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Abstract The paper presents the results of studies of transport properties of single-
walled carbon nanotubes modified with cobalt-containing complexes. It is revealed
that for source single-walled carbon nanotubes the main mechanism of conductivity
is the hopping conductivity with the variable hopping length for 3D system. Magne-
toresistance of as-sprepared carbon nanotubes is caused by two mechanisms, such as
mechanism of compression of the wave function of localized charge carriers and spin-
orbital mechanism. The thermopower of as-prepared SWCNTs is linearly dependent
on temperature. It is shown that modification of single-walled carbon nanotubes by
cobalt-containing complexes results into a change in the character of the conductivity
for bulk specimens of single-walled carbon nanotubes. For bulk specimens of modi-
fied single-walled carbon nanotubes conductivity is described in the terms of power
temperature law that is typical for individual single-walled carbon nanotubes. The
negative magnetoresistance observed for modified SWCNTSs at low temperatures is
related with the manifestation of the effect of charge carriers’ weak localization for
a one-dimensional system. Thermopower of modified carbon nanotubes is the sum
of the diffuse and phonon drag components of thermopower.

1 Introduction

Investigations of the single-walled carbon nanotubes (SWCNTSs) have attracted much
interest due to their unique properties and great application potentials . One of
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the many aspects of investigations of SWCNTs is the study of the possibilities of
changing their properties through surface functionalization and modification [1-5].
On the one hand, functionalization is a necessary step providing the formation of
homogeneous dispersion of SWCNTs in solvents and, on the other hand, causes a
significant number of defects in SWCNTS structure.

Another important direction of SWCNTSs chemistry is chemical functionalization
of SWCNTs with metal-containing molecular complexes. Such functionalization
process not only opens the area of metal-organic chemistry to nanotubes, but also
suggests potential applications in catalysis and molecular electronics.

A significant number of works is devoted to the issues of covalent and non-
covalent functionalization of CNTs by metal-containing complexes [6-8]. In these
papers methods for obtaining such complexes on the surface of CNTs and their prop-
erties are considered. Thus, the effect of the surface functionalization with complexes
containing magnetic metals on the magnetic properties of CNTs has been theoreti-
cally considered in [9]. In [10] influence of surface functionalization with transition-
metal phthalocyanines on reduction ability has been studied. The main focus in the
articles is paid to the chemical properties of the obtained modified CNTs, in particular
chemical stability of functionalized SWCNTSs [11], their catalytic activity and the
possibility of using them as catalysts in chemical synthesis [11, 12], increasing the
solubility of SWCNTs in various solvents and the possibility of forming colloidal
solutions and dispersions of CNTs [13]. However, the questions of changing the
physical properties of modified on the surface with metal-containing complexes
SWCNTs, especially the properties associated with charge transfer, are discussed
in these works much less. This especially applies to experimental studies of the
properties of functionalized CNTs.

The main goal of presented work is to establish the possibility of surface modi-
fication of SWCNTs by cobalt-containing complexes, to identify the structural and
morphological state of cobalt on the surface of SWCNTs, as well as to study the
influence of surface modification on the transport properties of bulk specimens of
modified SWCNTs.

2 Experimental

2.1 As-Prepared Carbon Nanotubes

As source for modification single carbon nanotubes (as-prepared SWCTs) have been
chosen. As-prepared SWCNTSs with mean value of tubes diameter ~ 1.4 nm have
been produced by catalytic decomposition of acetylene with use yttrium and nickel
as catalysts.

Figure 1 presents the fragment of X-ray diffraction pattern for as-prepared
SWCTs.



Transport Properties of Surface-Modified Single-Walled Carbon ... 53

Fig. 1 Fragment of X-ray 200 -
diffraction pattern for
as-prepared SWCTs | Ni(111)
150 -
5
E
0 Ni(200)
100 -
50 F

20 30 40 50 60 70 80
26, degree

As can be seen from the figure the X-ray diffraction pattern contains only intensive
peaks that correspond to nickel. The graphite lines are absent on the diffractogram.
Thus, there are no ordered multi-walled carbon structures in the source nanocarbon
material.

The fragment of transmission electron microscopy image of as-prepared SWCNTs
is presented in Fig. 2.

As it is seen from the figure long strands from 3 nm up to 8 nm in diameter, which
apparently consist of thinner CNTs, as well as catalyst metal particles and disordered
carbon particles up to 5 nm in size, are visualized in the image.

The presence of nanosized nickel particles is also confirmed by the results of
thermo-magnetometric studies, which are presented in Fig. 3.

Fig. 2 Fragment of TEM
image of as-prepared
SWCNTs
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As it follows from the figure, character of temperature dependence x(T) for
as-prepared SWCNTSs is typical as for material containing magnetic admixture
nickel. However, the Curie temperature according to the experimental results is
slightly shifted toward low temperatures 7c = 580 K in comparison with the Curie
temperature for bulk nickel (7'cp, = 630 K).

