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Abstract: A study on the dependence of the thermal conductivity of the percolation network of
carbon nanotubes (or CNTs) on the type and degree of functionalization has been carried out. The
study was focused on the influence of the more commonly used -COOH, -OH and -CONH?2 groups.
A non-linear dependence of the conductivity on the number of functional groups has been revealed.
A small number of functional groups can improve conductivity, and a large one can impair it. We
presuppose the existence of competing processes that increase thermal conductivity (changes in the
CNT geometry, improvement of the contact between them) and enhance photon scattering
(emergence of defects and scattering centers). The data can be used for controlling the
thermophysical properties of the CNTs as well as determining the optimal degree of
functionalization during the development of composites and nanodevices.
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1. Introduction

Thermal conductivity of carbon nanotubes (CNTs) can vary and is determined by their geometry
and number of defects. Before use CNTs are often functionalized - -OH, -COOH and other radicals
are covalently attached to the CNTs by chemical means. Generally, the attachment of a radical
happens over the course of a reaction involving oxidizers (HNOs, H20,, KMnOs) [1]. This procedure
simultaneously changes the electric conductivity, thermal conductivity, sorptive capacity of the
CNTs, adhesion to polymers and ceramic matrices, which must be accounted for while creating
composites. Currently, there are no detailed complex studies on the influence of the number of
functional groups and their type on the properties of CNTs, and it is often customary in the studies
on composites with CNT additives [2-7] to simply state the fact of change in properties for the better
as a result of functionalization. In works [3,6] it is explained by a more effective dispersion of CNTs
within the volume of the composite, in [5] — by an improvement of the kinetics of the agglomeration,
in [2,4,7] — by the fact that the functional group covalently connected the CNT with the polymer
matrix.

While modeling the properties of solitary single-walled CNTs in works [8,9] it was established
that increasing the number of functional groups decreases thermal conductivity of CNTs. The
experiment in work [10] also showed that functionalization of single-walled CNTs lowered the
thermal conductivity of the composite, while functionalization of multi-walled ones lowered it only
slightly. Work [11] also confirms the deterioration of thermal conductivity of single-walled CNTs as
a result of functionalization.

2. Materials and Methods

This work explored “Taunit’, “Taunit-M”, “Taunit-MD” and “Tuball” CNTs. Their
characteristics are provided in Table 1 [12,13]. Their functionalization involved reactions, that are
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well known in literature: attachment of -COOH groups [14] (heating CNTs in a KMnOs solution at T
= 64°C, the degree of functionalization was determined by the mass ratio of CNTs/ KMnOs, which
varied from 0.2 to 12), -OH groups [15] (heating in a 30% hydrogen peroxide solution at T = 100°C,
the degree of functionalization was determined by the time of the reaction, from 20 to 180 min),
heating CNT-COOH in ammonia vapors at T=250°C for 12h in order to obtain -CNT-CONHz: [1]. The
influence of the number of defects without functional groups was also studied. In order to obtain
defects, CNTs were heated in the open air at the temperature of 250°C. The number of defects was
determined by the exposure time. The number of grafted functional groups during the reaction was
measured by a Seven Compact conductivity meter (Mettler Toledo, Switzerland) by the method of
conductometric titration. Thermophysical properties of the obtained CNTs were measured by a IT-
Lambda-400 thermal conductivity meter to an accuracy of 5%. Measurements were carried out at a
sample temperature of 50 - 60°C.

Table 1. Characteristics of carbon nanoparticles from different manufacturers.

Characteristic “Taunit” “Taunit-M” “Taunit-MD” “Tuball”
Outer diameter, nm 20-50 10-30 8-30 1,6
Inner diameter, nm 10-20 5-15 5-15 1,2

Length, um 2 =2 220 >5
Impurities, % <10 <5 <5 <15
Specific surface area, m2/g 2160 2270 >270 >400
Bulk density, g/cm3 0.3-0.6 0.025-0.06 0.025-0.06 >0.02
Price per 1 g, rub. ~ 50 175 175 800

3. Results and Discussion

3.1. Experimental Results

The obtained data (Figure 1) allow us to assume that a high quality type of dependence of
conductivity on the degree of functionalization is similar for different types of functional groups and
multi-layer CNTs. The dependence can be divided into two sections.
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Figure 1. Dependences of the thermal conductivity of the CNT sample on the degree of
functionalization by -CONH2 groups (a), -OH groups (b), -COOH groups (c) and defects (d). The
vertical axis shows the thermal conductivity; the horizontal axis shows the physical value
determining the number of functional groups of grafted CNTs. In the case of hydroxylic groups and
defects it is the time of the reaction, in all other cases it is the mass ratio of the CNT and the oxidizer.
The solid line is the “Taunit-M” CNT, the dotted line is the “Taunit-MD” CNT, the dashed-dotted line
is the “Taunit” CNT, the gray solid line is the “Tuball” CNT.

