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Abstract. We have performed a study of CVD multiwalled carbon nanotubes (MWCNTs) pro-
duced with Fe—Co catalysts with a variable ratio of active metals. The Raman data were con-
sidered in combination with the temperature dependence of MWCNT conductivity. The data
analysis is based on the point that the value of I, /Iy, ratio correlates with the graphene fragment
size. The fragments are considered as building blocks of MWCNTs. We showed that MWCNT
defectiveness depends on the ratio of bimetallic active components in the Fe—Co catalyst. Thus,
the ratio of I, /I increases and the D-mode intensity decreases while the Fe content in the
catalyst increases. This also points to the reduction of defect number in the bigger graphene
fragments. These results correlate with the data on conductivity temperature dependence.
Namely, the increase of Fe content in the active component of the Fe—Co catalyst results in
the increase of charge carrier concentration, which, in turn, indicates a decrease in MWCNT
defectiveness. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.
JNP.10.012526]
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1 Introduction

Multiwalled carbon nanotubes (MWCNTSs) represent one of the promising materials in fast
developing nanotechnology. At present, they have been used in a great number of
applications.'™ The effectiveness of MWCNTS in composite materials depends on their struc-
tural parameters (diameter, number of walls, aspect ratio) and defectiveness. The latter is related
to the presence of different types of defects like misalignment of the walls, disruptions, poorly
graphitized layers, vacancies, Stone—Wales defects, and dislocations. This provides a possibility
to consider curved graphene fragments as building blocks for carbon nanotubes. Thereby, the
size of graphene fragments may be considered as one of the most important characteristics of the
structural disorder in MWCNTs.
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High resolution transmission electron microscopy (HRTEM), scanning tunneling micros-
copy, and Raman spectroscopy can be used for direct studies of nanotube defects. The studies
of MWNCT properties influenced by changes in graphitic structure provide indirect data on
defects. In the previous papers, we showed a high sensitivity of Raman spectroscopy for esti-
mation of the defective structure of MWCNTs and graphene flakes deposited on the nanotube
surface.>®

This analysis requires a consideration of behavior of D (disorder-induced), G (tangential
mode), and 2D (two-phonon scattering) bands. The study of temperature dependence of elec-
trical conductivity [¢(T)] and magnetic field dependences [c(B)] of MWCNTs are also related to
the nanotube diameter (in fact, the conductivity mechanism and electrophysical parameters of
MWCNTs [electron coherent length (L), concentration of current carriers] depend on MWCNT
defectiveness). The estimation of in-plane graphene fragment size (L,) of MWCNTSs via I/
ratio value correlates with the electron coherent length (L) calculated on the base of magneto-
conductivity data for these samples. The I, /I ratio demonstrates almost linear dependence on
the diameter of MWCNTs. We observed such behavior of the 7, /I, ratio for two sets of nano-
tubes produced with two different types of catalysts (Fe,Co/Al,O3 and Co-Mn/Mg-Al with the
fixed ratio of active metals).® It should be mentioned that each type of catalyst provides the linear
dependence with its own specific slope. This implies that the nature of the active catalytic center
affects the structure of nanotubes synthesized. It can be explained by the differences in kinetics
and energy parameters of the main steps of MWCNT growth, namely (1) a decomposition of
ethylene on the active metal particle with the formation of carbon atoms and hydrogen evolution;
(2) a carbon atom diffusion (bulk and/or surface) to the interface of active metal particle with the
growing nanotube; and (3) a carbon atom insertion into a metal-carbon bond in the interface of
metal particle and nanotube. Despite the similarities of reaction mechanism of MWCNT syn-
thesis with a metal catalyst, the differences in their specific energetic parameters are significant
(an energy of M—C bonds, a carbon diffusion coefficient D, and so on). As a result, each type of
catalyst component provides the formation of specific carbon deposits with the characteristic size
of graphene flakes. As a consequence, MWCNTs synthesized in different processes with a vari-
ety of catalysts are characterized by a significant variation of structure and quality.

