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Abstract: We have investigated the effects of temperature, diameter and metal catalyst type on the
growth of inner nanotubes inside metallocene-filled single-walled carbon nanotubes (SWCNTs). The
effects on the yield of different chiralities of inner nanotubes were scrutinized by multifrequency
Raman spectroscopy. The investigated diameters range from ~0.7 to 1.3 nm and comprise 36 distinct
chiralities. For all three investigated metals (Ni, Co, Fe), there is a linear correlation of growth
temperature with nanotube diameter. The common slope for these metals is found to be 40.5 °C/A.
The temperature difference between the largest and the smallest diameter tubes amounts to ~230 °C
for all three precursors. The growth temperatures are offset by 34 °C from Ni to Co and another
28 °C from Co to Fe. The quantified correlations of temperature, diameter and metal catalyst type
provide the basis for engineering the diameter-specific growth of nanotubes.

Keywords: single-walled carbon nanotube; growth; metallocene; growth kinetics; Raman spectroscopy

1. Introduction

Single-walled carbon nanotubes (SWCNTs) possess unique chemical and physical
properties, which made them an object of investigations of many researchers [1]. The
synthesis methods of nanotubes in high yield and purity were developed. However,
modern methods of synthesis allow obtaining mixtures of nanotubes with inhomogeneous
properties due to the interconnectivity of synthesis parameters. Thus, a well-defined
system for synthesis with controlled parameters is required.

In 2005, the filling of SWCNTs with metallocene molecules was firstly demonstrated [2,3].
Later on, ferrocene [4-6], nickelocene [7], cobaltocene [8] and cerocene [9] were encapsulated
inside SWCNTs. In 2008, experiments with heating of ferrocene inside SWCNTs led to the
formation of double-walled carbon nanotubes (DWCNTs) [4]. It was revealed that metal
carbide or pure metal particles formed as a result of the decomposition of metallocene served
as a catalyst of the inner tube growth. There is significant experience and advancement in the
understanding of similarly complex nanostructured C-based compounds and the chemistry
of growth using the guidance of theoretical approaches [10-15].

Metallocene-filled SWCNTs serve as a catalyst source, carbon feedstock and container,
providing a shielded environment for the nanotube growth at the same time [4]. The diam-
eter of the inner tubes can be controlled by the choice of the pristine SWCNT material. The
growth properties of inner tubes inside the host SWCNTs were studied [16-19]. Qualitative
dependences of the growth temperatures of inner tubes on their diameter were reported.
However, a systematic investigation and quantitative study of the correlation between the
growth temperature, inner tube diameter and metal catalyst type is still lacking.

In this work, we close this gap by performing a systematic study of the temperature-
dependent growth of 36 inner tubes with the diameters in a broad range from ~0.7 to
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1.3 nm inside nickelocene- (NiCp;), cobaltocene- (CoCp;) and ferrocene (FeCp;)-filled
SWCNTs (Figure 1). The influence of the growth temperature and type of metal catalyst on
the diameter-specific growth of inner tubes is quantified. The growth temperature is found
to decrease linearly with decreasing the inner tube diameter. The temperature difference
between the largest and the smallest diameter tubes equals ~230 °C for all three precursors.
The growth temperatures of the inner tubes inside the CoCp,-filled SWCNTs are higher by
34 £ 6 °C, as compared to the NiCp,-filled SWCNTs, and the growth temperatures of the
inner tubes inside the FeCp,-filled SWCNTs are higher by another 28 £ 5 °C.
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SWCNT filled
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B e e e L
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Figure 1. The schematics of the synthesis process of DWCNTs from metallocene-filled SWCNTs.

2. Materials and Methods

Nickelocene and cobaltocene were observed to decompose at temperatures higher
than 60-70 °C. However, they were easily sublimated in a vacuum at temperatures as
low as 50 °C, without a noticeable decomposition. Therefore, the following technique
was used for the encapsulation of nickelocene and cobaltocene inside the nanotubes. The
SWCNTs were annealed in air at 500 °C for 1 h to open the nanotube ends. The pre-opened
SWCNT film and metallocene powder ((C5Hs),Ni or (CsHs),Co, 99%, Strem Chemicals
Inc., Bischheim, France) were placed into a glass tube (Pyrex, Chateauroux, France). This
procedure was performed in a glove box in an atmosphere of argon, because metallocenes
are easily oxidized in air. Then, the tube was connected to a turbopump (Pfeiffer vacuum)
that provided a vacuum better than 10~¢ mbar and evacuated for 20 min. After that, the
SWCNTs and metallocene powder were sealed into an ampoule. The ampoule was heated
at 50 °C for 5 days. After the filling experiment was finished, the ampoule was opened in a
glove box.

Ferrocene was observed to be stable at high temperatures and in air. Therefore, another
filling procedure was applied for its encapsulation into the SWCNTs. It led to a higher
filling degree of the nanotubes with ferrocene than the above-described procedure. The
pre-opened SWCNT film and ferrocene powder (98%, Aldrich, Darmstadt, Germany) were
placed into a Pyrex-glass tube that was then connected to the turbopump, evacuated for
20 min and sealed into an ampoule. The ampoule was heated up to 350 °C, kept at this
temperature for 42 h and then cooled down with the furnace to room temperature. After
that, the ampoule was opened. The filled nanotube samples are labeled MCp,@SWCNT,
where M = Ni, Co and Fe.