Such shifting of Curie point can be explained by nanodispersive character of
nickel particles distribution.

Estimating the size L of nickel particles according to [14]

Bl
L =3d -1, (D
2(Tcy — Tc)

where d is the atomic or molecular diameter of magnetic phase, gives a value of L ~
2.2 nm, which correlates well with the size of the catalyst metal particles according
to electron microscopy data.

Thus, the source for modification as-prepared SWCNTSs is nanocarbon material
containing only SWCNTs in the form of strands and separate tubes and some portion
of the metal catalyst in the form of nanosized particles.

2.2 Modification of Source SWCNTs

The chemical modification of as-prepared SWCNTs has been carried out in four
stages.

At the first stage, the tubes were opened from the ends (the «caps» on the ends
of tubes were torn off) and cut into smaller pieces, i.e., the size and structure of the
tubes changed. For this, the as-prepared SWCNTSs were treated with a 35% aqueous
solution of hydrogen peroxide for 18 h.
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The task of the second stage of processing was to remove metal catalyst residues
from the as-prepared SWCNTs. For this, the as-prepared SWCNTSs were boiled in
a hydrochloric acid solution for 10 h, after which the water-soluble nickel chloride
was washed out.

At the third stage, the SWCNTs surface was functionalized to create condi-
tions for attachment of cobalt cations to the tubes surface, since cobalt cations
cannot directly attach to the SWCNTSs surface. Non-covalent functionalization was
carried out with three different surfactants: 1,3diaminopropane (DAP, specimen #1),
monoethanolamine (MEA, specimen #2) and 1,3diaminopropane in combination
with benzophenone (specimen #3).

And at the last stage treated SWCNTSs were heated at temperature 60 °C in cobalt
(I) chloride solution, while the cobalt cations were attached through functional
groups to the surface of the SWCNTs.

Thus, three specimens of modified SWCNTSs which differ in the substance used
to functionalize the surface were obtained.

2.3 The Structure and Phase Composition of Modified
SWCNTs

The X-ray diffraction, tunnel electron microscopic and thermo-magnetometric inves-
tigations of modified SWCNTSs have been carried out for definition of structure and
phase composition.

Figure 4 presents the fragments of X-ray diffraction patterns for specimens of
modified with different methods SWCNTs.

Asitis follows from the figure none of the fragments of diffractograms for different
specimens contain bands that correspond to reflections from graphite planes. Also,
reflections corresponded to cobalt were not detected at the X-ray diffraction patterns.

Fig. 4 Fragments of the
X-ray diffraction patterns for
specimens of modified 600
SWCNTs. The specimen
number is indicated in the
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But all diffractograms contain weak bands, which can be detected as reflections from
nickel catalyst.

The most intensive nickel line is observed for specimen #1; for specimen #3 the
intensity of the nickel band is the weakest.

Thus, all specimens of modified SWCNTs do not contain any multilayer carbon
structures and cobalt particles large than 0.3 nm. However, the cleaning methods that
were used in the above schemes do not lead to the total deleting of the metal catalysts
particles. Therefore, specimens of modified SWCNTSs may contain small amounts
of metal catalyst residues.

The fragment of TEM image of modified SWCNTs (specimen #1) is shown in
Fig. 5.

As can be seen from the figure the chemical treatment of as-prepared SWCNT's
results into separation of CNTs bunches into individual tubes and their shortening.
Also, a significant decrease in the number of catalyst metal particles and disordered
carbon particles is also observed.

The sizes of the remaining particles became significantly smaller compared to the
source material.

Figure 6 shows the temperature dependences of magnetic susceptibility for modi-
fied with cobalt-containing complexes SWCNTs (specimen #1) for the alternating
heating/cooling cycles.

As can be seen from the figure, the dependence x(7') is very complicated. This
complexity of dependence x(T') reflects these complex processes that occur in the
modified material during heating.

Fig. 5 Fragment of TEM image of modified by cobalt-containing complexes SWCNTs (specimen
#1)



Transport Properties of Surface-Modified Single-Walled Carbon ... 57
1080 F

900

720

540

X*IOQ, m3/1<g

360

180

Fig. 6 Temperature dependences of magnetic susceptibility x (7') for modified by cobalt-containing
complexes SWCNTs (specimen #1) for the sequenced heating—cooling cycles, the curve number
corresponds to the cycle number, the open labels are heating, and the closed ones are cooling

In the first heating cycle at a temperature of ~ 580 K, there is a minimum in the
dependence, which is obviously associated with the transition from the ferromagnetic
to the paramagnetic state of the remaining particles of the catalyst nickel, which,
according to the X-ray diffraction data, is contained in small amounts in the modified
SWCNTs.

