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Abstract: The properties of an array of carbon nanostructures or a material containing its is differ from the properties of individual 

components. For bulk array of carbon nanostructures  it is unknown to what extent the electrons of each layer participate in conductivity, the 

role of defects is not defined. properties. So, this work presents some answers to these questions. 
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Introduction 
The needs of resources for various industries are growing, 

this causes resource, technological, environmental and social 

problems. The exhaustion of fossil fuel and energy sources 

stimulates the development of methods of using alternative and 

ecologically safe energy sources, which contributes to their 

widespread implementation. 

Today the shortage of energy resources is partially covered 

by the use of direct conversion of thermal and radiant energy into 

electrical energy using photothermoelectric converters (solar cells). 

But there are a number of limitations here: this type of energy 

production occupies large areas for its stations. In addition, this type 

of energy production is conditionally ecological: the production of 

solar panels and their disposal greatly pollutes the environment. 

Carbon nanostructures have a unique anisotropic structure 

that determines their electronic properties [1-5], a special place is 

occupied by carbon nanotubes (CNTs), its can be sources of intense 

self-electron emission [6]. This feature of them, the inertialessness 

of electron moving along the CNT axis and the tunneling 

mechanism of their exit, does not require large energy costs. Such 

materials are of great interest in the field of energy storage and 

conversion due to their unique properties [7]. It is necessary to 

descry between the electrical conductivity of individual particles of 

carbon nanostructures and the conductivity of a composite or 

material containing such structures. 

Today, using of carbon nanomaterials in the energy 

industry contributes to the improvement of already existing 

elements and contributed to the development of thermocouples for 

energy storage systems [8], the main problem of alternative energy 

sources is that they do not adapt to the demand of energy problems, 

so the urgent issue is not only in the search for new materials that 

will expand the possibilities of their application, and it is necessary 

to simultaneously develop elements for storing this energy. And 

carbon nanomaterials open up opportunities to solve these problems 

in both directions [9-13]. 

Carbon nanomaterials have shown high efficiency when 

used in solar batteries [14], which confirms the uniqueness of such 

structures. 

Authors of the work [14] showed the possibilities of using 

carbon nanomaterials in thermoelectric elements. Such materials 

can serve as thermoelectric generators, and composites based on 

them increase their characteristics even more. 

Defects in CNTs can occur during synthesis (growth 

defects) or during external exposure, for example, high-energy 

irradiation. 

Experimentally obtained CNTs may contain defects 

that lead to distortion of their structure and differences in 

properties. The formation of bent, column-shaped, serpentine 

CNTs, as well as tubes of variable diameter occurs only in the 

presence of topological defects, which are associated with 

rehybridization and unsaturated bonds [15]. The presence of 

defects will contribute to the expansion of the spheres of 

application of carbon nanostructures. 

Therefore, the search and research of new materials with 

increased functional properties for the needs of alternative energy is 

one of the priority directions for solving the above-mentioned 

problems. A special place is occupied by carbon-containing 

materials promising for use in storage devices and direct energy 

converters. 

 

Experiment 
The electrical conductivity of the array of carbon nanotubes 

was measured in a dielectric cylinder. The latter was filled with 

nanotubes that were compressed when the piston was lowered. The 

bottom of the cylinder and the piston were made of copper and 

served as electrodes. After reaching the maximum compression to a 

density of ~1.5 g/cm3, the piston was gradually raised. At the same 

time, the electrical contact between the nanotubes and the electrodes 

was maintained, which is due to the elastic relaxation of the 

previously compressed array of carbon nanotubes. This allowed 

measuring electrical conductivity during discharge. The termination 

of the elastic relaxation of nanotubes led to the opening of electrical 

contacts and a sharp increase in electrical resistance, which was 

determined by the dependence of electrical conductivity on the 

density of the material σ(ρ). 

Multilayer nanotubes in diameter were obtained by chemical 

vapor deposition (CDV). 

 

Results 
Multilayered carbon nanotubes (MCNTs) differ from 

single-layered ones in a wider variety of shapes and configurations. 

Most often, these are coaxially nested single-layer nanotubes. Of 

course, the situation for an array of individual nanotubes or a 

material consisting of them may be different due to the presence of 

contacts between adjacent nanotubes, electrodes, contact pressure 

and other factors. When changing the volume in which an array of 

electrically conductive CNTs is placed above a certain critical 

value, the closure of nanotubes may occur with the manifestation of 

characteristic signs of the percolation transition. The latter, as is 

known, is a geometric analogue of the metal-insulator transition 

[16]. 

The electrical conductivity of multilayer (fig. 1a) and 

single-layer (fig. 1b) carbon nanotubes was studied. In accordance 

with the basic assumption of transmission electron microscopy that 

the contrast intensity of images directly depends on the amount of 

scattering substance, so darker areas in positive images correspond 

to thicker areas of the sample or heavier atoms present in the 

sample, the observed narrow dark bands refer to the walls of the 

nanotube. 
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a) b) 

Fig. 1 – TEM image of multilayer (a) and single-layer (b) carbon nanotubes 

 

The statistical distribution of MCNT by outer diameter 

showed that the diameter of its is in the range of 7-25 nm. Most 

tubes have a diameter of 9-15 nm. The thickness of the CNT walls 

varies between 3 and 4 nm. Nanotubes have 5-17 carbon layers, 

with the most likely value of 9 carbon layers (fig. 1a).  

Single-layer CNTs were obtained by electric arc 

evaporation on a Ni/Y catalyst (fig. 1 b). Cleaning was carried out 

by oxidation in air and washed in HCl solution, without the use of 

surface-active substances. The specific gravity of CNT is 93-94%. 

