular clusters and mono clusters are
as follows:

@U
@ni

¼ �gini þ 2
3
cin

�1=3
i � kT ln Rið Þni� ln Ninið Þni� ln NFe �

X
i

Nini �
X
j

Mjnj

 !ni" #

� kFeNi ¼ 0

@U
@nj

¼ �gjnj þ 2
3
cjn

�1=3
j � kT ln Rj

� �nj� ln Mjnj
� �nj� ln NFe �

X
i

Nini �
X
j

Mjnj

 !nj" #

� kFeMj ¼ 0

ð2:104Þ

where l0Fe is the chemical potential of the iron under standard conditions, included
within the enthalpy: DH ¼ gi þ l0Fe. Substituting (2.102) and (2.103) into (2.104),
we obtain the distribution of clusters, according to the number of particles.

For a single cluster:

Ni ¼ aFe Rið Þ1=niN
Fe

ni
exp

DHi � p1=3a2cli nið Þ�1=32
3 3ð Þ

kT

3=2
2
4

3
5: ð2:105Þ

For globular particles:

Mj ¼ aFe Rj
� �1=njNFe

nj
exp

DHj � p1=3a2clj nj
� ��1=32

3 3ð Þ
kT

3=22
4

3
5 ð2:106Þ

We then need to analyze which parameters define the characteristics of the
distributions (2.105) and (2.106). The shape of the distribution is determined only
by the coefficient of surface tension of mono or globular clusters. The number of
clusters depends on the enthalpy of the sublimation of atoms, the reactor temper-
ature, and the concentration of ferrocene in the gas phase. These parameters define
the activity of iron in the gas phase. The temperature of the crystals is affected on
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the concentration of clusters. It represents part of the exponent of (2.105) and
(2.106), and also (2.92) for the number of seats.

We obtain the cluster size distribution from (2.105):

Ni ¼ A
r3i
exp � b

ri

� 	
ð2:107Þ

where

A ¼ aFeN
Fea3 exp

DH
kT

� 	
; b ¼ a3cef

kT
: ð2:108Þ

The distribution reaches a maximum when the radius of the cluster takes the
value:

rimax ¼ b=3:

Therefore, the experimental distribution (Fig. 2.3) is a superposition of (2.105)
and (2.106).

An important parameter for particle size distribution is surface tension. This
value determines the maximum of the distribution. From (2.108) the surface tension
follows the expression:

cef ¼
3kTrmax

a3
ð2:109Þ

The experimental distribution, shown in Fig. 2.3, allows us to calculate the
surface tension of mono particles and globules using expression (2.109). Annealing
leads to the emergence of a particle distribution peak at 18 nm. We substitute this
value in (2.109) and obtain cef ¼ 4:6 J/m2. If the particle has a size of 18 nm then it
must be in a solid state. The surface tension of solid Ni is difficult to calculate. Here
we make an approximate estimation [12]:

cls ¼
1
2
KaTDTrmax ð2:110Þ

where K is compressibility coefficient; aT is the coefficient of thermal expansion;
DT is a heating temperature of 0 °C; and rmax is the particle radius, which corre-
sponds to the maximum found in the distribution.

The value of the surface tension, calculated according to the formula, is 4.4 J/m2.
Agreement between the values is good, considering experimental error and the
shortcomings of formula (2.110).

One question which arises is why the nanotubes grow if the catalyst is a solid.
Scanning the surface of the catalyst nanoparticles by atomic-force microscope is
shown in Fig. 2.4. A nanoparticle surface may melt due to its large number of
irregularities.
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We have developed the thermodynamics of homogeneous catalysts and the
formation of particles of the catalyst, taking into account the phenomenon of co-
alescence. This theory is consistent with the results of experiments on the growth of
metal particles. We have shown that the phenomenon of coalescence leads to the
growth of globular particles. The experimental dependence of the number of par-
ticles of a certain size allows us to calculate the surface tension of the particle
material.

The coalescence model allows researchers to better understand the mechanism of
formation of nanoparticles comprising the catalyst. Nanoparticle size is constantly
changing with the growth of a nanotube. This should be considered when the results
of growth of nanotubes are analyzed.

2.8.5 The Kinetics of the Growth of a Nanotube

Vertically aligned CNT arrays are both an important technological system and a
fascinating system for studying the basic principles of nanomaterial synthesis.
Nevertheless, growth deactivation and the accompanying termination mechanisms
still remain a topic of nanotube synthesis science. Due to their extremely small size,
however, direct characterization of various transport and conversion events
occurring at the catalyst surface is not easy. Thus, investigations on growth kinetics
are the first step to resolve questions about the growth mechanism.

There are a series of works devoted to the kinetics of CVD growth. One of the
first [27], showed that the kinetic equations adequately described growth.
A rate-equation model was developed to describe the measured kinetics in terms of
activation energies and rate constants for surface carbon formation and diffusion on
the catalyst nanoparticle, nanotube growth, and catalyst over-coating. In one work
[28] is presented a simple model for the growth and termination of CNT arrays.
This model was developed by modifying several submodels and provides a com-
prehensive predictive tool for the CNT growth process as a function of CNT wall
number.

Fig. 2.4 Scanning the surface of catalyst nanoparticles using an atomic-force microscope
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2.8.6 Some Experimental Results

Carbon nanotubes were synthesized by the method of PECVD installed using an
Oxford Plasmalab System 100. The titanium (10–15 nm) was a buffer layer and
nickel (2.4 nm) served as the catalyst. Growth occurred at temperatures of 550–
650 °C. Formation of the catalysts and the array of CNTs was analyzed using a
scanning electron microscope (HeliosNanoLab 650 company FEI), an atomic-force
microscope (Dimension Icon firm Brucker) and an Auger Electron Spectrometer
(Jamp 9510F of JEOL). The height of the array had a limit value. It grew rapidly at
a first and then slowed and stopped (Fig. 2.5).

The growth of CNTs was repeated many times, experimentation results were
statistically averaged and confidence intervals were found for the change of height
of the array (the points in Fig. 2.5). Auger analysis revealed that in addition to
carbon, nickel, titanium, and titanium carbide phases took place (Fig. 2.6). The
concentration of titanium carbide decreases with etching of argon ions in the cell
analysis of the Auger Electron Spectrometer. This suggests that titanium carbide is
located on the catalyst surface. The experiments allow us to offer one possible
mechanism for the formation of a heterogeneous catalyst. Carbides of titanium and
nickel produce carbon, which penetrates into the catalyst from the reactor. Titanium
carbide has a high melting temperature and is a very stable compound that is
evidenced by high formation heat (−183 kJ/K) and a large free energy change
(−236 kJ/K/mol). The formation of these compounds is active and continues until
complete exhaustion of one of the components. Alternatively, nickel carbide is
easily decomposed at the front of the formation of nanotubes, thereby, it supplies

Fig. 2.5 The dependence of
the height of the array of
CNTs on the time of
synthesis. The points
represent experimental data,
the solid line represents the
calculation
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the carbon for its growth. Titanium carbide, formed on the surface of the catalyst
drops and forms a crust that creates a barrier against penetration of carbon into
catalyst. It initially forms islets which eventually merge and create a crust on the
surface of the catalyst. The carbon concentration in the catalyst is thus reduced,
growth slows down, and stops when the crust covers the surface completely.
Hydrocarbon pyrolysis products are involved in the formation of the crust, too.

One may conclude that there is great complexity in the CNT growth process.
The CVD synthesis of carbon nanotubes involves a series of transport and con-
version events that produce a flux of carbon material from a precursor, provided by
the feed gases (or generated by gas phase reactions), to the CNT that grows from
the catalyst particle. Nanotube growth processes via CVD share several common
characteristics. The arriving molecules adsorb to the catalyst surface and start to
decompose into carbon and hydrogen. The carbon adsorbate dissociates itself fur-
ther into atomic carbons, and thereafter the carbon adatoms diffuse through the
catalyst particle to the open end of the growing nanotube and finally incorporate
into graphitic carbons comprising the CNT. These steps need to be included in the
system of kinetic equations.

2.8.7 System of Kinetic Equations

Figure 2.7 summarizes the processes that occur on the surface of the catalyst we
had considered in our attempt to explain the observed kinetics of the growth of
CNTs. The basis of a system of differential equations of the kinetics can be found in
research work [27]. However, the following major additions were made in our
work:

Fig. 2.6 The dependence of
the intensity of the Auger
peak of titanium carbide on
the surface of nanoparticle ion
etching time
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• Nickel carbide was formed in the melt. The process of its decomposition is the
main supplier of carbon during the growth of CNTs.

• The intermetallic compounds are formed on the surface of the catalyst, such as
titanium carbide.

• Dopant occurs simultaneously with the growth of nanotubes.

Hydrocarbons provide a constant flux of carbon-containing molecules, Fc1, to
the surface of the catalyst nanoparticle. Pyrolysis products do this also, Fc2. The
surface of the catalyst layer is molten as it contains many fine irregularities. These
have a radius smaller than 1 nm, so their melting temperature is lower than the
temperature in the reactor and so they melt. The thickness, Dm, of this layer is
defined by the maximum number of feedstock molecules decomposed on the sur-
face of the catalyst nanoparticle, NC, at a particular temperature. This layer channels
the diffusion of the dissolved carbon atoms, NB, at a rate constant kt and encourages
their precipitation into a nanotube because of the much higher carbon diffusivity in
the disordered layer compared to the ordered solid phase.

Carbides of titanium and nickel are formed as well. Titanium carbide has a low
density, but higher melting temperature (>3000 °C) and a high stability. It forms a
crust on the surface of the catalyst, which hinders the entry of carbon into the melt.
This crust inhibits the growth of nanotubes. The pyrolysis products are also
deposited on the catalyst surface. Some of them form an amorphous layer. This
layer is a supplier of carbon into the catalyst, on the one hand, but participates in the
formation of the crust which slows the growth of nanotubes, on the other.

Fig. 2.7 Schematic representation of the processes responsible for growth and doping of CNTs
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Carbon nanotubes grow at the expense of carbon, which is supplied from the melt
and TiC decay.

These processes are described by a system of kinetic equations:

dNC2H2

dt
¼ ~Fc1n 1� NL1

aL S0nL
� NTiC

aTiC S0nTiC

� 	
� kNi3CNC2H2N

6
Ni;

dNL1

dt
¼ ~Fc2np 1� NL1

aL S0nL
� NTiC

aTiC S0nTiC

� 	
þ kc1NC � kd1NL1;

dNNi3C

dt
¼ kNi3CNC2H2N

6
Ni � eNi3CNNi3C;

dNTiC

dt
¼ kTiCNBNTi;

dNC

dt
¼ eNi3CNNi3C � ksb þ kc1ð ÞNC;

dNT

dt
¼ ktNB;

dNB

dt
¼ ksbNC � ktNB þ kd1NL1 � kTiCNBNTi; NTiðtÞþNTiCðtÞ ¼ N0

Ti;

dnp
dt

¼ k1pn
2 � k2pnp; nþ 2np ¼ n0 1� exp �ktð Þð Þ; NNiðtÞþ 3NNi3CðtÞ ¼ N0

Ni;

dNTi

dt
¼ �kTiCNBNTi;

dNNi

dt
¼ �kNi3CNC2H2N

6
Ni þ eNi3CNNi3C;

ð2:111Þ

These equations must be supplemented by the initial conditions:

NNi 0ð Þ ¼ N0
Ni; NTi 0ð Þ ¼ N0

Ti; NNi3C 0ð Þ ¼ 0; NTiC 0ð Þ ¼ 0;
NC2H2 0ð Þ ¼ 0; NC 0ð Þ ¼ 0; NL1 0ð Þ ¼ 0; NB 0ð Þ ¼ 0;
NT 0ð Þ ¼ 0; nP 0ð Þ ¼ 0; n 0ð Þ ¼ ~n0 ¼ n0:

ð2:112Þ

where NC2H2 is the number of molecules of acetylene which adsorb on the surface of
the catalyst nanoparticles; NTi is the number of titanium atoms in the nanoparticles of
the catalyst; NNi is the number of nickel atoms in the nanoparticles of the catalyst;
NTiC is a number of the molecules of titanium carbide in the solid phase on the surface
of the catalyst nanoparticles; NNi3C is the number of molecules of carbide nickel on
the surface catalyst nanoparticles; kTiC is the coefficient of the probability of for-
mation of titanium carbide molecules; kNi3C is the coefficient of the probability of the
formation of nickel carbide molecules; eNi3C is the coefficient of the probability of the
nickel carbide molecules decaying; NC is the number of carbon atoms on the surface
of the catalyst nanoparticles, obtained by catalytic decomposition of acetylene
molecules; NL is the number of carbon atoms falling within a carbonaceous layer on
the surface of the catalyst nanoparticles; NB is the number of carbon atoms diffusing
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in the melted surface layer, Dm; NT is the number of carbon atoms falling in the
melted surface layer; nL ¼ 1015 atoms/sm2 is the surface density of a monolayer of
carbon atoms; aL is the number of monolayers (aL ¼ 1); nTiC ¼ 1015 atoms/sm2 is
the surface density of a monolayer of molecules of titanium carbide on the surface of
the catalyst nanoparticles; aTiC is the number of monolayers of molecules of titanium
carbide (aTiC ¼ 1); S0 ¼ 2pR2 is the surface area of the catalyst nanoparticles dis-
posed on the substrate; R is the radius of catalyst nanoparticles; ~Fc1 n, ~Fc2 np are flows
of acetylene and acetylene pyrolysis products deposited on the surface of the catalyst
nanoparticles; kTiC � NB � NTi is the rate of reaction of the formation of titanium
carbide; kNi3C � NC2H2 � N6

Ni is the rate of reaction of the formation carbide nickel; and
eNi3C � NNi3C is the rate of decay of nickel carbide.

The kinetic coefficients of system (2.111) are temperature dependent and are
determined by the following expressions:

~Fc1 ¼ 1
4
S0

ffiffiffiffiffiffiffiffiffi
kBT
2pm

r
p1 exp � Ea1

kBT

� 	
;

~Fc2 ¼ 1
4
S0

ffiffiffiffiffiffiffiffiffiffi
kBT
2pM

r
p2 exp � Ea2

kBT

� 	
k1p
k2p

¼ P exp �Ep
�
kBT

� �
;

ksb ¼ B exp � Esb

kBT

� 	
;

kc1 ¼ A exp � Ec1

kBT

� 	
;

kt ¼ C exp � Eb

kBT

� 	
;

DNi3C ¼ D0 exp � E1

kBT

� 	
;

DTiC ¼ D0 exp � E2

kBT

� 	
;

kNi3C ¼ 4paDCNi=V ¼ 4paD0=Vð Þ exp � E1

kBT

� 	
;

kTiC ¼ 4paDCTi=V ¼ 4paD0=Vð Þ exp � E2

kBT

� 	
;

eNi3C ¼ kNi3CN exp � Er

kBT

� 	
¼ 4paD0 N=Vð Þ exp � E1

kBT

� 	
exp � Er

kBT

� 	
;

ð2:113Þ

where T is the absolute temperature; kB is the Boltzmann constant; Ea1 is the energy
of activation of the capture and catalytic decomposition of molecules of acetylene
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C2H2 at the catalyst surface; Ea2 is the energy of activation of the capture and
catalytic decomposition of molecules of acetylene pyrolysis products (in the sim-
plest case, molecule C4H4 dimers) on the catalyst surface; p1; p2 are the corre-
sponding pre-exponential factors; m; M are masses of molecules of C2H2 and
C4H4, respectively; Ep is the activation energy of the decomposition of the mole-
cules in the gas phase; P is pre-exponential factor; Esb is the activation energy of the
penetration of carbon atoms in the molten layer; Ec1 is the activation energy of the
formation of a carbon layer; Eb is the activation energy of diffusion of carbon atoms
to the place of CNT growth; A; B; C are the pre-exponential factors; a ¼ 0:35 nm
is the mean distance between the atoms and molecules in the molten layer;
D0 ¼ a2m=6 ¼ 0:204 cm2/c, m ¼ 1015 1=c is the characteristic phonon frequency;
V ¼ ð4=3ÞpR3 is the volume of the catalyst nanoparticles; E1 is the activation
energy of the mutual diffusion of carbon and nickel in the molten layer; E2 is the
activation energy of the mutual diffusion of carbon and titanium in the molten layer;
Er is the activation energy of molecules of nickel carbide decaying; and N=V ¼
2=a3 	 4:66� 1022 cm�3 is the concentration of atoms in the molten layer.

If we exclude the dependent equation, then system (2.111) takes the form:

dNC2H2

dt
¼ ~Fc1n 1� NL1

aLS0nL
� NTiC

aTiCS0nTiC

� 	
� kNi3CNC2H2N

6
Ni;

dNL 1

dt
¼ ~Fc2 np 1� NL1

aL S0nL
� NTiC

aTiCS0nTiC

� 	
þ kc1NC � kd1NL1;

dNNi

dt
¼ �kNi3CNC2H2N6

Ni þ
1
3
eNi3C N0

Ni � NNi tð Þ
� �

;

dNTi

dt
¼ �kTiCNBNTi;

dNC

dt
¼ 1

3
eNi3C N0

Ni � NNi tð Þ
� �

;

dNB

dt
¼ ksbNC � ktNB þ kd1NL1 � kTiCNBNTi;

dNT

dt
¼ ktNB;

dnp
dt

¼ k1p n0 1� exp �ktð Þð Þ � 2np
� �2�k2pnp:

ð2:114Þ

We solve system (2.114) numerically. It is assumed that coefficient kd1 = 0. This
means that the transition of carbon through a barrier layer is absent.

Solution of system (2.114) can be found:

NNi3C tð Þ ¼ 1
3

N0
Ni � NNi tð Þ

� �
;

NTiC tð Þ ¼ N0
Ti � NTi tð Þ:

ð2:115Þ
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System (2.2.28) provides a solution for the height of the nanotubes. It can be
estimated using formula L tð Þ ¼ NT tð Þ=z, where z is number of carbon atoms per
unit length of the nanotube. The number of carbon atoms per unit length is given by
a single-walled nanotubes, which can be obtained on the basis of the theory
described in [23]:

z ¼ 4pd

3
ffiffiffi
3

p
d20

SWNTð Þ; z ¼ 4pd

3
ffiffiffi
3

p
d20

� Nw MWNTð Þ ð2:116Þ

where d is the diameter of the CNT; d0 is the distance between the nearest carbon
atoms in the nanotube; and Nw is the number of layers in the MWCNT.

System (2.114) was solved at several temperatures in the interval
450 
C\T\750 
C. It is possible to calculate the temperature dependence of the
height of the array from its temperature rise (Fig. 2.8).

The calculation results described the experimental results well.
System (2.114) can be solved in view of the doping process, such as nitrogen,

which occurs simultaneously with the growth of nanotubes. Melting is in an
equilibrium state and is saturated by the particles that are in the gas phase. The
concentration of these particles in the melt is determined by the distribution coef-
ficient. We can then add to this system the following equation:

NN ¼ kNNNH3 ¼ kN
pNH3
kBT

;
dNN

dt
¼ �kcNNN ð2:117Þ

Fig. 2.8 Temperature
dependence of the height of
an array against temperature
rise. Points represent
experimental data. The solid
line is the result of a
numerical solution of system
(2.114) at different
temperatures
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where NN is the concentration of nitrogen in the melt; kN is the coefficient of
distribution of nitrogen between gas and liquid phases; pNH3 is the pressure of the
nitrogen vapor; and kcN is the probability of the capture of nitrogen, dissolved in the
melt, by growing nanotubes. Dissolution of nitrogen, and its capture by a nanotube,
weakly depends on other parameters of the growth process. Therefore, the use of
calculation and experimental data do not make it possible to identify the influence
of nitrogen on the growth of nanotubes if its concentration is low.

Growth rates of CNTs in temperatures between 550 and 900 °C, and the effect of
different flow rates (concentrations) of C2H2 feedstock gas, were separately studied.
Growth is modeled using rates of arrival of carbon on the metal catalyst surface, its
dissolution into a highly disordered, ‘molten’ surface catalyst layer that channels
diffusion to the nanotube boundary, and precipitation into a nanotube. This model
agrees with the experimental data well.

2.9 Conclusion

Thermodynamics and kinetics allow a better understanding of the processes of
growth of CNTs. Growth and doping of CNTs are complex physical and chemical
processes so the quality of a CNT depends on many factors: the temperature and
gas composition in the reactor, the catalyst, and the sequence of process steps. The
interactions of the molecules and the reaction rate between them are easier to
understand if we use thermodynamic and kinetic approaches to technological
processes.

Catalyst substance and its surface treatment always determine the results of the
growth. Thermodynamics and kinetics allow a better understanding of these pro-
cesses. These two approaches are complementary to each other and should be used
together for process analysis. The thermodynamic approach is used in the case
where thermodynamic equilibrium can be established in the reactor. Such processes
include pyrolysis processes, when the balance is provided by the constancy of
temperature and speed of movement of gases in the reactor; clusters of catalysts
containing a small quantity of the substance being quickly are warmed up, and
reaching equilibrium. Growth is relatively slow, however, in this case it is important
to investigate the kinetics of the process.

Carbon nanotubes may be doped in the growth process as well as after its
completion. Thermodynamic doping allows a better understanding of what defects,
and how many defects, are formed by doping. Kinetics allows us to estimate the
rate of processes, which allows us to determine whether a reaction took place at the
end of doping or not. The study of kinetics allows us to calculate the kinetic
coefficients, which are important for the understanding of the conditions for the
realization of technological doping processes. In this case, the thermodynamics and
kinetics are complementary. Unfortunately, the kinetic processes are rarely studied
and there is not enough information about them. This is due to the great difficulty
associated with such experiments. The processes of desorption of molecules
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(TGA) are an exception and have become standard methods of carbon nanotube
technology.

This chapter provides the physical basis for the use of thermodynamics and
kinetics for the description of the doping process. This chapter is the foundation for
following chapters, where the above models are discussed and explained with
specific examples.

In this chapter we have described two important results. First, we have con-
sidered the method used to calculate the concentration of defects, which is based on
the minimization of the free energy of the system. This method allows the calcu-
lation of the concentration in the case of the existence of a large number of
simultaneously occurring reactions and determines the influence of some defects.
Second, we considered the identification of the formation of intermetallic com-
pounds in the catalyst nanoparticle and its impact on the growth of nanotubes.
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Chapter 3
Interaction of Hydrogen with a Graphene
Plane of Carbon Nanotubes and Graphene

Sergey Bulyarskiy, Alexandr S. Basaev and Darya A. Bogdanova

Abstract Chapter 3 examines the reaction of hydrogen with CNTs. We have made
an overview that describes the existing scientific literature experimental results and
calculations on the interaction of hydrogen with CNTs. Review of the literature
shows the prospect of using nanotubes as hydrogen storage, we continue this in the
chapter, confirming the research via calculations.

Chapter 3 examines the reaction of hydrogen with CNTs. We have made an
overview that describes the existing scientific literature experimental results and
calculations on the interaction of hydrogen with CNTs. Review of the literature
shows the prospect of using nanotubes as hydrogen storage, we continue this in the
chapter, confirming the research via calculations.

Analysis of the interaction of hydrogen with a graphene plane is carried out by
methods of quantum mechanics, thermodynamics, and physical kinetics.
Calculation by methods of quantum mechanics allows us to establish a link between
CNT size and electronic properties. The energy of electron states and the width of
the HOMO–LUMO gap is reduced when the diameter and the length of the nan-
otube are reduced. We have performed calculations of chemical adsorption energy
of hydrogen by nanotubes, as well as the energy of the formation of stone-walls
defects and vacancies in a graphene lattice. We have calculated the concentration of
the defects by the method of minimizing the Gibbs free energy that occurs during
the physical adsorption and doping of graphene and CNTs. The partial Gibbs
potential of the physical adsorption of hydrogen was also calculated.
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Analysis of thermogravimetric experiments was made using the methods of
physical kinetics and partial Gibbs potential of the chemical adsorption. It was
found to be equal to 2.8 ± 0.1 eV and it is consistent with the results of calcula-
tions from quantum mechanics methods. In conclusion, we have analyzed the
problem of using nanotubes as a hydrogen storage.

3.1 Adsorption by Carbon Nanotubes as a Basis
for Hydrogen Storage Technology

Hydrogen is one potential source of the future, global energy [1], and therefore
investigations of hydrogen energetics at present are proceeding and developing very
intensively, especially in connection with hydrogen storage problems, where the
main task is to collect and conserve this important product in great volumes. One
method of the hydrogen storage is its adsorption on various carbon surfaces, now
presented in many various allotropic forms [2]. For this purpose, modern carbon
materials, such as fullerenes and CNTs, seem a very good prospect [3–12], because
for example CNTs can retain and hold hydrogen even at room temperature [4]. In
this connection, it is necessary to study and understand in detail the gas adsorption
mechanisms in tubes, as well as to develop methods for determining its parameters
or adsorptive capacitance.

The investigations of hydrogen adsorption and storage on CNTs are mainly
devoted to the perspective of CNT usage as “containers” for the hydrogen storage
[2]. At present, there are some different technologies for hydrogen storage and
usage (e.g., hydrogen storage in compressed forms, hydrogen transformation into
the metal hydrides, hydrogen adsorption on the various carbon structures surface,
etc.). All these technologies have their own disadvantages. Compressed hydrogen is
stored under pressure up to 2.5 � 104 Pa. Such storage requires the development of
new types of storage tanks made from expensive and light composite materials.
Hydrogen volumetric density (the stored hydrogen weight per unit system volume)
remains very low even at the above-mentioned pressures. Moreover, this
high-pressure storage method is not profitable economically due to the high cost of
pressure equipment and safety issues. Sometimes hydrogen transfers into a bound
state in some inter-metallic compounds, forming various metal hydrides. The
hydrogen charge/discharge is carried out simply by system compression/rarefaction.
The technology is very simple, but it provided only a low capacitance. Adsorption
on carbon structures was considered the best prospect method for hydrogen storage
but (due to the structures limited surface area and a high mass density) these
carbon-adsorptive technologies have yet to reach their potential.

In the scientific literature, there are a large number of publications devoted to the
various problems of hydrogen adsorption on CNT.

Many results of the adsorption on CNT are summarized in survey work [2].
There are also many experimental and theoretical investigations, devoted especially
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to hydrogen accumulation into, and storage in different, CNT samples, but their
data are very conflicting and contradictory. Thus, in the pioneering experimental
publication of Dillon [5] it was reported, that the capacitance of the SWCNT can
reach 5–10 wt% at room temperature and pressure of 4 � 104 Pa. In accordance
with research data [13], this value is only actually about 3.5 wt%. In publications
[14, 15] authors have reported that they reached a capacitance 4.2 wt% (at room
temperature and pressure of 10–12 MPa) and even 8.25 wt% at cryogenic tem-
peratures and pressure of 7.18 MPa. However, some authors [16] could obtain only
0.3–0.5 wt% (at room temperature), 1.23 wt% (at 77 K on SWCNT), and 0.1–
0.34 wt% (at room temperature) and 0.5–3.3 wt% at 77 K on MWCNT. The
experimental studies of the samples with high MWCNT content [17] showed that
the maximal hydrogen capacitance is 0.3 wt% at room temperature and 2.27 wt% at
lower temperatures (77 K) under pressure of 10.3 MPa. Some researchers reported
that nanotubes adsorptive capacitance in regard to hydrogen increased with a
growth in the purity level and with tubes being “cut” to shorter lengths. Such
purified and “sectioned” SWCNTs, produced by electric arc methods and laser
evaporation, held at hydrogen atmosphere at room temperature and at a 500-torr
pressure demonstrated an accumulation level ranging 3.5–6.5 wt% [18–20]. Except
for the usually considered hydrogen adsorption from gas phase, it is possible to
achieve what is called electrochemical adsorption, and in this case a SWCNT can
adsorb from 0.4 to 4 wt% of hydrogen [21, 22]. The parameters of the hydrogen
accumulation in CNTs were theoretically calculated by the different quantum
mechanical methods along with various numerical methods, including Monte-Carlo
and density functional approaches, semi-empirical methods, etc. [23–26]. For
example, in one work [27] was developed a theoretical model, predicting that the
maximal adsorption capacitance on the inner and outer surfaces of nanotubes, with
a diameter *14 Å, can reach 3.5 wt% at pressure up to 5 � 107 Pa and a tem-
perature of 150 K. The authors [28] used a quantum mechanical method to model
the hydrogen adsorption with a “loading” of 6.5 wt% on the CNT with different
diameters and chirality. It was also shown, that hydrogen accumulation grows in
CNTs which are preliminarily doped by nitrogen [29–31] (up to 9.8 wt% at 77 K
[32] and 6.0 wt% at 300 K), titanium, and lithium (up to 7–8 wt%) [33–35]).
A wide range of materials and measuring procedures can explain such a great
dispersion of experimental data. The scattering of modeling and calculated results is
connected with the approximation differences and absence of a general theory for
hydrogen adsorption processes on CNTs.

One possibility for the stable chemisorption on SWCNTs was not only theo-
retically predicted, but was confirmed in experiments with usage of the various
spectroscopic observations [36–43]. It was shown, that chemisorbed hydrogen
content can be accumulated in SWCNTs up to 5.1 ± 1.2 wt%. From the studies of
TGA spectra it was found that chemisorbed hydrogen is desorbed at temperatures
ranging *500–600 °C [44–46]. A presence of hydrogen, being chemisorbed from
a gaseous phase on CNTs and carbon nanofilaments (the structures very similar to
SWNT) under moderate temperatures and pressures, is confirmed also by TGA
spectra [15–17, 47, 48]. The TGA spectrum of these studies has usually as a
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minimum of two peaks. The first ordinarily can be ascribed to the physical
adsorption, but the second one, a high-temperature (T > 400 K) peak, relates to
chemisorption. It follows from the spectra analysis [15], that the chemisorption
fraction is about 0.9 wt% from the total content (4.2 wt%) of captured hydrogen.

The experiments show that the adsorbed hydrogen content changes with a
change in the environment media temperature and the hydrogen pressure in the
system, as demonstrated by the adsorption isotherms in Fig. 3.1 [17]. It is worthy to
note that the isotherm’s non-linearity appears more evidently with a growth of
volume of adsorbed substance. In the text below we will explain this fact and even
show how these isotherms must be treated to obtain the necessary process
parameters.

The developed theoretical models [5, 6], given in Chap. 2, allow the determi-
nation of the adsorption process parameters. We compared experimental data with
calculations according to formula (2.72, Chap. 2). First, we calculated the part
played by places, which are occupied by hydrogen atoms. We take an obvious
expression for this purpose, where the difference between hydrogen and nitrogen
molecular weights is taken into account. Additionally, it was proposed that under
physical adsorption hydrogen is adjoined as a single molecule, but the place number
equals the carbon atom number.