Note that the transition temperature for modified SWCNTSs coincides with the tran-
sition temperature for the as-prepared SWCNTSs; however, the susceptibility value
for the as-prepared SWCNTSs below the Curie temperature is 6 times greater than
for modified SWCNTs in the same temperature range. Upon further heating of the
modified SWCNTSs, the magnetic susceptibility begins to increase, which is unchar-
acteristic for a substance in a paramagnetic state. Such dependence x(7T) can be
explained as follows. Cobalt, which is contained in modified SWCNTs as a cation in
the composition of complex metal ion complexes and does not affect the magnetic
state of the modified SWCNTs at temperatures below 580 K, begins to be reduced
to pure cobalt when the temperature increases above 580 K. Small cobalt particles
form large conglomerates as a result of thermally stimulated diffusion. This leads to
a significant increase in the value of susceptibility since cobalt is a ferromagnet at
temperatures up to 1388 K. When the specimen of modified SWCNTs is cooled, the
value of the susceptibility practically does not change, and at a temperature of 580 K
there is a weak jump in dependence x (7). In more detail, the structural and phase
composition of modified by cobalt-containing complexes SWCNTs is described in
[15].
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2.4 Methods of Measuring Transport Properties of Bulk

For measurement of transport properties, the bulk specimens from source and modi-
fied SWCNTSs powders have been prepared by cold compacting without binder. The
specimens are in the form of a rectangular parallelepiped with dimensions of 2 mm
x 3.5 mm x 15 mm and density up to 1.6 g/cm?®. In the bulk specimens there is a
prevailing orientation of CNTs so that the axes of CNTs lie in a plane perpendicular
to the pressure direction.

Electrical resistance of bulk specimens of CNTs has been studied in the temper-
ature range (4.2-293) K with use standard four-probe DC compensation technique.
Electrical resistance also has been measured at temperature 77 and 293 K in magnetic
field up to 2.2 T directed perpendicular to the current flowing through the specimen.
Magnetoresistance has been defined as the ratio of the resistance change p(B) — p(0)
in the magnetic field to the resistance in the zero field p(0): % = %.

The measurements of thermopower have been made in the temperature range
from 4.2 K up to 300 K. The specimens were cooled to a temperature of 4.2 K at
a constant rate of 0.30 K/min. A temperature gradient (0.5-1.0 K) was created in
the specimen and was measured with the help of a differential thermocouple Cu—
CuFe (the sensitivity in the temperature range (4.2-30) K is (8-16) mcV/K). The
measuring circuit was preliminarily calibrated with the superconducting ceramic
YBaCuO which has a superconducting transition temperature 7. = 80 K and zero
thermopower below 7.

The error of the measurements did not exceed 0.5% for resistance and 1% for
thermopower.

3 Results and Discussion

3.1 Resistivity of Modified SWCNTs

Figure 7 presents the temperature dependence of resistivity for bulk specimens of
source and functionalized SWCNTs.

As it follows from the figure, for all specimens the character of resistivity temper-
ature dependence is similar. At low temperature resistivity decreases sharply and
then it is weakly dependent on temperature. However, the resistivity values them-
selves, as well as the ratio of resistivity at 4.2 K to resistivity at room temperature
for specimens of modified SWCNTSs, change significantly after modification. So, for
the bulk specimen of modified SWCNTs #1, the values of resistivity at low temper-
atures become even slightly larger compared to the as-prepared SWCNTSs. For bulk
specimen of modified SWCNTs #3 resistivity at low temperature is somewhat lower,
but only slightly. Therefore, for both these specimens, the ratio p4,/p; is close to
this ratio in the as-prepared SWCNTs. Recall that both specimens (#1 and #3) were
modified using 1,3diaminopropane as a functionalizing agent with minor differences
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Fig. 7 Temperature dependences p(T') for bulk specimens of as-prepared a and modified SWCNTs:
b specimen #1, ¢ specimen #2 and d specimen #3. The ratio of resistivity at 4.2 K and room
temperature p42/p; for each specimen is indicated in the figures

in the modification process. On the other hand, significant changes in the value of
low-temperature resistivity (almost three times) occur for specimen #2 of SWCNTs
modified with the use of MEA as a functionalizing substance. That leads to a signif-
icant decrease of resistivity ratio p42/0293 from 26 for source SWCNTSs to 6.3 for
modified SWCNTs.

Let us consider possible conduction mechanisms for SWCNTSs. The conductivity
of a single-walled CNT is usually considered within the terms of a model of a one-
dimensional Luttinger liquid of strongly interacting electrons. Within the framework
of this model, there is a power-law temperature dependence of conductivity [16]:

g+1-2
o(T) =aT% o = +

; @)

where a and « are the constants and « is related with Luttinger parameter g that
characterizes the degree of charge carrier’s interaction in the system. For defective
SWCNTs, equation for conductivity takes on a more complex form [17-19]:

o(T) = aT® + bT~" + ce 77 | 3)
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In addition to (2), two more terms appear, which are responsible for the conduc-
tivity in the areas of possible branching of the CNT (second addition) and for conduc-
tivity through defective regions in the CNT (third addition). In the last addition 7' is
the temperature below which the barrier tunneling takes place and T is the temper-
ature above which the thermo-activated conductivity above the barrier occurs. The
ratio of terms in (3) depends on the degree of defectiveness of the specimen.