The main impurities are graphite particles with a size of 2-4 μm and 

impurities of metals Ni, Y, Cu, Zn (∑ = 1.3%). The specific surface 

area is 375 m2/g, the proportion of open nanotubes is 24%. 

When the volume in which the interacting nanotubes are 

placed decreases, the electrical circuit closes and the system 

(nanotube-air) goes into a conductive state, which corresponds to 

the dielectric-metal transition. 

Fig. 2 shows the dependence of the electrical conductivity 

of an array of arbitrarily oriented CNTs on its density. At the initial 

stage of compression, the regrouping of nanotubes occurs, the 

density of their packing increases, which leads to the closing of the 

electrodes and the appearance of electrical conductivity in the 

region of the percolation transition. It can be seen that the initial 

density of the array of interacting CNTs, which is sufficient for 

measuring electrical conductivity and at which the transition to the 

conductive state occurs, is 0.13 g/cm3. 
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Fig. 2 – Dependence of the electrical conductivity of an array of single-layer and multilayer CNTs in the process of compression 

deformation. a – along of the ordinate axis is lgσ, b – the real value of σ. 1 – SCNT, 2 – MCNT, ♦ - loading, □ - unloading 

 

During the compression under the piston, the electrical 

conductivity jumps up by 3 orders of magnitude, reaching a 

maximum value of 8.0 (Ω·cm)-1 at a density of 0.5 g/cm3. 

Subsequent compression to a density of 1.6 g/cm3 leads to a 

decrease in electrical conductivity to 4 (Ohm·cm)-1. Deformation 

leads to the appearance of mechanical stresses, which contribute to 

the appearance of additional potentials, at which conduction 

electrons are scattered during the passage of current. This causes a 

drop in electrical conductivity. 

The observed effects (fig. 2) are explained by the action of 

two competing mechanisms: 1) an increase in the total contact area 

between neighboring CNTs, which contributes to the growth of 

electrical conductivity; 2) elastic deformation, which contributes to 

a decrease in electrical conductivity. 

After compressing the sample to ρ≈1.6 g/cm3, the piston 

was raised and simultaneously measured the electrical conductivity 

of the elastically relaxing material, which is restored to the 

maximum value and ensures contact with the electrodes. The 

reverse course of the curve σ(ρ) in the process of elastic relaxation 

of the CNT repeats the course of the curve during compression on a 

large segment of the piston path. Completion of the relaxation 

process was recorded by a sharp increase in electrical resistance 

σ(ρ) and opening of the electrical circuit. This process was fixed by 

the density of the relaxation transition. The appearance of hysteresis 

between the transition to the conducting state and the relaxation 

transition is caused by inelastic processes that are associated with 

the displacement of nanotubes during deformation. 

The electrical conductivity of SCNTs was 1.5 orders of 

magnitude lower than that of MWNTs (fig. 2). The density of the 

transition to the conducting state decreases to 0.08 g/cm3, but they 

have a much lower elastic limit (30%). 

This difference in electrical conductivity is due to the 

different type of conductivity in CNTs. 

INTERNATIONAL SCIENTIFIC JOURNAL "MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS" WEB ISSN 2534-8477; PRINT ISSN 2367-749X

11 YEAR VIII, ISSUE 1, P.P. 10-12 (2022)



-0,11

-0,07

-0,03

0,01

0,05

0,09

-1,5 -1 -0,5 0 0,5 1 1,5

І,
 m

А

U, В

а

  

c 

Fig. 3 – VСС of MCNT for different compression densities of the array. a – range of densities ρ=0.13-0.51 g/cm3, b – at minimum and 

maximum compression density. ▲ – ρ=0.13 g/cm3, ■ – ρ=0.136 g/cm3, ∆ – ρ=0.147 g/cm3, ○ – ρ=0.15 g/cm3, g – ρ=0.152 g/cm3, ● – 

ρ=0.155 g/cm3, ◊ – ρ=0.18 g/cm3,+ – ρ=0.26 g/cm3, ∆ – ρ=0.35 g/cm3, ♦ – ρ=0.51 g/ cm3; c - SCNT: a - current-voltage characteristics for 

different compression densities of the CNT array ♦ - ρ=0.51 g/cm3, ∆ - ρ=0.60 g/cm3, ■ - ρ=0.68 g/cm3, ● - ρ=0.78 g/ cm3,□ - ρ=0.92 g/cm3 

 

The study of the current-current characteristics (VCC) for 

different compression densities of the CNT array showed that the 

VCC of the bulk MCNT array during the compression process was 

not always linear in nature: at a density of up to ρ=0.35 g/cm3, the 

VCC has a nonlinear symmetrical appearance, which indicates van 

der Waals interaction in the array of CNTs at a certain density (fig. 

3 a). With the subsequent increase in density and maximum 

compression, the I-V characteristic is linear (fig. 3, b). This 

behavior of the VCC confirms the close relationship between the 

electrical properties of CNTs and the mechanical load. 

SCNT have an asymmetric VCC for all compression 

densities in the range of ρ=0.51-0.92 g/cm3 (Fig. 3c), which 

indicates the semiconducting nature of the conductivity. 

 

Сonclusions 
In the process of deformation of an array of unoriented 

MWNTs, the electrical conductivity jumps up by 3 orders of 

magnitude, reaches a maximum (8 (Ω·cm)-1 at a density of ρ=0.5 

g/cm3) and decreases by a factor of two upon further compression. 

The observed effects are explained by the action of two competing 

mechanisms: 1) an increase in the total area of van der Waals 

contacts between the outer shells of neighboring CNTs, which leads 

to an increase in electrical conductivity; 2) elastic deformation of 

CNTs, which leads to a decrease in electrical conductivity. 
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