The part played by places, occupied by hydrogen atoms, in this case is:

a ¼ wtlc=lH2
: ð3:1Þ

Then, a transformation was used, which must linearizes the adsorption isotherm
(2.72), giving gives the expression:

0 50 100 150 200 250

P, psi

0.20

0.24

0.28

0.32
Kp, abr.un

Fig. 3.1 The hydrogen
physical adsorption isotherms
and their approximation by
formula (2.72). Points—
experimental, continuous
lines—approximation
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a
1� a

¼ pK ¼ p
ps
exp � gcH

kT

� �
; ð3:2Þ

where gcH is the adsorption free energy.
At the experimental dependence of Fig. 3.1 we see the two rectilinear parts,

corresponding to the adsorption from different places. An approximation of these
linear parts by the simplest linear dependencies of (a1pþ a2)-type allows the
definition of the free energy as:

hcH ¼ �kT lnða1psÞ: ð3:3Þ

The calculated results give values of 0.012 and 0.021 eV. These parameters
allow the calculation of adsorbed molecule concentrations. Therefore, the
non-linearity of isotherms is related to the following two conditions. First, the
hydrogen molecules are adsorbed on different places and have different bounding
energies. Different slopes of adsorption isotherms can be explained by different
binding energies. The molecules are adsorbing on the states with lower energies as
the pressure rises. Second, CNTs are saturated with pressure increase, and in this
case formula (2.72) ceases to be valid and correct, because the hydrogen content
dependence on the pressure already can not be identified on an isotherm; that is a
line parallel to abscissa-axis, that characterizes the CNTs saturation fact or
phenomena.

It was reported in some work [2, 49] that on a SWCNT was obtained hydrogen
capacitance of 4.2 wt% (at room temperature and a pressure of 10–12 MPa) and
8.25 wt% at a cryogenic temperature and a pressure of 7.18 MPa. Moreover, in
these publications it was pointed put that a critical factor for hydrogen adsorption in
a CNT is the inter-plane distance into the nanotubes, which equaled about 0.3 nm.
A distance is characteristic to turbo-stratified graphite. In other words, the hydrogen
penetrates into the space between carbon nanotubes.

If the nanotubes are sufficiently convenient and practically efficient then graphite
can be used as a hydrogen absorbent [27], because it can capture hydrogen even at
room temperatures and their bended surface increased the binding energy of the
hydrogen molecules with carbon atoms. Moreover, during single-wall tube fabri-
cation there often arises some “bunches” from the tight compacted triangular lattice
structures in parallel stacked cylinders, the distance between them being equal to
3.4 Å, correctly corresponding to the distance between neighboring layers in gra-
phite. Such triangular nanotube packages increases the system’s total accumulating
capacitance due to the voids [50]. The adsorption can go on at both the inner and
outer tube surface, as well as in the voids arising between the nanotube bunches.

The geometrical package of hydrogen molecules into SWCNTs ensures
hydrogen accumulation into the material at 3.3 wt%, and the voids volume
enhances this by 0.7 wt%, achieving a total accumulated hydrogen of 4 wt%.

The authors of [51] seek to find a simple and reliable criterion to define the
limiting values of the adsorptive capacitance of various carbon materials.
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The criterion was obtained on the basis of experimental isotherm analysis for
hydrogen and other gas adsorptions at the super-crucial range. Hydrogen storage
from an economic and technological point of view is justified only at temperatures
above 77 K, sufficiently exceeding the hydrogen critical temperature (Tcr = 33 K).
The transfer of the Tcr point on the adsorption isotherms of various gases removed
the so called the polymolecular adsorption branch and therefore reaches a
maximum within the range 1–10 MPa.

It was found in research [50], that a maximal value for the adsorption on the both
sides of a single graphene plane equals 5 wt% at 77 K and 1.06 wt% at 293 K.

If the van der Waals sizes of hydrogen molecules and carbon atoms are con-
sidered, the a strengthening of interaction potential is observed in nanotubes with
diameters below 1.1 nm. For the tubes with greater diameters this potential
strengthening is not important, and their adsorption characteristic at super-crucial
temperatures is not practically different from the usual adsorption on graphene. For
SWCNTs the specific surface (both inner and outer) is the same as for graphene,
and therefore the maximal values of the specific adsorption are the same. The
volumetric hydrogen content in SWCNTs will be less than for the graphene plane
adsorption, because this value will be defined by tube packaging density in the
sample and by the relationship between the tubes mean diameter and hydrogen
molecule diameter. It was noted also, that the samples after the synthesis consist of
a great number of tubes stuck together. Their specific surface area is less than for
the ideal case (with divided tubes). Therefore, the limiting specific adsorption value
is smaller.

In MWCNTs, the distance between neighboring coaxial tubes (0.34 nm) is near
to the inter-planar distance in graphite. For a weak adsorption attraction, the
hydrogen molecules cannot penetrate into the space between the coaxial tubes,
because otherwise the hydrogen molecules will be draw together with the carbon
lattice at a distance, corresponding to strong repulsion. Hence, in MWCNTs, an
adsorption proceeds at the inner channel surface and the tube outer surface. This
leads to a sharp decrease in the maximal value for hydrogen adsorption in
MWCNTs.

It was shown also, that under an oxygen plasma treatment the CNT ends open,
increasing the adsorbed hydrogen volume. Some theoretical models predict a high
adsorptive selectivity of CNTs in respect to the heavy hydrogen isotopes (tritium
and deuterium) from isotopic mixtures at low temperatures. Hydrogen isotope
selective adsorption was verified in several works [52, 53] experimentally by using
adsorption isotherms on the nanoporous carbon. The authors measured the equi-
librium adsorption isotherms for protium and deuterium at temperatures of 67–78 K
in the pressure range from 10 Pa to 0.2 MPa.

One other variant of hydrogen storage is connected with the chemisorption. This
method is similar to the metal hydrate production, but is energetically more
advantageous. The problems of hydrogen chemisorption will be separately con-
sidered below.
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3.2 Quantum Mechanical Calculations of Carbon
Nanotube Adsorptive Characteristics

Chemisorption allows the accumulation of high amounts of the hydrogen. This is not
the only use of chemisorption. Chemisorption of hydrogen on CNTs also changes the
CNT electronic characteristics and hence their conductance. Unfortunately, we have
not, until now, obtained the experimentally measured current–voltage characteristics
of CNT samples with chemisorbed hydrogen, but there is much theoretical work
underway, where (using different methods and models) the changes of SWCNT
energetic spectra are predicted [54–57]. It must be noted also that in an experimental
study [58] researchers marked an electrical resistance change after molecular
hydrogen adsorption, which was not accompanied by a charge transfer.

In work [59] on SWCNTs arranged on gold substrate, results after treatment by
low-energy hydrogen plasma were studied using scanning tunnel microscopy
methods. The authors obtained images of hydrogen atoms, chemisorbed on the
single-layered CNTs (11, 1) and (6, 2). The differential current–voltage charac-
teristics showed that in the SWCNT forbidden zone were observed some symmetric
and highly localized additional states, that were induced by the hydrogen plasma
treatment. These states have ascribed due to the split of levels by hydrogen atoms,
interacting with the graphene lattice. The theoretical part of the study was based on
calculations using the well-known density functional method, showing, that the
energy of a unique hydrogen chemisorption process on SWNT equals 1.5–2 eV.
This energy grew with decreasing nanotube diameter. In this connection, in the
middle of the HOMO–LUMO energy gap (it is an analog to the forbidden zone of a
semiconductor but for macromolecules) some additional state arised. The relative
position of the two hydrogen atoms on an SWNT is defined by the interaction
between them during chemisorption, because their location influences the adsorp-
tion energy value, and also on the positions of the “doped” hydrogen levels relative
to the middle of the HOMO–LUMO energy gap for a nanotube. The authors
pointed out that a change in the mutual arrangement or relative location of the
adsorbed atoms allows a change in the SWCNT properties, a fact that can be
practically used in carbon nanoelectronics.

The adsorption free energy was also calculated, using quantum mechanical
methods [60]. In all procedures, applied to the hydrogen adsorption theoretical
description, various approximations were used. The most widely known approaches
are the Monte-Carlo method, both the diffusion (DMC) and canonic variants, and
the molecular dynamics (MD) methods. The DMC method [61] is based on the
wave function calculations and it allows one to obtain some thermodynamic
functions, the correlation functions, and the equilibrium particle density, taking into
account the quantum effects. However, the algorithm realization is a very complex
procedure, so that it is difficult to account for, by this method, the various tem-
perature phenomena. The canonical Monte-Carlo method [62] takes account of the
temperature effects, but in this case the dynamical equations and particle interaction
potentials are used, based on classical mechanics principles, so that the quantum
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effects remain unconsidered. Moreover, it is well known that all Monte-Carlo
method calculations requiring computations of the configurations of vast numbers
(�106), making these methods very complex.

The MD method allows calculation of the atoms dynamics, using the forces of
interaction, but in this method the forces (and therefore the atoms properties) were
considered as classical ones and are subordinated to Newton’s equations.
Consequently, the many quantum effects (the atoms zero oscillations, energy level
quantization, tunneling effects, etc.) cannot be accounted for and calculated using
these methods. Procedures, based on MD calculations, cannot even predict a par-
ticles behavior at low temperatures, when the particle kinetic energy is smaller than
the height of the potential barriers [62, 63].

In some work [27, 64] a method of the state equation was suggested for the
adsorbed CNT hydrogen molecules taking account of the quantum mechanical
effects, leading to energy level digitization and to a “smearing” of the adsorbed
particle location between the neighboring atoms. The procedure was earlier used for
the calculations of thermodynamic functions and the equilibrium density of the 1D
chain of hydrogen molecules, adsorbed into super-thin SWCNT with chiralities of
(3, 3) and (6, 0). In this work the introduced molecule interactions between one
another were counted, as well as their interactions with the nanotube walls. For
thermodynamic function calculations at non-zero temperatures there was phonon
addition and an effect of particle transitions to excited levels. It was found that an
adsorbent molecule motion along the narrow space (3, 3) and (6, 0) nanotube axes
could be considered as a 1D motion. Next the 1D Schrödinger equation was con-
sidered for a hydrogen molecule, moving along the nanotube axis in a summary
potential, created by its left and right neighbors (the same type molecules), as well
as a potential created by the nanotube atoms themselves. The molecule wave
function was considered as an expansion over plane waves.

These studies were developed and continued [27], where authors considered
hydrogen adsorption on SWCNT of (10, 10) and (20, 20), having corresponding
diameters of 13.56 and 27.13 Å. In these tubes the motion of the hydrogen
molecules could not be reckoned as 1D. The authors considered the molecules as
being adsorbed on the tube surface without strong covalent bounding, i.e., only due
to weak van der Waals interactions (i.e., as in the case of pure physical adsorption).
In their calculation it was also supposed that the hydrogen molecules must form a
regular lattice that can be distorted later thanks to the thermal displacement of the
molecules (which are accounted for afterwards by using photons contribution). It
follows from the commensurability of the hydrogen molecules and carbon atom
lattices, that the hydrogen lattice must be a hexagonal one superimposed on the
nanotube surface. From Fig. 3.4 it is seen that with the outer pressure growth at
different temperatures the adsorbed hydrogen molecule density demonstrates a
series of phase transitions. This effect can be explained by the appearance of a
quantum property for the adsorbed hydrogen molecules, because they have a set of
quantum levels populated at non-zero temperatures.

Moreover, the calculations of adsorption on the tube outer surfaces were carried
out too. The phase transition pressure linearly increased with temperature for the
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studied tubes of both types. The adsorption on the inner surface of the tube was
more intense than for the outer ones, however, at the same time, the total adsorption
values (both inside and outside the SWNTs) decreased with tubes diameter growth.
These dependencies are connected with an effective van der Waals potential growth
for hydrogen molecules with an increase of inner tube curvature (and a decrease of
the outer surface curvature, correspondingly). It was identified that the maximal
adsorption value on both surfaces for tubes with diameters *14 Å can achieve
3.5 wt% at pressures up to 500 bar and T = 150 K.

Thus, the quantum mechanical calculations as a whole are in agreement with
experimental results, but there are many other important problems, namely: to
define the optimal conformations of both pure and doped (by chemisorption and
encapsulation methods) single-wall carbon nanotubes; to detect an influence of the
tube length and diameter on the energetic characteristics of nanotubes and adsorbed
admixtures, etc. It is necessary also to consider hydrogen chemisorption as the most
effective phenomena for resolving the hydrogen storage problem, i.e., to define the
dependencies of the energetic and adsorptive characteristics on the accumulated
hydrogen volumes and its influence on the SWCNT energetic gap width. These
problems are solved in next section.

3.3 Modeling of Single Carbon Nanotube Properties
for the Processes of Hydrogen Adsorption

We used the semi-empirical method AM1 (the so called Ostin 1 model) [65] for the
calculations. In this semi-empirical method of quantum chemistry is used one
special form of the Hamiltonian model, suggested by M. Dewar’s group. In this
model the following parameters are used: the electron energy at the free atom
valence orbital; the two-centered one electron integrals; and the resonance integrals,
calibrated over the heat from molecule formation in the basic electronic state. The
quality of the method is sufficiently high and its results in mostly cases are near to
ab initio calculations, however, they exceed the AM1 method, especially for
hydrogen binding descriptions.

For investigations we selected eight zigzag-type SWCNTs: (n, 0). Their values
ranged from 1 to 9 (with radiuses from 3.37 to 9.26 Å). We also chosefive
armchair-type (n, n) SWCNTs: (3, 3), (4, 4), (5, 5), (6, 6), and (7, 7) (with radiuses
4.02, 5.43, 6.82, 8.08, and 9.41 Å, correspondingly). Dependence of the HOMO–
LUMO gap on nanotube length was studied (LUMO—“lowest unoccupied
molecular orbital”; HOMO—“highest occupied molecular orbital”). The length of
the nanotubes was determined by the number of elementary rings (N) and the width
of one unit ring. The value of N varied from 1 to 9 for (n, n)-type tubes. The N
values varied from 6 to 8 for (n, 0)-type tubes.

Primarily the conformations with one hexagonal ring were considered. Later,
after every additional ring supplement, the system geometry was optimized once
more. In this case we considered the finite length nanotube case, when the “broken”
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bounds on tube ends were “covered” by hydrogen atoms. The real tube length is
always limited and therefore it is necessary to define the conditions under which we
can use the results obtained by calculations from the model of infinite length tubes.
It is also necessary to determine a minimal nanotube length, which allows the
minimization of the influence of hydrogen atoms on chemisorption. Note, that for a
transition from finite length tubes to tubes with a finite structural elemental number
is worth using quantum mechanical notions of LUMO and HOMO instead of the
notions of the conductance zone’s bottom and ceiling, correspondingly. In this case,
the energetic HOMO–LUMO gap presents an analog of the usual forbidden zone.

The results of the energetic gap calculations for (n, n)-type nanotubes demon-
strates an oscillation of the HOMO–LUMO gap width with as the tube length
increases (i.e., with growth of the structural unit numbers along the tube axis).
Similar dependencies on length were obtained for (6, 6) and (7, 7) tubes, being
consistent with other research results. These oscillations are less evident for (3, 3),
(4, 4), and (5, 5) tubes, explained by the presence of stronger curvature effects in
these SWCNT-type tubes. The calculations showed that the bigger the tube radius
(i.e., the curvature being less), the deeper the corresponding curve was situated (i.e.,
the smaller its forbidden zone width).

The calculation results for (n, 0)-type tubes had a similar character, but in this
case the gap width dependence on the chirality index was more pronounced
(Fig. 3.2).

The authors of [66, 67] studied the dependence of the the zigzag-type (n, 0) tubes
energetic characteristics on their length (with n values from 3 to 15), using the
density functional method.

Studies of single wall carbon nanotubes with different lengths and chiralities
have shown that the HOMO–LUMO gap width depends on the carbon hexagon
number, which can be arranged along the tube length and perimeter, i.e., the
SWCNT conductance depends not on the tube chirality, but its geometrical sizes
too. The energy gap width corresponds to a semi-conductive material nature for all
considered finite length nanotubes, in spite of their chirality. It is a well-known rule

4 6 8 10 12
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Fig. 3.2 Results of HOMO–
LUMO gap width
calculations. The gap width
dependence on the cells
number was obtained via a
computer program [65] for
nanotubes (6, 0)
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that all zigzag–type (n, n) SWCNT and all SWCNT divisible by three|n − m| values
must have metallic conductivity. This rule is applicable with high precision only to
nanotubes with sufficient length and not too small diameters. The HOMO–LUMO
energy gap width of armchair-type CNTs is sufficiently more sensitive to change of
length than chirality. For zigzag-type nanotubes the inverse situation is observed,
and the sensitivity decreases with nanotube length and diameter growth.

Above it was mentioned that nanotube electrical properties depend not only on
their chirality, but on their geometrical sizes too. This fact mostly explains the wide
scatter of published experimental data. At the same time nanotube length and
diameter changes become a new possible mechanism for modeling and creating
macromolecular systems with certain electrical properties.

At present experimental studies of hydrogen adsorption are devoted to physical
adsorption, although there is some work connected with chemisorption [68–78].
Molecular hydrogen is adsorbed mostly on the CNT outer surfaces. A rise of
SWCNT diameters and pressures gives an increase in inner center populations [28].
However, some data show that hydrogen is partly chemisorbed under adsorption
from the gas phase, using a metallic catalyst at high pressures [15]. The same process
proceeds under hydrogen electrochemical accumulation into the samples [79], and in
addition hydrogen accumulation by a chemisorption mechanism is sometimes
preferable to physical adsorption. The point is that chemisorption has some advan-
tages over the usual physical adsorption. First, chemisorption theoretically allows the
achievement of a bigger hydrogen weight capacitance (that is very important
regarding hydrogen storage fabrication). Second, the chemically adsorbed hydrogen
has a stronger influence on CNT properties (such as the forbidden zone width,
conductivity, etc.) than the physically adsorbed hydrogen. This fact opens up new
possibilities to regulate and control nanotube characteristics. Third, the chemisorp-
tion bounding energy is bigger, than for physical adsorption, and this allows
hydrogen storage under higher temperatures. Last, it must be noted that in CNT
bunches some “patterns” of a hydrogen coating can cause the CNT to “unpack” [80]
and this in turn can lead to the joining of two or three tubes into one tube with a bigger
diameter (this effect also can be interesting from a practical point of view).

In this section, using the above described semi-empirical method (AM1), we
model hydrogen chemisorption on SWCNTs of different chiral vectors and diam-
eters. The zigzag-type (4, 0), (5, 0), (6, 0), (7, 0), (8, 0), and (10, 0) nanotubes, as
well as the armchair-type (3, 3), (4, 4) and (5, 5) tubes were studied. All tube
behavior was modeled for a length of N = 5 single cycles along the tube axis. This
length gives stable conformations for the SWCNT under consideration and is
enough to guarantee that the edge atoms are not contributing significantly to the
electronic adsorption as a whole. It was supposed also, that for modeled nanotubes
hydrogen atom “coatings” were regular (along the tube axis). It is known, that for
chemisorption a paired hydrogen atom adsorption (i.e., on neighboring carbon
atoms) is more preferable than an adsorption on the single atoms [81, 82], and
therefore it was included in the modeling procedure.

From a logical point of view it can be supposed that when on a unique cell there
are adsorbed more than one atom pair we must select such coating type “patterns”
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which correspond to the maximal symmetry of the system. This assumption was
proved by our calculation results.

In Fig. 3.3 are shown the four conformations for two pairs of hydrogen atoms,
adsorbed on SWCNT (4, 4). The minimal energy has a conformation with index
a. In the studies by other authors it was found that the “coating patterns” exhibiting
symmetry were in fact energetically more profitable [83]. Below is presented some
other data obtained for the energetically most profitable “coating patterns” (at
similar coating sizes).

For the studied tubes we considered all variants of tube coatings, from minimal
(2 hydrogen atoms) to total coating by hydrogen atoms. Moreover, for each case
adsorption was modeled for both outer and inner SWCNT surfaces. For each
“tube + adsorbate”-type system we defined the most stable conformations, the
adsorption energy values, and the energy gap width.

We carried out a geometry optimization for hydrogen’s outer and inner
chemisorption. As an example in Fig. 3.4 are presented the optimized (i.e., the
energetically most profitable) geometrical patterns for hydrogen adsorption on the
(4, 4) nanotube’s outer surface for all possible values of surface coating (coverage)
degree h (coverage is value equal to the ratio of the adsorbed hydrogen atoms
number, NH, to the carbon atoms number, NC, i.e., h = NH/NC).

Fig. 3.3 Possible cross-sections of a nanotube (4, 4) SWCNT with two pairs of hydrogen atoms
adsorbed on the single cell of the tube
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It is seen that when over 12 carbon atoms fit to 4 hydrogen atoms, the tube
cross-section is elliptical; for absorption of 6 hydrogen atoms its form is near to a
triangle; for absorption of 8 atoms its form is near to a rectangle; and for a total
coating the cross-section returns to the initial circular form, but this time with a
bigger mean diameter. Other researchers obtained similar results too. It will be
shown below that a distortion or bending of the nanotube “graphene linen” strongly
influences its energy spectrum.

Figure 3.5 presents the optimized geometrical patterns for inner hydrogen
adsorption on a (4, 4) tube. It is seen that with a coating of one pair of hydrogen
atoms per one unit of SWCNT cell, the carbon atoms, bounded with hydrogen, are
“drawn into” the nanotube. However, in cases of 2 and 3 pairs they are “pulled
out”—something which is connected with hydrogen atoms repulsion as a conse-
quence of their coming together.

Calculations have shown that not all conformations of the H–SWCNT-system
are stable. Chemisorption can cause nanotube “destruction” (if the inner coating
degree becomes too great) or, in a particular case, can cause some “packing out”,
when we see a “nanotube opening” and becoming a curved graphite list. This final

Fig. 3.4 Possible cross-section of the SWCNT (4, 4) for different variants of outer hydrogen
adsorption coatings

Fig. 3.5 Possible cross-section of the SWCNT (4, 4) for the different variants of inner hydrogen
adsorption coatings
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case is observed during outer chemisorption, when the nanotube is small and
hydrogen atom pairs are adsorbed very near to each other’s 9th non-symmetric
conformations). Such atom pairs can break the C–C chemical bonds along a
zigzag-line in the tube’s axis. Below we will only examine stable conformations,
which do not lead to molecular system destruction.

The first important conclusion from our calculated data is the fact that all con-
sidered SWCNTs (in spite of their chirality and diameters) can be totally (in one
layer) covered by hydrogen. The adsorption on their inner surfaces is not possible
for all types of studied tubes. Energetically profitable situations occur only with
chemisorption into tubes with diameters exceeding 5 Å, i.e., tubes with chirality
from (4, 4). Moreover, under inner adsorption not all formed coatings are stable.
There is a certain limitation for hydrogen amounts being adsorbed on inner sur-
faces. This can be explained by sufficiently small tube diameters, because as a result
of a high density of accumulated hydrogen atoms they arrange themselves very near
to each other. With a growth of the inner coating degree (parameter h—coverage)
these distances between the adsorbed hydrogen atom and the carbon atom, is only
decreasing, and therefore a mutual repulsion between hydrogen atoms becomes
more important and leads to a growth of energy in the tube + adsorbate system.

Figures 3.6 and 3.7 show the mean distances between the adsorbed hydrogen
atoms and bounded nanotube lattice carbon atoms presented as plots depending on
the hydrogen coating degree for outer and inner chemisorption, correspondingly.

The data shows the bond length of H–C varies from 1.12 to 1.17 Å for outer
chemisorption and 1.16 to 1.195 Å for inner chemisorption. The bond length grows
with an increase of parameter h, and this fact reflects that a greater coating degree
provides a repulsion of mutual hydrogen atoms that weakens the bond.

Fig. 3.6 The dependencies of the mean distances between the adsorbed hydrogen atoms and the
degree of tube hydrogen coverage for outer chemisorption for tubes with different chiral vectors
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We had considered also a special case of combined chemisorption (inner and
outer simultaneously) for a (8, 0)-type nanotube. We found that under combined
chemisorption (unlike the inner chemisorption case) there exists a stable confor-
mation for every coating degree.

Hydrogen chemisorption energy for a SWCNT

The adsorption energy for a SWCNT was calculated as a difference between the
nanotube total energy (with account the adsorbed hydrogen atoms) and total energy
of a pure nanotube with adsorbed atoms:

Eads ¼ Etot tubeþNHHð Þ � Etot tubeð Þ � NHE Hð Þ½ �=NH; ð3:4Þ

where NH is the total number of adsorbed H atoms; Etot(tube + NHH) is the total
energy of the “tube + NH adsorbed H atoms” system; Etot(tube) is the total energy
of a pure nanotube; and E(H) is one hydrogen atom’s energy.

The deformation energy was calculated as the difference between the energy of a
CNT (but deformed by hydrogen atom adsorption) and a pure nanotube:

Es ¼ Etot strained tube without Hð Þ � Etot tubeð Þ; ð3:5Þ

where Etot (strained tube without H) is the total energy of a pure tube with geometry
deformed by hydrogen atom adsorption; and Etot(tube + NHH) and Etot(tube) relate
to the totally optimized geometry (below in tables and graphs the Es value is
estimated for a single carbon atom).

Fig. 3.7 The dependencies of the mean distances between the adsorbed hydrogen atoms and the
degree of tube hydrogen coverage for inner chemisorption for tubes with different chiral vectors
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The calculations were carried out for tubes with different chiral vectors and
coating degrees. In Fig. 3.8 the outer adsorption energies are presented as a func-
tion of the coverage, and the data allows the following conclusions.

First, the SWCNT type (armchair or zigzag) does not change the general character
of the adsorption energies dependence on coverage degree. Second, SWCNTs
demonstrate that the greater the nanotube diameter, the less the adsorption energy.
This can be explained due to a tubes bigger curvature for smaller diameters, leading
to stronger hydrogen atom couplings on the surface of a tube. For the case of the
smallest tubes (4, 0) and (5, 0) the adsorption energy is continuously rising with
coverage degree, but for the tubes with big diameters this monotonic rise is violated
by a minimum in the little coatings degree range. Such behavior can be explained by
considering factors contributing to the adsorption energy on tube outer surfaces. This
value is added from an energy change at the expense of a transition between electron
shells from the sp2-hybridization to the sp3-hybridization—the energy of the
adsorbed hydrogen atom interaction (repulsion) between one another and the energy
of the tube carbon framework extension (deformation).

A hydrogen coating enlargement leads to the next sequence of processes and
effects. First, the coverage degree growth increases the number of sp3-hybridized
orbitals which decreases the adsorption energy. Second, the tube is deformed more
and the extension energy increased, this increases the adsorption energy. Third, the
distances between the adsorbed hydrogen atoms shortens (i.e., the repulsion
becomes stronger, also increasing the adsorption energy). The adsorption energy
decreases initially for tubes (3, 3), (6, 0), (4, 4), (7, 0), (8, 0), and (10, 0) when

Fig. 3.8 The dependencies of the mean distances between the adsorbed hydrogen atoms and the
degree of tube hydrogen coverage for inner chemisorption for tubes with different chiral vectors
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coverage degree grows. The sp3-hybridization factor prevails. We can neglect
deformation and atom repulsion. Hydrogen atom repulsion and tube deformation
become most important with further growth of parameter h. The adsorption energy
increases after that. For SWCNT (4, 0) and (5, 0), with very small diameters,
repulsion and deformation factors are significant even at small values of coverage
degree. Therefore, their adsorption curves have absent minimums.

Let us consider an adsorption on the SWCNT inner surface. In Fig. 3.9 the
dependence of the inner chemisorption energy on the hydrogen coverage degree is
presented for the tubes with different chirality (and for stable conformations only).
The calculations have shown that in general the adsorption energy decreases when
the diameter of the nanotubes becomes smaller. Contribution of a re-hybridization
prevails up to some coverage degree (parameter h value). In this case the adsorbed
hydrogen strongly deforms the tube and C–C binding length rises.

The following rise in the inner coating density leads to an energy rise on account
of the strong repulsion of hydrogen atoms arranged in the tube. The maximal inner
coating degree, when the tubes remain stable, is one-half for SWCNTs (8, 0) and
(10, 0). Comparing the plots of the outer and inner adsorption for the same tubes,
we can verify that the adsorption into tubes is energetically less profitable than on
its outer surface.

Calculations have shown that in the case of combined chemisorption there
always exists a stable conformation for every coverage degree in contrast to an
inner chemisorption. The values of such “hybrid” adsorption energy lies between
the inner and outer chemisorption values, demonstrating that mixed hydrogen
chemisorption really is more preferable then inner, but less preferable compared

Fig. 3.9 The dependence of the deformation energy on the outer hydrogen coating for tubes with
different chiral vectors
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with outer chemisorption. It is also interesting that the energy of the combined type
of adsorption is monotonically dumped with an increase in hydrogen coverage
degree. This fact most likely demonstrates the prevailing role of one factor, con-
nected with a sp2–sp3 re-hybridization over the contributions of factors connected
with hydrogen atom repulsion SWCNT deformation.

SWCNT deformation energy with hydrogen chemisorption

As was shown above, the chemisorbed hydrogen can strongly deform CNTs. Let us
consider first adsorption on the outer surface. In Fig. 3.10 the dependence of the
deformation energy on the outer hydrogen coating is presented.

It is seen that with coating degree growth the deformation energy initially
increased, but after some value of the coverage degree (>0.5) it begins to decrease.
This is observed for all tubes besides (4, 0). As was said above, with a growth of
adsorbed hydrogen on a tube’s outer surface the tube becomes extended and deformed
more intensely. An important role is played by conformation symmetry. Let us
suppose that at h = 1 the adsorbed hydrogen uniformly coats the tube’s total surface,
but the tube cross-section remains almost circular (similar to a cross-section of a pure
SWCNT) and the deformation energy is less than for coatings with lower symmetries.

The results of deformation calculations for inner chemisorption are presented in
Fig. 3.11. In all cases the deformation energy increased with hydrogen coating
degree growth.

Unfortunately, as was mentioned above, at present it is impossible to check the
presented modeling results using experimental materials due to an absence of

Fig. 3.10 Dependencies of the inner chemisorption energy on the hydrogen coating degree for
tubes with different chiral vectors
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necessary experimental data relating to adsorption on a single SWCNT or even on
bunch of linear tubes with similar diameters and chiralities. However, we can
compare our results with data obtained by other researchers in these fields of
computer modeling. The analysis of the known scientific literature shows that in
general the different theoretical methods give similar results. For example, the
authors of [83], modeling the atomic hydrogen adsorption on SWCNT (3, 3) and
(5, 5), found that the total outer coating of tubes is stable, but the total inner coating
leads to tube destruction. The results obtained for the (5, 5) tube deformation energy
coincides, in magnitude order and general behavior, with the above considering our
data for the nearest diameter nanotubes (8, 0) and (10, 0). However, they did not
find a “fall” in the deformation curve in the total outer coating, which we explained
earlier. Moreover, in their calculations the maximal deformation energy was found
to be about 0.9 eV, although in our modeling it did not exceed 0.5 eV.

