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Abstract 

Experimental data are presented on the temperature dependence of thermopower of compacted specimens of 
nanocarbon materials (NCMs) with different structure and phase composition. The experiments revealed a 
substantial correlation between the structure/phase composition of NCMs and the thermopower mechanisms in 
these materials. 
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1. Introduction 

It is known that nanocarbon materials (NCMs) could contain ordered (single-wall and multi-wall carbon 
nanotubes (CNTs) as well as nano-graphite particles) and disordered (amorphous nanocarbon particles, 
nano-onions, different fractal structures etc.) carbon phases alongside with the particles of a metal catalyst. 
Elucidation of the transport properties in such materials is a rather complicated problem. Each phase is 
characterized by a certain conductivity mechanism. Thus, the conductivity of a nano-graphite is described by the 
Klein model of 2D-graphite electronic structure. Within this model, the valence and conduction bands are 
assumed to be linked at the vertices of the Brillouin zone and the Fermi level is shifted into the valence band 
(Klein, 1964). This model is also used to describe conductivity of multi-wall CNTs (Song et al., 1994). Some 
authors suggest to use the model of hopping conductivity with variable hopping lengths (the so-called strong 
localization in the systems of a semiconducting nature in the presence of local disorder) to describe the transport 
properties of multi-wall CNTs (Shiraishi et al., 2002; Liu et al., 2001). This model is used to describe kinetic 
properties of amorphous carbon (Vovchenko et al., 2000). However, no systematic data on the NCM 
thermopower are available. This work presents studies of thermopower in compacted NCMs with different 
structural and phase composition. 

2. Experimental 

The thermopower measurements were performed for three batches of samples. Batch #1 consisted of compacted 
NCM specimens containing CNT with a low number of walls without any binder. This NCM was synthesized by 
a catalytic deposition of a carbon-containing gas (CO) using the Ni/Y catalyst (Kang et al., 2008; Ovsienko et al., 
2007). The specimens in batches #2 and #3 have been produced by a low-temperature catalytic decomposition of 
carbon monoxide, with iron oxide (batch #2) and cobalt oxide (batch #3) used as catalysts (Prilutskiy et al., 
2005). Subsequently, the source NCM was processed by a thermo-chemical treatment to remove amorphous 
carbon particles and catalyst refuses (Ovsienko et al., 2006). The treatment sequence was as follows: annealing 
at 550°С for 30 min in air and then washing the specimens in a hydrochloric acid solution. Detailed analysis of 
the NCM structure and phase composition performed in (Ovsienko et al., 2006; Ovsienko et al., 2008) by the 
X-ray diffraction (XRD) and electron microscopy showed that NCM of batch #2 contains tube-like formations ~ 
70 - 300 nm in diameter and disordered carbon phase particles ~ 100 - 300 nm in size. The XRD patterns for 
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these NCMs contained only the (002) reflection of graphite. This reflection corresponds to the diffraction of the 
ordered graphite phase (nano-graphite and multi-wall CNTs with the interplanar distance of 0.335 nm) and the 
low-order carbon phase (amorphous carbon with d002 = 0.342 nm). The specimens in batch #3 contained only the 
ordered carbon phase (d002 = 0.335 nm) in a form of tube-like formations ~ 200 - 500 nm in diameter and the 
spheroids made of fiber-like structures ~ 50 - 70 nm in diameter. 

These NCMs samples were compacted by cold pressing with 20% mass of polyvinyl acetate using the procedure 
described in (Ovsienko et al., 2007). 

The thermoelectric power of the obtained specimens was studied in the 4.2-293 K temperature range employing 
the technique described in (Vovchenko et al., 2000; Matzui et al., 2005). 