The annealing of the metallocene-filled nanotube samples was performed using a tube
furnace (Carbolite, Neuhausen, Germany) connected to a turbopump (Pfeiffer vacuum,
Vienna, Austria), providing a vacuum better than 10~® mbar. The furnace was heated up to
annealing temperature, which ranged between 400 and 1200 °C, kept at this temperature
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for 2 h and then switched off. The annealed samples were kept in a glove box under
argon atmosphere.

The nanotube films obtained after annealing were studied by multifrequency Raman
spectroscopy using the Horiba Jobin Yvon LabRAM HR800 spectrometer (Tulln, Austria)
adapted for multifrequency measurements, as described in [20]. The system is equipped
with an internal He/Ne laser operating at a wavelength of 633 nm (energy of 1.96 eV)
and an external tunable Ar/Kr mixed gas laser (Coherent Innova 70c, Dieburg, Germany)
operated at wavelengths of 458, 488, 514, 531, 568 and 647 nm (energies of 2.71, 2.54, 2.41,
2.34,2.18 and 1.92 eV, respectively). For the measurements, the samples were attached to a
sticky aluminum foil. The spectra were recorded in the range from 50 up to 3000 cm 1. A
constant incident laser power of 0.5 mW, a 1000 um pinhole, a 100 um slit and a 600 mm !
grating were used. The measurement of the complete spectral range was performed in a
multiwindow regime. Every window was measured during 5 s, 12 times. One measurement
lasted for about 7 min. Additionally, samples were studied using a Brucker RFS 100/S FT
spectrometer (Nd:YAG laser) (Billerica, MA, USA) with a wavelength of 1064 nm (1.17 V).
A constant incident laser power ranging between 100 and 150 mW was used. Every
spectrum was acquired in the range from —1400 to 3500 cm~! with 4000 scans. The spectral
resolution was 1 cm~!. The measurement time was about 6-8 h. The measurements were
performed at room temperature in air.

The radial breathing mode (RBM) bands of the Raman spectra were fitted using
PeakFit v4.12. For the comparison of the complete range spectra acquired at different laser
wavelengths, they were normalized to the area intensity of the G-band (between 1350 and
1700 cm™ 1), in order to exclude effects of differences in focusing.

3. Results
3.1. SEM and TEM Studies

The morphology of the pristine SWCNTs was investigated by microscopic techniques.
Figure 2 shows the scanning (SEM) [21] and transmission electron microscopy (TEM) data
of the pristine SWCNTs [22]. The data show that the SWCNTs represent homogenous
material and have a high purity.

EHT = 10.00 kv Signal A = SEZ

e pm
i T Ll Photo No. = 5902

Figure 2. The SEM (a) (reprinted from [21], under the terms of the Creative Commons CC BY license)
and TEM (b) images of the pristine SWCNTs (reprinted with permission from Springer, Applied
Physics A, Kharlamova et al., Growth dynamics of inner tubes inside cobaltocene-filled single-walled
carbon nanotubes) [22]. Copyright 2016).
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3.2. Multifrequency Raman Spectroscopy Studies on Inner Tube Growth

Multifrequency Raman spectroscopy was used to analyze the diameter distribution of
inner tubes obtained from annealing NiCp;-, CoCp;- and FeCp;-filled SWCNTs. The use
of multiple wavelengths allows combining the data from different resonance windows in
the Kataura plot [23]. The peak positions of the RBM-band (wgrp) scales with the inverse
nanotube diameter (d;) were obtained as:

227
WRBM = - 1+ Cdz, 1)

where C = 0.05786 nm 2 [24]. The RBM frequencies mark all nanotube diameters, present in
a macroscopic sample. We reported the Raman spectroscopy data for the pristine SWCNTs
in our previous paper [25]. In RBM of SWCNTs, the peaks at frequencies between 120 and
210 cm ™! are observed, which correspond to diameters between ~1.2 and 2.1 nm [24]. The
strongest RBM peaks are at all excitation wavelengths located between 140 and 150 cm ™!,
which is in agreement with a mean diameter of SWCNTs of ~1.7 nm. In accordance with
the Kataura plot, the RBM peaks observed with laser wavelengths from 458 to 647 nm
can be assigned to electronic transitions between the 3rd and 4th van Hove singularities
in semiconducting SWCNTs, whereas the RBM as measured at 1064 nm is in resonance
with the 2nd van Hove singularities in semiconducting SWCNTs [23]. This assignment
is further backed up by the G-line showing the archetypical narrow Lorentzian profile of
bulk semiconducting SWCNTs [26-28].

Figure 3 demonstrates the RBM- and G-band regions of multifrequency Raman spectra
of NiCp,-filled SWCNTs annealed at 900 °C for 2 h. The spectra of DWCNTs obtained from
SWCNT filled with NiCp,, CoCp; and FeCp; are very similar. They show additional peaks
of inner tubes between 170 and 330 cm~!, which correspond to diameters between ~0.7
and 1.3 nm, respectively [24]. In contrast to the pristine SWCNTs, there are also metallic
inner tubes in resonance. The small-diameter inner tubes also give rise to an additional
10 cm~! downshifted component in the G-line.
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Figure 3. The RBM- and G-bands of the multifrequency Raman spectra of SWCNTs filled with
nickelocene heated at 900 °C for 2 h.
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3.3. Evaluation of Growth Temperatures of Inner Tubes

To evaluate growth temperatures of inner tubes, metallocene-filled SWCNTs were
heated at temperatures between 385 and 1000 °C for 2 h. The NiCp,-filled SWCNTs were
annealed at temperatures between 385 and 1000 °C, and CoCp,- and FeCp,-filled SWCNTs
were annealed at temperatures between 500 and 1000 °C. In these temperature ranges, the
growth of inner tubes occurred. The minimal temperature was chosen as the temperature
at which the growth of inner tubes starts. The maximal temperature was chosen as the
temperature at which the growth of inner tubes is completed.