The problem of destruction of (6, 6) nanotubes, the unit cell which captures two
hydrogen atoms, is discussed in theoretical research [83]. There is experimental
data which demonstrates nanotube “joining” at high temperatures in an atomic
hydrogen atmosphere. In some cases of chemisorption the C–C bonds in tubes
breaks [84].

HOMO–LUMO gap behavior for hydrogen chemisorption on a SWCNT

As was mentioned above, chemisorption on a SWCNT strongly affects their energy
spectrum. The calculation results confirm that the energy gap can be sufficiently
changed by the action of hydrogen chemisorption, which is very important and useful

Fig. 3.11 The dependence of the deformation energy on the inner hydrogen coating for tubes with
different chiral vectors
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for practical applications, e.g., in nanoelectronics. The energy gap change under
hydrogen chemisorption can be explained by the fact that binding hydrogen to carbon
atoms in a carbon network changed their hybridization from sp2-type to sp3-type, and
leads to p-bond removal near the Fermi level and the “opening” of an energy gap. In
Figs. 3.12 and 3.13 the dependencies of the energy gap width on the outer hydrogen
coating degree are presented for SWCNTs of armchair and zigzag types, corre-
spondingly. The data show that for armchair-type nanotubes the forbidden zone
width is large, increasing with the outer hydrogen coating degree growth, but for
zigzag-type tubes the dependence has a more complicated character.

The results can be explained in the following way. The energy gap width
dependence for the (n, 0)-type tubes strongly depends on their diameter and their
ability to dump oscillations. However, chemisorbed hydrogen deforms the form of a
SWCNT, naturally changing their cross-sections and the mean diameters. By the
action of these tendencies, we notice the obviously non-monotonic behavior seen in
the plot, arising from an overlapping of tube “extension” effect with its diameter
decrease under hydrogen atom accumulation on the tube walls.

The energy gap dependence on the hydrogen coating degree is also
non-monotonic for inner and combined adsorption processes.

Hydrogen chemisorption influence on SWCNT conductance

The HOMO–LUMO gap energy for macromolecules is an analog of the forbidden
gap in semiconductors, and therefore the SWCNT conductance must depend on the
energy gap width. This fact is very important, because in the text above it was

Fig. 3.12 Energy gap width dependence on outer hydrogen coverage degree for SWCNTs of
(n, n) type
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shown that atomic hydrogen chemisorption can both increase and decrease the
HOMO–LUMO gap width. Let us suppose that the total outer tube coating always
increases the gap width, i.e., it practically always leads to a conductance decrease.
On the other hand, a little coating can decrease the gap width, i.e., it can lead to an
increase of conductance. In addition, conductance, G, dependence on the gap width
has an exponential character:

G ¼ 2e2

h
Zþ1

�1
T Eð Þ � @f

@E

� �
dE

where T(E) is a passage coefficient as a function of energy and f(E) is the Fermi
distribution function.

Even a little change in the former function T(E) leads to a sufficient change
(increase or decrease) in the conductance, G. For example, with normal conditions
the conductance of an (8, 0) tube with two hydrogen atoms (chemisorbed per one
elementary cell on the outer surface) is seven times smaller than for a pure (8, 0)
nanotube. The same coverage degree (but on the inner surface of the tube) gives a
conductance decrease of 3 times. If there are two hydrogen atoms (also chemi-
sorbed per one elementary cell on the outer surface), this time on the outer surface
of a (7, 0)-type SWCNT, then the conductance increases 3.7 times. Naturally, the
real experimental conditions these figures are sufficiently lower, because they are
obtained in the framework of an ideal model with single, straight-lined, and

Fig. 3.13 Energy gap width dependence on outer hydrogen coverage degree for SWCNTs of
(n, 0) type
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defect-less SWCNTs. Moreover, we have considered only regular adsorption cases
along the nanotube axis. This process is an idealization too. However, nanotube
growth and modification methods are constantly developing and improving, and we
can hope that in the future the controlled chemisorption on a SWCNT will allow the
creation of devices with given parameters for molecular electronics, etc.

3.4 Thermodynamic Evaluations for Limiting Hydrogen
Adsorption by SWCNTs

Above it was shown that chemisorption (from a general standpoint) is more
preferable than physical adsorption, because of the higher bond energy, which leads
to a growth of the accumulated amounts of hydrogen, etc. Therefore, we tried to
estimate the maximal sorption ability of the CNT materials. It is known that the
distinctive features of chemisorption are covalent or ionic bonding and the for-
mation of the adsorbate re-charging processes [85, 86]. As a result the material’s
adsorptive possibilities increase, but the adsorption process itself is complicated,
because to form a chemical bond the adsorbate must overcome a potential barrier
connected with a breaking of chemical bonds necessary for chemisorption. If the
adsorbate (as for hydrogen) is in a molecular form it must be transferred into an
atomic form. At the same time the adsorbate-confining forces are stronger under
chemisorption, and this fact is important for the hydrogen energetics. Therefore, in
this chapter we study the thermodynamics and kinetics of hydrogen chemisorption
on SWCNT, especially with the aim of defining the limiting values of CNTs
adsorptive possibilities, as well as the conditions for its realization.

A model of hydrogen chemisorption

A SWNT by its nature and structure is placed between the graphite and fullerene
[3, 87–90]. Because it is formed under a graphite plain convolution it preserves the
sp2 p-hybridization with bond angles being a characteristic 120°. The classical p-
bond is formed by overlapping Pz-orbitals. The process of plane convolution
involves changing the Pz-orbital energies. However, the same hybridization result
means that nanotube surface properties are brought nearer to graphite surface
properties. In this connection chemisorption characteristics must be similar. Now,
there is a problem of tube energetics characteristics in general, because it depends
on both tube diameter and structure (which can be single-wall, multi-wall, or
bundled). Therefore, within the CNT materials there are several different places for
chemisorption sites (in the nanotube interior, on their surfaces or into pores formed
by tube bundles, etc.), and every such place has its own energetic.

Thus, hydrogen chemisorption is an activation process [87, 88] and is accom-
panied with a rapture of the carbon atom and hydrogen molecule bonds. The
process is not connected with a total charge change, because the electrons are not
transferred from adsorbant to adsorbent or vice versa [89]. It can be supposed,
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that similar processes are proceeding also under hydrogen chemisorption on
MWCNT, but these are more complicated because carbon atom arrangements on
the different layers are not equivalent each other. For the MWCNT the curvature of
the inner (embedded) tube is greater than that of external one, and therefore the
bond rapture energy can be changed—something which must be accounted for
during calculations.

The authors of experimental studies are often not interested in the adsorption
energy values and therefore we can evaluate these values only occasionally, for
example, using the data of TGA [68]. The chemical adsorption of atomic hydrogen
and the adsorption energetic barrier dependence on the carbon atom network have
been studied theoretically in [69]. As limiting cases the following two curvature
radius values were considered: r = ∞ for graphite and r = 3.55 Å for C60 fullerene.
It was established that for plane graphite the atomic hydrogen energy is not sufficient
to overcome the chemisorption energetic barrier, connected with a local sp2–sp3

re-hybridization, i.e., the hydrogen chemisorption in this system is impossible, as
opposed to single-layer nanotubes where the greater the curved graphite surface, the
smaller the barrier. In some work [70], the optimal chemisorption places (sites) along
with several atoms (including hydrogen) adsorption energy values were calculated
by TGA-method for SWCNTs (8, 0). In this study it was supposed that hydrogen
adsorbed on a carbon atom of the carbon network with energy of 2.8 eV. The authors
[71] calculated the energy of a single hydrogen atom, chemisorbed on a zigzag
SWCNT, with different radiuses. It was found that for (n, 0) tubes an absolute value
of the bond energy monotonically decreases with radius growth. For tubes with
chirality indices of n = 7–12 the adsorption energy was*2–3 eV. The authors [71],
using quantum chemistry modeling methods, also studied a finite length tubes and
those closed at the ends (10, 0) with hydrogen atoms chemisorbed on them. Results
of this modeling showed that the HOMO–LUMO gap width oscillaties with these
chemisorbed hydrogen atom numbers. The obtained gap width values were corre-
spondingly: 0.75 eV for a pure tube; 0.12 eV for one atom; 0.18 eV for two;
0.06 eV for three; and 0.10 eV for twelve atoms. The oscillations were also
observed for SWCNT (5, 5). Naturally, these changes in the energy gap change the
SWCNT conductance too.

In [73] the results of quantum chemistry modeling are presented for regular (along
tube axis) hydrogen chemisorption on chair-form SWCNT (6, 6). The authors found
that the adsorption energy for one H atom (per elementary cell) was equal to 1.77 eV
for the tube outer surface and 0.49 eV for its inner surface. Because the adsorption
energy values are negative chemisorption on the outer surface is energetically more
preferable. In addition, for infinite length metallic nanotubes arises a forbidden zone
with a width of 5 eV, i.e., the tube becomes a semi-conductive one. For two hydrogen
atom chemisorption (per elementary cell) on a SWCNT the authors considered two
possible scenarios: 1—the hydrogen atoms being adsorbed on neighboring carbon
atoms in neighboring layers; 2—being adsorbed on one layer. In the first variant the
authors obtained energy values of 3 and 0.37 eV for outer and inner chemisorption,
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correspondingly. In the second variant regular chemisorption does not form any
stable conformation and leads to nanotube “unpacking”. The authors refer to the
experimental results of other researchers who had observed that under
high-temperature nanotube annealing, in a hydrogen atmosphere, SWCNTs “join”,
forming tubes with greater diameters [73]. The same effect was observed under
SWCNT electron irradiation at high temperature [74]. Some authors [72] consider
cases of the SWCNT inner and outer surfaces being totally coated by chemisorbed
hydrogen. For the adsorption energy in this case they obtained 0.84 and 0.30 eV,
correspondingly. In all cases there was a charge transport of 0.1–0.33 eV. Thus, we
conclude that hydrogen chemisorption on CNTs has a well expressed activation
character. Below we will show how, with the use of so-called thermodynamic and
kinetic methods, chemisorption energy and kinetic parameters can be defined. For
chemisorption process analysis, we will use the Gibbs free energy minimization
method, described in Sect. 2.1.

Hydrogen chemisorption in our problem proceeds from a gaseous phase, and for
this system the Gibbs free energy can be presented in the form:

G ¼ Gg NHð ÞþGSðNC
HÞþGe; ð3:6Þ

where Gg is the hydrogen free energy in gaseous phase; NH is the hydrogen con-
centration in gaseous phase; GS is the free energy of a CNT with adsorbed
hydrogen; NC

H is the adsorbed hydrogen concentration; and Ge is the free energy of
the charge carrier (electrons and holes)—this component characterizes a part of the
free energy connected with atom and molecule re-charging, which accompanies the
adsorption process.

Place number conservation law

Hydrogen chemisorption is not connected with a charge transport and therefore we
can use only two conservation laws, namely the law of conservation of places and
particle numbers. The charge conservation law is unnecessary in this situation.

For the problem under consideration hydrogen atoms can occupy the following
two types of place.

First, hydrogen is in gaseous phase, forming hydrogen molecules. The maximal
ability of a gaseous phase to retain molecules corresponds to a condensation
moment, when the gas becomes a saturated vapor. Therefore, the place concen-
tration in gaseous phase is equal to the molecule concentration the moment the gas
transforms into a saturated vapor. This concentration can be calculated through
saturated vapor pressure pH2

s :

NH2 ¼ pH2
s =kT: ð3:7Þ

Second, relates to the sites where hydrogen can be adsorbed. These are the
places on the CNT surface being formed as a result of chemical bonds raptures
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between carbon atoms on the graphene plane. In accordance with the conditions of
Lagrange’s indefinite multiplier method, we can write down the place number
conversation law in the form:

uH ¼ NH � NH2 � NHC ¼ 0; ð3:8Þ

where NH is the total concentration of places that hydrogen can occupy and NHC is
the concentration of places that hydrogen can occupy on the CNT. From an
energetic point of view these places can differ from each other, we let
NHC ¼P

i
NHC
i , where the i index represents all values corresponding to the various

adsorbate positions.

Particle number conservation law

Particle number conservation law can be written down by analogy with the places
number conservation law in the form:

/H ¼ NH � NH2 � NC
H ¼ 0; ð3:9Þ

where NH is the total number of hydrogen atoms. However, because on a CNT the
hydrogen atoms can occupy various and non-equivalent positions we let
NC
H ¼P

i
NC
Hi. The double indices in this formula, as mentioned above, means that

the particle (hydrogen atom) is occupying a place on a carbon bond. The meaning
of the index i was also considered above.

The calculations were carried out in accordance with a procedure, described in
Sect. 1.2. The thermodynamic probability takes the form:

W ¼
Y
i

NHC
i !

NC
Hi! N

HC
i � NC

Hið Þ!: ð3:10Þ

The free energy extreme will be found using Lagrange’s indefinite multi-player
method. The functional for a conditional minimum search has the form:

U ¼ Gþ
X
i

kHiuH þ
X
i

kHi u
H; ð3:11Þ

where kHi are Lagrange’s indefinite multi-players, arising from the two above listed
conservation laws, namely the particle number and place number, correspondingly.
The number of Lagrange indefinite factors is equal to a given number of conser-
vation laws for the system.

Substituting (3.9) and (3.10) into (3.11), we obtain the functional which can be
minimized to the expression:
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U ¼
X
i

NC
Hig

C
Hi � kT

X
i

NC
Hi�

�(
NC
Hi ln NC

Hi

� �� NC
Hi þNHC

i

� NHC
i � NC

Hi

� �
ln NHC

i � NC
Hi

� �þNHC
i lnNHC

i � NHC
i

��

þ
X
i

kHi NH � NH2 �
X
i

NC
Hi

 !

þ
X
i

kHi NH � NH2 �
X
i

NHC
i

 !
:

ð3:12Þ

Under minimization we take the partial derivatives of this functional. However,
by differentiation the majority of its additives become zero and we obtain the next
system of equations:

@U

@NC
Hi

¼ gHi � kT ln NHC
i � NC

Hi

� �� lnNC
Hi

� �� kHi; ð3:13Þ

@U

@NHC
i

¼ kT ln NHC
i � NC

Hi

� �� lnNHC
i

� �� kHi : ð3:14Þ

In equilibrium all derivatives becom zero, and therefore formulas (3.13) and
(3.14) become a system of the algebraic equations, the number of which corre-
sponds to the number of the possible and energetically distinct places for hydrogen
adsorption on a given CNT. In these formulas we also take into account an inter-
action between the adsorbed atoms. This is “contained in” the Lagrange factors, and
their physical meaning will be explained below. Thus, it follows from (3.14) that
factor kHi characterizes the number of places filled by the adsorbate.

The free energy derivative in respect to particle number is, by definition, their
chemical potential, and therefore kHi ¼ lH is the hydrogen chemical potential. In the
so-called regular approximation the chemical potentials can be expressed in the form:

lH ¼ l0H þ kT ln aH; ð3:15Þ

where l0H are chemical potentials of the pure component and aH is the hydrogen
activity, connected either with its concentration or the pressure in gas phase:

aH ¼ pH2=p
H2
s : ð3:16Þ

The final expressions for the adsorbed molecule concentrations have the form:

NC
Hi ¼ aH NHC

i � NC
Hi

� �
exp � gHi � l0H

kT

� �
: ð3:17Þ
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From (3.17) the expression for the isotherm can be obtained, which is an analog
of Langmuire’s formula:

NC
Hi ¼

aHNHC
i exp � gi

kT

� �
aH exp � gi

kT

� �þ 1
¼ KpH2

1þKpH2

NHC
i ð3:18Þ

where K ¼ 1
p
H2
s
exp � gi

kT

� �
is the equilibrium constant; and gi ¼ gHi � l0H is the

partial Gibbs free energy of the hydrogen atom, adsorbed on a place with an index i,
that is subtracted from the chemical potential of a pure component.

As opposed to Langmuire’s formula, expression (3.18) accounts for adsorption
on various places, differing in their adsorption partial energies.

Formulas (3.16)–(3.18) allow us to take into account the concentration of
hydrogen atoms adsorbed on various places. For calculations it is necessary to
know only the values of the corresponding partial free energy. For chemisorption
this value can be sufficiently high and its determination can require
high-temperature experiments. The results of such experiments are absent, and
therefore we will demonstrate in the next section how this value can be defined
using kinetics data for hydrogen desorption.

3.5 Hydrogen Desorption Kinetics (TGA)

As was mentioned above, the data for atom desorption from a carbon atom allows
us to calculate kinetic coefficients, defining the parameters of molecule capture and
release by CNTs. In the present section these procedures will be used for analysis of
the hydrogen chemisorption process.

An experiment on gas desorption (TGA) was carried out at high vacuum con-
ditions under continuous pumping out [91], and therefore the adsorbed gas pressure
(the molecule concentration) tended to zero. In this case it is not necessary to take
into account an inverse capture of desorbed molecules. Hydrogen desorption is
observed under sufficiently high temperatures. In this case the electrons and hole
concentrations are sufficiently high and near to characteristic values, and therefore it
can be supposed that for every adsorption act an equilibrium regarding the electron–
hole subsystem is established over time. The adsorption equation in accordance
with [3] takes the form:

dNC
Hi

dt
¼ �mCHiN

C
Hi exp � gi

kT

	 

: ð3:19Þ

Desorption from each place can be considered independently, and therefore in
(3.19) it is sufficient to study the desorption process from one type of place.

The measuring of nanotube desorption rates, as a rule, happens after they are
annealed at high vacuum pressures and temperatures of about 1,000–1,200 °C over
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several hours to remove from them samples of amorphous carbon, low-molecular
complexes, and undesirable adsorbents. After annealing the temperature is
decreasing and the nanotubes are saturated with the adsorbent at a given temper-
ature and at least the cryostat with the sample is cooling to helium temperatures.
After equilibrium is achieved, the sample’s temperature is linearly increased with
time: T ¼ T0 þ bt, where T0 is the starting temperature of heating (as a rule, this
point is selected long before the desorption process). Under this heating process, the
desorbed substance amount is fixed in one or another way, and so the
thermo-stimulated desorption of a given substance from the nanotube is recorded.
For a description of the process it is necessary in formula (3.19) to pass the
argument t (time) to T (temperature). Substituting the variable, we obtain the dif-
ferential equation:

dNC
Hi

NC
Hi

¼ � mCHi
b

exp � gi
kT

	 

dT ; ð3:20Þ

where b is the sample heating rate.
The solution has the form:

NC
Hi ¼ NC

Hi0 exp � mCHiT
b

E2
gi
kT

	 
� �
; ð3:21Þ

where E2
gi
kT

� �
is an integral exponential function of second order.

Equation (3.21) allows us to find the next two kinetic coefficients (gi is the
molecule bond energy and mCHi is a desorption probability) by comparison of the
analytical expression with experimental results. However, in actual practice it is
more convenient to use the derivative in respect of the temperature from the des-
orbed gas concentration, which for a unique process presents a curve with a
maximum, and for a process superposition—a curve with several maximums (their
number is equal to the number of independent desorption processes). The derivative
for several process superpositions has the form:

Xm
i¼1

dNC
Hi

dT
¼ �

Xm
i¼1

mCHiN
C
Hi0

b
exp � gi

kT

	 

exp � mCHiT

b
E2

gi
kT

	 
� �
: ð3:22Þ

It is easily seen, that when the molecule desorption probability value becomes
comparable with the observation time, the derivative achieves its maximum. At the
maximum temperature a desorption probability (with a systematic error of order
k2T2=g2i ) is equal to:

mCHi ¼
bgi
kT2

mi
exp

gi
kTmi

� �
: ð3:23Þ

84 S. Bulyarskiy et al.



Substituting (3.23) into (3.22) and using the exponential function approximation,
we obtain for the DTGA:

dN ¼
Xm
i¼1

gi
kTmi

NC
HiZ exp � T2

T2
mi

1� 2gi
kTmi

� �
Z

� �
; ð3:24Þ

where

Z ¼ exp
gi
k

1
Tmi

� 1
T

� �� �
:

We conducted our experiments measuring the TGA as explained in Sect. 3.2.
A hydrogen adsorption was studied both just after CNT synthesis and after vacuum
annealing at a temperature of 2,000 °C for 6 h followed by a slow cooling.

At first glance the DTGA process is running only from one place, but modeling
with formula (3.24) showed that the process was not described only by Gibbs
partial energy, because it had a more complex character. Formula (3.24) usage
allowed us to divide the desorption process into its components, as shown in
Fig. 3.14a, b. The results demonstrate that annealing changes DTGA process
intensity, connected with a change in place concentration, from which annealing
proceeds. The calculation results are presented in Table 3.1.

The results of Table 3.1 show that the bound energy per hydrogen atom is
2.6 eV.

Annealing leads to a sufficient decrease in hydrogen concentration, desorbed on
places of type 1 and 2, that allows us to suppose that these places do not belong to
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Fig. 3.14 The DTGA spectrum division of components in accordance with formula (2.86) (points
correspond to experimental results): a immediately after the synthesis and b after annealing at a
temperature of 2,000 °C over 6 h. The desorption process energies equal: 1 1.5 eV; 2 2.4 eV; 3
3.6 eV
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the CNT itself, but are connected with some residual synthesis products (e.g., to
amorphous carbon or fullerenes, also being formed under the CNT synthesis).

Type-3 places, stipulated by adsorption on a SWCNT, have a very high
chemisorption energy, arising for corresponding chemical bond rapture conditions.
This makes it consistence with the model described above.

The above described chemisorption model demonstrates that on one elementary
cell of a graphene latice can be adsorbed at most one hydrogen atom, and thus the
adsorption place number is equal to the elementary cell number on the graphene
plane, from which the CNT is formed. Since carbon has an atomic weight of 12 and
receives two hydrogen atoms per one elementary cell, the weight ratio of the
adsorbed hydrogen can achieve 4 wt%. This corresponds to literature data (given in
Sect. 3.1) and is in accordance with the calculation results of [27]. However, this
value can be achieved only at high temperatures (which are necessary to shorten an
adsorption time) and sufficiently high pressures.

3.6 Experimental Studies of Hydrogen Adsorption
on SWCNTs

It was reported in [86] that SWCNT adsorptive capacitance can be raised to 4.2 wt%
(at room temperature and pressure of 10–12 MPa) and 8.25 wt% at cryogenic
temperature and pressure of 7.18 MPa). Moreover, it is considered that the crucial
factor for for hydrogen adsorption growth is an inter-planar distance into the nan-
otubes that equals 0.34 nm, a distance which is characteristic of a turbostrated
carbon. In this case, nanotubes can retain hydrogen even at room temperature and
their curved surface increases the molecule binding energy with a graphite surface.
Moreover, during the single-wall fabrication there arises some “sheafs” or bundles,
representing the close-packed triangular lattices from parallel arranged cylinders, the
distance between which equals 3.4 Å. This value almost exactly corresponds to a
distance between the neighboring layers in graphite. Such triangular nanotube
packaging increases the total system accumulation capacitance at the expense of the
voids arising in the system. The geometrical packing of the hydrogen molecules into
the SWCNTs assures an accumulation at a level of 3.3 wt%. The void volumes
increase this by 0.7 wt%, increasing the total accumulation value to 4 wt%.

It was noted in publications [92–96] that hydrogen desorption energy from
carbon materials is *20–40 kJ/mol. This is higher than the energy required for the

Table 3.1 Comparison of the desorption process intensities in SWCNTs before and after
annealing

№ gi (eV) Desorbed hydrogen amount
before annealing (%)

Desorbed hydrogen amount
after annealing (%)

1 1.5 11 3

2 2.4 77 17

3 3.6 13 80
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breaking of van der Waals forces, that are characteristic of physical adsorption, but
are one order lower than the energy of the C–H bond rupture, which is characteristic
of chemisorption.

There are various values of bond energy arising for various variants of hydrogen
atom arrangements in the tube. This fact undoubtedly impedes calculations, and
therefore the calculated bond energy value of 0.1 eV [81, 83] is an overstated one.

Adsorption is proceeding from a rarefied gas, which can be considered as an
ideal one, and in this case we have cba0 = 4.4 � 10−15 cm3 s−1, i.e., ference with
data on adsorption probability are apparently connected with the repulsion barriers
present for physical adsorption. Formula (2.21) allows us to estimate these barrier
values for different adsorption places. The results of calculations allow us to con-
sider that hydrogen is added to the reaction of a CNT, overcoming the potential
barrier.

Thus, we have succeeded to separate the desorption processes from three dif-
ferent places and for the first time been able to define desorption probability. The
results of kinetic experiments are very consistent with thermodynamic calculations
using the adsorption isotherm.

As was shown above, from the hydrogen storage point of view the problems of
chemisorption on CNTs are very important. The energy of C–H chemical bond
formation (a hydrogen atom with a carbon atom in a graphene layer) equals
243 kJ/mol [92], and is sufficiently high to retain hydrogen at room temperatures.
The higher the value of the sorption energy, the more apparent becomes diffusion
and a hydrogen interaction with the carbon material for hydrogen dissociation
chemisorption on the boundary carbon atom positions in the “chair”-type and
“zigzag”-type structures. In this case the C–H bond formation energy is 364 kJ/mol
and the hydrogen molecule adsorption energy is 140 kJ/mol [92].

Considering the energy values in the previously described process they are near
to the so-called dissociative–associative hydrogen chemisorption (from molecular
H2 gas) on superficial regions of graphite and carbon nanostructures (SWNT,
MWNT). Chemisorption is due to two hydrogen atoms interacting with a carbon
atom (2H=C) into a “chair” type or with two carbon atoms 2(H–C), arranged at
alternating positions in a graphene layer. This process is characterized by a standard
adsorption energy of one mole of hydrogen molecules being 20 kJ/mol, and the
energy of the chemical bond formation for two hydrogen atoms with one carbon
atom (2H=C) or two carbon atoms in the adsorbent surface layer, being 460 kJ/mol.

Table 3.2 The energies of outer hydrogen chemisorption (Eads) and HOMO–LUMO gap width
(Eg) for SWCNT (6, 0) with one or two SW defects

(6,0) + 1 SW (6,0) + 2 SW (6,0)

Eads (eV) Eg (eV) Eads (eV) Eg (eV) Eads (eV) Eg (eV)

Pure SWCNT* 2.83 3.09 2.30

8 H −2.31 3.00 −2.30 3.22 −2.81 3.64

16 H −2.47 3.35 −2.42 3.24 −3.07 3.65

Note * represents a pure graphene surface without adsorbed hydrogen atoms
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Under chemisorption, the chemical bond energy is usually rather great [27].
For SWCNT within the range 2.5–4 eV is observed a peak [27] connected with
hydrogen chemisorption. The theoretical calculations confirm these energy values.

In a survey [93] the results obtained by various authors are summarized. It is
shown that the bond energies under physical adsorption change from 0.05 to
0.08 eV, but under chemical adsorption lay from 1.5 to 2.4 eV. Undoubtedly, the
results are only approximated, because in the overwhelming number of experiments
the parameter calculation algorithms do not take into account the very complex
adsorption processes and do not define separately adsorption from various types of
places. To increase hydrogen storage capacitance some electrochemical methods
were also used [97]. The most effective proved to be so-called oxidative annealing,
that was carried out in a system with oxygen pressure at 1 mbar and temperature at
700 °C for 30 min.

Hydrogen adsorption in SWCNT bundles was studied [98]‚ where the calcula-
tion simplification for the adsorption was considered for another limiting case,
namely for a thin SWCNT bundle, fabricated from several densely packed (9, 9)
nanotubes.

In this situation, the distance from hydrogen atom to SWCNT bundle could be
changed over a wide range in accordance with their hydrogen interaction with the
carbon atoms on the curved surfaces. The calculated molecular dynamic trajectories
show that hydrogen molecules are rapidly diffusing around the bundle outward
parts. Unlike the molecules on the inner centers, that are completely restricted in
their motion, the molecules on external centers are able to move very far from the
bundle. The highest hydrogen density values were observed at hydrogen inter-
molecular distances of about 2.7 Å for 1.51 and 6.5 wt% loading. At the highest
loading there was a supplementary peak at about 5.4 Å, reflecting the laminated
structure of inner adsorption [98]. We made the following conclusions:

• Hydrogen distribution into different nanotube bundles depends on the nanotube
diameter and its filling. For low filling densities we have the tendency for
hydrogen to be adsorbed on tube outer surfaces, but with a filling degree
increase hydrogen accumulates on the inner surfaces. The greater the nanotube
diameter, the higher is the relative completion of the inner centers. However, the
hydrogen content ratio on the inner centers never exceeds 50% of the total
adsorbed hydrogen for tubes with diameters up to 12 Å.

• Hydrogen adsorption energy increases with a nanotube diameter decrease. It
was found that an essential extension of the SWCNT lattice proceeds under
hydrogen adsorption with a loading of about 6.5 wt%. The high adsorbed
hydrogen densities the adsorption energies decreases due a repulsion between
the molecules.

• The diffusion coefficients for hydrogen into CNTs are sufficiently higher than in
the microporous materials. This onece again demonstrates the excellent trans-
port properties into nanotubes.

• The mean adsorption energy and an effective adsorption capacitance strongly
depend on the hydrogen molecule distance from a SWCNT surface.
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• Packing defects, arising with nanotube non-uniformity create significant chan-
nels between bundles of nanotubes, which play an important role under
adsorption from a gaseous phase.

• The quantum mechanical calculations and experiments showed that zigzag-type
nanotubes are less stable than armchair-type. The zigzag-type tubes are
destroyed when more than two hydrogen atoms are adsorbed into a single cell of
a graphene lattice.

• The adsorption energy of zigzag–type tubes is less stable than armchair-type
tubes and therefore hydrogen adsorption in the former type must be stronger
than in the latter.

The role of defects in hydrogen adsorption by carbon nanotubes

It was mentioned above that CNT structure defects could play a role in the
adsorption process [30]. The defects, forming in the system under a hydrogen
treatment were considered, namely the hydrogen adsorption centers and atomic
vacancies. The common feature of the both these defects is a rebuilding of the
long-range order of the state’s local density, that is characterized by a superstructure
with period of 5 nm order, and is connected with an electron states scattering on the
point defects, that leads to an arising of steady electronic waves near the defect. In
present work the hydrogen bond energies are calculated for different variants of
hydrogen molecule arrangement with respect to CNTs both with and without defects.

Interesting theoretical results have been obtained in [74, 75]. In the former, was
considered the atomic hydrogen chemisorption on graphite with Stone-Walles
defects, and it was found, that hydrogen atom is preferably chemisorbed on the one
of carbon atoms with a «turned» bond. Moreover, the formed conformation is stable
and its adsorption energy equals 2.49 eV. The work [75] is devoted to the hydrogen
molecular adsorption on SWNT with Stone–Wales defects. It was shown that
adsorption on a tube with one Stone–Wales defect is more stable than one on an
ideal tube, but at the same time adsorption on a tube with two symmetrical defects
is not stable. It is worth noting that the first Stone–Wales defect introduced into a
tube increases the HOMO–LUMO gap width, but the second symmetrical defect
introduced decreases this width, but not to its original value. The hydrogen
adsorption on an ideal SWCNT increased the HOMO–LUMO gap width at
0.19 eV, but adsorption on a tube with one defect does not change this gap.