Real single-walled tubes are most often obtained in the form of mats or bundles,
and to describe the conductivity of such systems in general, hopping conductivity
model with variable hoping length for two-dimensional and three-dimensional cases
is most often used [20, 21]. The general formula for hopping conductivity with the
variable hopping length can be given as:

o(T) = o0 exp<— (%)) @)

where d is the dimensionality of the system, o and Ty are the constants, and T is
inversely proportional to the length of localization.

The choice of the system dimensionality is determined by the structural features
of the SWCNTs bulk specimens.

To identify possible mechanisms of conductivity for as-prepared SWCNTs, as
well as for each specimen of modified SWCNTSs, a detailed analysis of the conduc-
tivity temperature dependence has been carried out. The results of analysis are shown
in Fig. 8. For each SWCNTSs specimen, the figure shows the temperature dependence
of conductivity in coordinates In o = f(T~*), which corresponds to the hopping
mechanism of conductivity with a variable hoping length (3), and in coordinates In
o = f(In T), which respectively corresponds to conductivity in the terms of model
of a one-dimensional Luttinger liquid of strongly interacting electrons.

As it follows from presented dependences for as-prepared SWCNTs the main
conductive mechanism is hopping with variable hopping lengths for the three-
dimensional case. Such a conductivity mechanism is usually the main one precisely
for the as-prepared SWCNTs, which are obtained in the form of mats or felt and
which contain, in addition to CNTs, a sufficient number of disordered carbon parti-
cles [22-24]. Also, this conductivity mechanism is typical for disordered graphite, in
particular so-called amorphous carbon. The characteristic temperature Ty determined
from the dependence In o = f(T~"*) equals to 2902 K. This value of characteristic
temperature T is much larger than corresponding value Ty for mats of SWCNTSs in
[21], but close to value Ty for amorphous carbon in [25].

As can be seen from the figures above, modification of SWCNTs by cobalt-
containing complexes did not lead to a dramatic change in the conductivity of the
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@ : (b)

Fig. 8 Temperature dependences of conductivity for bulk specimens of as-prepared a and modified,
b specimen #1, ¢ specimen #2 and d specimen #3 SWCNTs in coordinates In o = f(T~*) (b, ¢,
and d—inset) and in coordinates In 0 = f(In T') (a—inset)

CNTs bulk specimens. However, such modification significantly affected the char-
acter of the temperature dependence of conductivity for these specimens. For all spec-
imens of modified SWCNTSs conductivity temperature dependence is well described
in the terms of power temperature law that is typical for individual SWCNTs (1).

In Table 1, calculated from dependence In o =f(In T'), parameters of conductivity
for bulk specimens of modified SWCNTSs are presented.

As can be seen from Table 1, for specimens of modified SWCNTs #1 and #3, for
which the conductivity does not change significantly after modification, the values
of the coefficient o are close, while for specimen of modified SWCNTs #2, for
which the conductivity increases after modification, the value of « is almost two

Table 1 Calculated .
Specimen o g a, S/m

parameters «, g and a for

modified SWCNTs #1 0.79 0.12 16.6
#2 0.46 0.18 110.0
#3 0.73 0.13 23.6
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times smaller. However, the values of parameter g for all specimens are close and
indicate the formation in the modified SWCNTSs of a one-dimensional system of
strongly interacting electrons. Let us dwell on this moment in more detail. As is
known for pressed specimens, the total resistance R is determined as sum of two
additions: R = Rent + 7o, where Renr is the resistance of separate CNTs and r¢
is the contact resistance between tubes. The contact resistance rc depends on many
factors among them surface condition, size of contact spot and contact pressure. Since
bulk-pressed specimens have been obtained without a binder, the contact between
individual tubes is direct, without a layer of polymer. A change in the conductivity of a
bulk specimen after modification can be associated with a change in the conductivity
of the tubes Rcent and with a change in the contact resistance ¢ between them,
as well as these two processes simultaneously. Indeed, the functionalization and
modification of the CNTs’ surface can both reduce the conductivity of individual
CNTs due to the destruction of the graphite layer w-system and increase it due to
charge redistribution as a result of the attachment of functional groups to the CNT
surface. The contact resistance between the separate tubes usually increases after
functionalization and modification due to the appearance of a small negative charge
on the surface of functionalized CNTs caused by the attachment of functional groups
to the tubes surface. In addition, treatment of CNTs with acid solutions provides
to remove disordered carbon particles from the primary networks of as-prepared
SWCNTs, which usually have a developed surface and serve as a peculiar «bridges»
between individual CNTs, increasing their contact surface.