In section A thermal conductivity improves upon an increase of the number of functional
groups. The CNTs are cleaned from impurities (amorphous carbon, nanoparticles of metal catalysts)
during oxidative functionalization. Removal of the amorphous phase should increase thermal
conductivity, since amorphous carbon among the CNTs hinders the contact between them. The CNT
geometry changes [16], and that always leads to changes in subatomic distances, structure, and
vibrational modes. The density of CNT agglomerates increases, since now they are not only
connected by the weak van der Waals force, but also by the strong interaction between polar
functional groups. In composites, CNTs spread out more evenly, forming a more consistent
percolation network at a lower concentration.

In section B thermal conductivity deteriorates upon an increase of the number of functional
groups. Functionalization was conducted through oxidative reactions, so the number of defects
increases. Integration of a functional group breaks the covalent bond in the carbon skeleton, which
leads to the formation of an additional defect. Defects scatter phonons. A perfect, flawless CNT has
a ballistic conductivity [17], phonons do not scatter inside of it, their free path length exceeds the CNT
length, and the resistance of the CNT does not depend on its length. As the number of defects
increases, the conductivity mechanism becomes quasi-ballistic — the conductivity deteriorates, but a
dependence on the tube length does not manifest. A further increase in the number of defects initiates
a transition to the regular conductivity mechanism. In addition, an excessive number of functional
groups can prevent close contact of CNTs, serving as an insulating layer.

The mechanism of dependence of the covalent functionalization is not entirely clear. All CNTs
possess anisotropic thermal conductivity, which is high along the tube axis. Moreover, a property
manifests, which is known as ballistic conduction of phonons. Thermal conductivity is significantly
lower across the CNT axis. The mechanisms that determine changes in the conductivity of CNTs
upon covalent functionalization require further research. Thermophysical properties of solitary
functionalized CNTs need to be measured.

Thermal conductivity of “Taunit-MD” CNTs is higher than that of “Taunit-M” CNTs because of
a greater aspect ratio. The diameter of a CNT also affects thermal conductivity — the smaller the
diameter, the higher the conductivity [18].

The highest thermal conductivity was achieved upon a -OH type functionalization of both for a
“Taunit-MD” CNT and a “Taunit-M” CNT.

The data on thermal conductivity of single-walled “Tuball” CNTs condradict the data in works
[8-11], which state that functionalization always impairs thermal conductivity. It is likely that the
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authors of those works used a degree of functionalization that was too high and led to excessive CNT
agglomeration or shortening of nanoobjects as a result of their destruction.

The dependence of thermal conductivity on the number of defects, which is shown in Figure 1d,
deserve special attention. These dependences are homogeneous. First, the CNTs are cleaned from
amorphous carbon (it oxidizes faster than the CNTs), which leads to deterioration of the contact
between CNTs and increases thermal conductivity. Then the accumulated defects start to hinder heat
transfer. The reader may think that, since an increase in thermal conductivity in Figure 1d on the
order of magnitude is in line with similar increases in other figures, functional groups have no
positive influence. However, that conclusion would be too hasty. To start with, even though molded
samples of CNTs are a percolation network in regards to heat transfer, they are vastly different from
CNTs in a polymer matrix. There, the ability of functional groups to facilitate CNT deagglomeration
and a more consistent distribution of additives throughout the whole volume of the composite. In
addition, functional groups can covalently crosslink with polymers. This can facilitate permeation of
phonons into CNTs.

4. Conclusions

We presuppose the existence of competing processes that increase conductivity (a more
consistent distribution of CNT agglomerates, improvement of the contact between CNTs, facilitation
of permeation of phonons into CNTs through functional groups, changes in the CNT geometry) and
resistance (emergence of defects and scattering centers). The data obtained can be used for controlling
conductive properties of CNTs as well as determining the optimal degree of functionalization during
the development of composites and nanodevices. In particular, the authors of the article use the
obtained data to improve a protective superhydrophobic coating [19].

The technology of covalent functionalization of CNTs allows to obtain CNTs with a given
concentration of functional groups, which makes it possible to vary the thermal conductivity of the
CNTs. The authors hope that this article will rouse interest in the suggested topic and possibly
provide researchers with materials for creating theoretical models, describing charge and heat
transfer in percolation systems of CNTs.
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