The Raman spectra of the annealed samples were investigated. The changes in
the Raman spectra were used to quantify the relative yield of different diameter inner
nanotubes for NiCp,-, CoCp,- and FeCp,-filling. Figure 4 shows selected temperature
series for the different metallocenes at different wavelengths. As the very same inner
nanotubes meet the resonance conditions at a given wavelength irrespective of the used
metallocenes, the different metallocenes only differ in relative intensities of RBM peaks
for their different diameter-dependent yield of inner nanotubes. The RBM peaks of inner
nanotubes are identified according to the Kataura plot [23] and labeled in Figure 4. They
show an analogous dependence on annealing temperature. There is an onset temperature
where the RBM starts appearing, and then it increases until a saturation temperature. The
highest temperature of 1000 °C guarantees completed saturation in all cases. The saturated
inner tube RBM intensities match those of the outer nanotubes, and testify to a uniform
high-yield filling for all three different metallocenes. The growing RBM peaks of inner
nanotubes are concomitant with an additional signature in the G-band, which is attributed
to the downshifted components of the inner nanotubes. The data in Figure 4 also suggest
that there is a strong influence of inner tube diameter as well as a dependence on the metal
or metallocene type on the onset and saturation temperature of the inner tube growth.

For instance, with Ni in Figure 4a after heating at 385 °C, the RBM peaks of the (7,6),
(10,2), (6,5) and (7,3) tubes are observed. The peaks of the (16,2), (17,0) and (12,7) tubes
with the largest diameters only appear after annealing at 600 °C. The saturated intensity
of the peaks of the (6,5) and (7,3) tubes is reached at 450 °C, the (7,6) and (10,2) tubes—at
600 °C and the (16,2), (17,0) and (12,7) tubes—at 900 °C. With Co in Figure 4b, the joint
RBM of the (7,7), (8,5), (9,3) and (10,1) tubes is large after heating at 500 °C. Its intensity
saturates at 700 °C. The (13,6), (14,4), (15,2) and (16,0) tubes with greater diameters start
to be observed at a temperature of 600 °C, and their intensities saturate at 900 °C. With
Fe in Figure 4c, the RBM peak of the smallest diameter (11,1) tube only appeared in the
spectrum after annealing at 550 °C, and saturated at 600 °C. The peaks of the (12,3) and
(13,1) tubes have noticeable intensity after annealing at 600 °C and saturate at 800 °C.

Figure 5 presents the selected dependences of the intensity of the inner tube RBM
peak normalized to the outer tube peak intensity for the most intense RBM peaks visi-
ble in Figure 4. These are the (7,6) and (7,3) tubes obtained from NiCp;-filled SWCNTs
(Figure 4a or Figure 5a), the (16,0) and (9,3) tubes obtained from CoCp,-filled SWCNTs
(Figure 4b or Figure 5b) and the (13,1) and (11,1) tubes obtained from FeCp,-filled SWCNTs
(Figure 4c or Figure 5¢). In all cases, there is an onset temperature after which the RBM
is visible and a saturation temperature after which the intensity is constant. In all three
panels, these temperatures are notably lower for the smaller diameter inner nanotubes.
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Figure 4. The RBM- and G-bands of Raman spectra of (a) the empty SWCNTs, the nanotubes filled
with nickelocene and the filled SWCNTs heated from 385 to 1000 °C for 2 h acquired with the 1064 nm
laser (Eex = 1.17 eV), (b) the empty SWCNTSs, the nanotubes filled with cobaltocene and the filled
SWCNTs heated from 500 to 1000 °C for 2 h acquired with the 531 nm laser (E¢x = 2.34 eV) (reprinted
with permission from Springer, Applied Physics A, Kharlamova et al., Growth dynamics of inner
tubes inside cobaltocene-filled single-walled carbon nanotubes) [22]. Copyright 2016) and (c) the
empty SWCNTs, the nanotubes filled with ferrocene and the filled SWCNTs heated from 500 to
1000 °C for 2 h acquired with the 633 nm laser (Ecx = 1.96 eV). The chiral indexes of inner tubes
are indicated.
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Figure 5. The normalized intensities ratio, Linner tube / Touter tube- Plotted against annealing temperature
for (a) the (7,6) and (7,3) tubes formed inside the heated nickelocene-filled SWCNTs, (b) the (16,0) and
(9,3) tubes formed inside the heated cobaltocene-filled SWCNTs and (c) the (13,1) and (11,1) tubes
formed inside the heated ferrocene-filled SWCNTs. T(l; /2) is marked by dashed vertical lines.