Thus, it is the change in the character of the temperature dependence of the
conductivity of the SWCNTs bulk specimens after chemical treatment indicates that
the SWCNTs surface has been modified.

3.2 Magnetoresistance of Modified SWCNTs

Figure 9 presents the dependence of magnetoresistance % on magnetic field for

as-prepared SWCNTs at room temperature and 7 = 77 K.

As it is seen from the figure, magnetoresistance is symmetrical with respect to
the direction of the magnetic field. At room temperature, the magnetoresistance is
positive, and its values do not exceed 0.035% at the maximum magnetic field of
measurement. When the temperature decreases, the magnetoresistance changes its
sign, while the absolute value of the magnetoresistance increases to 0.15% in the
maximum measurement field.

For materials in which the hopping conduction mechanism is implemented, the
effect of compression of the wave function of the localized state in the magnetic field
takes place in the magnetoresistance [26—29]. According to this mechanism, within
the limits of weak magnetic fields (§ < Ig), the magnetoresistance is described by
the expression:
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Fig. 9 Dependence % (B) for bulk specimen of as-prepared SWCNTs at room temperature (a) and

T = 77 K (b). Corresponding dependences in coordinates ln(%) =f (Bz) are shown in the

B 4 T 3a
(50) =) (7) ®
p(0) lg T
where £ is the wave function localization radius, /g is the magnetic length,

lg = ,/ﬁ, tq and « are the numerical coefficients, and T is the characteristic

temperature.

So, implementation of the mechanism of compression of the localized state wave
function in the magnetic field in disordered systems involves a positive magnetore-
sistance that depends quadratically on the magnetic field. However, as can be seen
from Fig. 9, as the temperature decreases, the magnetoresistance of as-prepared
SWCNTs becomes negative. Therefore, to describe the magnetoresistance of as-
prepared SWCNTSs, it is not enough to consider only the model of the wave function
compression in a magnetic field [29]. As shown in works [30, 31], the negative
component of the magnetoresistance can be related to the implementation in carbon
materials of the spin-polarized magnetoresistance mechanism [31].

The spin-polarized mechanism of magnetoresistance leads to the following
magnetoresistance expression in the region of a weak magnetic field [30]:

B To\* [ uB\*
n p(B) —aAl 22 ot , (6)
p(0) r kT
where u is the effective magnetic moment of an electron and A is the some parameter
that is related to the relationship between concentrations and localization radii of
localized states.

Thus, it follows from (5) and (6) that both mechanisms of magnetoresistance are
quadratic with respect to magnetic induction within weak magnetic fields

inset
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The sign of the magnetoresistance will be determined by the ratio between
the contributions of two magnetoresistance mechanisms, the mechanism of the
compression of the localized charge carriers wave function and the spin—orbit

mechanism.
In Fig. 9, the insets show the dependences ln(w) =f (Bz) for as-prepared

p0)
SWCNTs at two temperatures. As can be seen from the figure, the dependence
ln(‘;)((—g))> =f (BZ) is linear at both temperatures. Change of magnetoresistance signs

at different temperatures indicates the change of primary mechanisms of magne-
toresistance in different temperature ranges. At room temperature, the compression
mechanism of the wave function of localized charge carriers is prevailing. When
the temperature decreases, the spin-orbital magnetoresistance makes a more signifi-
cant contribution to the magnetoresistance, which causes changes in the sign of the
magnetoresistance.

Figure 10 shows the dependences % (B) for bulk specimens of modified by cobalt-
containing complexes SWCNTs (specimens #2 and #3) at two temperatures: 7 =
293 Kand T =77 K.

As it is follows from the figures, the character of the temperature and field depen-
dences of magnetoresistance for both specimens of modified SWCNTSs changes
significantly compared to the as-prepared SWCNTs. For both specimens of modified
SWCNTs, the magnetoresistance is negative at room temperature and at a temperature
of 77 K. As the temperature decreases, the absolute value of the magnetoresistance
for both specimen increases. However, the absolute values of magnetoresistance for
specimen #2 are approximately 10 times smaller compared to the absolute values
of magnetoresistance for specimen #3. In addition, as can be seen from the figure,
for both specimens of modified SWCNTs at T = 77 K, with increasing magnetic
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Fig. 10 Dependences %(B) for bulk specimens of modified SWCNTSs (#2 (a) and #3 (b)) at T =
293 K (curve 1) and T = 77 K (curve 2)
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field the deviations from the quadratic dependence of the magnetoresistance on the
magnetic field are observed.