In a theoretical study [82, 88] some fluorine chemisorption was modeled. In spite
of the fact that the work was not devoted to hydrogen, the obtained results are very
important for chemisorption of any substance, because they demonstrate the role of
deformation. The authors showed that such regular chemisorption leads to an
appearance of SWCNT prismatic modifications, when the tube cross-section
obtains triangular or quadrangular forms. In this case, the atoms re-hybridization is
regular and the SWCNT deformation can secure the most profitable conditions for
conjugated subsystem formation on the tube’s curved surface. In particular, they
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established that: (1) the prismatic modifications of zigzag-type SWCNT lead to a
energetic gap width increase and (2) in the energetic gap of the zigzag-type
SWCNT (n, 0), under regular chemisorption, there can appear some additional
discrete energy levels, and for n divisible by 3 these levels are located near zone
edges, but in other cases they are placed near the energetic gap center. It must be
noted, that peculiarities (1) and (2) are not observed for chair-type SWCNT.

In one piece of work [93] the chemical adsorption of atomic hydrogen or hydrogen
ions was considered, as well as the adsorption energetic barrier dependence on carbon
lattice curvature and the lattice local defects. As was said above, electronic envelope
sp2-hybridization takes place in graphite. The r-bonds lying in the plane are
responsible for a strong covalent connection between atoms, but the normally placed
p-bonds are responsible for a weak interaction between the carbon layers in graphite.
In this work is also shown that chemical hydrogen binding with an sp2-bonded carbon
network demands a local re-hybridization from sp2 to sp3 and therefore has a rather
greater adsorption energetic barrier for the strictly planar sp2 carbon network. The
authors studied a hydrogen interactionwith the sp2 carbon as a function of the graphite
network local curvature. The adsorption experiments on the graphite (0001),
SWCNT, andmultilayer C60 films cover a range of the carbon network local curvature
radius values from r = ∞ (for graphite) to r = 3.55 Å (for C60). It was found that the
atomic hydrogen energy is not sufficient to overcome the hydrogen chemisorption
energetic barriers on a graphite surface, but that situation changes after the carbon
(0001) surface treatment by H2 plasma. The doses *1014 ions/cm2 induced modi-
fications in the electronic structure and spectral analysis detected an increase in the
p- and r-state intensity ratios with an increase in plasma treatment duration.

The treatment by atomic hydrogen induces the changes in the SWCNT valence
zone, appearing as an intensity shortening at pure p-bonds with bond energies of
2.5 eV. This means a change of the delocalized p-bonds on the C–H edge states
with a r-bond, having the bond energy *10 eV. This can be achieved by atomic
hydrogen treatment. A further increase of hydrogen adsorption can be achieved by
the above mentioned H2-plasma treatment.

Thus, an important parameter, changing the adsorption energetic barrier in the
considered carbon structures, is local curvature at the sp2 carbon network. An
introduction of curvature can be considered as a partial tetra-hybridization at the
local binding configuration, leading to an admixture, having sp3. This decreases the
adsorption energy barrier of hydrogen chemisorption, demanding a local
re-hybridization (from sp2 and sp3). The decreased energetic barrier for the strongly
curved structures is proof that atomic hydrogen can be adsorbed on C60 and
SWCNT, but not on graphite.

The adsorption energetic barrier depends on, besides curvature, the hydrogen
coating degree (i.e., on the adsorption process prehistory). It is proof that a coating
degree, which can be achieved on SWCNT and C60 by atomic hydrogen, is limited,
and further hydrogen adsorption in these systems can be realized by an affect of more
highly energetic hydrogen species, namely hydrogen plasma. The authors of [98]
reported on a quantum mechanical modeling where so-called ab initio methods
(density functional theory) were used for the description of hydrogen adsorption on
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SWCNT. It was noted that hydrogen adsorption energy on an armchair-type (9, 9)
SWCNT lattice at different temperatures, with a hydrogen loading of 0.4 wt%, is
sufficiently higher than on graphite and graphite intercalated mixtures. An attraction
force, applied to the molecular hydrogen from the outer part of the curved carbon
surface, explained this fact. The modeling results also showed that hydrogen
adsorption on a SWCNT is a dynamic processwith very high hydrogenmobility into a
lattice and a marked deformation of the SWCNT structure at moderate temperatures.

The SWCNT lattice is deformed under adsorption and also the most noted lattice
expansion was observed for nanotubes with small radiuses, because in these tubes
the volume suitable for a hydrogen adsorption (both into the tubes and into the
inter-tubular bundle channels) is very small and the lattice is expanded for hydrogen
molecule “building-in” the system.

3.7 Modeling of a Nanotube with Stone–Wales Defects

It was noted in several publications that with the presence of structural defects in a
SWCNT the admixture atoms are more easily adsorbed, namely on places with
defects. In this section is considered one of the most important SWCNT defects, the
so-called Stone–Wales (SW) defect, connected with a reversal of the chemical
bond, where into a SWCNT arised two pentagons and two heptagons. For this
study, two (6,0) and (8,0) tubes with lengths of 5 elementary cycles were selected.
For the pure optimized SWCNT the length of the HOMO–LUMO gap width was
defined equal to 2.3 and 2.6 eV, correspondingly. For every tube the following two
situations were modeled: a one SW defect and two SW defects, located in a dia-
metrically symmetric manner, as is shown in Fig. 3.15.

The calculations showed that for (6, 0) SWCNT + 1 SW defect the forbidden
zone width is 2.8 eV, but for (6, 0) SWNT +2 SW defects—3.1 eV, i.e., the defects
increase the forbidden zone width. For (8, 0) SWCNT + 1 SW defect the forbidden
zone width is 2.64 eV, but for (8, 0) SWCNT + 2 SW defects—2.57 eV, i.e., one
defect increased the forbidden zone width a little, but two symmetric defects
practically do not change the width value.

In order to study hydrogen chemisorption on such defected nanotubes, we
modeled a “regular” nanotube coating by hydrogen atoms along its axis in two
situations: one pair of hydrogen atoms per one elementary cell and two pairs on the
cell. The edge cells remained out of consideration. The calculations showed that for
all possible coating variants (under the same coating value) the most preferable ones
turn out to be the variants presented in Fig. 3.16.

The calculation results for the outer chemisorption of 8 and 16 hydrogen atoms
on the tubes with chiral vector (6, 0) and defects are given in Table 3.2.

The results show that hydrogen chemisorption on the outer surface of a (6, 0)
nanotube increases the HOMO–LUMO gap width, i.e., is decreasing the system
conductivity as compared with a pure tube with the same defects. The next relations
are valid for the considered systems:
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– for a pure SWCNT: Eg 6; 0ð Þ½ �\Eg 6; 0ð Þþ 1SW½ �\Eg 6; 0ð Þþ 2SW½ �;
– for a SWCNT with 8 hydrogen atoms: Eg 6; 0ð Þþ 1SW½ �\Eg 6; 0ð Þþ 2SW½ �

\Eg 6; 0ð Þ½ �;
– for a SWCNT with 16 hydrogen atoms: Eg 6; 0ð Þþ 2SW½ �\Eg 6; 0ð Þþ 1SW½ �

\Eg 6; 0ð Þ½ �:
A SWCNT (6, 0) without adsorbed hydrogen atoms (i.e., a pure graphene sur-

face) has a more narrow energy gap (and a bigger conductivity) than a SWCNT
with defects. Hydrogen chemisorption is a changing situation: a tube without
defects has a bigger energy gap (and a smaller conductivity), than defected tubes

Fig. 3.15 Nanotubes with defects: a (6, 0) tube with one SW defect; b (6, 0) tube with two SW
defects; c (8, 0) tube with one SW defect; and d (8, 0) tube with two SW defects

Fig. 3.16 Nanotube type from left to right: a (6, 0) tube with one SW defect and 8 atoms; b (6, 0)
tube with two SW defects and 16 atoms; c (8, 0) tube with one SW defect and 8 atoms; and d (8, 0)
tube with two SW defects and 16 atoms
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with the same amount of adsorbed hydrogen atoms. The adsorption energy on the
defected SWCNT (6, 0) decreases with coating value growth, but in all cases it
remains bigger than the adsorption energy on a pure SWCNT (6, 0).

Thus, a Stone–Wales defect presence influenced the hydrogen chemisorption
processes. The adsorption energy and HOMO–LUMO gap width for “regular”
hydrogen chemisorption change qualitatively (as compared with defect-less tubes),
but the general tendencies remain the same: the energy gap width is increasing, but
the conductivity and adsorption energy are decreasing (with regard to sign) with
outer hydrogen coating value growth.

The presence of a Stone–Wales defect affects the hydrogen chemisorption
process. The chemisorption of hydrogen changes the adsorption energy and ener-
getic gap as compared with the a SWC NT without defects, but overall tendencies
remain the same: the energetic gap width increases, but the conductance and
adsorption energy (with account the sign) decrease with growth in the external
coating degree.

A stable hydrogen coating at room temperature can be created by chemisorption,
which can be carried out under high temperatures and pressures. This indicates that
there exists a repulsion barrier for carbon atom chemisorption on CNTs.

3.8 The Problem of Hydrogen Storage

Investigations of the hydrogen adsorption and storage on the CNTs is mainly devoted
to the perspectives of CNT usage as “containers” for hydrogen storage [2‚ 99–103].
At present, there are some different technologies for hydrogen storage and usage
(e.g., hydrogen storage in compressed forms, hydrogen transformation into metal
hydrides, hydrogen adsorption on the surfaces of various carbon structures, etc.). All
these technologies have their own disadvantages, e.g., the activated carbon has not a
sufficient weight capacitance for gas storage; the technologies connected with the
metal hydrides, are complex, etc. Cryogenic technologies in general are of limited
utility due to the very low temperatures needed to store the gas (about 21 K), etc.

Compressed hydrogen is stored under pressures up to 2.5 � 104 Pa. Such
storage requires the development of new types of storage tank made from expensive
and light composite materials. The hydrogen volumetric density (the stored
hydrogen weight per unit system volume) remains very low even at the
above-mentioned pressures. Moreover, this high-pressure storage method is not
profitable economically due to the high cost of the pressure equipment and some
safety problems.

Another possibility is hydrogen transfer into a bound state in some inter-metallic
compounds of forms of metal hydrides. The hydrogen charge/discharge is carried out
simply by system compression/rarefaction. The technology is a very simple one, but
it provided only a low capacitance. The hydrogen weight density in hydrides reaches
only 1–1.5% in the best case. The compressed hydrogen demonstrates both a higher
weight density (approximated to 20%) and volume density (50 kg H2/m

3), but this
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technology required expensive cryogenic cooling (21 K) with special equipment and
great energy consumption. Moreover, this system has a very short service time
(maximum two days without leakage).

Adsorption on carbon structures is considered to have great potential for
hydrogen storage but (for the structures limited surface area and a high mass
density) these carbon-adsorptive technologies have not progressed sufficiently. The
weight capacitance of activated carbon does not exceed 2 wt% under pressures up
to 1.4 � 104 Pa and room temperatures. In addition, it does not exceed 4.5 wt%
under pressures up to 5.5 � 103 Pa and temperatures of 160 K [2]. The comparison
of adsorptive capacitance of the various carbon-based materials (including CNT)
demonstrated that CNTs are not the leading material in respect of their capacitance
ability, but they do have other advantages.

Hydrogen storage in nanotubes provides many preferences. The method seems to
be safe and economically profitable, because it does not demand the high pressures
for gas compression and there is no giant disproportion between the gas and accu-
mulative storage masses. The main difficulty is to obtain sufficiently high hydrogen
content in the tubes. At present it is commonly supposed, that for the main industrial
applications the hydrogen content level in SWCNT must be 6–7 wt%.

The important characteristics of hydrogen storage are the weight of hydro-
gen, which can hold 1 cm3 storage, and gas retention time for certain temperatures.
We will evaluate these options.

Chemisorption is one technique for hydrogen storage into carbon nanotubes. The
calculations showed that for nanotubes under consideration (in spite of their chi-
rality and diameter) at every coverage degree of outer adsorption there is a stable
configuration, i.e., the tubes can be covered totally (by one layer) by hydrogen
atoms—the accumulation capacitance in this case is about 8.3 wt% (this value
exceeds the minimal limit established for industrial applications which equals
6–7 wt%). Total hydrogen coating is possible for a mixed chemisorption type,
when hydrogen atoms are adsorbed on both inner and outer nanotube surfaces. At
inner chemisorption the hydrogen accumulation is possible only for nanotubes with
larger diameters than that of SWNT (4, 4), which equals 5.43 Å. In this case the
weight percentage of hydrogen accumulation for a (4, 4) tube is 3.1 wt%, for a
(7, 0) tube—3.6 wt%, for (8, 0) and (10, 0) tubes—4.2 wt%. The calculated values
of bond energies for adsorbed hydrogen atoms with nanotubes for chemisorption
are sufficiently bigger than the corresponding energies of hydrogen physical
adsorption. Thus, although hydrogen accumulation by chemisorption in nanotube
samples presented a barely realized process, it has some advantages over physical
adsorption methods: high values of weight content and the possibilities of storage
without leakage for long periods of time at normal environmental temperature.

The density of MWCNTs is 0.5–1.0 g/cm−3; 1 cm3 of storage can hold of 0.04 g
of hydrogen on average. The same amount of hydrogen has 0.02 mol and takes of
0.45 l under normal conditions.
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Thus, many experimental facts and quantum mechanical calculations made
SWCNTs a prospective material for hydrogen storage at standard temperatures. It
was found that hydrogen amounts increase with reducing tube diameters, something
which can also be used to increase the partial content of the adsorbed substance.
A substantial expansion of a SWCNT lattice is found to give a hydrogen adsorption
loading of about 6.5 wt%, and the high adsorbed hydrogen densities reinforce the
intermolecular repulsion and decreasing adsorption energies. Some other effects are
worthy of mention:

– the hydrogen diffusion coefficients in SCNT are noticeably greater than these
coefficients for many microporous materials, that confirms the excellent prop-
erties of the transport processes into the tubes;

– the mean adsorption energy and an effective adsorption capacity depend criti-
cally on the hydrogen molecule distance from the SWCNT surface; and

– the package defects, connected with nanotube non-uniformity, can create
noticeable inter-tubular channels, that play an important role under adsorption
from gaseous phase.

An important role for hydrogen storage sits with chemisorption (from initial state
of molecular gas H2) on the defect regions on graphite or other carbon nanos-
tructures, including graphite nanofibers, deformed SWCNTs, and defective
MWCNT samples. The process is characterized by a standard adsorption energy for
one mole of hydrogen molecules—120 kJ/mol [63] (molar energy of the (2H=C)
chemical bond formation for two hydrogen atoms with one carbon atom at an edge,
“zigzag”-type position—570 kJ/mol).

To assure this high energy value CNT filling by hydrogen must proceed at high
temperatures, because the characteristic time constant of the filling process
decreases with a rise in real process temperature via the formula:

s�1 ¼ mCHi exp � gi
kT

	 

: ð3:25Þ

From another point of view, at low temperatures a bigger hydrogen amount can
be retained. To estimate this amount, let us write down the expression of hydrogen
capture kinetics not in a vacuum (as for desorption), but under an excessive
hydrogen pressure in the form:

dNC
Hi

dt
¼ �mCHiN

C
Hi exp � gi

kT

	 

þ cCHiNH2N

CH
i ; ð3:26Þ

where cCHi is a coefficient of hydrogen capture on a CNT. In accordance with the
results of [97‚ 98] we have cCHi = mCHi/N

CH
i .

In equilibrium, setting equal the expression (3.26) to zero, we obtain the formula
for the maximal concentration of adsorbed hydrogen:
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NC
Hi ¼

NH2N
CH
i

NCH
i exp � gi

kT

� �þNH2

¼ pH2N
CH
i

kTNCH
i exp � gi

kT

� �þ pH2

: ð3:27Þ

Analysis of formula (3.27) shows that at sufficiently high pressure the adsorbed
hydrogen concentration achieved the value of adsorption place concentration.

Formula (3.26) allows us to estimate the storage time at certain temperatures.
The calculation results are shown in Fig. 3.17

Figure 3.17 shows that at room temperature hydrogen can be stored for a long
time without loss. Therefore, such storage is not dangerous. Storage must be heated
to remove hydrogen

3.9 Conclusion

Results from this chapter reveal the reasons for changing the electronic properties of
CNTs. They are dependent on changing the size, doping, physical, and chemical
adsorption. These factors make it possible to control the properties of nanotubes.

We also showed that chemisorption is a good mechanism for hydrogen storage.
At room temperature storage is not dangerous, while heating allows the extraction
of hydrogen.
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Chapter 4
Oxygen Interaction with Electronic
Nanotubes

Sergey Bulyarskiy, Alexandr S. Basaev, Darya A. Bogdanova
and Alexandr Pavlov

Analysis of the scientific literature shows that oxygen reacts with CNTs by physical
adsorption only—when semiconductor nanotubes have acceptor-type conductivity.
A calculation, made by methods of quantum mechanics, indicate this may be
chemical adsorption which has a partial free energy of >10 eV. Adsorption energy
is big, so this phenomenon is not observed in practice. Analysis of experimental
adsorption isotherms of oxygen and desorption thermogravimetric curves allow
calculation of oxygen adsorption energy for three possible locations.

4.1 Simulation of the Oxygen Interaction with Electronic
Nanotubes

The studies of oxygen adsorption [1–7] are important for understanding CNT
conductivity type changes. It is known that oxygen adsorption by a nanotube leads
to acceptor-type conductivity. On the other hand, usage of CNT as an adsorbent has
allowed division of argon and oxygen, producing O2 of very high purity [8, 9].

Oxygen cannot be built-in into the SWNT crystalline lattice, but it was shown
experimentally that oxygen has a profound impact on nanotubes conductivity. In many
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studies the possible usage of the SWCNT adsorbed oxygen as a p-doping admixture
was considered, because this process can proceed due to a charge transport between the
adsorbed atoms and nanotube [10, 11]. Many investigators had pointed out that gas-
eous oxygen can appreciably change the various nanotube properties (such as con-
ductivity, thermo-electromotive force, local state density, etc). In particular, the
semiconductor nanotubes can be transformed into metallic ones under the action of
oxygen even at low concentrations [12–14]. It has been shown experimentally that an
oxygen adsorption practically always reduces SWCNT resistivity [12, 15].

It was found in an experimental study [16] that the nanotubes
thermo-electromotive force increases under the action of ultraviolet in an air
atmosphere. This is presumed to be a consequence of UV stimulated adsorption on
CNTs. Authors of a theoretical study [17] have shown that the rise of oxygen
adsorption under UV exposure is connected most likely with oxygen molecule
excitation from their ground spin-triplet state into a more highly energetic
spin-singlet state. Such excitation reduces the activation energy of the molecular
oxygen adsorption on a nanotube, raises the adsorption energy, and creates con-
ditions for charge transport from a tube to the oxygen molecule, i.e., the UV action
can sufficiently increase the oxygen sorption on a CNT. The authors showed that
Stone–Wales defects play a critical role in tube bounding with O2 molecules and
enforcemen of the charge transport process. The influence of CNT parameters
(diameter, chirality, and wall number) on the adsorption process was found to be
well below the influence of defects.

In one piece of work [2], molecular oxygen adsorption was modeled for an
individual SWCNT and it was shown that under normal conditions oxygen is
physically adsorbed on a CNT and the adsorption decreased the nanotube’s resis-
tance by about two orders of magnitude. The molecular oxygen adsorption on a
(5,0) and (4,4) type SWCNT was modeled in [18] and the calculations showed a
strong interaction between nanotubes and adsorbate. In this case the forbidden gap
of (5,0)-type nanotubes also increased under the action of oxygen from 0.77 to
1.37–1.44 eV, but for (4,4)-type nanotubes changed from 2.79 to 1.47–2.9 eV,
depending on adsorption center characteristics.

Atomic oxygen chemisorption on SWCNTs (that can be realized, e.g., by ionic
implantation) was theoretically studied also in [19]. Here was used a density
functional method the author had shown for individual oxygen atom chemisorption
in a (10,0)-type nanotube—the adsorption more often proceeds over a C–C bond,
being parallel to the nanotube axis with an adsorption energy of about 2.21–
2.60 eV. The author also considered chemisorption processes of two, three, and
four nitrogen atoms on a nanotube and found that the adsorption energy values are
equal 2.57–2.93, 2.93–3.01, and 2.85–3.03 eV correspondingly (the energy inter-
vals were taken for the possibility of several adsorption centers existening). In
another theoretical study [20] of oxygen chemisorption for the same (10,0) nan-
otube the following adsorption energy values were found: for 1 oxygen atom
−3.26 eV (Hartree–Fock method) and 5.21 eV (TGA method); and for 2 oxygen
atoms −6.47 eV (Hartree–Fock method) and 10.37 eV (TGA method). In [21] it
was theoretically calculated that the bound energy for individual oxygen atom
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chemisorption on a (8,0)-type SWCNT is equal to 5.1 eV. The authors of [22], via
modeling of molecular oxygen adsorption at a (8,0) nanotube, obtained a weak
coupling with very low charge transport, but they pointed out that the adsorption
was studied for the oxygen spin-triplet state only. In theoretical works [23, 24],
where the oxygen singlet state was studied, authors showed that an in this case an
interaction with the tube is sufficiently strong and the charge transport is consid-
erable. Thus, it may be thought that oxygen is adsorbed and firmly retained on
CNTs with a sufficiently great coupling energy, allowing a change from nanotube
resistance type to acceptor type.

In this connection it is important to model the adsorption processes to detect
their parameters and admixture mutual influences.

The simulation modeling of oxygen adsorption on (5,0), (6,0), (7,0), and (8,0)
SWCNT tubes was carried out by the method used for hydrogen described in Chap. 3.
Calculations were carried out for the adsorption on SWCNTs of one or two oxygen
atoms. For the case of one atom the adsorption center locations are shown in Fig. 4.1.

The oxygen adsorption process has its own peculiarities. Because the spin of the
studied isotope 16O is equal zero, a system of “SWNT + O” can exhibit both the
singlet and triplet properties even for adsorption of one oxygen atom. The system
properties for one atom adsorption per one cell are presented in Table 4.1, with the
data relating to steady conformations only, because for tubes (7,0) and (8,0) with
bigger diameters the oxygen chemisorption results are stable only for the singlet
system “atoms–SWCNT”. For the smaller (5,0)-type and (6,0)-type tubes both singlet
and triplet states are possible, and moreover the triplet states are energetically more
preferable. The calculations showed that the energetic characteristics for the triplet
state were similar to the energetic characteristics of the singlet, which are in Table 4.1.
As one would expect, in the triplet system’s forbidden band occur are two “impurity”,
“semi-forbidden” levels, and for both (5,0) and (6,0) nanotubes these states are
located in the upper half of the energetic HOMO–LUMO gap, thus increasing the n-
type conductivity of the structure under consideration. The adsorption energies for the
most energetically stable systems are equal to: −4.5 eV for (5,0); +2.4 eV for (6,0);
−4.1 eV for (7,0); and −1.7 eV for (8,0). This means that (by analogy with one
nitrogen atom chemisorption) one oxygen atom chemisorption for a (6,0) tube is an
endothermic process and its junction is an unstable one. The same situation is
observed for a (7,0) tube with one chemisorbed oxygen atom (Table 4.1).

In all considered variants of one oxygen atom chemisorption on SWCNTs arises
a change of system conductivity. In triplet (5,0) and (6,0) systems this change

Fig. 4.1 Two variants of
adsorption center locations for
oxygen atom chemisorption
on a (5,0) nanotube
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proceeds at the expense of a new impurity states appearance into the HOMO–
LUMO gap. For singlet systems (7,0) and (8,0) at the oxygen atom chemisorption a
little reduction in the energy gap width is observed, and as a result the conductivity
increases 1.2 times for the (7,0) nanotube and 2.2 times for the (8,0) nanotube.

In Fig. 4.2 the conformations, corresponding to the two-oxygen atom adsorption
on one cell are shown and in Table 4.2 the results of chemisorption parameter
calculations are presented for such SWCNT with two adsorbed oxygen atoms.

In Table 4.2 are data only for stable conformations. In general the behavior of
oxygen in the systems with two adsorbed oxygen atoms is similar to the behavior of
the described systems with one adsorbed atom.

Notetheinterestingdifferencebetweenoxygenandnitrogenchemisorption,namelyin
oxygenic systems the adsorbed oxygen atom always carries a negative charge, but for
nitrogenadsorptionsystemstherecanbeobservedpositivechargetransporttoo.

There is no one stable triplet conformation for SWCNT (8,0) and the system
stable triplet states are also absent for the case (Fig. 4.2b) of a (5,0) tube and cases
(Fig. 4.2a–c) of a (7,0) tube. Some distinctions were observed for a (6,0) tube,
because for hydrogen chemisorption there are two possible triplet conformers—

Table 4.1 Parameters of a one oxygen atom adsorption process on (5,0), (6,0), (7,0), and (8,0)
SWCNTs

(5,0) (6,0) (7,0) (8,0)

Center 1 (r = 1) Etot (kcal/mol) −190,000 −220,000 −260,000 −260,000

Dq (e) −0.14 −0.16 −0.15 −0.16

Eg (eV) 4.5 2.7 3.1 2.5

EHOMO (eV) −7.1 −6.5 −6.4 −6.5

ELUMO (eV) −2.6 −3.8 −3.3 −4.0

Center 2 (r = 1) Etot (kcal/mol) −190,000 −220,000 −26,000 −290,000

Dq (e) −0.12 −0.17 −0.11 -0.20

Eg (eV) 3.9 2.0 3.3 2.5

EHOMO (eV) −6.8 −6.2 −6.7 −6.1

ELUMO (eV) −2.9 −4.2 −3.4 −3.6

Notes Etot the total energy of one oxygen atom system on a SWCNT; Dq the partial charge
transport on the oxygen atom; Eg the energy gap width; EHOMO energy of HOMO; E LUMO energy
of LUMO. Center 1 corresponds to a location variant of Fig. 4.1a; Center 2 corresponds to the
singlet state of Fig. 4.1b

Fig. 4.2 Four variants of the two chemisorbed oxygen atom locations for a (5,0) nanotube
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Table 4.2 Parameters of the two oxygen atom chemisorption process on (5,0), (6,0), (7,0), and
(8,0) SWCNT (as seen in Fig. 4.2a–d)

Etot (kcal/
Mol)

Dq (e) Eg

(eV)
EHOMO

(eV)
E LUMO

(eV)
EO

(L-SOMO)
(eV)

EO

(H-SOMO)
(eV)

(5,0), (a),
r = 1

−190,000 −0.15 −0.13 4.4 −7.1 −2.7

(5,0), (a),
r = 3

−190,000 −0.15 −0.13 4.8 −7.4 −2.6 −4.86 −4.81

(5,0), (b),
r = 1

−190,000 −0.12 −0.13 4.2 −7.0 −2.8

(5,0), (b),
r = 3

−190,000 −0.12 −0.12 3.9 −6.9 −2.9 −4.93 −4.78

(5,0), (c),
r = 1

−190,000 −0.13 −0.14 3.82 −6.81 −2.99

(5,0), (d),
r = 1

−190,000 −0.14 −0.14 3.84 −6.93 −3.09

(5,0), (d),
r = 3

−190,000 −0.15 −0.15 4.44 −7.24 −2.80 −5.01 −4.94

(6,0), (a),
r = 1

−230,000 −0.18 −0.20 2.91 −6.52 −3.60

(6,0), (b),
r = 1

−230,000 −0.16 −0.16 1.98 −6.18 −4.19

(6,0), (b),
r = 1

−230,000 −0.22 −0.13 2.10 −6.26 −4.16

(6,0), (c),
r = 3

−230,000 −0.20 −0.15 3.98 −7.45 −3.47 −5.38 −5.07

(6,0), (d),
r = 1

−230,000 −0.19 −0.15 2.92 −6.47 −3.55

(6,0), (d),
r = 3

−230,000 −0.16 −0.17 3.98 −7.39 −3.41 −5.19 −5.13

(7,0), (a),
r = 1

−270,000 −0.15 −0.14 3.21 −6.48 −3.27

(7,0), (b),
r = 1

−270,000 −0.12 −0.12 3.21 −6.51 −3.29

(7,0), (c),
r = 1

−270,000 −0.15 −0.15 3.28 −6.56 −3.27

(7,0), (d),
r = 1

−270,000 −0.15 −0.15 2.86 −6.52 −3.65

(7,0), (d),
r = 3

−270,000 −0.16 −0.17 3.08 −6.43 −3.35 −5.01 −4.87

(8,0), (a),
r = 1

−300,000 −0.17 −0.19 1.98 −6.02 −4.03

(8,0), (b),
r = 1

−300,000 −0.16 −0.16 2.37 −6.27 −3.90

(8,0), (c),
r = 1

−300,000 −0.18 −0.15 2.51 −6.56 −4.05

(8,0), (d),
r = 1

−300,000 −0.21 −0.21 2.21 −6.28 −4.07

4 Oxygen Interaction with Electronic Nanotubes 107



Fig. 4.2c, d. The minimal energy states are as follows: triplet (Fig. 4.2b) for a (5,0)
tube, singlet (Fig. 4.2b) for a (6,0) tube, singlet (Fig. 4.2b) for a (7,0) tube, and
singlet (Fig. 4.2c) for a (8,0) tube.

The adsorption energy of two oxygen atoms on a SWCNT (calculated per one
adsorbate atom) for the most energetically advantageous conformations is equal to:
−4.2 eV for (5,0); −5.5 eV for (7,0); and −1.3 eV for (8,0), i.e., the system “SWNT
(6,0) + 2O” is a metastable one.

In all considered cases, conductivity changes were observed. For the triplet
systems, this fact is associated with the impurity states emergence into the energy
gap, for singlet systems—with a change in the energy gap width. For the two
oxygen atom chemisorption case the situation is opposite to that for the two
nitrogen atom chemisorption (for the most stable singlet conformations). For tubes
with even chiralities the conductivity increases 8.4 times for (6,0) and in 2.3 times
for (8,0), whereas for tubes with chiralities which are odd it is decreasing by 3.5
times for (5,0) and 1.4 times for (7,0).

Substitution doping of SWCNTs with oxygen cannot be realized.

4.2 The Characteristic Parameters of Oxygen Adsorption

The experiments on oxygen physical adsorption [9] were carried out in this manner:
the samples from activated carbon and CNTs were baked out for 4 h at a tem-
perature of 523 K in a vacuum under desorbed gase which was continuously
pumped out by molecular pump. Then the system was filled with oxygen at a
certain pressure. The isotherms of oxygen and nitrogen adsorption by activated
carbon and SWCNT (with mean diameter 3 nm) are presented in Fig. 4.3 for
comparison, and it is easy to see that the activated carbon isotherms for oxygen and
nitrogen are very close, whereas the isotherm difference for adsorption on CNTs
achieves 40% for the same experimental conditions.