The temperature, T(I; /), at which the intensity of the inner tube RBM peak reaches
half of its maximum after 2 h of annealing time was determined, as denoted by dashed
vertical lines in Figure 5. The T(I; /;) temperature equals 490 and 405 °C for the (7,6) and
(7,3) inner tubes, 730 and 540 °C for the (16,0) and (9,3) tubes and 635 and 565 °C for
the (13,1) and (11,1) tubes, respectively. The obtained plots in Figure 5 show a diameter-
dependence of T(I;;): the growth temperature becomes larger with increasing the tube
diameter. Moreover, the T(I; ;) temperatures reveal a dependence on the metal type in
the metallocene precursor. For the (7,6), (9,3) and (11,1) inner tubes with similar diameters
that are grown from the NiCp,-, CoCp,- and FeCp,-filled SWCNTs respectively, the T(I; /)
growth temperature increases gradually. This points to an increase of T(I; /,) temperatures
of inner tubes in line with Ni-Co-Fe.

3.4. Dependence of Growth Temperatures of Inner Tubes on Their Diameter and Metal Type

To investigate the full diameter- and metal type-dependence of the growth temperature
of inner tubes, the T(I; /;) temperatures were evaluated for the inner tubes observed in the
Raman spectra of the annealed NiCp,-, CoCp;- and FeCp;-filled SWCNTs acquired at all 8
laser wavelengths (Figure 3). Table 1 summarizes the detected inner tubes in the order of
increasing diameter and also T(I; /,) growth temperatures. For the tubes with the diameter
ranging from 0.703 to 1.264 nm, the T(I; /;) temperature varies between 405 °C for Ni and
770 °C for Fe. Figure 6 shows the plot of the T(I; ;) growth temperature versus the tube
diameter for the tubes formed inside the NiCp;-, CoCp,- and FeCp,-filled SWCNTs. It
demonstrates the linear increase of the growth temperature with increasing tube diameter.
The slopes are 40.7 4+ 3.2,40.5 = 3.1 and 40.4 £ 2.2 °C/A for Ni, Co and Fe, respectively.
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The linear fitting of the data reveals that the growth temperature of the inner tubes inside
the CoCp;-filled SWCNTs is higher by 34 + 6 °C as compared to the NiCp;-filled SWCNTSs,
and that the growth temperature inside the FeCp;-filled SWCNTs is higher by another
28 £ 5 °C. The temperature difference between the precursors is constant within the
considered diameter range of the inner tubes.

Table 1. The diameters (d;), chiral indexes (n, m), RBM peak positions, excitation laser wavelengths

(Aex) and evaluated T(I; ;) growth temperatures of the inner tubes observed in the Raman spectra of
the annealed NiCp,-, CoCp,- and FeCp,-filled SWCNTs.

T(yp), °C
dy, nm (n,m) RBM, cm—1 Aex, NIM Precursor
NiCp, CoCp» FeCp,
0.703 (7,3) 325 1064 405 500 500
0.778 (8,3) 295 647 515 500 555
0.823 (7,5) 279 647 510 515 550
0.834 8/4) 279 458 440 500 565
0.853 9,3) 267 514 480 530 567
0.853 9,3) 265 531 473 540 577
0.853 9,3) 269 568 520 560 550
0.878 (10,2) 264 1064 530 520 560
0.887 (7,6) 260 1064 490 520 554
0.895 (8,5) 258 514 500 564 570
0.895 (8,5) 255 531 490 530 570
0.909 (11,1) 253 458 530 548 600
0.909 (11,1) 254 633 520 535 565
0.909 (11,1) 256 647 550 570 565
0.928 (10,3) 251 647 540 530 565
0.954 7,7) 245 514 515 590 590
0.954 (7,7) 247 531 538 576 580
0.983 (10,4) 235 568 540 580 600
1.023 (13,0) 230 488 594 650 650
1.028 9,6) 226 568 550 580 640
1.031 (12,2) 225 488 564 660 660
1.058 (11,4) 221 458 560 572 625
1.064 (13,1) 219 633 600 595 635
1.064 (13,1) 219 647 605 620 640
1.081 (12,3) 214 633 540 600 640
1.081 (12,3) 216 647 560 600 645
1.089 (8,8) 215 568 610 600 650
1.100 (10,6) 212 458 595 605 640
1.142 (14,1) 207 514 620 667 675
1.157 9,8) 202 458 675 677 650
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Table 1. Cont.
T(yp), °C
di, nm (n,m) RBM, cm—1 Aex, NM Precursor
NiCp» CoCp» FeCp,

1.157 (13,3) 202 514 630 644 685
1.187 (14,2) 196 647 605 620 670
1.188 (12,5) 200 488 616 697 700
1.247 (12,6) 190 647 600 670 690
1.256 (16,0) 186 531 673 730 770
1.264 (15,2) 184 531 693 720 760

800 T T T T T T T T T T T

750
700 —
650

600 —

T(l,,) °C

550
500

450

400

0.7 0.8 I 0!9 I 110 I 111 I 1.2 l 13
Diameter, nm

Figure 6. T(I; /) plotted against the tube diameter for the tubes grown inside the annealed NiCp,-,
CoCp,- and FeCp,-filled SWCNTs, observed in the Raman spectra acquired at laser wavelengths
between 458 and 1064 nm. The linear fits of the experimental data (filled circles) are shown as
solid lines.

4. Discussion

The annealing of metallocene-filled SWCNTs leads to the decomposition of molecules
with the formation of metal carbides and pure metals [7,21,29,30]. The encapsulated
metal carbides and metals serve as catalysts for the inner tube growth. Thus, the growth
mechanism implies the stages of (i) decomposition of metallocene and (ii) growth of inner
nanotubes on the metal carbide and metal particles. In [21,29,30], it was revealed that
the growth mechanism of inner tubes includes two successive stages of the growth on
carburized and purely metallic catalytic particles. Each stage is characterized with different
growth rates and activation energies.