Let us consider in more detail the mechanisms of magnetoresistance for modified
SWCNTs. As was shown above, the temperature dependence of conductivity for
modified SWCNTs is described by a power law, which is characteristic for one-
dimensional conductors. Moreover, the values of the power exponent are close to
the corresponding values of the power exponent within the terms of the conduction
model of a one-dimensional Luttinger liquid of strongly interacting electrons. Asitis
known, for CNTs of a perfect structure, the conductivity of which is considered within
the terms of a two-dimensional model, a negative magnetoresistance associated with
the manifestation of the charge carriers’ weak localization effect is observed. Let
us evaluate whether the negative magnetoresistance for modified SWCNTSs can be
a manifestation of the effect of charge carriers’ weak localization, but for a one-
dimensional system.

As is well known weak localization occurs as a result of the interference of direct
and elastically scattered electron waves on inhomogeneities of the system. For one-
dimensional system, conductivity in magnetic field taking into account the additive
due to weak localization is given by equation [32, 33]

262( 1 eszw2>_
AB)=Ay— —| —+ , (3)

l—

hL\L2 " 3h

where A(B) is the conductivity in magnetic field B, A is classical Drude conductance
without the localization addition, L, is the coherence length of the wave function,
and L and w, respectively, the length and diameter of the nanotube. Note that (8) is
valid only for case L, > w. In the absence of a magnetic field, the conductivity can
be written as

2€2L¢

A©) = Ao~ ——

€))

Let us find the difference between conductivities in a magnetic field and in the
absence of a magnetic field

26%L
C el V3h . (10)

hL /3h2 + Léeszw2

Accordingly, the difference between specific conductivities in a magnetic field
o (B) and in the absence of a magnetic field o (0) has the form

A(B) — A(0) =

’L I
) V3 (11)

Tw?h
/3h2 + Léeszw2

o(B)—0(0) = Ac(B) =
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o(B)-6(0), S/m

Fig. 11 Experimental (1) and calculated by (10) (2) dependences of specific conductivity on
magnetic field for specimens of modified SWCNTs #2 (a) and #3 (b). The values of the fitting
parameter L, are indicated in the figure

Equation (11) contains only one unknown parameter L, which was fitted.

The obtained experimental dependences Ao (B) as well as calculated by (11) using
the fitting parameter for both specimens of modified SWCNTSs are shown in Fig. 11.

As can be seen from the figure, the best match between the calculated dependence
Ao (B) and the experimental one for SWCNTs with a fixed diameter w = 1.4 nm is
observed at the values of the fitting parameter L,,, 2.5 nm for specimens #2 and 3 nm
for specimen #3, respectively. Note that condition L, > w is fulfilled. However, the
coincidence is observed not in the entire interval of the magnetic field in which the
measurements have been carried out, but only when B < 1.3 T for specimen #2 and
for B < 1.7 T for specimen #3.

Thus, it can be assumed that the positive conductivity in the magnetic field for
specimens of modified SWCNTs below the specified magnetic fields is associated
with the manifestation of the effect of charge carriers” weak localization for a one-
dimensional system.

3.3 Thermopower of Modified SWCNTs

Measurements of thermopower temperature dependence S(7') have been carried out
for as-prepared SWCNTs in temperature interval from 77 K up to 293 K and for
modified SWCNTSs (specimen #2) in temperature interval from 4.2 K up to 293 K.
The results of measurements are presented in Fig. 12.

As can be seen from the figure, for as-prepared SWCNTSs the linear tempera-
ture dependence of thermopower is observed. For modified SWCNTSs there is linear
dependence of thermopower on temperature at low and high temperatures. However,
in the temperature interval from ~ 50 K up to 250 K significant deviation from linear
dependence occurs.
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Fig. 12 Temperature
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As is known, thermopower is very sensitive to the features of the band structure
of the material, its electronic and phonon spectrum, as well as to the scattering
mechanisms of charge carriers and phonons.

For graphite materials with a perfect structure, the dependence of thermopower
on temperature has a very complex form. Such dependence of thermopower on
temperature is caused by two factors. First, thermopower is determined by the contri-
bution of two components: diffuse thermopower and thermopower associated with
phonon drag effect. The phonon drag effect leads to the appearance of additional
thermopower, caused by additional charge carriers dragged from the hot specimen
end to the cold end by phonon flux via momentum transfer. Secondly, diffuse ther-
mopower for graphite with a perfect structure, which has two types of main charge
carriers with equal concentration, is characterized by a complex, nonlinear tempera-
ture dependence. However, the situation changes significantly for defective graphite
materials. For such materials, the temperature of maximum the phonon drag effect
shifts to low temperatures, and the magnitude of the effect itself becomes very small.
As for the diffuse thermopower, it acquires a linear dependence on temperature under
conditions of predominant hole conductivity. This temperature dependence of ther-
mopower is typical for metals. So, metallic diffusion thermopower can be written
as

nzkgT

Sq =
d 3eEF

(1 - p), (12)

where EF is the Fermi energy and p is the coefficient associated with the prevailing
charge carriers scattering mechanism. Similar temperature dependences of ther-
mopower were observed both for SWCNTSs’” mats and for individual SWCNTs in
a number of papers.