We have also proposed that the walls of MWCNTSs may consist of the multidirectional gra-
phene flakes packed into a mosaic structure. This conclusion was done on the base of analysis of
conductivity measurements, Raman spectra, and mechanical properties of MWCNTs of different
diameters.® Therefore, these defects should be considered along with the traditionally marked
defects such as a misalignment of the walls, disruptions, poorly graphitized layers, and vacan-
cies. The data obtained in our Raman experiments confirm the size variation of graphene flakes
incorporated in any defect structures. Moreover, a high-temperature annealing of MWCNTs at
2400 to 3000 K results in the elimination of structural defects of nanotube walls.” In other words,
it leads to an increase of the graphene building block size. This statement was proved by a dra-
matic increase of I, /I, ratio (up to 10 times) after annealing and by the temperature depend-
ences of electrical conductivity and TEM images.’

In the present paper, we have studied properties of MWCNTSs produced with the Fe—Co
catalysts containing a variable Fe:Co ratio. The Raman spectroscopy and measurements of
the temperature dependence of conductivity, revealing the features associated with changes
in MWCNT structure, were applied for measurement depending on the ratio of active metals
to catalyst.

2 Experimental Procedure

MWCNTSs were grown using catalysts with a variable composition of active Fe—Co alloy.®
Catalysts Fe — Co/Al,O; were prepared with the Pechini method.’ It is based on the preliminary
distribution of metal ions (Fe, Co, Al) in a three-dimensional polymeric matrix. The annealing of
this matrix afterwards leads to the appearance of a system of mixed spinel-like oxides.'”
Different Co content in the Fe—Co alloy was used (0, 22, 25, 29, 33, 50, 60, 67, 71, 100 at.
%) during the synthesis of catalysts. MWCNT synthesis was carried out in a quartz tubular
reactor at 670°C in Ar/C,H, flow (400 sccm; 1:1; 15 min). The average diameter of
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MWCNTs was affected by the composition of the active Fe—Co alloy. MWCNT diameter dis-
tribution was monitored by TEM (JEM-2010). For each sample the diameter distribution was
estimated using 300-600 MWCNT images obtained by TEM at magnifications of x50,000
and x400,000.

The Raman spectroscopic analysis of multiwalled nanotube (MWNT) powders has been per-
formed with a Renishaw’s inVia Reflex spectrometer in microscopic configuration with the spec-
tral resolution of 2 cm™!. The radiation of Ar laser with the wavelength of 514.5 nm was used for
spectra excitation. The Raman spectra of MWNTSs have been recorded in three spectral regions:
D (disorder-induced), G (graphite), and 2D (two-phonon scattering) bands. All spectra were
normalized with respect to D-mode.

The electrical contacts were made by 0.1 mm silver wires. The temperature dependences of
conductivity ¢(7) of MWNTs produced with different types of catalysts were measured by a
four point-probe technique in the temperature range 4.2 to 300 K. For electrical measurements
the MWNT powder was pressed in a glass cylinder. Our previous studies of powder carbon
nanostructures carried out by this method''~'® showed a stability and reproducibility of conduc-
tivity measurement results.

3 Results and Discussion

3.1 Defective Structure of Multiwalled Carbon Nanotubes

Such structural and topological defects of MWCNTSs as the planar fragments, Y-junctions, and
terminated and curved walls can be observed by HRTEM (Fig. 1). The latter can be referred to
the presence of penta- and heptagon units in the “hexagonic” structure of sp’-carbon.
Nevertheless, it is not possible to distinguish between the presence of sp*>-bonded carbon or
the missing atoms in the lattice using HRTEM. Moreover, this method does not provide quan-
titative information of the defective structure of nanotubes.

However, the abovementioned defects imply the presence of ideal structure islands within the
nanotube wall. Previously, we have shown the interconnection of these islands via the grain
boundary mechanism (Fig. 2). In the case of the sp-carbon structure the grain boundaries imple-
ment through the penta- and heptagon sequences on the boundaries between the ideal structure
islands."”

The “graphene-building block™ structure of nanotube walls can be indirectly observed by
x-ray diffraction with synchrotron radiation (XRD patterns not presented here). While a coher-
ence length of C (002) reflex can be considered as the thickness of nanotube walls, the coherence

Terminated
walls >

Penta- and heptagons
<——-—————— Y-junction

Fig. 1 HRTEM image of MWCNTSs produced with Fe,Co catalyst. The presence of some defects
in MWCNT structure is shown.
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Fig. 2 The scheme of the nanotube wall consisted of graphene building blocks connected via a
grain boundary mechanism. The border consisted of hepta- and pentagons as shown in the inset.

length of C (100) reflex can be referred to the size of nondefect sp>-carbon in the plane of the
nanotube walls. In other words, this can be considered as an effective size of the ideal graphene
sheets within the nanotube. However, a turbostratic structure of MWCNTs prohibits a quanti-
tative description of nanotube texture by XRD data. Nevertheless, it still provides only a quali-
tative information.