3. Results and Discussion 

Figure 1 presents the temperature dependence of the thermoelectric power, S(T), for NCM #1. One can clearly 
see an approximately linear increase of S with temperature. It is well known that the multi-wall CNT band 
structure is represented by two touching cones in the Brillouin zone vertices (Ovchinnikov et al., 1998). 
Herewith, the Fermi level is slightly shifted into the valence band. A similar type of a band structure is exhibited, 
for example, by a turbostratic graphite (Vovchenko et al., 2000). A turbostratic graphite with the crystallite size 
of ~ 20 nm is a disordered structure with no dominant crystallite orientation. Figure 1 also shows the temperature 
dependence of the thermopower in the turbostratic graphite, which is approximately linear as well. As was 
shown in (Ovsienko et al., 2001), the positive slope is due to the higher concentration of holes than electrons in 
this material. According to Figure 1, the S(T) dependence for specimen #1 is similar to that of a turbostratic 
graphite. The linear dependence on temperature is typical for the diffusion thermopower of a singular state of 
charge carriers with one carrier type (Piraux, et al., 1988) 
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where kb is the Boltzmann constant, EF is the Fermi energy, р is a parameter determined by the prevailing type of 
charge carrier scattering. From equation (1), using p = - 0.5 (scattering on crystallite surfaces) it is possible to 
estimate the value of the Fermi energy, ~ 0.15 eV. 

 

Figure 1. S(T) dependence for: 1 - NCM of batch #1; 2 - turbostratic graphite 

 

Figure 2 presents the S(T) dependence for the batch #2 specimens containing tube-like formations and particles 
of a disordered quasi-amorphous carbon phase. For comparison, Figure 2 also presents the temperature 
dependencies of the thermopower for quasi-amorphous carbon specimens. 
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Figure 2. S(T) dependence for NCM of batch #2: circles represent experiment; solid curve represents calculation 
(Eq. 2-5); insert represents calculation of thermopower corresponding to the different types of conductivity: 1 - 

S1; 2 - S2; 3 - S3 (see text) 

 

A minimum is observed in the S(T) dependence within the 20 - 30 K temperature range followed by a monotonic 
increase for specimen #2 as well as for other quasi-amorphous graphite materials. According to the reference 
data (Ovsienko et al., 2006), such structures could be considered as hetero-phase structures. Several conductivity 
mechanisms could be realized in these systems due to the presence of carbon phases with different levels of 
ordering (Hishiyama et al., 1978; Kaiser et al., 2001). If a certain phase in the studied specimens does not 
percolate, then the total conductivity is determined as the conductivity of the serially connected segments of a 
phase with a different conductivity type. According to this model the total thermopower S of the carbon material 
could be expressed (Vovchenko et al., 2000) as a sum of thermopowers corresponding to the different 
conductivity types occurring in the material 

321 SSSS  ,        (2) 

where S1 corresponds to the metallic conductivity phase, S2 – to the hopping conductivity phase with variable 
hopping lengths, and S3 – to the hopping conductivity phase with a constant hopping length. Thermoelectric 
power S1 in the regions with metallic conductivity is described by Eq. (1). The thermoelectric power in the 
hopping conductivity regions with variable hopping lengths can be presented as (Ovsienko et al., 2007) 
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where N(EF) is the density of electronic states at the Fermi level and T0 is a constant that can be determined from 
the resistivity measurements. According to (Kotosonov, 1979), a linear correlation between the energy and 
density of electronic states near the joint point of the valence and conductivity bands should be realized 

EBEN )( ,         (4) 

where В is the appropriate coefficient and Е is the energy referred to the bands joint point. The sign of the dN/dE 
derivative determines the sign of S2. The thermoelectric power in the hopping conductivity regions with a 
constant hopping length can be described by the following expression (Vovchenko et al., 2000) 
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where Ес is the mobility edge,  > 0, С is a constant, which may be either negative or positive. From the 
experimental temperature dependence of the thermopower for sample #2 we calculated the following parameters: 
the Fermi level shift in the regions with metallic conductivity , the Fermi energy in the regions with hopping 
conductivity of variable hopping length ЕF, and the difference between the mobility edge and the Fermi level, . 
The results of calculations for these parameters, as well as the value of T0, determined from the resistivity 
measurements, are given in Table 1. For comparison this table also contains the values of the relevant parameters 
for amorphous carbon (Vovchenko et al., 2000), in reasonable agreement with the ones calculated herein. The 
temperature dependence of the thermoelectric power for the studied specimens was calculated using the obtained 
values for the , ЕF, and  parameters (Figure 2, insert). It was found that the calculated S(T) dependence 
correlates well with the experimental behavior obtained at low temperatures. 