Modification of as-prepared SWCNTSs with cobalt-containing complexes leads to
a change in the temperature dependence of the thermopower, namely to a deviation
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from the linear dependence in the temperature interval of (50-250) K. At the same
time, the values of thermopower at low and high temperatures almost coincide with
the corresponding values of thermopower for unmodified SWCNTs.

Figure 13 presents the difference between the experimental values of the
thermopower S, and the linear approximation Sq = ¢7T (12).

As it follows from the figure, the curve Sex, — Sg has the form of a broad band with
a maximum at temperature ~ 130 K. Similar deviations from the linear dependence
S(T') have been observed for SWCNT's in a number of studies. However, in the litera-
ture, there is no single view on the nature of such a deviation from linear dependence.
Several effects that could lead to such behavior have been discussed in the literature.
In [34] thermopower is considered as sum of a linear metallic term and an exponen-
tially weighted T'? variable range hopping term that reflects the “freezing-out” of
semiconducting contributions at low temperatures. For doped SWCNTSs, the nonlin-
earity in thermopower is associated with the appearance of localized states near the
Fermi level due to the introduction of boron or nitrogen atoms into the CNTs wall
structure. Another reason that can lead to the deviation of thermopower from a linear
dependence is the Kondo effect. The thermopower investigations on SWCNT's mats
in [35] suggest that the observed giant thermopower comes from the contributions
of Kondo state induced by magnetic transition-metal impurities. For the investigated
SWCNTs, the cobalt ion is contained in the composition of complexes, and cobalt
does not present as individual particles. Obviously, for these SWCNTs, the Kondo
effect cannot cause deviation of the thermopower from the linear dependence.

In the [36] the authors assume that the origin of the deviation of the thermopower
temperature dependence from the linear one is the manifestation of the effect of
phonon drag of charge carriers. The carried-out calculations by Scarola and Mahan
in [37] show that the phonon drag thermopower in SWCNTs increases rapidly with 7'
at low temperatures and approaches approximately a constant for 7 > 100 K. So, the
thermoelectric power of the SWCNTSs can be considered as sum of a linear diffusion

Fig. 13 Difference between
the experimental values of
the thermopower Seyxp and
the linear approximation Sg
=cT
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thermopower S4 and phonon drag thermopower, which is approximately constant for
temperature interval from 110 K up to 300 K.

Really, the shape of the dependence (Sexp — Sq) = f(T) is similar to the temper-
ature dependence of the phonon drag thermopower, which is observed in acceptor
intercalated compounds based on fine crystalline graphite. The temperature at which
the maximum in the dependence (Sex, — Sq) = f(T') occurs also coincides with the
temperature of the phonon drag thermopower maximum.

Let us estimate the value of the Fermi energy Er from the linear section of the
dependence S(T') (Fig. 13) using (12). The calculated value of Ef is 0.29 eV. The
corresponding value of the Fermi wave vector is kp = 4.5 x 108 m~!.

Let us determine the temperature at which the maximum effect of phonon capture
of charge carriers occurs, using the formula

13)

where vy is the sound speed and vy = 2.1 x 10* m/s as for monocrystalline graphite.
According to calculation Tp,,x = 140 K, which correlates well with the value of the
temperature T max exp = 130 K, at which a maximum in the dependence (Sexp — Sa)
= f(T) is observed.

Thus, the carried-out studies of thermopower revealed that for the as-prepared
SWCNTs, thermopower has a linear dependence on temperature and is determined
only by the diffuse component of thermopower, while for modified SWCNTs,
two mechanisms contribute to thermopower, namely diffuse thermopower and
thermopower caused by phonon drag of charge carriers.

3.4 Discussion

The results of research into the transport properties of SWCNTSs surface-modified
with cobalt-containing complexes allow to assume that these modified SWCNTs
can be considered as one-dimensional conductors, and such one-dimensionality of
transport properties is preserved in bulk pressed specimens of modified SWCNTs.
The as-prepared SWCNTs are considered as 3D system. This is explained by
the fact that, on the one hand, SWCNTs are contained in the source carbon nano-
material in the form of mats, bundles of very tangled tubes. On the other hand, the
source carbon nanomaterial contains a sufficiently large amount of disordered carbon
phase, in other words, amorphous nanocarbon particles with a developed surface.
The presence in specimen a significant amount of amorphous nanocarbon particles
causes a significant decrease of contact resistance between individual nanotubes.
The amorphous nanocarbon particles with a sufficiently developed surface promote
the adhesion of individual CNTs to each other. It is the presence of large number of
disordered carbon phase that allows to obtain bulk specimens of SWCNTSs without
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the use of a binder. Thus, bulk specimen of as-prepared SWCNTSs can be considered
as 3D system.