Thereby, only Raman spectroscopy can provide a bulk quantitative estimation of the defect
concentration in the nanotube wall.

3.2 Optical Studies

The so-called “radial breathing modes” (RBM) are normally used for characterization of single-
wall carbon nanotubes. The positions of these bands of low frequency are determined by the
geometric parameters of nanotubes. The Raman features associated with RBM for MWCNTs
usually have too small a shift to be observed. The Raman signal of small diameter inner tubes
could be detected under the exact resonance excitation. We have observed no signal in the spec-
tral range of RBM. Therefore, major attention has been paid to the D, G, and 2D bands in the
Raman spectra. The presence of a D band with the frequency of 1350 cm™ is related to a dis-
order-induced breaking of Raman selection rules for small graphene or graphite fragments, the
presence of a G band (1580 cm™') corresponds to tangential modes of sp? carbon lattice, and a
2D band (2680 cm™!) corresponds to two-phonon scattering. However, the intensity ratio of
these modes was of greatest interest. We have already mentioned that the slope of I,p/Ip
dependence on the nanotube diameter reflects the difference in the nature of changes in the defect
MWNTs produced using various types of catalysts.®

Figure 3 shows the Raman spectra of MWCNTSs produced with Fe—Co catalysts with a var-
iable ratio of active metals. The increase of Fe content results in the increase of intensity of 2D
Raman lines, while there are almost no variations in the intensities of D and G. Figure 4 dem-
onstrates the dependence of intensity ratio I, /I, on the ratio of catalysts to active components.

Thus, an increase of Fe content in the active catalyst component leads to the growth of I, /Iy
ratio, while the D-mode somewhat decreases with respect to the G-mode, indicating a decrease in
the number of defects. These results correlate with the data obtained in the study of the temper-
ature dependence of electrical conductivity. Namely, by increasing the Fe content in the catalyst,
the density of states at Fermi level N (Eg) increases, indicating a shortage of defect number in
MWCNTs (see below). Also, it should be noted that the ratio of intensities of considered Raman
modes (D, G, and 2D) may vary within one sample. This indicates the heterogeneity of the
material but does not change the overall trend.

Previously, we observed that I, /I ratio demonstrates almost linear dependence on the
diameter of MWCNTs.'® Thus, the dependence of the I,p /I ratio on catalyst composition
should be accounted not only for the chemical composition of active particles but also for
MWCNT diameter. Figure 5 shows the comparison of two sets of Raman data: (1) the
I,n/Ip ratio versus a mean diameter of MWCNTSs produced with the Fe-Co catalysts with
a variable ratio of active metal (this paper) and (2) the I,p /I ratio versus a mean diameter
of MWCNTs produced with the Fe—-Co catalysts with a fixed ratio of Fe and Co, equal to 2
(Fig 5, blue dashed line).'® The diameter of MWCNTSs produced with the catalysts with variable
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Fig. 3 The Raman spectra of MWNT synthesized on the basis of Fe-Co catalyst.
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Fig. 4 The dependence of intensity ratio /,n//p on the ratio of catalysts to active components
(Fe/Co).

Fe and Co ratio (while the atomic concentration of the active metal was fixed) increases with
growth of iron content. We obviously observe the deviation from the linearity of the 7, /Iy ratio,
being characteristic for the MWCNT set produced with the Fe—Co catalysts with a variable ratio
of active metal (this paper). It can be explained in terms of differences in kinetics and energy
parameters of the main steps of MWCNT growth characteristic for the element composition of
active alloys. This statement also supports our previous results discussed in Ref. 6.

The Raman data allow us to estimate a typical size of graphene fragments using the value of
the Ipp /I ratio. Tuinstra and Koenig'® presented the study showing the inverse proportionality of
the ratio of D and G band intensities to the in-plane crystallite sizes L,. Later, the influence of
laser photon energy has been detected®*?! and the general formula giving L, of nanographite
systems (for any excitation laser photon energy in the visible range) has been presented by
Cancado et al.”> For MWCNTSs produced with the catalyst containing different ratios of Fe/
Co, we have estimated L,(C) ~ 14 nm using their approach.”