 

Table 1. The results for calculations of parameters Т0, ЕF, ,  

Specimen Т0, K ЕF, eV , eV , eV 

NCM, Batch #2 1139 0. 4 0. 20 3. 510-5 

Amorphous carbon (Vovchenko, et al., 2000) 1967 0. 4 0. 45 4. 410-5 

 

The S(T) dependence for specimen #3 is presented in Figure 3. It differs substantially from that for others 
specimens. As was shown in (Ovsienko et al., 2006) and stated above, specimen #3 contains only the ordered 
carbon phase with the interplanar distance of 0.336 nm similar to that in, e. g., fine crystalline graphite. 

 

 

Figure 3. S(T) dependence for NCM of batch #3 

 

For a more detailed analysis of the possible origins of thermopower in this sample further studies of the 
temperature dependence of its resistance were performed, the results of which are shown in Figure 4. Figure 4 
presents the temperature dependences of the resistivity (R/R293(T)) for all specimens. It clearly demonstrates that 
the R4.2/R293 ratio is equal to 1.3 for specimen #3, that is typical for a fine crystalline graphite (Ovsienko et al., 
2001). This is in contrast with specimens #2 and #1, for which this ratio is equal to 10 and 30, respectively, 
typical for an amorphous carbon (Vovchenko et al., 2000). Thus, from the analysis of the structure, the phase 
composition and the transport properties of specimen #3, one can assume that its thermopower can be described 
by a model that involves the diffusion component of a thermopower Sd and a component associated with a 
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phonon capture by the charge carriers, Sph (Ovsienko, et al., 2001): 

phd SSS          (6) 

The contribution of the phonon component of the thermopower is significant at low temperatures when the 
phonon-phonon scattering is weak. When the temperature increases, the role of the phonon-phonon interaction 
increases and the magnitude of Sph tends to zero. Thus, at room temperature, the total thermopower is determined 
mainly by the contribution of the diffuse component of the thermopower. 

 

 

Figure 4. R/R293(T) dependence for NCMs: 1 – batch #1, 2 – batch #2, 3 – batch #3 

 

According to our estimation, the maximum of Sph occurs at a temperature below 10 K for NCM with the 
mentioned parameters of the crystal structure. This thermopower component itself does not exceed 2 V/K. The 
total thermopower temperature dependence is determined primarily by the diffusion contribution. Moreover, 
weak localization effects and the electron-electron interaction could influence the temperature dependencies of 
resistivity and thermopower for these materials in a presence of a weak structural disorder. 

4. Conclusion 

Studies of the temperature dependence of thermopower for different NCMs revealed a substantial correlation 
between the structure, phase composition and thermopower mechanisms in these nanomaterials. The 
thermopower of NCM containing CNTs with a low number of walls and a substantial amount of disordered 
carbon was shown to be dominated by the diffusion component that depends on the temperature linearly. The 
thermopower of NCM containing multi-wall CNTs with structural parameters close to those for amorphous 
carbon was shown to be described within the model of a serial connection of segments with different types of 
conductivity (Matzui et al., 2005). Finally, the thermopower of NCM containing multi-wall CNTs and a low 
amount of amorphous carbon was shown to be determined by two components, namely, the diffusion and phonon 
thermopowers. The phonon thermopower dominates at very low temperatures, while the diffusion contribution 
prevails at higher temperatures. 
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