The obtained data reveal that the growth rates of the largest diameter tubes (d;~1.3 nm)
are the same as the ones of the smallest diameter tubes (d¢~0.7 nm) formed from the same
metallocene precursor if the growth temperature is increased by ~230 °C. This is caused
by increased catalytic activity of smaller diameter metallic particles [31,32]. Similar trends
were previously observed for ferrocene [4,12], nickelocene [13] and Pt (II) acetylacetonate-
filled SWCNTs [33,34], and for the CVD growth of carbon filaments and nanotubes [35-40].

The revealed offset of the growth temperature between nickelocene, cobaltocene and
ferrocene demonstrates that the growth rates of the same inner tubes with the cobaltocene
precursor are the same as the ones with the nickelocene precursor if the growth temperature
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is increased by 34 & 6 °C, and are also the same on Fe if the temperature is raised by another
28 + 5 °C. This temperature equivalence is in agreement with the reported diffusion rates
of carbon in metals [31,41]. If the growth temperature is sufficiently high, the catalytic
activity of smaller and bigger catalyst particles is high enough. The growth is then limited
by the rate at which carbon can be supplied to the catalyst particles. Unlike the catalytic
activity, the feed rate does not depend on the diameter.

We would reason that the growth rate is determined by the growth rate-limiting
process. This is at lower temperatures the catalytic activity and at higher temperatures
the diffusion rate of carbon. The rates should scale inversely with the T(I; /) growth time.
Therefore, in the regime where the catalytic activity is the limiting process, the growth rate
scales inversely with the radius.

It should be noted that significantly larger growth temperatures were reported for ce-
rocene [9] and Pt (II) acetylacetonate [33,34] precursors. Decreasing the growth temperature
of the inner tube opens the possibility to synthesize nanotubes under ambient conditions.
The revealed correlations also show that the growth rates are equivalent for 1.6 A larger
diameter nanotubes when switching from Fe to Ni. The obtained linear dependences
provide the proper scaling for equivalent changes in diameter, temperature and metal type
on the growth rates of nanotubes. If one of the three parameters is changed, the required
compensations in either of the other two are known.

The obtained nanostructures have unique electronic properties [5,7,9,18,19]. The fill-
ing of SWCNTs with metallocene molecules opens the way of n-doping of the nanotubes,
and the further annealing of the filled SWCNTs allows modifying the electronic prop-
erties of SWCNTs in a tailored manner. Combining the controlled growth kinetics of
inner SWCNTs [21,29,30] and tailored electronic properties of these nanostructures [42,43]
allows applying these systems in various fields, such as nanoelectronics, thermoelectric
power generation, catalysis, sensors, electrochemical energy storage, spintronics, magnetic
recording and biomedicine [44-47].

5. Conclusions

To summarize, a systematic study of the temperature-dependent growth of 36 inner
tubes with the diameters in a broad range from ~0.7 to 1.3 nm inside the nickelocene-,
cobaltocene- and ferrocene-filled SWCNTs was conducted. The growth temperatures,
T(I1/7), at which the intensity of the inner tube RBM peak in the Raman spectra reaches
half of its maximum were evaluated. The influence of the growth temperature and type of
metal catalyst on the diameter-specific growth of inner tubes was quantified. The growth
temperature was found to decrease linearly with decreasing the inner tube diameter. This
means that the smallest nanotubes grow the fastest. The temperature difference between
the largest and the smallest diameter tubes amounted to ~230 °C for all three precursors.
The growth temperatures increase in line with nickelocene-cobaltocene-ferrocene. The
growth temperatures of the inner tubes inside the CoCp;-filled SWCNTs were higher by 34
£ 6 °C, as compared to the NiCp,-filled SWCNTs, and the growth temperatures of the inner
tubes inside the FeCp,-filled SWCNTs were higher by another 28 + 5 °C. Therefore, for
controlling the diameter of inner tubes, one should choose an appropriate precursor and,
more importantly, the growth temperature. These findings provide the basis for tailoring
the diameter-specific growth of nanotubes.

Author Contributions: M.V.K. designed and performed the investigations; C.K. assisted in the
Raman spectroscopy measurements of the samples. All authors have read and agreed to the published
version of the manuscript.

Funding: M.V.K. acknowledges funding for postdocs with experience of international work in
leading research centers for conducting research in leading laboratories of the Moscow Institute of
Physics and Technology.

Data Availability Statement: The data are available on request from authors.

Acknowledgments: Open Access Funding by the University of Vienna.



Nanomaterials 2021, 11, 2984 11 of 12

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Saito, R.; Dresselhaus, G.; Dresselhaus, M.S. Physical Properties of Carbon Nanotubes; Imperial College Press: London, UK, 1998.