The theoretical models developed in [4, 5] allow the determination of the
adsorption process parameters. For calculations the experimental results were
recounted from weight percents to relative units (Fig. 4.3). As a result there arose
some non-linear isotherms, demonstrating that the system’s thermodynamic
parameters depended on temperature.

Using the data from Fig. 4.3 the temperature dependencies of the Gibbs partial
energy are defined (Table 4.3).

To obtain system kinetic coefficients and later on to calculate technological
process dynamics it is necessary to study gas desorption kinetics. The thermody-
namic parameters of oxygen TGA were determined by the method described in
Sect. 2.5. The calculation results are presented in Table 4.4 and Fig. 4.4.

We succeeded in the separation of the desorption process for nanotubes from
four different locations. For the first time we determined the probability of des-
orption of oxygen. Desorption from position 1 is the same as for amorphous carbon.
In accordance with the data of work [3] oxygen adsorption heat on a carbon surface
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was changed between the range 1600–3800 cal/mol, corresponding to a coupling
energy value of 0.017–0.038 eV.

It seems likely that process 1 is connected with desorption from the tube’s
external surface. The coupling energy of other locations is bigger, something which
can be connected with a porosity effect. It can be supposed that in such cases the
processes corresponds to desorption from the defects, the tubes inner surface, and
pores formed by nanotube bundles. As can be judged from the desorbed oxygen
amounts the desorption energy (0.059 eV) corresponds to the gas molecule location
in the tube, because this peak is the most intense for the desorption process, and as

Fig. 4.3 Gibbs partial energy of molecular oxygen adsorption by activated carbon (a) and CNT
(b) (lines approximation; points experimental results)

Table 4.3 Thermodynamic parameters of oxygen adsorption

Activated carbon SWCNT

Location H (eV) S (entropy
units)
(k)

Location H (eV) S (entropy
units)
(k)

1 −0.19 −19 1 −0.07 −15

2 −0.18 −20 2 −0.18 −19

3 −0.43 −43

Table 4.4 The oxygen TGA parameters for four different localization points

Plase (i) 1 2 3 4

Coupling energy Gb
ai (eV) 0.02 0.05 0.06 0.07

Desorption probability mbai (s
−1) 12 1300 3000 2200

Probability of adsorbent capture, cbai
(cm3s−1)

– 7.7 � 10−20 1.7 � 10−19 1.3 � 10−19

The repulsion barrier energy for
oxygen physical adsorption Db

ai (eV)
– 0.050 0.058 0.066
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one would expect the adsorbed molecule number is proportional to the desorption
probability.

The results of calculations show that the oxygen can be easily removed by
heating the samples in a vacuum (Fig. 4.5).

The values of capture probability, cbai, estimated by a calculation, are presented
in Table 4.4. The number of possible adsorption places was calculated on the
presumption that the mean tube radius equals 1.5 nm [1] and the distance between
hydrogen atoms is 2.46 Å. Assuming that an oxygen molecule can be captured by
every cell, one obtains values of 6.4 � 1014 cm−2 and 1.7 � 1022 cm−3 for the
surface and volumetric seat concentrations correspondingly. The capture coeffi-
cients for the adsorption (assuming that a repulsing barrier is absent) can be esti-
mated by formulae (2.31), where the multiplier 2 is chosen because molecule

Fig. 4.4 Temperature
dependence of the oxygen
DTGA under heating at
b = 0.25 K/s (diamonds
experimental data for
desorption from an
amorphous graphite surface;
points experimental data for
desorption from CNTs;
continuous line summary
calculation curve; dashed line
calculations using formula
(2.86) for coupling energies
Nb
a (eV): 1 0.021; 2 0.050, 3

0.059; 4 0.068

Fig. 4.5 Time to remove
oxygen by heating under
vacuum conditions at a certain
temperature
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rapture takes place on a hemisphere. The adsorption proceeds from a rarefied gas,
which can be considered as ideal, giving: cba0 ¼ 4:4� 10�15.

4.3 Conclusion

The variations from Table 4.3 are connected supposedly with the existence of a
repulsing barrier to physical adsorption. Formula (2.72) makes it possible to esti-
mate these barrier heights for different places (Table 4.4). It must be noted also that
the coupling energy values, calculated in work [3], are overestimated by more than
2 times, because the pre-exponential factor (in Table 3.4 it is the desorption
probability) in the mentioned work was in fact chosen without any justification
giving a substantial systematic error in the calculated coupling energy values. The
oxygen adsorption leads to a change of CNT conductivity type from electronic to
hole [8] and this fact allows us to control the CNT properties of adsorption. At the
same time many different authors agree that the oxygen adsorption process has a
physical character and therefore there are no charge exchanges between the
adsorbed oxygen molecule and the CNT. The detailed theoretical analysis and
experimental studies of this problem are presented in research work [3]. In
experiments a CNT was placed between two Au/Ti contacts in a vacuum system
(pumped out to a residual pressure of 10−7 Torr by molecular pump) at room
temperature. During the pumping out process the SWCNT resistance was measured
and the resistance was found to increase to 16 � 106 X, but later (after experi-
mental volume filling by air) decrease to 2.5 � 106 X over 15 min.

We completed calculations using a spin-polarized model which showed that the
energy of oxygen coupling with a nanotube is described by a potential, having a
minimum (0.05 eV) at a distance of 0.35 nm from the tube surface. Such interac-
tion potential is characteristic of van der Waals couplings, and this result is in very
good agreement with the data of Table 4.4. We detected several such potential
curves, suggesting that oxygen can captured on several physically non-equivalent
places or sites, and nuances can be accounted by the used calculation method. The
calculations showed that after oxygen atom adsorption the Fermi level of the carbon
semiconductor nanotube (with a forbidden gap width 0.69 eV) shifted to the
valence zone and was placed at a distance of 0.20–0.24 eV from this zone, creating
conditions for hole conductivity in the system.

Such calculations for (5,0), (6,0), (7,0), and (8,0) nanotubes with one and two
chemisorbed nitrogen or oxygen atoms demonstrated that in all cases there are
observed changes in OCNTs conductivity nature, but the scales and mechanisms of
these changes are different.

For an individual oxygen atom (16O, s = 0) connection to the final system
“tube + adsorbed atom” can be both a singlet and triplet one. For (5,0) and (6,0)
SWCNTs with lesser diameters the most energetically profitable state is the triplet
state, when into the nanotube energetic gap appear two near semi-filled “impurity”
levels. They are located in the upper half of the HOMO–LUMO gap and at the cost
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of these levels the n-type conductivity can be realized in the systems under
consideration.

For SWCNTs with bigger diameters, namely (7,0) and (8,0), the only stable state
is a singlet one, when the “impurity” levels as such do not appear in the energy gap,
but the width of the gap itself decreases, and as a result the conductivity of SWCNT
(7,0) and SWCNT (8,0) increases 1.2 and 2.2 times, correspondingly.
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Chapter 5
Nitrogen Interaction with Carbon
Nanotubes: Adsorption and Doping

Alexandr Saurov, Sergey Bulyarskiy, Darya A. Bogdanova
and Alexandr Pavlov

Abstract Nitrogen is an important impurity in CNTs. An overview of the inter-
action of nitrogen with impurities will be given in this chapter. The properties of a
nitrogen atom depend on its place on the graphene lattice and on the closest
neighboring particles. Nitrogen, which is located in the site of a graphene lattice, is
a donor, however, if there is a vacancy nearby it becomes an acceptor. Processes of
nitrogen interaction with the surface of nanotubes are complex. A detailed analysis
is necessary to understand this interaction.

Nitrogen is an important impurity in CNTs. An overview of the interaction of
nitrogen with impurities will be given in this chapter. The properties of a nitrogen
atom depend on its place on the graphene lattice and on the closest neighboring
particles. Nitrogen, which is located in the site of a graphene lattice, is a donor,
however, if there is a vacancy nearby it becomes an acceptor. Processes of nitrogen
interaction with the surface of nanotubes are complex. A detailed analysis is nec-
essary to understand this interaction.

Analysis of the doping process was made using quantum mechanics, thermo-
dynamics, and physical kinetics methods. The nitrogen atom may be attached to the
graphene lattice by chemisorption. It is located above the sigma bond C–C (energy
is 2.8 eV) or at Stone-Wales defects (energy is 1.4–1.7 eV and depends on the
chirality of the nanotubes) in this case.
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By thermodynamics method it has been calculated which formulas connect the
main concentration of the doping centers, vacancies, and Stone-Walls defects, with
the terms of nanotube growth. These calculations are compared with the results of a
study of nanotube mean X-ray photo electronic spectroscopy (XPS) and thermo-
gravimetric analysis. The results of the comparison are in the form of the partial free
energy of defects that occur on the graphite and pyridine and the energy of
chemisorption of nitrogen atoms.

5.1 Nitrogen Arrangement on Carbon Nanotubes

The problems of CNT property control are connected with many various internal
and external factors. In previous chapters (using as an example hydrogen and
oxygen) we have considered the adsorption processes influencing CNT property
change. In this case as external factors doping conditions are considered, but the
internal factors are linked to the nanotube’s own parameters (chirality, diameter,
length, wall number, etc.). In this chapter we consider the processes connected to
CNT doping by nitrogen.

CNT doping by nitrogen has been studied intensively for many years, as evi-
denced by the number of publications in this field (Fig. 5.1), but the problem grows
wider and deeper.

It was mentioned above that the difference between doping and sorption notions
is a very conventional one, and it will become evident upon examination of the
nitrogen interaction with CNTs, when these two physical effects combine with one
another [1–19]. In the majority of publications only the two types of the SWCNTs
are considered: a graphite-like doping (when a carbon atom is displaced by nitrogen
atom) and a pyridine doping, which presents a nitrogen atom’s chemisorption on
some SWCNT defect. Under the graphite-like doping nitrogen substitutes all
three-carbon bonds (couplings), leaving one non-divided bond. Pyridine doping has
different forms, corresponding to different numbers of adsorbed nitrogen atoms per
one vacancy, because under this doping the nitrogen atom forms two chemical
bonds with the lattice with one bond remaining absent. This situation allows us to
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consider pyridine doping as a complex formation with a carbon vacancy in a
nanotube lattice.

The nitrogen atoms can be located in the graphene and CNT lattices in various
ways, creating the defects which are able to change the energetic and electrical
properties of the carbonic structures under consideration. The change in their
electrical properties is connected with the fact that the defect, introduced by the
nitrogen atom, can exhibit both donor- and acceptor-type characteristics. The
energetic property change is connected with a possible change of energetic states
(levels), structure, and density. In the graphene lattice the doped nitrogen atom can
be placed via more than 8 methods (i.e., positions), and therefore nitrogen in this
situation can be called a super-amphoteric admixture.

The above mentioned features or peculiarities are connected with the great
diversity of the nitrogen arrangement on the nanotube graphene surfaces, and it
confirms a known fact that mesoscopic system properties are strongly dependent on
their atoms arrangement [12, 20–28]. Nitrogen has one odd (excess) electron
compared with carbon, and therefore its introduction into the lattice from the
general point of view must lead to a donor-type conductivity appearance [27], but
this is not a general rule [28], as is shown below.

The carbon atom lattice is formed by three r-bonds and one p-bond. In this case
graphite-like nitrogen, having five electrons, replaced a carbon atom in the gra-
phene lattice. Such a substitution (because the last has four electrons) is a classic
example of donor doping. Four from five electrons of such atom bonds create
chemical bonds (three r-bond and one p-bond), but the fifth electron remains free
and gives rise to conditions of donor-type conductivity. With a pyridine-like
arrangement two electrons form r-bond and two others form px-bonds are filled,
non-bounded states in the graphene lattice plane. The fifth electron creates a bond
with neighbors and forms a filled valence zone, but without changing the con-
ductivity characteristic. Under the pyridine-like arrangement there can arise an
acceptor state due to nitrogens location near to a vacancy and loss of the carbon pz
bond under vacancy formation.

So a nitrogen atom, substituting carbon in the lattice, is similar to a donor-type
atom—being located near a vacancy it is either neutral (if all vacancies are filled) or
can create an acceptor state with vacancy free places. If doing so it traps hydrogen
(and goes from a pyridine-like state to a pyrrole-like one) and again remains neutral.
Similar conclusions were reached by other authors [10, 11, 13, 29].

It is known that nitrogen-doping can essentially affect CNT mechanical, elec-
trical, and physical–chemical properties [7–12]. In some cases, nitrogen doping
leads to a metallic conductivity [13], because the nitrogen electronic terms, as a
rule, are located above the Fermi level.

From a morphological point of view nitrogen atom doping leads to the
appearance and growth of so-called bamboo-type CNTs [14–19, 30]. Such nan-
otubes growth behavior arises because the chemical bond N–C is shorter than the
C–C bond, and therefore under tube growth there arises some additional stress, that
tends to decrease the growth of tube diameter [30].
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The nanotube grows from a catalyst. The nanotube breaks away from it because
of internal stresses. This stops the growth of the nanotube. For this reason into a
formed tube a new one starts to grow and thus the tube gains a bamboo-type
structure [31–41]. One of the first such growths was described by Saito [33], and
later the analogous structures were observed for nanotube synthesis with the use of
ammonium [35], pyridine [36], methylamine [37], thiazine [38], acetonitrile [39],
dimethylformamide [40], zinc-phtalocyan [39], and cyanide [42]. One characteristic
is that the structure period decreased with nitrogen concentration, as is shown in
Fig. 5.6 [43]. The same explanation of the appearance of such structures was given
in some other studies [44–46].

The CNT growth conditions under nitrogen doping are very different [44–54].
For example, the doped graphene layer growth was carried out by CVD-method,
where temperature increased and stabilized every 20°. The prominent graphene
growth was observed at 500 °C, and synchronously decreased the intensity of a
peak characterizing namely the nitrogen pyridine-like substitution. Nitrogen in the
graphene lattice knots appeared after annealing at a temperature of 500 °C for
several hours.

In several cases some physical properties of nitrogen doped structures (e.g.,
emission) improved after doping [54], connected to a reduction of the yield work
value for structures with a prominent п-type conductance, because in this case the
Fermi level increases and changes the electronic bond characteristic (as well as
lattice oscillations types too). The Raman (combination) scattering spectra are very
sensitive to nitrogen presence [55–57].

The Raman scattering spectrum of CNTs is usually combined from several
modes [58]. The oscillations, forming so-called radial breathing modes (RBM),
seem to stretch the graphene lattice, similar to the human thorax under breathing.
This mode is very sensitive to lattice diameter. The two carbon oscillations tan-
gentially, and in opposing directions, lead to G-mode generation. It is characteristic
for an ideal lattice and its intensity allows an estimate to be made of the lattice
quality. This mode band consists of several near-located bands, which arise due to a
non-equivalent arrangement of the lattice atoms. To these structures corresponds a
two-photonic mode G′. There is a mode, arising due to defect, non-elastic inter-
actions, denoted as D-mode. The defect number grows with nitrogen doping con-
centration increase, an therefore the modes intensity ratio, D/G, also grows with
nitrogen concentration increase [56].

There are many methods of CNT doping during growth. Below we will consider
some CVD processes and a treatment after tube fabrication. The growth conditions
have an effect on the nitrogen concentration, doping the nanotube, including the fact
that the content of different nitrogen types changes with CNT increased temperature
change [57].

For conciseness the CVD process conditions are presented in Table 5.1. It is
seen that CNTs are fabricated mostly using iron as a catalyst. The catalyst is
prepared as a substrate in a form of a thin film or volatile compounds are used, such
as ferrocene, etc.
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Often a mixture of Ar, C2H2, and NH3 is used. The growth temperature changes
in a wide range from 550 to 1000 °C. In this case with temperature increase the
nitrogen substitution concentration increases too.

5.2 Determination of Nitrogen Atom Configuration
on the Graphene Plane of a Carbon Nanotube

Nitrogen is an ideal material for substitution doping of SWCNTs, and therefore the
preponderance of publications in the field of nitrogen doping of CNTs, are devoted
namely to this case. As it was said above, most often, two types of nitrogen doping
are considered: namely a graphite-type doping (when a carbon atom is replaced by a
nitrogen atom) and pyridine doping, which is rather like a chemisorption of nitrogen
atoms on a SWCNT defect. It was shown experimentally that the semiconducting
SWCNT (doped by nitrogen to 2–10%) becomes metallic [66]. The authors of [67]
also experimentally studied 1%-doped SWCNTs. It was found that although the
graphite-type and pyridine-type nitrogen contents in samples were comparable under
normal conditions, only substitution doping types can induce an n-type conductance
in nanotubes at room temperature. In the low temperature ranges arises a factor,
connected to pyridine-type doping, which suppresses n-type conductance. Namely,
for this reason in some studies of nitrogen doped CNTs p-type conductance was
experimentally observed. If the doping process is considered as a one carbon atom
substitution (in a graphene “canvas”) to a one nitrogen atom (graphite-type doping),
the all sp2-orbitals of penta-valent nitrogen are involved in the nitrogen covalent
bond formation with the carbon neighboring atoms, and one remaining valent
electron occupies the nitrogen pz-orbital. This electron can easily be broken away
from its parent atom and become a part of the delocalized p electrons. At room

Table 5.1 The conditions of CVD processes used for CNT fabrication by nitrogen doping during
growth

No. Catalyst Gaseous
mixture in
reactor

T (°C) References

1 Vermiculite:ferrous nitrate:
ammonia:molybdanate in proportions:
20:100:5:1

Ar, H2, C2H2,
NH3

10:5:5:3

650–
800

[59]

2 MgO:Fe:Mo
20:1:0.1

CH4:NH3:Ar
50:10:500

850 [59]

3 Iron—10 nm C2H2:NH3:Ar 750 [60]

4 Nickel—5 nm Ar, C2H2, NH3 800 [61]

5 Iron—10 nm Ar, C2H2, NH3 800 [62]

6 Iron Butylamine: N2 600–
900

[63]

7 Fe:Mo = 10:1 CH4:NH3: = 9:1 900 [64]
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temperature such “excessive” electrons are mostly localized (especially in semi-
conducting nanotubes). In the case of pyridine-type doping this nitrogen atom
cannot be ionized under normal conditions, because there remains its non-divided
electron pair, which does not take part in the conjugated pair formation. Thus, these
two different doping types differently affect SWCNT properties.

The authors of [68] studied theoretically the nitrogen doped semiconducting
SWCNT (10, 0). They found that with impurities in low concentrations (about
0.83%) the graphite-type substitution narrows the forbidden gap width. With
substitution-type doping level growth, this forbidden gap width continually dimin-
ishes and finally (at 1.67% doping concentration) the SWCNT becomes metallic.
The pyridine-type doping in this investigation also “transformed” the semicon-
ducting SWCNT into metallic form—something confirmed in other studies [69]. On
the other hand, studies of nitrogen doped CNT conductance in general does not
allow an estimate to be made of the nitrogen concentration or a predominance of
certain configurations in the doping process, because the conductivity has integral
properties, characterizing only the total content of defects and impurities. For a more
detailed control it is necessary to carry out some demands, connected with the
regulation of growth conditions [70, 71], gas flows, and gaseous mixture content
control [72–74], as well as considering a growth’s defects [75]. In this connection
some modern diagnostic methods were elaborated upon—these are described below.

Let us consider the methods which allow us to directly estimate the character-
istics of the nitrogen interactions with a graphene plane.

Energy-filtered transmission electron microscopy (EFTEM) is a variant of
transmission electron microscopy, when the image or diffraction pattern formation of
the electrons, with a given range of kinetic energies, is used. The method can be used
for chemical content analysis in combination with some additional techniques. In
general, transmission electron microscopy is a very important method for studying
the processes proceeding in nanomaterials, if they are presented in a form of thin
foils, being transparent to electrons. The method gives an additional procedure for
defining and analyzing the separate element arrangement on sample surfaces [69, 70,
76, 77], and is widely used for the study and analysis of CNTs [59].

The idea of the method consists of separation by filtering the scattered electrons
with given energies and visualization of the scattering centers. The method’s
realization can be conditionally divided into several stages:

• the formation of the non-filtered scattered electron contrast;
• a contrast transformation into a spectrum;
• a separation of the spectrum by energetically selective filters;
• a transformation of the separated emission part into a non-filtered image; and
• detection of the image.

The scatterings on the different types of defects are different and therefore the
results of EFTEM analysis allow us to obtain the distributions of the different
defects (atoms of certain type) over the studied surface. As an example of EFTEM
analysis for CNT we can consider the results of this study [59]. The experiments
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demonstrate that nitrogen at the internal and external surfaces of MWCNTs is
distributed uniformly

One another important analytical method, called X-ray photo electronic spec-
troscopy (XPS), is based on the fact that when an X-ray radiation photon is
adsorbed by a substance, there is an electron with a given energy emitted, which is
called photoelectron. This photoelectron’s kinetic energy is defined by the bond
energy onto the target atom. The photoelectron’s energy can be measured using
their trajectory inclinations in the electric and electromagnetic fields. Analyzing the
obtained photoelectron energy spectra, one can draw certain conclusions about the
predominating type of defects into the target, forming characteristic and definite
chemical bonds. The kinetic energy in metals is measured from the Fermi level, but
is difficult to carry out in semiconductors and dielectrics, not to mention that these
substances are charging. Therefore, interpretation of the results in such cases must
be performed very carefully. This relates to CNTs too.

The XPS is a standard method in doped CNT investigations. This effect spectra
for nitrogen is given in many publications in the field [66, 79–101]. The method
and results give a presentation about the chemical bonds arising due to an atoms
interaction with CNT surfaces. Experimental results characterize nitrogen, oxygen,
and phosphorus atom interaction with CNT surfaces [80]. In this study CNTs and
substrate were subjected to an ionic bombardment by nitrogen molecules N2

+ for 5
and 10 min.

One can separate several ranges of bond energies, relating and characterizing
certain elements chemical bonds. At a region of 100–105 eV we see the peaks of
chemical bonds, belonging to the substrate, where the nanotubes were grown.
Silicon in 2p state has two peaks: 99.3 eV (connected with pure silicon) and
103.3 eV (corresponding to SiO2). The transformation of these peaks is explained
by a penetration of the element by small amounts into the substrate, where as a
result Si3N4 compound is formed. Under a more prolonged bombardment (10 min)
arises three peaks, characterizing silicon: 100.15 eV (pure silicon), 102.5 eV (sil-
icon nitride), and 103.3 eV (silicon oxide). Thus, the bombardment affects not only
the new compound formation (nitride), but transforms the pure silicon peak posi-
tion. Probably it is connected with a surface defect increase, changing the pure
silicon bond energy.

In the spectrum of the non-irradiated sample one can see a bond with energy
284.4 eV, characteristic of pure graphite lines, observed in CNTs. After the irra-
diation these lines show a small shift to the high energy region due to the advent of
a covalent bond, C–N. This bond appears after nitrogen bombardment at its main
energy of 398 eV. The line can be shifted up to 403 eV, due to the presence of an
oxidized substrate, leading to N–O bond formation [86]. Oxygen in this case forms
bonds with energies of 530–535 eV.

The studies of X-ray photoelectron spectroscopy allow us to obtain even more
detailed information about the state of the nitrogen atom, interacting with the CNT,
because the peaks characterizing the bonds have a fine structure which gives us a
chance to judge the atom interactions and arrangement on a graphene plane [59].
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The important information about solid body state and chemical bonds can be
obtained from the data on the electron beam energy losses during their passage
through the substance or reflections from the body surfaces. On the basis of this
effect studies were elaborated using a method called electron energy loss spec-
troscopy (EELS) [66]. The main peak in the spectrum is connected with plasmonic
losses. In the spectrum there are also observed steps (caused by ionization and
atomic framework excitation) and other excitations because the energy transferred
by the electron is usually small.

Thus, modern methods allow us to judge the defects and doped atom arrange-
ments in the lattice, their interactions with each other, as well as their concentration
change in connection with nanotube growing conditions. Such information allows
us to carry out a fine control of the technological processes during CNT fabrication.

5.3 Analysis of Atomic Configurations and Nitrogen
Electronic States on Graphene Planes of CNTs
by Quantum Mechanical Methods

The authors of [66, 94–96], using the density functional method, have studied
substitution type nitrogen doping of various SWNTs matrices. The simulation
results have demonstrated, that for a metallic SWCNT with chiral vector (5, 5) and
armchair structure, the impurity state is totally delocalized and the corresponding
energy level is located into the nanotube conductance zone. In a semiconductor
SWCNTs with chiral vector (8, 0) and zigzag structure, the doped nitrogen forms an
impurity level, lying in the forbidden zone at 0.2 eV below the conductance zone
bottom. This partially occupied (by only one electron) energy level creates an
opportunity to connect two nanotubes, if they both have one carbon atom substi-
tuted by nitrogen and are converted to each other by their impurity centers.
A bundle of nanotubes connected this way, can grow very quickly and tube
interconnection can appreciably change the characteristics of tunneling between
them.

In one study [97] the authors looked at two nitrogen doped SWCNTs (6, 0):
C90N6 (carbon nanotube C96, where 6 carbon atoms, located around one of the
ends, are substituted by 6 nitrogen atoms) and C84N12 (carbon nanotube C96, where
12 carbon atoms are substituted by 12 nitrogen atoms). It was shown, that nitrogen
doped SWCNT (6, 0) are more stable than pure nanotubes. The authors carried out
forbidden zone width calculations for two doped and one pure tube. In all three
cases the HOMO–LUMO gap was so small that the tubes could be considered as
conductors. However, the gap widens with a substitution of nitrogen atoms into the
tube, allowing the proposition that with further nitrogen concentration growth the
SWCNT can be transformed to a semiconducting state. At last, because nitrogen
and carbon atom sizes are comparable, the nanotube diameter only changes a little
near the nitrogen atom ring, remaining constant at some distance from ring.
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From theoretical studies one interesting piece of work [98] is where the authors,
using quantum mechanical methods, studied hydrogen atom chemisorption on a
SWCNT (10, 0) with one carbon atom substituted by nitrogen. They found that
hydrogen is preferentially adsorbed on the nitrogen atom. A pure tube is a semi-
conductor, and the substitution of one carbon atom to one nitrogen atom (with one
weakly localized electron) leads to the appearance of a donor state near the con-
ductance zone bottom. The hydrogen atom brings to the system one additional
electron, which “fills” this semi-empty state near the conductance zone bottom with
the donor state disappearing. Hence, hydrogen adsorption can make the SWNTs
peculiarities “vanish”, after substitution nitrogen doping.

However, not only nitrogen doping can affect nanotube conductance. Some
studies showed that molecular nitrogen’s physical adsorption on a CNT can also
change resistance [99, 100], and this effect can be very useful for creating gas
sensors on a carbon nanotube base. In an experimental investigation [101] it was
found that a SWCNT array’s electrical resistance increases a little after molecular
nitrogen adsorption.

It was also found experimentally that an acidic treatment of a MWCNT suffi-
ciently increased their nitrogen adsorbing energy, as well as is improving the
MWCNT sorption capacitance with respect to nitrogen [102].

The calculation by quantum chemistry methods demonstrate that substitution
doping is energetically more preferred than nitrogen chemisorption and pyridine
doping, only for nanotubes with diameters greater than 8 nm [103].

In one piece of work [104] is theoretically considered various types of SWCNT
nitrogen modification: graphite-like doping, pyridine-like doping (doping with a
vacancy), external chemisorption of nitrogen atoms, and covalent –NH2-functio-
nalization. It was shown that not only doping, but chemisorption also, gives some
stable conformations. It is interesting that under chemisorption the SWCNT obtains
a magnetic moment.

Nitrogen and oxygen adsorption on finite length SWCNTs was simulated in
[105, 106], and the authors showed that between nitrogen and the nanotube can
exist a strong covalent or ionic interaction, and in this case the interaction between
the nanotube and adsorbate becomes stronger with a growth in nanotube length.
Moreover, it was shown that the adsorbed nitrogen increased the SWCNT con-
ductance, but is not as evident as it is for oxygen. The possibility of a strong
interaction between a SWCNT (4, 4) and oxygen, as well as a variety of nitrogen
adsorption centers, was studied in [107]. The adsorption energy values were found
to be 1.17 and 0.981 eV. It was shown also that there is a great influence played by
the adsorbed nitrogen on SWCNT geometrical and electronic structures.

The quantum mechanical calculations from first principles [108] showed that
under nitrogen doping a semiconducting nanotube becomes a metallic one. In this
work nanotube stability under doping was also analyzed, as well as the change in
nanotube electronic properties with pyridine-like doping by transient metal atoms.

In [109] was analyzed 15 different defect configurations, arising under the
nitrogen doping. It was shown that formation of one or two, near place defects,
increased the CNT forming energy, i.e., the vacancies stabilize the nanotubes.

5 Nitrogen Interaction with Carbon Nanotubes … 123



Substitution doping by nitrogen led to the donor state appearance into a HOMO–
LUMO gap, and a vacancy with three nitrogen atoms creating the acceptor states.
Double vacancy with three nitrogen atoms created both acceptor and donor states.

Thus, the experimental tunneling spectroscopy method identified, just as theo-
retical studies demonstrated, that substitution nitrogen doping creates donor states
[110]. The calculations for nanotubes (10, 10) showed electronic property
strengthening of nanotubes under both pyridine-like and graphite-like doping.

Thus, all theoretical calculations carried out for nanotubes with different chi-
rality, confirm that graphene substitution doping leads to a donor-type conductivity
and can even transform a nanotube with semiconducting conductivity to one with
metallic conductivity.

5.4 Simulation of Nitrogen Chemisorption on Single-Wall
Carbon Nanotubes

For simulation of nitrogen chemisorption on CNTs the SWCNT (5, 0), (6, 0), (7, 0),
and (8, 0) were selected. The simulation process was carried out by using a
semi-empirical, quantum mechanical method (based on the framework of the Hyper
Chem. Program). The length of all considered nanotubes was equal to five ele-
mentary crystalline cells (i.e., to five elementary hexagonal cycles along the tube
axis). We studied the external chemisorption of one or two nitrogen atoms on
SWCNTs. For the one nitrogen atom case two adsorption centers (location variants
for adsorbed atoms) were proposed (Fig. 3.2, Chap. 3), and for two nitrogen
atoms—four variants. The data for every such chemisorption center is presented in
Table 5.2, only for stable configurations. For tubes with even chirality indices,
(6, 0) and (8, 0), the nitrogen chemisorption at center 1 does not generate a stable state.