3.3 Electron Transport Properties

The temperature dependences of conductivity ¢(7') of MWCNTSs produced with different types
of catalysts are shown in Fig. 6 in the temperature range of 4.2 to 300 K. For electrical mea-
surements, the powder MWCNTSs were pressed in a glass cylinder. Our previous researches of
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Fig. 5 The dependence of I,p/Ip ratio on the mean diameter of MWCNTSs produced with a Fe-
Co catalyst with a variable Fe-Co ratio (red line). Fe content in the Fe-Co alloy grows along with
the nanotube diameter. The blue dashed line represents the influence of the /op//p ratio on
MWCNT mean diameters of active Fe,Co catalyst particles.’® The green dashed line corre-
sponds to the dependence of diameter (with active pure Fe and pure Co catalyst particles)
on the I,p/Ip ratio.
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Fig. 6 The temperature dependences of conductivity ¢(T) of MWNTs produced with different
types of catalysts.

powder carbon nanostructures carried out by this method showed the stability and reproducibil-
ity of such conductivity measurement results.

MWCNTSs show a temperature dependence of conductivity as 6(T) ~ exp(=T~'/?) (Fig. 6),
which can be described within the Coulomb blockade theory (Efros—Shklovskii variable range
hopping model [ES] of conductivity) or within the quasi one-dimensional (1-D) variable range
hopping conductivity (VRHC) (Mott low):

o(T) = 6o exp[(=To/T)"/?], (1
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where o, is constant, Ty = Cyguc@ '/kgN(Eg), Cyruc~1 for 1-D VRHC,
Ty = Tgs = Crpsa> /kgN(Eg), Cgs = (2.8/4x), a”! is the length on which the amplitude of
the wave function falls down (a~! ~ 10 A), N(Eg) is the density of localized states at the
Fermi level Ef, and kg is the Boltzmann constant. It is worthy of notice that for both mechanisms
of dependence [Eq. (1)] (1-D WRHC or ES) the inversely proportional dependence of N(Eg) on
the parameter T, takes place. From N(Er) it is possible to estimate the current carrier concen-
tration n from the ratio n ~2/3 N(Eg)/Ek.

As can be seen from Fig. 4, all curves are linear in co-ordinates In(s) versus 7~'/2 [co-ordi-
nates of dependence (1)] at temperature 7 < 70 K.

Using the results of experimental data approximations (Fig. 7) from Eq. (1) we have deter-
mined the N(Eg)—the density of localized states at the Fermi level Ef. for all samples. Using the
ratio N(Eg) ~3/2 - n - Eg (Ep ~ 0.1 eV), we have also estimated the current carrier concentra-
tion n from the obtained N(Eg) (Fig. 8).

Thus, an increase of Fe content in the catalyst results in the increase of concentration for
current carriers, which, in turn, indicates a decrease of MWCNT defectiveness. These results
correlate with the data obtained with the Raman spectroscopy. The ratio of I, /I increases
and the D mode decreases with respect to the G mode when the Fe content in the catalyst
increases, which also points to the reduction of defect number.
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'

-

o
1

IN(o(T)/5(298))

Cobalt content (at. %):

—100% 75%
154 —— 67% ——60%
— 50% ——40%
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— 25% —22%
-2.04
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0.1 0.2 0.3 0.4
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Fig. 7 The dependences of logarithm conductivity In(s) on T-'/2 of MWNTSs produced with differ-
ent types of catalysts. The straight line shows the approximation of experimental data by Eq. (1).
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Fig. 8 The dependences of current carrier concentration for MWCNTSs on the Co content in Fe-Co
alloy active particles of MWCNT synthesis catalyst.
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4 Conclusion

In this paper we show that MWCNT defectiveness is a function of Fe—Co catalyst composition.
Thus, the increase of Fe content in the active component of the Fe—Co catalyst results in the
increase of current carrier concentration. This, in turn, indicates a decrease of MWCNT defec-
tiveness. These results correlate with the data obtained with Raman spectroscopy. The ratio of
I,p/Ip increases and the D mode decreases with respect to the G mode when the Fe content in
the catalyst increases. This also points to the reduction of the number of defects (with the size of
graphene fragment). The ratio of I, /I correlates with the size of graphene fragments.
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