2. Guan, L; Shi, Z,; Li, M.; Gu, Z. Ferrocene-filled single-walled carbon nanotubes. Carbon 2005, 43, 2780-2785. [CrossRef]

3. Li, LJ.,; Khlobystov, A.N.; Wiltshire, ].G.; Briggs, G.A.D.; Nicholas, R.J. Diameter-selective encapsulation of metallocenes in
single-walled carbon nanotubes. Nat. Mater. 2005, 4, 481-485. [CrossRef] [PubMed]

4. Shiozawa, H.; Pichler, T.; Gruneis, A ; Pfeiffer, R.; Kuzmany, H.; Liu, Z. A catalytic reaction inside a single-walled carbon nanotube.
Adv. Mater. 2008, 20, 1443-1449. [CrossRef]

5. Shiozawa, H.; Pichler, T.; Kramberger, C.; Gruneis, A.; Knupfer, M.; Buchner, B. Fine tuning the charge transfer in carbon
nanotubes via the interconversion of encapsulated molecules. Phys. Rev. B 2008, 77, 153402. [CrossRef]

6.  Plank, W,; Pfeiffer, R.; Schaman, C.; Kuzmany, H.; Calvaresi, M.; Zerbetto, F.; Meyer, J. Electronic structure of carbon nanotubes
with ultrahigh curvature. ACS Nano 2010, 4, 4515-4522. [CrossRef]

7. Kharlamova, M.V,; Sauer, M,; Saito, T.; Sato, Y.; Suenaga, K.; Pichler, T.; Shiozawa, H. Doping of single-walled carbon nanotubes
controlled via chemical transformation of encapsulated nickelocene. Nanoscale 2015, 7, 1383-1391. [CrossRef]

8.  Fukumaru, T.; Fujigaya, T.; Nakashima, N. Development of n-type cobaltocene-encapsulated carbon nanotubes with remarkable
thermoelectric property. Sci. Rep. 2015, 5, 7951. [CrossRef]

9.  Shiozawa, H.; Pichler, T.; Kramberger, C.; Rummeli, M.; Batchelor, D.; Liu, Z.; Suenaga, K.; Kataura, H.; Silva, S.R.P. Screening the
missing electron: Nanochemistry in action. Phys. Rev. Lett. 2009, 102, 046804. [CrossRef]

10. Gueorguiev, G.K; Czigany, Z.; Furlan, A ; Stafstrom, S.; Hultman, L. Intercalation of P atoms in Fullerene-like CPx. Chem. Phys.
Lett. 2011, 501, 400-403. [CrossRef]

11.  Schmidt, S.; Greczynski, G.; Goyenola, C.; Gueorguiev, G.K,; Czigany, Z.; Jensen, J.; Ivanov, I.G.; Hultman, L. CFy thin solid films
deposited by high power impulse magnetron sputtering: Synthesis and characterization. Surface and Coatings. Technology 2011,
206, 646-653. [CrossRef]

12.  Gueorguiev, G.K.; Goyenola, C.; Schmidt, S.; Hultman, L. CF,: A first-principles study of structural patterns arising during
synthetic growth. Chem. Phys. Lett. 2011, 516, 62—67. [CrossRef]

13. Xie, K, Jia, Q.; Zhang, X.; Fu, L.; Zhao, G. Electronic and Magnetic Properties of Stone-Wales Defected Graphene Decorated with
the Half-Metallocene of M (M = Fe, Co, Ni): A First Principle Study. Nanomaterials 2018, 8, 552. [CrossRef]

14. Xie, K.; An, N.; Zhang, Y.; Liu, G.; Zhang, F.; Zhang, Y.; Jiao, F. Two-dimensional porphyrin sheet as an electric and optical sensor
material for pH detection: A DFT study. Comput. Mater. Sci. 2020, 174, 109485. [CrossRef]

15. Enriquez, J.; Villagracia, A. Hydrogen adsorption on pristine, defected, and 3d-block transition metal-doped penta-graphene. Int.
J. Hydrog. Energy 2016, 41, 12157-12166. [CrossRef]

16. Liu, X.J.; Kuzmany, H.; Saito, T.; Pichler, T. Temperature dependence of inner tube growth from ferrocene-filled single-walled
carbon nanotubes. Phys. Status Solidi B 2011, 248, 2492-2495. [CrossRef]

17. Briones, A.; Liu, X.J.; Kramberger, C.; Saito, T.; Pichler, T. Nanochemical reactions by laser annealing of ferrocene filled single-
walled carbon nanotubes. Phys. Status Solidi B 2011, 248, 2488-2491. [CrossRef]

18. Kharlamova, M.V.; Sauer, M.; Saito, T.; Krause, S.; Liu, X.; Yanagi, K.; Pichler, T.; Shiozawa, H. Inner tube growth properties and
electronic structure of ferrocene-filled large diameter single-walled carbon nanotubes. Phys. Status Solidi B 2013, 250, 2575-2580.
[CrossRef]

19. Kharlamova, M.V,; Sauer, M.; Egorov, A.; Kramberger, C.; Saito, T.; Pichler, T.; Shiozawa, H. Temperature-dependent inner tube
growth and electronic structure of nickelocene-filled single-walled carbon nanotubes. Phys. Status Solidi B 2015, 252, 2485-2490.
[CrossRef]

20. Fabian, G.; Kramberger, C.; Friedrich, A.; Simon, E; Pichler, T. A broadband and high throughput single-monochromator Raman
spectrometer: Application for single-wall carbon nanotubes. Rev. Sci. Instrum. 2011, 82, 023905. [CrossRef] [PubMed]

21.  Kharlamova, M.V,; Kramberger, C. Metal Cluster Size-Dependent Activation Energies of Growth of Single-Chirality Single-Walled
Carbon Nanotubes inside Metallocene-Filled Single-Walled Carbon Nanotubes. Nanomaterials 2021, 11, 2649. [CrossRef] [PubMed]