Table 5.2 Data for one nitrogen atom chemisorption on SWCNT (5, 0), (6, 0), (7, 0), and (8, 0)
(center 1 corresponds to the variant in Fig. 3.2a, center 2—to the variant in Fig. 3.2b)

(5, 0) (6, 0) (7, 0) (8, 0)

Center 1 Etot (kcal/mol) −180,000 −250,000

Dq (e) +0.05 −0.3

EHOMO (eV) −7.7 −6.2

ELUMO (eV) −2.9 −3.6

EN (eV) −5.7 −5.7

Center 2 Etot (kcal/mol) −180,000 −220,172 −250,000 −290,000

Dq (e) −0.18 −0.32 −0.24 −0.26

EHOMO (eV) −6.9 −7.2 −6.4 −6.1

ELUMO (eV) −2.7 −3.9 −3.3 −3.7

EN (eV) −5.0 −4.9 −5.0 −4.6

Notes: Etot The total energy of the system (1N + SWCNT); Dq the partial charge transport to atom
N; EHOMO energy of HOMO; ELUMO energy of LUMO; EN the partially filled “impurity” level
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It also follows from Table 5.3 data, that for tube (5, 0) nitrogen adsorption is
energetically more preferable on center 2 and for tube (7, 0)—on center 1. From the
table it can be seen that all types of nitrogen chemisorption are accompanied by a
partial charge transport to the nitrogen atom, with the only exception at center 1 for
tube (5, 0).

The most important implication is the fact that with the addition of one nitrogen
atom to the nanotube in all cases there appears a partially filled (semi-filled) “im-
purity” level into forbidden zone and this sufficiently influences a tube’s conduc-
tivity. For SWCNTs (5, 0) and (7, 0), in their more energetically profitable states,
this “impurity” level is situated in the bottom-half of the forbidden zone, but for
tubes (6, 0) and (8, 0)—it lies in the top-half. For the most stable states the
adsorption energies were calculated, giving the following values: −5.89 eV for (5,
0), +2.67 for (6, 0), −2.80 for (7, 0), and −4.30 for (8, 0), i.e., for tube (6, 0) one
nitrogen atom chemisorption is an endothermic process and the forming compound
is a metastable one.

Below the results of calculations are presented for two nitrogen atom
chemisorptions on a SWCNT. For the case of tube (5, 0) these variants are shown in
Fig. 3.2 (Chap. 3). The most energetically preferable conformations for every tube
are displayed in the table in bold type, and the adsorption energies are calculated
per single nitrogen atom. The following values were obtained: −5.310 eV for tube
(5, 0), +0.73 eV for (6, 0), −4.55 eV for (7, 0), and −4.773 eV for (8, 0). One can
see, that for tube (6, 0) there again arises a situation earlier observed for one
nitrogen atom.

When a state with two nitrogen atoms is characterized by a positive value of
adsorption energy, it can be supposed that most likely nitrogen chemisorption on
the tube (6, 0) is, in general, energetically non-profitable, i.e., it gives unstable
conformations. For the all singlet states of the considered systems the “impurity”
state itself was absent in the energy gap, i.e., these occupied “impurity” levels were
adjoined to nanotube energetic zones.

In the systems with triplet states in the forbidden zone arises two closely located
“impurity” partial filled levels, and their presence obviously changed the nanotube
conductance characteristics. For the most stable (singlet) states we obtained con-
ductances which decreased for tubes with even chirality indices (6, 0) and (8, 0) (by
30.6 and 8.7 times, correspondingly), and increased for tubes with odd chirality
indices (5, 0) and (7, 0) (by 1.2 and 3.3 times).

Table 5.3 Total energy
(Etot), charge transport (Q),
and HOMO–LUMO gap
width (Eg) for SWCNTs (6, 0)
and (8, 0)with two doping
(dop) and two chemisorbed
(ads) nitrogen atoms

(6, 0) + 2N-dop (6, 0) + 2N-ads
Etot = −202,283 (kcal/mol)
Q = 0.34; 0.47 (e)
Eg = 2.5

Etot = −207,463 (kcal/mol)
Q = −0.20; −0.01 (e)
Eg = 2.3

(8, 0) + 2N-dop (8, 0) + 2N-ads
Etot = −269,270 (kcal/mol)
Q = 0.65; 0.53 (e)
Eg = 2.1

Etot = −274,745 (kcal/mol)
Q = −0.46; −0.20 (e)
Eg = 2.6
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Next, we studied substitution nitrogen doping of the above listed SWCNT types.
The calculations showed that in contrast to chemisorption (when some negative
charge transport to the adsorbed nitrogen atom takes place), substitution doping is
connected with a positive (and greater by value) charge transport (Table 5.3).

The electronic property calculations for a lattice with a vacancy was carried out
in [66] for nanotube (12, 0) with a zigzag structure. The vacancy generates various
and sufficiently complex configurations of Va,bDn(r)-type [66].

It was experimentally shown, that nitrogen doped (to 2–10%) semiconducting
SWCNTs, become metallic [110], and graphite-like and pyridine-like nitrogen
contents are comparable under standard conditions [111] in SWCNT samples with
1% nitrogen doping. It was shown also that a graphite-type substitution doping can
induce, in a nanotube, an n-type conductance at room temperature. In the
low-temperature range a dominant role is played by a factor connected with
pyridine-type doping, suppressing the n-type conductance, and namely for this
reason making it possible to observe experimentally a p-type conductance in
nitrogen doped SWCNT samples. If nitrogen doping is considered as one carbon
atom substitution in a graphene “canvas” of fabric (it is graphite-like doping), then
all five valence electron sp2-orbitals are involved in covalent bonds forming with
neighboring carbon atoms, with the remaining valence electron occupying the ni-
trogen pz-orbital. This electron can easily be removed from the atom. It becomes
one of the delocalized p electrons. At room temperatures the large share of such
“excess” electrons are localized (especially in semiconductive nanotubes). In the
case of pyridine-type doping it is impossible to ionize nitrogen under normal
conditions, because there remains a non-divided electron pair, which is not involved
in the conjugated bond formation. Thus, these two different doping modes differ-
ently affect the SWCNT properties.

The nitrogen-doped semiconductive SWCNT (10, 0) behavior was theoretically
studied in [112], and it was found that at low concentrations of doping admixture
(about 0.83%) the graphite-like doping narrows the forbidden zone width. The
following rise in substitution-type doping content led to a continued decrease in the
forbidden zone width, and finally (at 1.67% doping) the SWCNT becomes
“metallic”. Pyridine-type doping in this investigation also “transfers” the semi-
conductive SWCNT into a metallic state.

The authors of [113] studied nitrogen substitution doping in various types of
SWCNT, using the functional density method. The simulation results showed that
for a metallic SWCNT (5, 5) with an armchair structure the impurity state is totally
delocalized and the corresponding energy level is located into the nanotube con-
ductance zone. This partially occupied (by one electron) energy level gives the
possibility, for example, to connect two nanotubes as if they both have a common
carbon atom (substituted by a nitrogen atom), and these tubes are directed to each
other by impurity doped centers. Bundles of SWCNTs, where nanotubes are con-
nected in this way, can be very strong. On the other hand, this bond between the
tubes can very likely sufficiently change the characteristics of the tunneling pro-
cesses between them.
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In one piece of work [107] it was established that a nitrogen doped SWCNT (6,
0) is even more stable than a pure nanotube. The authors presented the calculated
values of the forbidden energy gap width for doped and pure tubes. In all cases the
HOMO–LUMO gap width was very small (and this fact allows consideration of the
tubes as conductive), but it widened with an increase of the substitution of nitrogen
atoms in the nanotube. Therefore, one can suppose that following nitrogen atom
concentration growth in this SWCNT it will become a semiconductor substance.
Finally, because the carbon and nitrogen atom sizes are comparable, the nanotube
diameter changes only near nitrogen atom rings, remaining practically constant
even at a small distance from it.

The quantum mechanical calculations showed also that substitution doping is
energetically more preferable (as compared with nitrogen chemisorption and pyr-
idine doping) only for nanotube diameters greater than 8 nm [64].

Various variants of SWCNT nitrogen modifications, such as graphite-like dop-
ing, pyridine doping (i.e., doping with a vacancy), external nitrogen chemisorption
of adsorbed nitrogen atoms, and covalent –NH2-functionalization, were studied
theoretically in [109]. The authors [109] showed that not only doping, but
chemisorption too, produces stable conformations. It is of interest that after nitrogen
chemisorption SWCNTs obtain some magnetic moment.

Nitrogen and oxygen adsorption on finite length SWCNTs were simulated in
papers [64, 107, 113], where it was shown that there exists a strong covalent or
ionic interaction between a nitrogen atom and nanotube. As this takes place the
interaction between nanotube and adsorbate strengthens with tube length increase.
Moreover, it was found that the adsorbed nitrogen increases the conductivity of
nanotubes, but not so obviously as oxygen. The possibility of a strong interaction
between a SWCNT (4, 4) and nitrogen, as well as a variety of nitrogen adsorption
centers was shown in [64]. The adsorption energy, depending on the distance from
the adsorption center, was equal to 1.17 and 0.981 eV. It was shown also, that the
adsorbed nitrogen can have a profound effect on the SWCNT’s geometrical and
electronic structures.

5.5 Nitrogen Chemisorption Simulation for Nanotubes
with Stone-Wales Defects

It was shown above, that the impurity atoms, in the presence of structural defects in
SWCNTs, are more likely adsorbed at defect places. In this chapter is considered
one of the most important SWCNT defects, namely the so-called Stone-Wales
defect (SW defect). They generate into the SWCNT structure a combination of two
pentagons and two heptagons. For this study two nanotubes were chosen: (6, 0) and
(8, 0), with every length of five elementary cycles considered. The HOMO–LUMO
gap width (for pure, without defect, and optimized SWCNTs of this length) were
found to be equal to 2.3 and 2.6 eV, correspondingly. For every tube two situations
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were simulated, namely with one SW defect and two SW defects, being arranged
diametrically symmetrical (Fig. 5.2).

For a SWCNT–1SW (6, 0) tube the forbidden zone width equals 2.8 eV, for
SWNT–2SW (6, 0) it was 3.1 eV, i.e., the defect presence really does increasing the
forbidden zone width. Variants with two defects, SWNT–1SW (8, 0) and SWNT–
2SW (8, 0), have values of 2.64 and 2.57 eV, i.e., one defect increased the gap
width only a little, but two defects (arranged diametrically symmetrical) decrease
this parameter.

Let us consider a chemisorption of one or two nitrogen atoms on a SWCNT
(8, 0) with length of five elementary cells and one or two Stone-Wales defects.
Initially, different adsorption centers for the nanotubes were considered. In Fig. 5.3
the three most energetically profitable configurations with one SW defect are

Fig. 5.2 The models of nanotubes with Stone-Wales defects. From left to right are presented
nanotubes: (6, 0) with one SW defect; (6.0) with two SW defects; (8, 0) with one SW defect; (8, 0)
with two SW defects

Fig. 5.3 Three different centers of nitrogen atom chemisorption on a SWCNT (8, 0) with one SW
defect. Center (a) corresponds to the adsorption above the defect bond; center (b)—to adsorption
over the heptagon surface, nearest to the defect bond; center (c)—to adsorption over the bond, C–
C, located along the nanotube axis at the side, being diametrically opposite to the defect side
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presented (the adsorption parameters of the corresponding configurations are given
in Table 5.4).

The data presented in Table 5.4 shows that the most preferable place for
adsorption into a nanotube with one SW defect is a center near the defect (a). Note,
that the defect presence itself increases the tube adsorption capacitance. Because the
system’s multiplicity is equal to two, into the SWCNT forbidden zone appears a
partially filled impurity level. In the most energetically preferred situation (a) this
level is located practically in the middle, between HOMO and LUMO.

Let us study the chemisorption of two nitrogen atoms on a SWCNT (8, 0) with
one SW defect. The most energetically preferable conformations and adsorption
parameters are presented in Fig. 5.4, the calculation results are given in Table 5.5.

For each of these configurations we consider two states (singlet and triplet). It
was established that only configuration (b) in Fig. 5.4 (where two nitrogen atoms
are located on adjacent carbon lattice bonds) has a stable state with total spin equal
to 1, whereas for the defect-less SWCNT, when there are two stable states: with
spin S = 1 and spin S = 0, and also the former is energetically more profitable.

Table 5.4 Data for one nitrogen chemisorption on a SWCNT (8, 0) with one SW defect [(a),
(b) and (c) correspond to atom location in Fig. 5.3]

Etot

(Kcal/mol)
Dq (e) Eg

(eV)
EHOMO

(eV)
ELUMO

(eV)
EN

(eV)
Eads

(eV)

(a) −290,000 −0.35 2.75 −6.48 −3.73 −5.10 −2.66

(b) −290,000 −0.31 2.80 −6.54 −3.73 −4.86 −1.59

(c) −290,000 −0.35 2.75 −6.48 −3.73 −5.18 −1.42

Notes: Etot Total energy of system 1N + SCNT; Dq the partial charge transport to nitrogen atom;
Eg energy gap width; EHOMO energy of HOMO, ELUMO energy of LUMO; EN partially filled
“impurity” energy level; Eads adsorption energy

Fig. 5.4 The variants of two nitrogen atom chemisorption on a SWCNT (8, 0) with one SW
defect
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The results in Table 5.5 demonstrate that chemisorption on different centers of
tube (8, 0) with defects can differently affect tube conductance, increasing and
decreasing the energy gap width or creating within the gap a pair of closely located
semi-filled levels. In general it is seen that for all conformations the energetically
most preferable is a singlet (a), for which it is characteristic that the energy gap
width decreases compared with a pure defect tube (8, 0). This is shown by a
conductance increase of 10.1 times (in this connection it can be recalled that two
nitrogen atom chemisorption on a defect-less tube (8, 0) decreases its conductance
8.7 times).

The data analysis showed that the presence of Stone-Wales defects affects both
the SWCNT properties and nitrogen atom chemisorption on their surface.
Moreover, not only do numerical values of parameters (HOMO-LUMO gap width,
adsorption energy) change, but there is a general tendency toward change.

The presented results of our calculations indicate that in real conditions with any
nitrogen chemisorption experimental study the presence of a defect will have a
strong impact on the results. It is possible that the defect’s influence can explain the
wide scatter of existing published experimental data.

5.6 Thermodynamics of the Nitrogen Physical Adsorption
Processes on Carbon Nanotubes

All the atoms in a nanotube are arranged on the surface and are in contact with the
environment. This situation is preserved for multi-wall tubes, because the atoms
and molecules of other substances can penetrate through the walls of different
nanotubes. For this reason the nanotubes always have many non-equivalent sites of
adsorption, and therefore their experimental adsorption isotherms can have several
line segments.

Table 5.5 Data describing two nitrogen atom chemisorption on a SWCNT (8, 0) with one SW
defect [(a), (b), and (c) correspond to the atom arrangement in Fig. 5.4]

Etot

(kcal/mol)
Dq (e) Eg

(eV)
EHOMO

(eV)
ELUMO

(eV)
Eads

(eV)
EN

(L-SOMO)
(eV)

EN

(H-SOMO)
(eV)

(a), r = 1 −290,000 −0.32 2.38 −6.42 −4.04 −1.67

(b), r = 1 −290,000 −0.32 2.62 −6.48 −3.86 −1.42

(b), r = 3 −290,000 −0.33 3.02 −6.95 −3.94 −1.63 −5.21 −5.08

(c), r = 1 −290,000 −0.23 2.70 −6.50 −3.80 −1.44

Notes: Etot Total energy of the system (1N–SWNT); Dq a partial charge transport to atom N; Eg energy
gap width; EHOMO energy of HOMO; ELUMO energy of LUMO; EN a partially filled “impurity”
energetical level (for a singlet case); EN (L-SOMO) lower partially filled level; EN (H-SOMO) upper
partially filled level
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In the model, proposed in Sect. 2.4, a situation is considered, when in the CNT
environment medium has only one adsorbate of a-type (in our case it is molecular
nitrogen). It is supposed also, that the medium, under given conditions, can contain
only a fixed content of the adsorbate. In gaseous phase, this corresponds to the
condensation start point; in solutions—to the saturation point. The limiting number
of particles, able to be located in the external medium, we will call the places, NN.
The real particle number in gaseous phase is smaller and equals NN

N. In an ideal gas
medium the particle concentration can be expressed in terms of pressure in the
following form:

NN ¼ pNs =kT ; NN
N ¼ pN=kT; ð5:1Þ

where pN is the nitrogen partial pressure and pNs is the partial pressure of its
saturated vapor.

As an adsorption consequence the adsorbate particles are trapped on the
adsorbing surface places or on the places located over the nanotube’s corresponding
chemical bonds. The number of such places is equal to Nb (below we will consider
the statistical probability of this process). The number of adsorbate particles trapped
on these places is Nb

N (notation is demonstrating that the nitrogen molecule is
occupying a place over the chemical bond of “b”-type.

In Sect. 2.4 the expressions for the adsorption isotherm were derived in the
forms (Fig. 5.5):

NN
N ¼ aNN

N exp � ggN � l0N
kT

� �
; ð5:2Þ

Nb
N ¼ aNN

b exp � gbN � l0N
kT

 !
ð5:3Þ
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Fig. 5.5 Isotherms of
nitrogen’s physical adsorption
at various external nitrogen
pressures (atm): 1 8; 2 6; 3 4;
4 2
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Thus, the adsorbed molecule concentration is proportional to the nitrogen ac-
tivity in gaseous phase and depends on the adsorbate temperature and properties
(which are defined by its partial free energy of adsorption and appearance in a
gaseous phase). Formulas (5.2) and (5.3) allow us to obtain several other useful
relationships.

In the first place, we can write out the coefficient of adsorbate molecule distri-
bution between gaseous and condensed phases:

Nb
N

NN
N
¼ Nb

NN exp � gbN � ggN
kT

 !
¼ kT

Nb

pNs
exp � gbN � ggN

kT

 !
ð5:4Þ

In the second part of the relationship given in (5.4) the Clapeyron formula is
used. It follows from (5.4) that the distribution coefficient is defined by the satu-
ration vapor pressure of the element in gaseous phase, the adsorption place number,
and partial free energies of the adsorption element and its generation in a gaseous
phase.

Second, relationship (5.4) allows us to obtain the adsorption isotherm:

Cb
a ¼ Nb

a

Nb
¼ paKb

a : ð5:5Þ

We can define the parameters connected with nitrogen’s physical adsorption
using this formula. The calculated values are presented in Fig. 5.5.

The experimental data in Fig. 5.5 shows that adsorption proceeds at least on two
types of place or site. At lower pressure the places are occupied with the activation
energy of physical adsorption which equals 0.18 eV. With pressure increase these
places fill, and there begins an adsorption on the other place, having an adsorption
activation energy equal to 0.11 eV.

These results are a preposition, that CNTs under physical adsorption bind
molecules in several places, being non-equivalent from an energy point of view.

5.7 Thermodynamics of Carbon Nanotube Doping
by Nitrogen

The study of some process thermodynamics allows us to determine the conditions
and parameters corresponding to stable state existence for a system under consid-
eration. The conditions are technological process operating regimes, and the
parameters are some fundamental properties of both adsorbent and adsorbate.
Nitrogen doping of CNTs is characterized by several specific features: first, it can
be carried out not only during the crystal growth process, but also by a treatment of
ready nanotubes; second, nitrogen creatings a great number of the defect confor-
mations with its own participation, and besides these defects can have a varying
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nature (some of them are neutral, but there are donors and acceptors too). The
problem of nitrogen doping in our case is difficult enough, but it can be solved by
the Gibbs free energy minimization method [65, 115–118].

We will consider a thermodynamic system in equilibrium state, whose condi-
tions (temperature and pressure) corresponding to nanotube growth. This system
consists of two interconnected subsystems: gaseous phase and condensed phase (in
a form of nanotubes).

Regardless of the molecules aggregate state, it is possible to separate the number
of places and molecules. In a condensed solid phase (such as a system of increasing
nanotubes), all the places are occupied by particles and therefore these numbers are
equal. It must be noted also, that the process is run very slowly (as compared, for
example, with pyrolysis), so that it does not violate the fully formed equilibrium of
the system.

Let us consider the gaseous phase, where the pyrolysis processes are running,
resulting in an equilibrium content (numbers) of carbon and nitrogen atoms. In an
ideal gas medium these numbers can be expressed by the pressure values in the
form:

NC
g ¼ pCs =kT; Ng

C ¼ pC=kT; ð5:6Þ

where pC is the partial pressure and pCs is the partial pressure of saturated vapor.
Analogously for nitrogen, we have:

Na
g ¼ pas=kT ; Ng

a ¼ pa=kT ð5:7Þ

where pa is the partial pressure and pas is the partial pressure of saturated vapor.
Formulas (5.6) and (5.7) are derived from the so-called gas cell model, in the

framework of which every gaseous molecule occupies a certain volume. Saturation
in the considered system is achieved when gas is condensing (it is called the dew
point), i.e., all the volume is filled by a given type of molecules. At this moment,
one can estimate the volume occupied by one molecule by dividing the total volume
by the molecule number. The molecule number as a unit volume is defined by the
gas saturated vapor pressure. Thus, the gas volume can be broken into some cells
having volumes equal to one molecule’s volume in saturated vapor. The gas
molecules occupy a part of these cells, but a part remains free. Namely, the total cell
number for the gas molecules is called the place number. This number, as was said
above, is equal to the volume filled by the gas divided by one molecule’s volume,
defined by the saturated vapor pressure. This definition is very convenient because
the saturated vapor pressure is a tabulated value.

A very important role is played by conservation laws. The nitrogen’s behavior
under doping is sufficiently complicated, because it can take various positions in the
CNT graphene lattice and forms different types of complexes. Therefore, before
identifying and describing the conservation laws, let us construct a table,
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characterizing the place and position of the atoms and defects within the system
(Table 5.6).

The gas phase is conveniently divided into cells, which can take carbon and
nitrogen atoms independently. The method of gaseous phase division into the cell is
itself is a very formal one. Such division allows us to separate the places available
to be occupied by molecules. The cells, assigned to the different gas molecules,
according Dalton’s law, are independent from each other. The numbers of cells and
carbon or nitrogen atoms are defined by (5.6) and (5.7). From a formal point of
view, if there are filled cells in gaseous phase, there will be empty ones. Let us
denote the number of nitrogen empty cells in a gaseous phase as: Nga

V , then the

number of the empty carbon cells is NgC
V (these designations must not affect the

calculation results). In the graphene lattice nodes are located at various atoms
presented as independent structural units or as the parts of other complexes. Let us
consider them.

NC
C is a carbon atom located in the graphene lattice node. It is a component of the

ideal lattice.

NC
a is a doping nitrogen atom located in a lattice angle (graphite-like substitu-

tion). The above given analysis has shown that such atom is a donor.

NC
V is a vacancy (an absence of a carbon atom in its own node). This defect is

neutral itself, but promotes the complex formation processes, when other compound
defects form.

NC
D is double vacancy, this defect is occupying two nodes, but it can be consider

as a defect having a center in one node and a second vacancy around it, occupying
three equivalent positions. For the calculations of the configuration entropy it is
necessary to account for the fact that this defect is a triple degenerated one (from a
spatial point of view).

Table 5.6 Atoms and defects in gaseous phase and within the graphene lattice

Particles Places

Gaseous phase In the graphene lattice Total particles
numberCarbon Nitrogen In lattice nodes On

bonds

Point defects

Carbon Ng
C NC

C Nr
CSW NC

Nitrogen Ng
a NC

a þNC
D þNC

pD Nr
a Na

Vacancies NgC
V

Nga
V NC

V þNC
D Nr

V NV

Total place
number

NC
g Na

g NC Nr N
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NC
p is a nitrogen atom location of pyridine-type, i.e., in the neighborhood of a

carbon node. According to literature data, it is supposed that around such a vacancy
are located three nitrogen atoms (in the nearest carbon nodes).

NC
pD is a nitrogen arrangement in the nodes, nearest to a double vacancy, leading

to acceptor-type doping. This fact often is not taken into account during the analysis
of experimental results, and therefore we singled it out separately.

Nr
V is the vacancies on the bonds, which testifies that this bond is not taking part

in the adsorption processes and is not deformed—as a result such bonds are
characteristic for the ideal graphene lattice.

Nr
CSW is a neutral defect (of SW type), connected with a bond turn, as was

described above. Appearance of such effects change the lattice’s energetics and
promote an increase growth in doping atom concentration.

Nr
a is a nitrogen chemisorbed on a graphene lattice bond. The lower index

describes the place number where the defect can be located.

5.7.1 The Laws of Conservation of Place Number

It was said above, that objects under consideration can be located in the gas phase
cells, the graphene lattice nodes of CNTs, and on the chemical bonds. Therefore, we
can obtain the laws of place number conservation by summation over the columns
of Table 5.6. There are three types of place (in gaseous phase, on nodes, and on
chemical bonds), so the place number conservation laws are described by three
equations, which can be formulated as additional conditions used for a free energy
functional minimization:

uga ¼ kga Na
g � Ng

a � Nga
V

� �
;ugC ¼ kgC NC

g � Ng
C � NgC

V

� �
;

uC ¼ kC NC � NC
C � NC

a � NC
V � NC

p � NC
D � NC

pD

� �
;

ur ¼ kr Nr � Nr
a � Nr

V

� �
;

ð5:8Þ

where kga; kgC, kC, and kr are the indefinite Lagrange multipliers, having in our
problem the following meanings described below.
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5.7.2 The Laws of Conservation of Particle Number

The arrangement of objects is presented in Table 5.6. They are the carbon atoms
(occupying their places in nodes), nitrogen atoms (built in by a graphite-type
substitution), and nitrogen atoms (build in by a pyridine-type substitution and
forming a complex with a carbon vacancy), etc. Thus, the conservation law number
is equal to the atom and defect type number. In the present case, we consider the
arrangements of two atom types and four types of defects, so that the conservation
laws can be written by summation over the rows of Table 5.6:

uC ¼ kC NC � Ng
C � NC

C � Nr
CSW

� �
;

uV ¼ kV NV � Ng
V � NC

V � Nr
V � NC

D

� �
;

ua ¼ ka Na � Ng
a � NC

a � Nr
a � NC

p � NC
pD

� �
:

ð5:9Þ

5.7.3 The Law Charge Conservation

The graphite-type substituted nitrogen atom creates free electrons, but being sub-
stituted by a pyridine-type arrangement, creates free holes. Nitrogen chemisorption
leads to donor-type doping. Accounting for all these features the charge conser-
vation law must be written in the form:

ue ¼ ke n� p� NC
a � nCa

� �� Nr
a � nra

� �þ nCp þ nCpD
h i

ð5:10Þ

5.7.4 Configuration Entropy of the System

Identifying the thermodynamic probability and further calculating the configuration
entropy of our system, we must to take into account all the carbon and nitrogen
atom arrangements over the places in gaseous phase, as well as all the above listed
object arrangements over their positions in the CNT nodes and on the chemical
bonds of these nodes. Moreover, it is necessary to account for the electron
arrangements over the defects taking part in the formation of donor and acceptor
bonds. The probabilities of such arrangements can be described by a product of
several cofactors:

W ¼ WgWWrWp
VW

C
p W

C
a W

r
a W

nWp ð5:11Þ

The factors meaning and concrete forms are explained below.
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The first factor Wg is the probability of the carbon and nitrogen atom arrange-
ment being in gaseous phase and has a form:

Wg ¼ NC
g !

Ng
C! NC

g � Ng
C

� �
!

Na
g!

Ng
a ! Na

g � Ng
a

� �
!

ð5:12Þ

In order to write the expression of the thermodynamic ability of an object’s
arrangement (or disposition) over a graphene lattice node it must be taken in
account that nitrogen is displacing carbon from the graphene lattice, and therefore it
must be arranged namely on the places occupied by carbon, which are denoted as
NC
C . In this case the required ability has the form:

W ¼ NC
C !

NC
C � NC

a � NC
V � NC

D

� �
!NC

a !N
C
V!N

C
D!

ð5:13Þ

The thermodynamic ability of the object’s arrangement over the places on the
chemical bonds of a graphene lattice has the form:

Wr ¼ Nr!
Nr
CSW!N

r
a ! N

r � Nr
CSW � Nr

a

� �
!

ð5:14Þ

The probability of the pyridine-type arrangement complex formation for
vacancies and double vacancies is equal to:

Wp
V ¼ NC

V!

NC
p ! NC

V � NC
p

� �
!

NC
D!

NC
pD! NC

D � NC
pD

� �
!

ð5:15Þ

The probability of the electron arrangement over the donors and acceptors is
equal to:

WC
p W

C
a W

r
a W

nWp ¼ Nn
H

n!
Np
L

p!

NC
p !

nCp ! NC
p � nCp

� �
!

NC
pD!

nCpD! NC
pD � nCpD

� �
!

NC
a !

nCa ! NC
a � nCa

� �
!

Nr
a !

nra ! Nr
a � nra

� �
!