Let us analyze the changes in the structural and phase composition of the source
carbon nanomaterial and the surface morphology of the as-prepared SWCNTSs in the
process of their modification with cobalt-containing complexes. On the first stage
the treatment of the source SWCNTs with hydrogen peroxide results in formation
of a significant number of broken bonds. At the next stage as-prepared SWCNTs
are treated with water solution of hydrochloric acid that leads to the removal from
the SWCNT’s strands of metal catalyst and amorphous nanocarbon. Then CNTs
surface is functionalized by methods of non-covalent functionalization, and cobalt-
containing complexes can join to carbon atoms at the CNTs surface through func-
tional groups. So, treatment of as-prepared SWCNTs leads to the removal of amor-
phous nanocarbon particles and contributes to the disentanglement of CNTs. It was
these two factors that ensured the “three-dimensionality” of the bulk specimens of the
as-prepared SWCNTs. In addition, as is known, a small localized negative charge
appears on the SWCNT surface as a result of functionalization. This also creates
conditions that prevent the movement of charge carriers between the individual tubes.

Thus, all the given facts indicate that after the proposed treatment of as-prepared
SWCNTs, the contact resistance between the individual CNTs in the bulk spec-
imen has increased significantly. Therefore, the charge carriers in the bulk specimen
can move only along each tube, and charge transfer between individual CNTs is
unlikely. Thus, in the bulk specimens of SWCNTs, the conductivity mechanism is
formed, which is characteristic for the 1D systems. This situation in the bulk spec-
imens of SWCNTs can be compared with the processes that occur at the formation
of graphite intercalation compounds (GICs). Graphite intercalation compounds are
layered structures in which layers of graphite (their number S determines the stage of
the GICs) and monomolecular or monoatomic layers of other substances called inter-
calates alternated. The condition for the formation of GICs is the transfer of charge
from the intercalates layers to the graphite layers, which results in an increase in the
concentration of free charge carriers in the graphite layers. At the same time interca-
lates layers form an electrostatic barrier from the charges localized on them. Due to
this the charge carriers in the GICs can move only along the graphite layers, forming
a two-dimensional electronic system. And GICs are considered as two-dimensional
conducting systems which two-dimensionality is caused not by their geometrical
sizes and is connected with features of their electronic structure.

Thus, it can be assumed that the “one-dimensionality” of the transport properties
of modified SWCNTs bulk specimens can be explained by the features of the zone
structure of SWCNTs modified with cobalt-containing complexes. The concentration
of a small negative charge on the CNT surface and, obviously, the enrichment of the
CNT with an additional positive charge lead to the formation of one-dimensional
system in the bulk specimen, which is not related to the geometric dimensions and
shape of the bulk conductor, but is caused by the peculiarities of the zone structure
of individual modified SWCNT.
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4 Conclusion

Thus, the carried-out investigations of structural and phase composition of modi-
fied SWCNTSs have revealed that all proposed modification schemes allow to obtain
SWCNTs modified on the surface by cobalt-containing complexes.

The studies of the resistivity temperature and magnetic field dependences have
shown that for bulk specimens of as-prepared SWCNTs the main mechanism of
conductivity is the 3D hopping mechanism with the variable hopping length. This
conduction mechanism is typical for disordered graphite materials, as well as for
mats and binders of SWCNTSs. Magnetoresistance of as-prepared SWCNTSs is caused
by two mechanisms. The first of them is the mechanism of compression of the
wave function of localized charge carriers that leads to positive magnetoresistance.
The second mechanism is spin-orbital, which causes the change in the sign of the
magnetoresistance. The thermopower of as-prepared SWCNTSs has only a linear
dependence on temperature.

Modification of SWCNTSs by surface with cobalt-containing complexes results
into a change in the character of the conductivity of SWCNTSs specimens. For modi-
fied SWCNTs the bulk specimens’ conductivity is described in the terms of power
temperature law that is typical for individual SWCNTs. Moreover, the negative
magnetoresistance observed for modified SWCNTSs at low temperatures is related
with the manifestation of the effect of charge carriers’ weak localization for a one-
dimensional system. Thermopower of modified with cobalt-containing complexes
SWCNTs contains two additions. One of them is the diffuse thermopower, and other
is the phonon drag thermopower.

Thus, when modifying the SWCNTSs’ surface with cobalt-containing complexes,
a transition from a three-dimensional system to a one-dimensional system occurs.
Such transition from a three-dimensional system for bulk specimen of as-prepared
SWCNTs to a one-dimensional system for bulk specimen of modified SWCNTs is
due to a change in both the structural and phase composition of the source carbon
nanomaterial and a change in the state of the SWCNTSs’ surface as a result of modifi-
cation. Surface modification of SWCNTs leads to the creation on the surface of CNTs
small localized negative charge which acts as an electrostatic screen. The presence
of such a charge makes it impossible to transfer charge between individual tubes and
promotes the formation of a 1D conductive system of SWCNTs.
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