22. Kharlamova, M.V,; Kramberger, C.; Saito, T.; Shiozawa, H.; Pichler, T. Growth dynamics of inner tubes inside cobaltocene-filled
single-walled carbon nanotubes. Appl. Phys. A 2016, 122, 749. [CrossRef]

23. Kataura, H.; Kumazawa, Y.; Maniwa, Y.; Umezu, L; Suzuki, S.; Ohtsuka, Y.; Achiba, Y. Optical properties of single-wall carbon
nanotubes. Synth. Met. 1999, 103, 2555-2558. [CrossRef]

24. Araujo, PT,; Maciel, I.O.; Pesce, P.B.C.; Pimenta, M.A.; Doorn, S.K.; Qian, H.; Hartschuh, A.; Steiner, M.; Grigorian, L.; Hata, K.;
et al. Nature of the constant factor in the relation between radial breathing mode frequency and tube diameter for single-wall
carbon nanotubes. Phys. Rev. B 2008, 77, 241403. [CrossRef]

25. Kharlamova, M.V.; Kramberger, C.; Saito, T.; Pichler, T. Diameter and metal-dependent growth properties of inner tubes inside
metallocene-filled single-walled carbon nanotubes. Fullerenes, Nanotubes and Carbon Nanostructures 2020, 28, 20-26. [CrossRef]

26. Dresselhaus, M.S.; Dresselhaus, G.; Jorio, A.; Souza, A.G.; Saito, R. Raman spectroscopy on isolated single wall carbon nanotubes.
Carbon 2002, 40, 2043-2061. [CrossRef]

27.  Brown, S.D.M,; Corio, P.; Marucci, A.; Dresselhaus, M.S.; Pimenta, M.A.; Kneipp, K. Anti-Stokes Raman spectra of single-walled

carbon nanotubes. Phys. Rev. B 2000, 61, R5137-R5140. [CrossRef]


http://doi.org/10.1016/j.carbon.2005.05.025
http://doi.org/10.1038/nmat1396
http://www.ncbi.nlm.nih.gov/pubmed/15908958
http://doi.org/10.1002/adma.200701466
http://doi.org/10.1103/PhysRevB.77.153402
http://doi.org/10.1021/nn100615d
http://doi.org/10.1039/C4NR05586A
http://doi.org/10.1038/srep07951
http://doi.org/10.1103/PhysRevLett.102.046804
http://doi.org/10.1016/j.cplett.2010.11.024
http://doi.org/10.1016/j.surfcoat.2011.06.055
http://doi.org/10.1016/j.cplett.2011.09.045
http://doi.org/10.3390/nano8070552
http://doi.org/10.1016/j.commatsci.2019.109485
http://doi.org/10.1016/j.ijhydene.2016.06.035
http://doi.org/10.1002/pssb.201100116
http://doi.org/10.1002/pssb.201100114
http://doi.org/10.1002/pssb.201300089
http://doi.org/10.1002/pssb.201552206
http://doi.org/10.1063/1.3544023
http://www.ncbi.nlm.nih.gov/pubmed/21361609
http://doi.org/10.3390/nano11102649
http://www.ncbi.nlm.nih.gov/pubmed/34685090
http://doi.org/10.1007/s00339-016-0282-6
http://doi.org/10.1016/S0379-6779(98)00278-1
http://doi.org/10.1103/PhysRevB.77.241403
http://doi.org/10.1080/1536383X.2019.1671360
http://doi.org/10.1016/S0008-6223(02)00066-0
http://doi.org/10.1103/PhysRevB.61.R5137

Nanomaterials 2021, 11, 2984 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jorio, A.; Souza, A.G.; Dresselhaus, G.; Dresselhaus, M.S.; Swan, A K.; Unlu, M.S.; Goldberg, B.B.; Pimenta, M.A.; Hafner, ].H,;
Lieber, C.M,; et al. G-band resonant Raman study of 62 isolated single-wall carbon nanotubes. Phys. Rev. B 2002, 65, 155412.
[CrossRef]

Kharlamova, M.V.; Kramberger, C.; Saito, T.; Sato, Y.; Suenaga, K.; Pichler, T.; Shiozawa, H. Chirality-dependent growth of
single-wall carbon nanotubes as revealed inside nano-test tubes. Nanoscale 2017, 9, 7998-8006. [CrossRef] [PubMed]
Kharlamova, M.V,; Kramberger, C.; Sato, Y.; Saito, T.; Suenaga, K.; Pichler, T.; Shiozawa, H. Chiral vector and metal catalyst-
dependent growth kinetics of single-wall carbon nanotubes. Carbon 2018, 133, 283-292. [CrossRef]

Jourdain, V.; Bichara, C. Current understanding of the growth of carbon nanotubes in catalytic chemical vapour deposition.
Carbon 2013, 58, 2-39. [CrossRef]

Somorjai, G.A. Introduction to Surface Chemistry and Catalysis; Wiley: New York, NY, USA, 1994.