ð5:16Þ

The configuration entropy of the system, according to Boltzmann’s formula, is
defined by the thermodynamic probability (5.11) in the form:

Sconf ¼ k ln W :
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The free energy of the system can be written as:

G ¼ H � TS ¼ ggCN
g
C þ gGa N

g
a þ gCCN

C
C þ gCa N

C
a þ gCVN

C
V þ gCDN

C
D þ gCpN

C
p

þ gCpDN
C
pD þ grCSWN

r
CSW þ g1CSWN

r
CSW þ eCa NC

a � nCa
� �þ era Nr

a � nra
� �

� nCp e
C
p � nCpDe

C
pD � TSconf

ð5:17Þ

In formula (5.17), for every object, the partial Gibbs potentials are introduced,
which characterize the growth of the system energy per single object of the types
listed below:

gCC is the Gibbs partial potential chemical bond of the graphene lattice;

gCa is the Gibbs partial potential of the graphite-type substitution; gCp ; g
C
pD is the

Gibbs partial potential of the pyridine-type defect with vacancy and divacancy;

gCV; g
C
D is the Gibbs partial potential of the formation of a vacancy and double

vacancies on the nanotube lattice node;

gra is the Gibbs partial potential of chemisorptions, t;

gCCSW is the Gibbs partial potential of Stone-Wales defect formation;

eCa ; e
r
a is the energy of donor-type defect ionization under nitrogen addition by

graphite-type substitution or under chemisorption; and

eCp ; e
C
pD is the energy of acceptor defect ionization under nitrogen addition by

pyridine-type substitution at a vacancy or divacancy.
Let us consider the Gibbs energy minimization problem. The method used was

earlier repeatedly described in publications [58, 115–118]. In order to get the
functional, for which a minimization procedure must be carried out, it is necessary
to add to the free energy expression (5.17) some functional conditions with the
indefinite Lagrange multipliers. These conditions are following from the conser-
vation laws (5.8), (5.9), and (5.10):

U ¼ Gþuga þugC þuC þur þuc þua þuV þuD þup þupD þue: ð5:18Þ

Let us rewrite the entropy expression in line with formulas (5.11)–(5.16), for
which purpose let us take away the factorials, using Stirling’s formula. The func-
tional, that must be minimized, has the form:
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U ¼ ggCN
g
C þ ggaN

g
a þ gCCN

C
C þ gCa N

C
a þ gCVN

C
V þ gCDN

C
D þ gCpN

C
p

þ gCpDN
C
pD þ graN

r
a þ grCSWN

r
CSW þ eCa NC

a � nCa
� �þ era Nr

a � nra
� �

� nCp e
C
p � nCpDe

C
pD

� kT Na
g ln Na

g þNC
g ln NC

g þNC
C ln NC

C þNr ln Nr þ n ln NH þ p lnNL

h i
� kT � Na

g � Ng
a

� �
ln Na

g � Ng
a

� �
� NC

g � Ng
C

� �
ln NC

g � Ng
C

� �
� Ng

C ln Ng
C � Ng

a ln Ng
a

h i
� kT � NC

C � NC
a � NC

V � NC
D

� �
ln NC

C � NC
a � NC

V � NC
D

� �� 	
� kT � Nr � Nr

a � Nr
CSW

� �
ln Nr � Nr

a � Nr
CSW

� �� Nr
CSW ln Nr

CSW

� 	
� kT � NC

V � NC
p

� �
ln NC

V � NC
p

� �h i
� kT � NC

D � NC
pD

� �
ln NC

D � NC
pD

� �h i
� kT � NC

a � nCa
� �

ln NC
a � nCa

� �� nCa ln nCa � n ln nþ n� p ln pþ p
� 	

� kT � Nr
a � nra

� �
ln Nr

a � nra
� �� nra ln nra � NC

p � nCp
� �
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p � nCp

� �
� nCp ln n

C
p

h i
� kT � NC

pD � nCpD
� �

ln NC
pD � nCpD

� �
� nCpD ln nCpD

h i
þ kag Na

g � Ng
a � Nga

V

� �
þ kCg NC

g � Ng
C � NgC

V

� �
þ kC NC � NC

C � NC
a � NC

V � NC
p � NC

D � NC
pD

� �
þ kr Nr � Nr

a � Nr
V

� �
þ kC NC � Ng

C � NC
C � Nr

CSW

� �þ kV NV � Ng
V � NC

V � Nr
V � NC

D

� �
þ ka Na � Ng

a � NC
a � Nr

a � NC
p � NC

pD

� �
þ ke n� p� NC

a � nCa
� �� Nr

a � nra
� �þ nCp þ nCpD

h i
ð5:19Þ

The minimization procedure allows us to calculate the equilibrium concentra-
tions of the given sort defects. The procedure consists of taking the partial
derivatives of functional (5.19). It should be taken into account that the derivative
with respect to the place number is equal to zero, and the derivative with respect to
the particle number equal to the corresponding particle chemical potential. For
example, the derivative with respect to nitrogen atom number in gaseous phase
equals the nitrogen chemical potential in this phase. The nitrogen chemical potential
in the gaseous phase equals:

lg
a
¼ l0a þ kT ln ðagaÞ;

where l0a is the nitrogen chemical potential under normal conditions and aga is the
nitrogen activity in gaseous phase. The analogous denotations will be introduced
for carbon (with a natural change of index a to index c).

In ideal nanotubes the all carbon atoms are arranged in their places in the
graphene lattice nodes, and therefore the tube free energy is equal to:
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Gu@ ¼ NCg
C
C: ð5:20Þ

The free energy partial derivative with respect to particles equals their chemical
potential, and allows us to find the partial free energy, gCC, in the form:

@Gu@

@NC
¼ gCC ¼ lC: ð5:21Þ

The results of such derivatives taken from the given functional (5.19) presents a
system of algebraic equations, the solution of which allows us to obtain the desired
concentrations of the defects and electrons on them, that forming during the tube
growth process in a condensed phase. Some results of thermodynamic calculations
and analyses are given below:

@U
@Na

¼ ka ¼ la;
@U
@NC

¼ kC ¼ lC; ð5:22Þ

@U
@Na

g
¼ �kT ln Na

g þ kT ln Na
g � Ng

a

� �
þ kag ¼ 0; ð5:23Þ

@U

@Ng
a
¼ gga þ kT ln Ng

a � kT ln Na
g � Ng

a

� �
� kag � ka ¼ 0: ð5:24Þ

Solving the system of (5.22)–(5.24), we find the nitrogen atom concentration in
gaseous phase:

Ng
a ¼ Na

g exp
la
kT

� �
exp � gga

kT

� �
: ð5:25Þ

And analogously for carbon atoms:

Ng
C ¼ NC

g exp
lC
kT

� �
exp � ggC

kT

� �
: ð5:26Þ

We can calculate nitrogen atom concentration, being introduced by a
graphite-type substitution, and the number of electrons on them, giving a value:

@U

@NC
C
¼ gCC � kT ln NC

C þ kT ln NC
C � NC

a � NC
V � NC

D

� �� kC � kC ¼ 0 ð5:27Þ
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With respect to (5.21) and (5.22) we obtain an expression for the Lagrange
indefinite multiplier, kC:

kC ¼ �kT ln NC
C þ kT ln NC

C � NC
a � NC

V � NC
D

� �
: ð5:28Þ

@U
@NC

a
¼ gCa þ kT ln NC

a � nCa
� �� kT ln NC

C � NC
a � NC

V � NC
D

� �� kC � ka � ke

¼ 0;

ð5:29Þ
@U
@nCa

¼ �eCa � kT ln NC
a � nCa

� �� kT ln nCa þ kC ¼ 0; ð5:30Þ

@U
@n

¼ �kT ln NH þ kT ln nþ ke ¼ 0; ke ¼ kT ln NH � kT ln n ¼ �EF ;

ð5:31Þ

where EF is the Fermi energy.
Solving the system of (5.28)–(5.31), we can find the concentration of nitrogen

atoms being arranged by graphite-type substitution in the form:

NC
a ¼ NC

C � NC
a � NC

V � NC
D

� �
NC
C

2

exp � gCa � la
kT

� �
1þ NH

n
exp � eCa

kT

� �
 �
; ð5:32Þ

nCa ¼ NC
C � NC

a � NC
V � NC

D

� �
NC
C

2

exp � gCa � la
kT

� �
: ð5:33Þ

If the place number in graphene lattice nodes, occupied by the defects, is suf-
ficiently less than the place number occupied by carbon, then formulas (5.32) and
(5.33) can be simplified and take the form:

NC
a ¼ NC exp � gCa � la

kT

� �
1þ NH

n
exp � eCa

kT

� �
 �
; ð5:34Þ

nCa ¼ NC exp � gCa � la
kT

� �
: ð5:35Þ
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It is possible to calculate the concentration of carbon vacancies, nitrogen atoms
doped by pyridine-type substitution, and the electron number on these atoms:

@U

@NC
V
¼ gCV � kT ln NC

V � NC
p

� �
þ kT ln NC

C � NC
a � NC

V � NC
D

� �� kC � kV ¼ 0:

ð5:36Þ

Taking into account expression (5.28) and the fact that vacancy also is a
quasi-particle (with chemical potential equal to zero), one can obtain:

@U

@NC
V
¼ gCV þ kT ln NC

V � NC
p

� �
� 2kT ln NC

C � NC
a � NC

V � NC
D

� �� kT ln NC
C ¼ 0;

ð5:37Þ

The concentration of nitrogen, doped by pyridine-type substitution, can be
calculated and gives the relationships:

@U
@NC

p
¼ gCp � kT ln NC

V � NC
p

� �
þ kT ln NC

p � nCp
� �

� kC � ka ¼ 0; ð5:38Þ

@U
@nCp

¼ �eCp þ kT ln nCp � kT ln NC
p � nCp

� �
þ ke ¼ 0 ð5:39Þ

Accounting for (5.22) and (5.28), we obtain:

NC
p ¼ NC

C � NC
a � NC

V � NC
D

� �
NC
C

� �2
3

exp
la � gCV � gCp

kT

 !
1þ n

NH
exp

eCp
kT

 !" #
;

ð5:40Þ

nCp ¼ NC
C � NC

a � NC
V � NC

D

� �
NC
C

� �2
3

exp
la � gCV � gCp

kT

 !
: ð5:41Þ

After using (5.37) and (5.41), we can calculate the vacancy concentration:

NC
V ¼ NC exp � gCV

kT

� �
1þ exp

la � gCp
kT

 !
1þ n

NL
exp

eCp
kT

 !" #" #
: ð5:42Þ
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The concentration of nitrogen, chemisorbed on carbon chemical bonds, and
electron number on these atoms, can be calculated by formulas:

Nr
a ¼ Nr exp � gra � la

kT

� �
1þ NH

n
exp � era

kT

� �
 �
; ð5:43Þ

nra ¼ Nr exp � gra � la
kT

� �
: ð5:44Þ

The calculated values of nitrogen atoms, doped Nitrogen atoms by pyridine-type
substitution with a double vacancy participation, and electron number on these
atoms, are equal to:

NC
pD ¼ NC

C � NC
a � NC

V � NC
D

� �
NC
C

� �2
3

exp
la � gCV � gCpD

kT

 !
1þ n

NL
exp

eCpD
kT

 !" #
;

ð5:45Þ

nCpD ¼ NC
C � NC

a � NC
V � NC

D

� �
NC
C

� �2
3

exp
la � gCV � gCpD

kT

 !
: ð5:46Þ

The Stone-Wales defect concentration is defined by the next expression:

Nr
CSW ¼ aCN

r exp � grCSW � l0C
kT

� �
: ð5:47Þ

Thus, in this section on the basis of the free energy analysis of the system,
containing the gas phase and growing nanotubes, we have obtained the system of
equations describing defect formation, including both the doping and adsorption.
The nitrogen atoms introduction into CNT nodes is connected with many techno-
logical factors and thermodynamic parameters. First, the nitrogen concentration is
defined by the Gibbs partial potential for a defect formation process. It is difficult to
calculate these partial potentials. Therefore, they must be defined by a comparison
of the theoretical results with experimental data. Second, the nanotube growth
temperature is also an important factor of the process. Third, we must take into
account the nitrogen and carbon activities, characterized by the gaseous molecule
concentration in the reactor. The increase of nitrogen-containing molecule con-
centration leads to an increase in introduced nitrogen atom numbers. Note, that the
amount of nanotube graphene lattice nodes, NC, is a fixed number, as is the amount
of the chemical bonds there are between them, Nr, something which is connected
with nanotube chirality and some other parameters. For this reason the carbon
activity does not affect the building-in of nitrogen atoms.
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5.8 Calculations of Doped Carbon Nanotube Conductance

The law of charge conservation (5.10) allows us to calculate the electron and hole
concentrations and define the system Fermi level value, i.e., the parameters char-
acterizing the doped nanotube’s conductance. Let us substitute into (5.10) the
theoretical expressions for the electron and hole concentrations on them. After some
transformations one can obtain:

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2i � A
1þB

s
; ð5:48Þ

where n2i is the carrier concentration in the nanotube. The coefficients A and B are
connected with technological conditions of nanotube fabrication, as well as with
other parameters and characteristics linked to increasing nanotubes and defects, by:

A ¼ aaNH NC exp � gCa þ eCa � loa
kT

� �
þNr exp � gra þ era � loa

kT

� �
 �
;

B ¼ aaNCNL

n2i
exp � gCp þ eCp � loa

kT

 !" #
þ exp � gCpD þ eCpD � loa

kT

 !
:

ð5:49Þ

It is necessary to note, that formula (5.48) describes the electron concentration
value, which forms with increasing temperatures. Under a cooling process there
begins the secondary processes of defect formation or generation, and this fact must
be without fail accounted for when considering the electron concentration. On the
other hand, formula (5.48) demonstrated a tendency of increasing nanotube con-
ductance change under doping. For metallic nanotubes (when their own electron
concentration is higher than the doping admixture concentration) we can neglect
coefficients A and B, and the concentration, defined by formula (5.48), becomes
equal to the intrinsic electron concentration, that indirectly confirms the reliability
of this expression.

5.9 Analysis of Thermogravimetric Curves of Carbon
Nanotubes, Doped by Nitrogen

One of the most important methods for nitrogen-doped carbon nanotube content
control is thermogravimetric analysis [119–122], and therefore it is necessary to
properly and correctly interpret the mass changes registered by this method. Let us
consider the method application, just for nitrogen-doped CNTs.
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Once more let us analyze the base conditions of the method’s mathematical
model, developed in Sect. 1.3:

– the desorption proceeds from certain adsorption centers;
– the dopant molecules do not interact with each other and can pass directly in a

vacuum;
– the dopant molecule number is a constant value, prescribed by a prehistory of

sample preparation; and
– every dopant molecule bounded by to only one adsorbent molecule.

Let us raise attention to the fact that the adsorption proceeds in a vacuum and the
desorbed molecule is removed from the CNT surface. Thus, the desorption process
itself is irreversible, i.e., if a defect is destroyed and emitted an adsorbent, the defect
will never arise again. With this fact is connected the so-called mass loss effect,
studied below. The effect is described by (2.83), which specifically for nitrogen
desorption takes the form:

dNN

dt
¼
Xm
b;i¼1

dNb
Ni

dt
¼ �

Xm
i¼1

mbNiN
b
Niexp � gbNi

kT

 !
dt; ð5:50Þ

where Nb
Ni is the nitrogen atom concentration, being bounded at i-type sites or

positions; Nb
i is the concentration of the i-type sites, with coefficient b having

meanings “c” and “r” (the latter relates to such cases when nitrogen is volatilizing
from the grapheme lattice nodes and chemical bonds, which are denoted by these
symbols); Ng

N is the dopant molecule concentration in gaseous phase, defining its

partial pressure; cbNi is the probability of dopant capture by i-type adsorption centers

under unitary dopant concentration in a gaseous phase; and ebNi is the probability of
dopant molecule desorption.

In order to solve (5.50) it is necessary to know the kinetic coefficients that define
the gaseous component adsorption and desorption probabilities. In an equilibrium
state the right-hand side of (5.50) becomes equal to zero. Substituting into this
equation the dopant molecule concentration value, we get for nitrogen adsorption
probability the expression:

ebNi ¼ cbNiN
ga exp �gbNi=kT

� �
; ð5:51Þ

where mbNi ¼ cbNiN
ga and gbNi is the partial free dopant energy.

To obtain the adsorption rate, it is necessary to cool down the cryostat (with a
sample) to helium temperatures. After achieving an equilibrium state the samples
must be heated up at a constant rate (e.g., c ¼ 0:2K=s), with temperature rising
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linearly with time, i.e., T ¼ T0 þ ct, where T0 is an initial temperature, chosen
usually long before the start of desorption. The amount of the desorbed substance is
recorded for to control the thermo-stimulated desorption process.

The problem of heating at a constant rate was solved in Sect. 1.3 and has the
form:

Nb
Ni ¼ Nb

N0iexp � mbNiT
c

E2
gbNi
kT

 !" #
; ð5:52Þ

where Nb
N0i is an initial concentration of a given type of defect and E2 xð Þ is the

second order integral exponential function.
Equation (5.52) allows us to obtain the next two kinetic coefficients: gbNi—the

adsorption free energy (molecule bonds) and mbNi—a desorption probability. For
their determination it is necessary to compare the analytical expressions with
experimental results. Some simple formulas, which allow us to carry out the
comparison, are also given in Sect. 1.3 and have the form:

mbNi ¼ cbNiN
ga ¼ cgbNi

kT2
mi
exp

gbNi
kTmi

 !
: ð5:53Þ

dNN

dT
¼
Xm
i¼1

gbni
kTmi

Nb
N0iZ exp � T2

T2
mi

1� 2gbNi
kTmi

 !
Z

" #
; ð5:54Þ

Where

Z ¼ exp
gbNi
k

1
Tmi

� 1
T

� �" #
:

Formulas (5.53) and (5.54) are very convenient for analysis of desorption
kinetics, because they allow us to divide desorption processes into their stages with
great accuracy in order to calculate desorption parameters separately. In Fig. 5.6 are
shown the experimental results, processed by the above described method. The
kinetic coefficients are presented in Table 5.7.

The next problem is identification of the process data with regards to the nature
of defect concerning them.
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5.10 Calculation of Nitrogen Fugacity Under
Plasmochemical Synthesis

X-ray photoelectron spectroscopy (XPS) is one of the most developed and widely
used methods for determining the nitrogen concentration, introduced into a gra-
pheme lattice by various techniques [114, 123–127]. The experimental results,
obtained by this method, showed that a nanotube increase in temperature leads to
nitrogen concentration in the tubes decreasing [114], and this fact in general cor-
responds to mass decreasing effects, which are usually observed and recorded by
TGA. It must be noted, that nitrogen concentration depends on growing or
annealing the temperature and presents an equilibrium quantity, so that the XPS
results must be made consistent with formulas found in Sect. 5.7. For these anal-
yses it is necessary to calculate the nitrogen atom fugacity under plasmochemical
synthesis.
The plasmochemical technology involved in the nanotube epitaxial chemical vapor
deposition method (PECVD) has many advantages over a standard CVD method
[128]. In the first place, the plasma temperature is defined by the current density and
the gaseous discharge source power (an applied voltage). This temperature exceeds
the substrate temperature, so that the nanotube’s temperature decreases. Second, the
electrical field presence allows growth of aligned CNTs. At present, there exist
several variants of this method: HF PECVD [129], SHF PECVD [130], PECVD
with inductive coupling [131], and DC PECVD [132, 133]. In general, they have
the same mechanism of the pyrolysis activation energy lowering on account of the
electron elastic interaction with dissociated molecules. This property of the process
presents an important advantage. In experiments this energy was decreasing prac-
tically by 4 times [134], down to 390 °C (temperature of bamboo-type tube growth)
and even to 120 °C (amorphous twist growth) [135].

Hydrocarbon pyrolysis is a sufficiently complex process of hydrocarbon trans-
formation under a molecule heating and an excitation of their vibrational subsys-
tem. Pyrolysis as a rule proceeds in the presence of a catalyst, with a note, that the
pyrolysis process catalyst and CNT growth catalyst are not always the same sub-
stance. The pyrolysis promoting catalyst is presenting in a gaseous phase, but the
CNT growth catalyst is a substrate. Some substances (e.g., ferrocene) can simul-
taneously take part in both processes, however because these processes are different
the catalytic chain reactions also differ. So, pyrolysis processes cannot be reduced to
a set or collection of consequent and parallel chemical deposition reactions,
because, along with decomposition, there proceeds a synthesis with a lot of reac-
tions, mainly monomolecular ones. During these reactions there is a change not
only the hydrocarbon molecule structure (i.e., isomerization), but also the molecular
mass (dissociation). In this work we take into account these complex processes.

An important characteristic of CNT growth is fugitiveness of the atomic carbon
in gaseous phase. This parameter which defines the particles current to a catalyst,
influences the carbon atom solubility in the catalyst substance and thus affects the
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CNT growth rate. The aim of our work is to calculate this value under plasmo-
chemical pyrolysis processes. Taking into account the complexity of the proceeding
processes and a great number of reactions, we use the Gibbs free energy mini-
mization method [115, 117], which allows us to consider the diversity of the
processes.

The method used assumes that the system is an equilibrium state, i.e., the
temperature and pressure are equilibrated and all kinetic processes are stationary. In
this case (at constant temperature and pressure) the system’s Gibbs free energy is:

G ¼ H � TS:

This must have a minimal value. The calculation algorithm is based on the
system’s free energy component analysis with a following energy minimization,
using several additional conditions in the capacity of which are used the conser-
vation laws.

The conservation laws are defined by a balance of particle and molecule num-
bers in a system. Let us denote each substances atom as a subscript. For example,
the total content of nitrogen, being both in gaseous phase and free state, will be
denoted as Na, where index “a” corresponds to the simple substance’s atom. We
will use the index k for any compound of this substance, regardless of its com-
position. The number of one type of compound’s molecules, presented in gaseous
phase, will be denoted Nk. For further analysis let us use the cell model of a gas,
developed in [117]. In this model one can separate the place number, which cor-
responds to the cell number in gaseous phase. The cell presents the same volume,
occupied by one atom or molecule in gaseous phase, and therefore, if a saturated
vapor is formed in gaseous phase, every cell will be occupied just by one gaseous
atom or molecule. Thus, the cell number is equal to the gas unit volume, divided by
the saturated vapor atom number. We will call the place number a maximal number
of a single gas particles (atoms or compounds), and will denote it as a superscript.
Thus, for a simple substance this number will be denoted Na, and for compounds,
Nk.

The place number in a system is defined by the saturated vapor pressure at a
given temperature. It is a tabular value and can be found from the state diagram of a
given type gas:

Na ¼ pas=kT Nk ¼ pks=kT ð5:55Þ

The total place number in a gas phase is defined by the sum of the values given
by expressions (4.10.1):

N ¼
X
a

pas=kT þ
X
k

pks=kT ¼
X
a

Na þ
X
k

Nk: ð5:56Þ
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5.10.1 The Place Number Conservation Laws

It was said above, that the place number corresponds to a maximal number of a
given type of molecules, which can simultaneously be located in gas phase for
given conditions. By definition the number can be calculated from the value of
saturated vapor, consisting completely of gas molecules of the considered type.
This number is equal to the number of system chemical components, each of which
can be written down as a law of place conservation. For simple substances, we
have:

ua ¼ Na � Na � N0
a ¼ 0; ð5:57Þ

In addition, for the nitrogen compounds:

uk ¼ Nk � Nk � N0
k ¼ 0; ð5:58Þ

where N0
a;k is the number of places in gaseous phase, that remain free.

5.10.2 The Particles Number Conservation Laws

The nitrogen molecules can unite and create new compounds. From a thermody-
namic point of view, these complex objects can be described in a single way.
Moreover, the atoms and molecules of every substance can exist in either free
ionized state. Let us designate the number of nitrogen atoms, being able to form
some ions, by Naq, where the index q (defining a charge state) can have discrete
values. For example, for an ionized double-charged molecule this index can take
values “0” and “+1” or “0” and “−1”, but for a multiple-ionized molecule the index
value combinations number is increasing and equals the molecule total charge state
number. Using the notion of “charge state” allows us in a unique way to describe
and consider both the positively and negatively charged ions, as well as the ionized
or multiple-ionized molecules. The atoms of every element can be present in both
free and connected states. Under a pyrolysis process the compound’s composition
and the number of free atoms of nitrogen or other substances can change, bur their
sum remains constant due to system closure. This condition is based on a certain
atom and molecule number conservation law, in the form:

ua ¼ Na �
P
aq

Naq �
P
a;k

Nkmak ¼ 0

uk ¼ Nk �
P
kq

Nkq ¼ 0; ð5:59Þ

where ma is the simple substance (carbon or hydrogen) number in a hydrocarbon
molecule.
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5.10.3 Charge Conservation Law

The plasma pseudo-neutrality condition implies that there exists a balance between
the positive and negative charges, i.e., the charge conservation law is fulfilled in the
form:

ue ¼ n�
X
aq

qaNaq �
X
q;k

qkNk ¼ 0: ð5:60Þ

Note, that the index q may be positive or negative. Moreover, the single atoms or
compounds in the system can be ionized, taken into account by formula (5.60),
written in a common form.

5.10.4 Free Energy of the System

The Gibbs free energy of the system has a form:

G ¼ GG NG
aq;Nkq

� �
þGe; ð5:61Þ

where GG is the free energy of the gaseous phase; Naq is the concentration of a-type
atoms in gaseous phase, being in a charge state q; Nkq is the compound concen-
tration in a certain charge state; and Ge is the free energy of the electronic sub-
system with contributions from all charge carrying elements (both the atoms and
molecules).

To find an explicit form of the free energy dependence on atom and molecule
concentration, let us introduce the Gibbs partial potential per atom or molecule of a
compound:

gaq ¼ ga ¼ Ha � TSa
gkq ¼ gk ¼ Hk � TSk þ

P
akq

mak Hk � TSkð Þ; ð5:62Þ

where HaðkÞ is the free energy of a neutral atom’s (or compound’s) formation; SaðqÞ
is an oscillating (thermal) entropy, connected with the atom (compound); and eaðkÞq
is the energy, that is necessary for transfer the atom (compound) into a charge state,
q.

Formula (5.52) accounts for the compound formation from the separate atoms.
For the sake of notation economy we use a parenthesis: thus, the index a relates to
an atom, the letter in parenthesis (i.e., k) relates to a compound. In formula (5.62)
these values are given separately.
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Let us consider the thermal part of the system free energy as a product of the
atom and molecule partial free energies by their concentrations:

GT ¼
X
a

gaNa þ
X
k

gkNk þGe ð5:63Þ

The configuration part of the free energy is expressed by Boltzmann’s formula:

GK ¼ �kT ln W ; ð5:64Þ

where W is the thermodynamic probability of the states (i.e., the number of real-
ization variants for this macroscopic state):

W ¼
Y
a;k

Na!

Naq! Na � Nað Þ ! Na �
P
q
Naq

 !
!

Nk!

Nkq! Nk � Nkð Þ ! Nk �
P
q
Nkq

 !
!

ð5:65Þ

The W value accounts for all permutations (rearrangements) of identical atoms
and molecules regarding their place, as well as the charge state permutations by
elements. The total amount of paticales of the one kinde is equal to:

Na ¼
X
a;q

Naq þ
X
a;k;q

Nkqmak ð5:66Þ

The electronic subsystem free energy can be written in the form:

Ge ¼
X
a;q

Naqeaq þ
X
k;q

Nkqekq ð5:67Þ

The electrons in the system arise as a result of atom and molecule ionization, and
therefore the charge conservation law can be formulated as:

ue ¼ n�
X
a;q

qNaq �
X
k;q

qNkq ð5:68Þ

The equilibrium concentration of carbon and hydrogen atoms, as well as com-
pounds generated under pyrolysis, can be found via the Lagrange indefinite mul-
tipliers (factors) method. The equilibrium corresponds to the minimum of the
functional:

W ¼ GT þGK þ
X
a

kaua þ
X
a

kaua þ k eue þ
X
k

k kuk þ
X
k

kkuk: ð5:69Þ
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The resultant expression for the free energy functional has the form:

W ¼
X
a

gaNa þ
X
k

gkNk þ
X
a;q

Naqeaq þ
X
k;q

qNkqekq

� kT ln
Y
a;k

Na!

Q
a
Naq! Na � Nað Þ ! Na �

P
q
Naq

 !
!

Nk!

Q
k
Nkq! Nk � Nkð Þ ! Nk �

P
q
Nkq

 !
!

þ kp N �
X
a

Na �
X
k

Nk

 !
þ
X
a;k;q

ka Na �
X
aq

Naq �
X
a;k

Nkmak

 !

þ ke n�
X
aq

qaNaq �
X
q;k

qkNkq

 !
þ kk

X
q;k

Nk �
X
kq

Nkq

 !

þ kk
X
k

Nk � Nk � N0
k

� �þ ka
X
a

Na � Na � N0
a

� �
ð5:70Þ

According to the Fermi level definition (electron chemical potential) we find the
meaning of the multiplier k e:

EF ¼ @ G
@ n

¼ @W
@ n

¼ k e; ð5:71Þ

coinciding with the Fermi level energy value.
The free energy derivative with respect to given type of atom or molecule

number is by definition called the chemical potential of the substance. It was said
above, that the system is in thermodynamic equilibrium, and this means that the
chemical potential of all the species (dislocated molecules and free atoms arising
during pyrolysis, etc.) are equal to one another, i.e., for every particle type we have
the condition:

lga ¼ lmol
a ;

where lga is the chemical potential of any atom in gaseous phase and lmol
a is the

atom’s chemical potential into a molecule:

lmol
a ¼ l0a þ ln mkaxka � l0a þ ln mkafka; ð5:72Þ

where xka is the number of gaseous phase molecules, which can produce a-type
atoms under the pyrolysis and f ka is the molecule’s fugitiveness.

Differentiating the functional W with respect to Na we obtain a relationship
between the Lagrange multiplier and concentrations:
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ka ¼ �kT ln Na þ kT ln Na � Nað Þ ð5:73Þ

On the other hand, differentiating the functional W with respect to Na we obtain
the result that the chemical potential of the a-element in gaseous phase is expressed
itself through the Lagrange multipliers for place and particle conservation:

ka ¼ l0a þ ln mkafka � ga þ kT ln ðNa �
X
q

NqaÞ � kT ln Na � Na

� �" #
: ð5:74Þ

The usual presentation is used for nitrogen chemical potential: l0a þ kT ln a,
where l0a is the nitrogen chemical potential under standard conditions.

Taking the derivative of functional W with respect to Nqa, one can, after some
calculations, arrive at the expression:

Nqa ¼ fkaN
a exp � ga þ eqa � l0a � qaEF

kT

� �
¼ fkaN

a exp �Ea � qaEF

kT

� �
;

ð5:75Þ

where Ea ¼ ga þ eqa � l0a is the activation energy of the usual, not plasmochemical,
pyrolysis.

The fugitiveness of a-type atoms in a system equals the relationship of their
partial pressure to the their saturation vapor pressure. Taking into account that
pressure is connected with molecule concentration by the Clapeyron equation
p ¼ kTN, we obtain for nitrogen:

fa ¼

P
q
Nqa

Na
¼ fka

X
q

exp �Ea � qaEF

kT

� �
ð5:76Þ

Replacing the index a in (5.76) with carbon, we obtain its fugitiveness, i.e., for
carbon atom fugacity in a gaseous phase under plasmochemical pyrolysis we have
the expression:

fC ¼ fkC
X
q

exp �EC � qCEF

kT

� �
; ð5:77Þ

where fkC is the hydrocarbon fugacity, being pyrolyzed into the reactor. This value
is connected with the gas current fed (conveyed) into reactor to carry out the CNT
synthesis.

Formulas (5.76) and (5.77) show that when the Fermi energy of the plasma
electrons is rising (this energy is rising with a growth of the free electrons
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concentration), the activation energy of the plasmochemical process decrease—
something that was observed in experiments [135].

Thus, in the present work the most common expressions are obtained for the
fugitiveness of carbon and nitrogen atoms, arising during plasmochemical pyrol-
ysis. The calculations obviously demonstrate that the activation energy of plas-
mochemical processes depends on the free electron concentration in the plasma.
This fact corresponds to the assumption that activation energy decreases due to the
molecule excitation under the inelastic interactions with electrons. The Fermi

energy in the plasma equals EF ¼ 3; 64 � 10�15 nð Þ2=3 eV. In an experimental study
[135] the Fermi energy was found to be equal to 0.9 eV. This value corresponds to
the concentration of electrons in nanotubes, confirming sufficient accuracy in the
presented calculations.