Shiozawa, H.; Kramberger, C.; Pfeiffer, R.; Kuzmany, H.; Pichler, T.; Liu, Z.; Suenaga, K.; Kataura, H,; Silva, S.R.P. Catalyst and
chirality dependent growth of carbon nanotubes determined through nano-test tube chemistry. Adv. Mater. 2010, 22, 3685-3689.
[CrossRef]

Shiozawa, H; Silva, S.R.P; Liu, Z; Suenaga, K; Kataura, H.; Kramberger, C.; Pfeiffer, R.; Kuzmany, H.; Pichler, T. Low-temperature
growth of single-wall carbon nanotubes inside nano test tubes. Phys. Status Solidi B 2010, 247, 2730-2733. [CrossRef]

Baker, R.T.K. Catalytic growth of carbon filaments. Carbon 1989, 27, 315-323. [CrossRef]

Bower, C.; Zhou, O.; Zhu, W.; Werder, D.J.; Jin, S.H. Nucleation and growth of carbon nanotubes by microwave plasma chemical
vapor deposition. Appl. Phys. Lett. 2000, 77, 2767-2769. [CrossRef]

Choi, Y.C; Shin, Y.M.; Lee, YH.; Lee, B.S.; Park, G.S.; Choi, W.B.; Lee, N.S.; Kim, ].M. Controlling the diameter, growth rate, and
density of vertically aligned carbon nanotubes synthesized by microwave plasma-enhanced chemical vapor deposition. Appl.
Phys. Lett. 2000, 76, 2367-2369. [CrossRef]

Chiang, W.H.; Sankaran, R.M. Relating carbon nanotube growth parameters to the size and composition of nanocatalysts. Diam.
Relat. Mater. 2009, 18, 946-952. [CrossRef]

Patole, S.P.; Kim, H.; Choi, J.; Kim, Y.; Baik, S.; Yoo, J.B. Kinetics of catalyst size dependent carbon nanotube growth by growth
interruption studies. Appl. Phys. Lett. 2010, 96, 094101. [CrossRef]

Cervantes-Sodi, F.; McNicholas, T.P.; Simmons, J.G.; Liu, ]J.; Csanyi, G.; Ferrari, A.C.; Curtarolo, S. Viscous state effect on the
activity of Fe nanocatalysts. ACS Nano 2010, 4, 6950-6956. [CrossRef]

Kim, N.S.; Lee, Y.T.; Park, ].H.; Ryu, H.; Lee, H.].; Choi, S.Y.; Choo, J.B. Dependence of the vertically aligned growth of carbon
nanotubes on the catalysts. J. Phys. Chem. B 2002, 106, 9286-9290. [CrossRef]

Kharlamova, M.V.; Kramberger, C.; Sauer, M.; Yanagi, K.; Saito, T.; Pichler, T. Inner tube growth and electronic properties of
metallicity-sorted nickelocene-filled semiconducting single-walled carbon nanotubes. Appl. Phys. A 2018, 124, 247. [CrossRef]
Kharlamova, M.V. Nickelocene-Filled Purely Metallic Single-Walled Carbon Nanotubes: Sorting and Tuning the Electronic
Properties. Nanomaterials 2021, 11, 2500. [CrossRef] [PubMed]

Zhao, Y,; Min, X,; Ding, Z.; Chen, S.; Ai, C; Liu, Z,; Yang, T.; Wu, X,; Liu, Y,; Lin, S.; et al. Metal-Based Nanocatalysts via a
Universal Design on Cellular Structure. Adv. Sci. 2020, 7, 1902051. [CrossRef]

Min, X.; Sun, B.; Chen, S.; Fang, M.; Wu, X.; Liu, Y.; Abdelkader, A.; Huang, Z; Liu, T; Xi, K,; et al. A textile-based SnO,
ultra-flexible electrode for lithium-ion batteries. Energy Storage Mater. 2019, 16, 597-606. [CrossRef]

Min, X.; Xiao, J.; Fang, M.; Wang, W.; Zhao, Y.; Liu, Y.; Abdelkader, A.; Xi, K.; Kumar, R.; Huang, Z. Potassium-ion batteries:
Outlook on present and future technologies. Energy Environ. Sci. 2021, 14, 2186-2243. [CrossRef]

Gao, C.; Min, X,; Fang, M.; Tao, T.; Zheng, X.; Liu, Y.; Wu, X.; Huang, Z. Innovative Materials Science via Machine Learning. Adv.
Funct. Mater. 2021, 2108044. [CrossRef]


http://doi.org/10.1103/PhysRevB.65.155412
http://doi.org/10.1039/C7NR01846K
http://www.ncbi.nlm.nih.gov/pubmed/28574066
http://doi.org/10.1016/j.carbon.2018.03.046
http://doi.org/10.1016/j.carbon.2013.02.046
http://doi.org/10.1002/adma.201001211
http://doi.org/10.1002/pssb.201000314
http://doi.org/10.1016/0008-6223(89)90062-6
http://doi.org/10.1063/1.1319529
http://doi.org/10.1063/1.126348
http://doi.org/10.1016/j.diamond.2009.01.010
http://doi.org/10.1063/1.3330848
http://doi.org/10.1021/nn101883s
http://doi.org/10.1021/jp021018u
http://doi.org/10.1007/s00339-018-1679-1
http://doi.org/10.3390/nano11102500
http://www.ncbi.nlm.nih.gov/pubmed/34684941
http://doi.org/10.1002/advs.201902051
http://doi.org/10.1016/j.ensm.2018.08.002
http://doi.org/10.1039/D0EE02917C
http://doi.org/10.1002/adfm.202108044

	Introduction 
	Materials and Methods 
	Results 
	SEM and TEM Studies 
	Multifrequency Raman Spectroscopy Studies on Inner Tube Growth 
	Evaluation of Growth Temperatures of Inner Tubes 
	Dependence of Growth Temperatures of Inner Tubes on Their Diameter and Metal Type 

	Discussion 
	Conclusions 
	References