5.11 Analysis of X-Ray Photoelectron Spectra of Nitrogen
Doped Carbon Nanotubes

In the scientific literature, related to XPS studies of carbon doped nanotubes are
most often found the analyses of the next three methods of nitrogen interaction with
a graphene lattice: graphite-like, pyridine substitution and chemisorption on
chemical bonds. The equilibrium nitrogen concentrations in these three cases are
defined by (5.34), (5.40), and (5.43), which we repeating there for convenience:

Graphite-type integrated nitrogen:

NC
a ¼ NC exp � gCa � la

kT

� �
1þ NH

n
exp � eCa

kT

� �
 �
ð5:78Þ

Pyridine-type integrated nitrogen:

NC
p ¼ NC exp

la � gCV � gCp
kT

 !
1þ n

NH
exp

eCp
kT

 !" #
ð5:79Þ

Molecular nitrogen, chemisorbed on chemical bonds:

Nr
a ¼ Nr exp � gra � la

kT

� �
1þ NH

n
exp � era

kT

� �
 �
ð5:80Þ

We will also use the formula for nitrogen concentration in gaseous phase (5.25):
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Ng
a ¼ Na

g exp
la
kT

� �
exp � gga

kT

� �
ð5:81Þ

and the formula for nitrogen fugitiveness in the plasmochemical process (5.76).
From (5.81) we obtain for the factor, containing the nitrogen chemical potential, the
expression:

exp
la
kT

� �
¼ Ng

a

Na
g
exp

gga
kT

� �
¼ pa

psa
exp

gga
kT

� �
¼ fak exp

gga
kT

� �
; ð5:82Þ

defining the nitrogen chemical potential under pyrolysis without plasma. Thus,
namely for the plasmochemical process from (5.82) we obtain:

exp
la
kT

� �
¼ Ng

a

Na
g
exp

gga
kT

� �
¼ pa

psa
exp

gga
kT

� �
¼ fak exp

gga � qaEFp

kT

� �
ð5:83Þ

The fugitiveness, fak, is characterized by the initial gas content (i.e., ammonia),
that presents sources of both atomic and molecular nitrogen under the pyrolysis
process. In the scientific literature their concentrations in the reactor are specified by
the corresponding current values, which can be easily recalculated and converted
into pressure and fugitiveness values. The Gibbs partial potential (gga) characterized
the pyrolysis process, and namely the energy losses, that are connected with atomic
and molecular nitrogen generation. Undoubtedly, the pyrolysis process is a very
complex one, during which form many intermediate compounds, including
polymer-type substances. For example, it is known that during acetylene pyrolysis
there can be named more than 68 various compounds and reaction products taking
part in processes within the reactor, and therefore formula (5.54) presents a sum.
Any detailed analysis is impossible due to experimental data insufficiency in the
literature, and therefore we will restrict ourselves to the simple expression (5.83)
whilst discussing the primary estimations of the process parameters. The Fermi
energy of the plasma (EFp) depends on the plasma discharge conditions, as well as
on the applied voltage and reactor construction. Therefore, this value is only
evaluated for concrete-type reactors. At a first approximation it can be said that the
dissociation energy decreased with a growth of electrical power used for discharge
excitation in plasma. It can be supposed that these experimental and theoretical data
comparisons are only qualitative and valuating, but we nevertheless can substitute
(5.83) into expressions (5.78)–(5.79) and obtain formulas for the experimental data
analysis in the forms:

Graphite-type integrated nitrogen:
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NC
a ¼ NCfak exp

gga � qaEFp

kT

� �
exp � gCa

kT

� �
1þ NH

n
exp � eCa

kT

� �
 �
: ð5:84Þ

Pyridine-type integrated nitrogen:

NC
p ¼ NCfak exp

gga � qaEFp

kT

� �
exp � gCV þ gCp

kT

 !
1þ n

NL
exp

eCp
kT

 !" #
: ð5:85Þ

Molecular nitrogen, chemisorbed on chemical bonds:

Nr
a ¼ Nrfak exp

gga � qaEFp

kT

� �
exp � gra

kT

� �
1þ NH

n
exp � era

kT

� �
 �
: ð5:86Þ

In one experimental study [114] relationships between the equilibrium concen-
trations were obtained for nitrogen, integrated by graphene-type and pyridine-type
substitution changes exponentially, approximated using the Arrhenius formula. The
Arrhenius activation energy is 0.57 eV. In [125] the authors obtained a value of this
energy of 0.63 eV. The middle value of activation energy is equal 0.60 ± 0.03 eV.
From (5.84) and (5.85) (assuming, that the nitrogen admixture is only slightly
ionized) we obtain:

NC
a

NC
p
¼ exp � gCa � gCV � gCp

kT

 !
; then gCa � gCV � gCp ¼ 0:60 ev ð5:87Þ

This fact can explain why in studies [114, 126–128] as a whole it was observed
that there was a tendency for an increase in nitrogen concentration, introduced by
graphene-type substitution, and a decrease in pyridine-type substituted nitrogen
when the temperature of the CNT synthesis increased under simultaneous doping.

The activation energy, obtained from experimental data of CNT doping, is equal
to 1.4 eV for graphene substitution and 1.7 eV for molecular nitrogen, chemisorbed
on chemical bonds. In these studies doping with ammonia was used, for which the
pyrolysis activation energy was about 0.7 eV. From these results follow the values
gCa = 2.1 eV and gra = 2.4 eV, which are in accordance with the data in Table 5.10.
The comparison allows us to return to the pyrolysis stage problems and conclude
that the process or stage 4 (in Fig. 5.6a) for this table relates to the nitrogen
integration by pyridine-type substitution, and processes 1 and 2 (in Fig. 5.6b) relate
to the integration by graphene-type, with process 3 (in Fig. 5.6b) describing
nitrogen chemisorption. Other processes are perhaps connected with the reaction
product desorption, leading to the CNT growth and doping. The results of the
analysis are summarized in the Table 5.8.

Thus, the above given theoretical analysis allows us to adequately describe CNT
doping by nitrogen. It must be noted also, that the results of the Gibbs partial
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energies for chemisorption are in accordance with the quantum mechanical
calculations.

5.12 Applications of Nitrogen Doped Carbon Nanotubes

5.12.1 Improvement of Emissive Properties

Carbon nanotubes are a good prospect for use as materials for so-called
auto-emission cathodes, because they have many advantages over metallic needle
based cathodes, for example, aspect ratio, the small curvature radius of the emitting
surface, and lower yield work [136–142]. Due to the extended CNT structure and
their possible orientation with respect to emitting surface, auto-emission initiation
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Fig. 5.6 The results of experimental curve division on separate adsorption processes with the use
of formula (5.54) (the calculations were carried out using the following values of Gibbs partial
energy (eV): a 1 0.68; 2 0.85; 3 1.1; 4 summary curve; b 1 2.0; 2 2.2; 3 summary curve; points
experimental data)

Table 5.8 Kinetic
coefficients for the processes
of CNT doping by nitrogen

Doping process Kinetic coefficient

Piridine-type doping (3 ± 1) � 1010 exp � 1:7
kT

� �
Graphite-type doping (3 ± 1) � 1012 exp � 2:1

kT

� �
Nitrogen chemisorption (6 ± 1) � 1012 exp � 2:4

kT

� �
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requires a significantly lower voltage (1–3 V/mcm) compared with metals
(104 V/mcm). The main CNT shortfalls are their rapid degradation under
auto-emission processes and the limitations of the running current values. Local
tube heating (and a partial tube material evaporation) causes degradation initially
and then additionally by the formation of residual gases from radicals and ions,
which interact with the surface and change its composition (and hence the yield
work). The CNT yield work value must also be noted (4.5–5 eV). Approaches to
decrease the yield work value are developed below.

It must be noted that CNT bunches, used as cold emitters, are non-uniform
because nanotubes have various chiralities and conductance-types. To increase
bunch uniformity nitrogen atom doping was used [143]. The nanotube growth was
carried out by CVD method from a methane and ammonium mixture with use of a
combined catalyst, based on ferrum and molybdenum. The nitrogen content in
nanotubes was controlled by X-ray photoelectron spectroscopy method and was
equal 1.2 and 1.5%. Judging this spectra, it appears that nitrogen was introducing
into nanotubes by pyridine-type substitution. The Raman light scattering showed
nanotubes to be of high quality. The IG/ID ratio of non-doped tubes was 13.5, but
after nitrogen introduction this value decreased to 5.5. The morphological studies
showed a growth of nanotube diameter after nitrogen introduction and corresponds
to the results of other work [144, 145].

Nitrogen doping essentially influences emission current values. The threshold
emission voltage falling, but the current density values rise. These results can be
connected with the fact that a higher electron concentration in the structure cor-
responds to a lower distance between the vacuum level end Fermi level, that
characterizes the system yield work [146–152]. Nitrogen doping is also connected
with another factors (except the yield work), which can improve emission char-
acteristics. Some effect is produced also by the bamboo-type morphology of
nitrogen doped CNTs.

Thus, nitrogen doping allows a decrease in the threshold values of the emisission
field to 2.65—3.55 V/mcm.

5.12.2 Electrodes for Ionic-Lithium Batteries

Nitrogen doped CNTs have a big prospect in nanoelectronics [153]. One of the most
important applied directions is lithium-ionic cell production [153–155]. The devel-
opment in this field demands for studies of CNT surface functionalization and
development of the technology used for this purpose [156–158]. The most general
processes of CNT surface modification are connected with oxidation [159]. Until
now they have been studied sufficiently well [160–164], and are connected firstly
with a heating in HNO3, as well as in a mixture of sulfuric acid with hydrogen
peroxide and other oxidizers [165–169]. As a result of this treatment the first stage of
surface functionalizing can proceed—the surface becomming covered by radicals –
COOH, which can adjoin some other radicals, ensuring the necessary CNT functions.
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For cell and battery production the second and third functionalizing stages are
carrying out by the Friedel–Grafts scheme [170], under which nanotubes are suc-
cessively treated by a mixture of AlCl3, PhCOCl, and C6H5NO2 at a temperature of
180 °C for 3 h. In the third stage the surface is saturated by lithium in the course of a
holding process realized in a Li/NH3,BrCH2COOC2H5 mixture at a temperature of
78 °C.

The commercially produced lithium-ionic cells were developed in the 1990s
[171–174]. The growth of their capacitance (with conservation of compactness and
lightness) demands the production of electrodes with branched surfaces, and for this
purpose CNTs are very convenient. The nanotubes doped with nitrogen are used to
negatively charge electrodes.

5.13 Conclusion

We have proposed a method for calculating the concentration of the dopant in nan-
otubes and graphene in Chap. 2, which is based on the minimization of the Gibbs free
energy. This method has successfully coped with the difficult problem of the behavior
of superamphoteric nitrogen during its interaction with the graphene plane. We have
calculated the concentration of impurity states and major defects, which create
nitrogen. This calculation represents a possible explaination for the experimental
conditions required for the concentration of nitrogen occuring whilst doping nan-
otubes. This chapter gives an example of a successful combination of thermodynamic
and kinetic approaches to solving the problem of solid-state doping.
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Chapter 6
Carbon Nanotube Doping by Acceptors.
The p–п Junction Formation

Alexandr Saurov, Sergey Bulyarskiy and Alexandr Pavlov

Abstract This chapter investigates the interaction of boron with CNTs. A brief
analysis of the scientific literature shows that for data for calculation of boron
concentration, one can use formulas from the previous chapter.

This chapter investigates the interaction of boron with CNTs. A brief analysis of the
scientific literature shows that for data for calculation of boron concentration, one
can use formulas from the previous chapter.

In this chapter we discuss the prospects of creating p–n junctions in the arrays of
CNTs.

6.1 The Electronic Properties of Boron-Doped Nanotubes

Under the doping process boron substitutes carbon in a node on a carbon lattice.
This carbon atom has an electronic configuration 2s22p1, and therefore at substi-
tution boron is producing an acceptor effect. The Fermi level in such a boron-doped
CNT decreases, bringing it nearer to the valence zone. The calculations, carried out
using pseudopotential methods [1], allow us to find the parameters of CNTs with
chiralities of [8,0], [10,0], and [16,0], which correspond to the total energy mini-
mum along with their zone structure and electron state spectrum.

For calculations high concentration boron was used, which promoted a more
obvious change in nanotube electronic characteristics. The calculations showed a
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state density rise near the CNT valence zone, and this density increased with boron
concentration rise. The appearance of acceptor properties represented an important
component of CNT doping by boron, attracting the attention of researchers [2–6].

The Raman light scattering spectrum demonstrated the intensity rise for lines
corresponding to defects formation due to a rise in doping boron concentration [7].
In on piece of work [8] the optical properties of boron and nitrogen doped carbon
nanotubes, grown by electric arc method, were studied. The measurements of tube
diameter distribution showed that non-doped and nitrogen doped nanotubes have
roughly the same diameters, of the order of 13 nm, but under boron doping the
diameter decreased by about 20% [8].

The boron-doped CNT absorption peak, connected with the Wan Hoff first
singularity, shifted to the high-energy region, demonstrating a decrease in Fermi
level [9, 10], corresponding to an acceptor-type conductivity.

The studies of boron-doped CNT electric properties [11] showed a difference
between the boron-doped single- and multi-wall tubes. For multi-wall tubes it is
characteristic to note an appearance of acceptor states, defining p-type conductance.
In the single-wall nanotubes under doping processes there is a marked change in the
valence zone structure, which can be a result of substitution doping product action.
The results of [11, 12] showed that the conductivity value of boron-doped
SWCNTs rises more weakly compared with non-doped nanotubes, and the con-
ductance is of an activation, semiconductor character.

Thus, under doping boron is substituting carbon into the graphene lattice nodes
and has an acceptor action, creating activation p-type conductance.

6.2 Technology and Thermodynamics of Boron-Doped
Carbon Nanotubes

The nitrogen-doped and boron-doped CNTs can be grown in different ways: a laser
deposition method [13], a high-temperature electric arc method [14–16], and a
substitution reaction method [17, 18]. The substitution reaction method consists of
nanotubes already treated with B2O3 vapor. Within the tube proceeds a reaction of
carbon atom substitution by a boron atom. A doping can be carried out during the
well-known CVD method, which is very similar to nanoelectronic technologies and
we therefore can consider it in detail. In CVD methods various precursors are used,
such as three-boron-chloride [19], C9H21BO3 [20], etc.

The energies of X-ray photoelectron spectroscopy (XPS) peaks are within the
range 190–202 eV and are well recorded [21]. In one piece of work [19] the content
of boron-doped nanotubes was estimated by XPS for a tube’s growth at different
temperatures. We investigated the dependencies of the concentration of nitrogen
temperature by TGA (Fig. 6.1). Our results are consistent with that work [19].

The boron and nitrogen atoms behavior is analogous and therefore experimental
results analysis can be made via the procedure described in Sect. 5.11. Boron is an
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acceptor and its thermodynamic estimation is similar to that of nitrogen, made in the
section above.

The concentration of boron, substituting carbon in the graphene lattice nodes, is
in thermodynamic equilibrium and can be defined by the XPS method, using the
expression:

NC
Br ¼ NC exp � gCBr � lBr

kT

� �
1þ n

NH
exp

eCBr
kT

� �� �
: ð6:1Þ

The activation energy is equal gCBr � lBr
� �

. As a boron source NaBH4 compound
was used, and using the calculated boron activity values for this compound’s
decomposition, we estimated the partial free energy of the boron incorporation into
the graphene lattice nodes.

6.3 Boron-Doped Carbon Nanotube Usage

The high sorption characteristics of nanostructures (including CNTs) are very
important from both a theoretical and practical point of view [22, 23]. As was said
above, the adsorption changes the tube’s electronic structure and hence its elec-
tronic properties too [24]. For example, in one piece of work [25] it was shown that
CNT doping by boron strengthens their adsorptive power with regard to gases: H2,
H2O, O2, CO, CO2, NO, NO2, NH3, and CH3OH. Similar results were obtained
elsewhere [26–29]. The comparative theoretical calculations also showed that for
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Fig. 6.1 Percentage content of nitrogen (1) and boron (2) into carbon nanotubes, defined by TGA
method: a linear scale; b semi-logarithmic scale
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boron-doped nanotubes the adsorption energy is higher (but the chemical bond
length is smaller) than for non-doped tubes.

Under gas adsorption the electron state density is essentially changing. The
calculations by the molecular dynamics method also confirmed that boron-doped
CNTs represent a very good prospect in terms of material for gas sensor fabrication
[25].

There are some other phenomena, connected with adsorption, for example it was
reported that in boron-doped CNTs a superconductivity effect was recorded [30]. The
emission processes in such nanotubes are hampered, because in materials with p-type
conductance the electron yield work is higher than in п-type materials [31, 32].

Doping by boron can be used to create the p–п junction in single nanotubes.

6.4 The p–п Junction Forming Carbon Nanotubes

One good prospect in the field of applications of CNT is microelectronic device
elements and device fabrications. Therefore, a realization of this (to create a p–п
junction on the single, separated nanotube) holds great interest for researchers.
Doping presents a standard way to create electron and hole conductivity in many
materials, and p–п junctions are often formed by combining regions with different
conductance types in a single-substance piece. These transitions have many
advantages over metal semiconductor contacts. Note, that the p–п junction and
metal semiconductor contacts present variants of semiconductor devices which
contain a control region of strong field (so called the space charge region, SCR)—
such formation of a region is a main feature of semiconductor devices. The external
electric field, applied to the space charge region, changes the main electric field
parameters into SCR (the geometric dimensions, potential distribution, and field
voltage) and leads correspondingly to changes of current flowing along or across
this region. This current can be transformed (including its amplification) by dif-
ferent constructive methods. The formation of SCR allows an increased efficiency
of non-electric quantity’s (As: light, radiation, heat, etc.,) transformation into
electric current. Namely, the transformation is the main goal of the semiconductor
devices creation and usage.

The main difference between the metal semiconductor contacts and the p–п
junction is the condition of the charge injection process. An injection is a physical
effect, which resides in the creation of a non-equilibrium free charge carrier con-
centration into the mentioned space charge region and adjoining quasi-neutral
domain. The charge carrier injection proceeds under an external electric field
application in such a way that the field (already existing in a region due to the
constructive features of a given semiconductor device) decreased. The injections
from the metal semiconductor contact are practically unipolar, meaning that in the
process involves the majority of charge carriers, namely, in an electron’s region
(with п-type conductance) the electrons are injecting, but in a hole’s region (with
p-type conductance) the holes are injecting. On the contrary, in the p–п junction
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situation the minority charge carriers are injected, namely, the electrons are injected
into a hole’s conductance region and the holes into an electron’s conductance
region. The phenomenon of minority carrier injection appears in work based on
emitting devices, such as the photodiodes and injection lasers.

The electric field of the p–п junction is stronger compared with the field of a
metal semiconductor contact, and this fact is connected with a potential barrier
height on the contact boundary. Into the p–п junction a potential barrier height can
achieve the order of the forbidden zone width, although in a metal semiconductor
contacts this value, as a rule, is below two-thirds or even one-half the zone width.
The lower potentials create weaker electric fields, which decrease the effectiveness
of the non-electric quantities into electric ones (e.g., the effectiveness of photode-
tectors with a p–п junction is higher than for devices with metal semiconductor
contacts).

We reproduce this well-known data, because within the scientific literature,
related to CNT-based structures with a space charge region, sometimes appear the
wrong expressions, reflecting the erroneous perceptions relative to the processes in
these devices. For example, in some other publications, the metal contact with
CNTs is named the Shottky diode. In fact, the Shottky diode presents a metal
semiconductor contact, where the charge carrier transport through the contact is
carried out due to a thermoelectric emission effect. A dominant preference of
thermoelectronic emission over other transport effects must be especially proved in
every case. It can be made by measuring the contact’s current–voltage character-
istics at various temperatures. Then it is necessary to construct a temperature
dependence curve for the saturation current at standard coordinates for these pro-
cedures and to find the potential barrier height. If the barrier height, defined by this
method, coincided with the height calculated from the saturation current data, one
can say that a thermoelectric emission really takes place and the given device can be
called a Shottky diode. Otherwise this metal and semiconductor contact cannot be
named a Shottky diode.

It is well known that in a metal dielectric semiconductor structure you can create
a region with a charge carrier inversion. The inversion effect arises into a channel of
such a structure, fabricated on the basis of one type of conductance semiconductor
(e.g., electronic conductance), when a combination of the external fields are applied
near the dielectric semiconductor interface boundary by such a way, that the
boundary forms a layer with the opposite conductance type (e.g., holes conduc-
tance). In the scientific literature, devoted to the CNT based devices, conductance
inversion is sometimes mistakedly named an “electrostatic p–п junction” creation
method. This notation is wrong for two reasons: first, every space charge region is
formed and regulated by an electrostatic manner, and second, in such a structure it
is impossible to carry out a minority charge carrier injection, which is a very
important feature of the p–п junction.

Therefore, considering p–п junction formation, it is necessary to take into
account the method of contact between the regions with p- and п-type conductance.
These methods can be based on material doping or structural treatment by different
actions (light irradiation, surface annealing, high-energy particle beam
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bombardment). In every case the type of conductance, obtained under the action,
must be retained after treatment without any influence of the external electric fields.

6.4.1 Features of p–n Junction Formation in Carbon
Nanotubes by a Mutual Acceptors and Donor Doping

This method of p–п junction formation is well known in microelectronics, but in the
case of CNTs there are some peculiarities which must be considered. A SWCNT is a
graphene plane, convoluted into a tube, where all the atoms are arranged on a plane
and therefore the traditional diffusion methods of region formation are ineligible.

As it was said above, the nitrogen and oxygen atom chemisorption on SWCNTs
is connected with a negative charge transport, meanwhile SWCNT substitution
doping by nitrogen is connected with a positive charge transport (substitution
SWCNT doping by oxygen is energetically non-profitable). In theory it allows the

Fig. 6.2 Spatial distribution of electrostatic potential under chemisorption of two nitrogen and
two oxygen atoms on a SWCNT with chirality (8.0). The calculated configuration characteristics
are: Q(N) = −0.48; Q(O) = −0.20; Eg = 2.48 eV
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creation, at one SWCNT region, of positive and negative charges and realization on
the tube of a p–п junction. Below on the example of an (8,0) tube, the results of
modeling are presented for a SWCNT with two chemisorbed nitrogen and oxygen
atoms (Fig. 6.2) and a SWCNT with two chemisorbed oxygen atoms and two
doped nitrogen atoms in a graphene substitution configuration (Fig. 6.3).

The second case really demonstrates the separation of positive and negative
charge regions (Fig. 6.3) and indicates the theoretical possibility to create a p–п
junction on the base of one SWCNT.

The problem is how to realize an ordered arrangement of atoms, when practically
all atoms are in the same conditions. Therefore, regions with different conductance
types are formed in a stochastic manner in view of the doping admixture’s random
location on the nanotube surface. In the present study the authors are correctly noting
that the admixture distribution fluctuations are forming local regions with different
conductance types. With a doping level growth the potential fluctuations value
increases, but their sizes decrease. This well-known fact is earlier observed in the

Fig. 6.3 Spatial distribution of electrostatic potential under chemisorption of two oxygen atoms
and substitution doping by two nitrogen atoms on a SWCNT with chirality (8.0). The calculated
configuration characteristics are: QQ(N) = +1.08; Q(O) = −0.25; Eg = 1.87 eV
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highly doped, compensation semiconductors and so-called glass-like semiconduc-
tors. The impurities and defects fluctuations lead to electronic states localization.

Thus, the main problem of the p–п junction formation in a nanotube is to
fabricate an equivalent surface arrangement of carbon atoms forming the graphene
lattice. In view of this fact, the doping admixture takes its place in a random manner
in an arbitrary place on the tube, and therefore it is difficult to form the relatively
large and extended regions with the same type of conductance.

6.4.2 Carbon Nanotube Arrays as a Volume Crystal Analog

On a silicon substrate one can grow not a separate nanotube, but a sufficiently
ordered array (Fig. 6.4).

The single nanotubes within the array can be located very closely, and moreover
they consist in the form of bundles, growing from a same catalyst drop. The array is
a continual medium, which (with some assumptions) is subordinating to diffusion
laws. This fact allows certain treatments, leading to the formation into the array of a
p–п junction, which grows parallel to the surface. Let us consider the perspective
methods which can induce this effect.

Fig. 6.4 Nanotube array, grown on a silicon substrate with a hard catalyst
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6.4.3 The Formation of a p–n Junction, Under Changing
Temperatures, in a Nitrogen-Doped Carbon Nanotube
Array

It was shown in Chap. 5, that nitrogen introduced into a tube has amphoteric prop-
erties, i.e., can create both donor and acceptor admixtures. A nitrogen atom, substi-
tuting carbon in a lattice node, forms a donor admixture, but, being introduced by
pyridine method, side by side with a vacancy, forms an acceptor admixture. In ref-
erence [136] of the Chap. 5 the growth temperature regions are shown for nanotubes
doped by the various dominating nitrogen arrangement methods. For example, let us
suppose that we begin growth at a temperature of 750 °C, and (after growing the
rather dense array) then shut down the process, decreasing the temperature to 650 °C,
and then continue the process once more. At a temperature of about 750 °C the
nitrogen atoms are preferentially introduced by substitution method and this array’s
mass will have п-type conductance. The vacancies, formed under these conditions,
are already occupied by nitrogen, being introduced by the pyridine method. Under a
growth temperature decrease there must not arise any sufficient changes in the array
growth zone. The volume the pyridine-type content will be increase then growth
temperature decrease. The array will become p-type material. Thus, in a unique
growth process a p–п junction region, parallel to the substrate, arises, due only to the
change in conditions defining nitrogen introduction into the CNTs.

The analogous method can be used for tube growth under simultaneous doping
by boron and nitrogen. By growing the array at a temperature of 845 °C, we form a
p-region in the array, but then by decreasing the growth temperature to 780 °C, and
forming an п-region in the array, we create a p–п junction.

6.4.4 Doping Admixture Change During the Growth
Process

A similar result can be achieved by changing not only the growth temperature, but
also the gas mixture composition, e.g., introducing to it a gaseous component,
creating the donor or acceptor admixtures. The array grows sufficiently fast and
therefore the gas, containing a new component, makes progress in penetrating the
grown part of the array, forming a p–п junction.

6.4.5 Ionic Doping of an Array

It was shown that CNTs can be doped by ionic implantation method. The implanted
ions with energy of several MeV destroy the CNTs, and such ionic etching can
result in the array’s total destruction. Therefore, the authors used nitrogen, argon,

6 Carbon Nanotube Doping by Acceptors. The p–п Junction Formation 179



and oxygen ions, accelerated at low voltages (about 20 V of order). The gas ion-
ization proceeded on a heated tungsten filament. Studies of field transistors and
Raman light scattering showed successful gaseous ion penetration into the CNT.

When the method is used with dense arrays, any ion flying into the array will be
subjected to numerous scattering acts into the upper layer and therefore will not
penetrate array regions near the substrate. If a dense nitrogen-doped array matrix is
used for penetration, grown at a temperature of 750 °C, it will have п-type con-
ductance. Oxygen ion penetration at low temperatures creates, in the upper layer of
the array, a new region with p-type conductance, and thus will arise a p–п junction.
Apparently, the same situation can arise under a doping by boron under certain
conditions.

6.4.6 Carbon Nanotube Array Oxidation Under Ultraviolet
Irradiation

In one piece of work changes of the CNT electromotive force at room temperature
were studied for two types of irradiation: usual scattered light (i.e., found in
lodgings and premises) and ultraviolet radiation with a wavelength of 240 nm and
irradiation power per unit surface of 4 mW/mm2. The oxidation intensity under
ultraviolet radiation was sufficiently greater, the oxidation time (to a conductance
inversion achievement) was shortened by 15 times, and the thermo-electromotive
force value increased 5 times. This effect also can be used for p–п junction for-
mation in an array. The upper part of the array is always rather deformed and the
tube ends are chaotically bent. This fact leads to an additional light scattering
namely in the array upper part and therefore this part must be oxidized faster,
leading to a p–п junction. Thus, we listed several physical effects, which can form a
p–п junction in a CNT array whilst the plane is parallel to the substrate surface.

6.5 Summary

We analyzed the results of doping with boron nanotubes and the prospect of cre-
ating p–n junctions in arrays of CNTs.
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Conclusions

What Was Known in the Field Before the Book
Was Written?

The book writing process began in 2008, when new prospective materials, based on
CNTs, “burst” into microelectronics. These materials appeared to hold great pro-
mise, but nanotubes in most cases presented themselves as conglomerates, which
were interesting to study, but allowed only a glimpse of any practical applications
on a scientific basis. At this time the first work was published, devoted to CNT
array growth on silicon substrates.

It became clear, that the most promising direction for up-to-date nanoelectronics
was the creation of hybrid structures, where CNTs would be grown on silicon
integrated circuits. In this combination modern microelectronic achievements could
be joined with CNT advantages and a new, unique type of integrated circuits could
be fabricated, having the additional possibilities use in radiation and cold emission,
UHF-range built-in receivers and emitters, as well as various magnetic, chemical,
and biological sensors. Thus, there arose a new direction of electronics develop-
ment, namely, silicon–carbon nanoelectronics, allowing the combination, in one
crystal, of the characteristics of silicon and carbon structures, enlarging the usual
planar integrated circuit properties by using unique carbon structure preferences for
digital signal treatment.

This book’s authors are actively involved in the realization of this approach. The
main problem turns out to be a search for methods and conditions of nanotube
property control both during their growth and subsequent to it. These problems
remain for silicon–carbon nanoelectronic elements.

What Was Identified Whilst Writing the Book?

Carbon nanotube peculiarities were studied with regard to their role in system
property regulation. The quantum mechanical analysis of impurity interaction with
a graphene nanotube surface and its defects was carried out. The mathematical

© Springer International Publishing AG 2017
S. Bulyarskiy and A. Saurov (eds.), Doping of Carbon Nanotubes,
NanoScience and Technology, DOI 10.1007/978-3-319-55883-7

183



models of gaseous phase atom interaction with the growth in reactor CNTs were
elaborated in order to develop the thermodynamics of CNT behavior and control.

The comparison of theoretical models and experimental results demonstrated the
validity of the developed theory and the numerical experiments resulting on its
basis.

The analysis of the experimental results and theoretical models showed that a
dominant role in the doping and adsorption processes is played by the free energy
of the system, consisting of the gas mixture within the reactor, its temperature, and
nanotube surface energy. The methods of admixture content calculation, based on
this energy minimization, were developed.

Many scientific studies in the field of various admixture doping and adsorption
processes (including works concerning the main admixtures: hydrogen, oxygen,
and nitrogen) have been analyzed and estimated, as well as various methods and
procedures for CNT property control, etc.

What is Clear After Completion of Writing the Book?

The conditions and methods of nanotube doping have been studied and the partial
Gibbs potentials defined for the main admixture (hydrogen, oxygen and nitrogen)
arrangements into the graphene lattice. This has the potential to help develop
controlling technologies for nanoelectronic element production.

The problem of CNT property control seems easy, but is connected with sig-
nificant technological difficulties, especially regarding the organization of the ter-
minal technology operations. These operations must exclude any CNT interactions
with oxygen and other admixtures. The difficulties to be surmounted are serious. It
is first necessary to design and construct new technological equipment.

What Lies Ahead in this Field?

The accumulated knowledge on CNT doping and adsorption processes makes it
possible to create and organize the controlling technologies for nanoelectronic
element production.
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