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Growth dynamics of single-wall carbon nanotubes (SWCNTs) have been studied with nickelocene as a pre-
cursor encapsulated in the interior of template SWCNTs. By means of multi-laser Raman spectroscopy,
growth curves of nine different SWCNTSs, (8,8), (12,3), (13,1), (9,6), (10,4), (11,2), (11,1), (9,3) and (9,2), have
been determined upon in situ annealing at various temperatures. The data reveal that the nanotubes grow

through fast and slow reaction pathways with high and low activation energies, respectively. While the

activation energy of the slow growth is independent of the nanotube’s chiral vector, that of the fast
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1 Introduction

The exceptional properties of single-wall carbon nanotubes
(SWCNTs)" can find applications in various fields.>* Although
progress made thus far on the synthesis of SWCNTs and post-
synthesis purification techniques®® is remarkable with regard
to large yield and high purity, it remains a challenge to syn-
thesize single-chiral vector nanotubes on a bulk scale.”™* The
chemical vapor deposition (CVD) method has shown potential
for chirality control as a greater abundance of large chiral
angle SWCNTs was observed with this method."*"® Chirality
control at the nucleation stage was demonstrated based upon
the catalyst composition and structure.”'**®

In situ observations on the growth of SWCNT forests by
means of optical absorption spectroscopy,’”'® optical
imaging'® and Raman spectroscopy®’>* have led to improved
understanding of the growth mechanism. A laser-induced
cold-wall CVD in situ growth was observed by Raman spec-
troscopy**>** and vapour phase epitaxy (VPE) (or cloning) was
observed by scanning electron microscopy.”* It was demon-
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growth exhibits a monotonic increase as the tube diameter reduces from ~1.1 down to 0.8 nm and no
dependency on the chiral angle, which can be attributed to the size-dependent properties of catalyst
clusters. The chirality dependent catalytic growth properties exploited in this study provide the basis for a
large-scale synthesis of single-chiral vector SWCNTSs.

strated that the rate of individual SWCNT growth increased
proportionally with the chiral angle, in agreement with theore-
tical predictions based on the dislocation mechanism of
SWCNT growth.>>¢

It was reported that the CVD growth rate for carbon fila-
ments and nanotubes could be limited by diffusion and mass
transfer in the gas phase, surface reactions on the catalyst, or
carbon diffusion through the catalyst bulk or over the catalyst
surface.”” In many works, the bulk carbon diffusion was
suggested to be the growth rate limiting process for carbon
filaments,*®* ' multi-wall carbon nanotubes (MWCNTs)*”*>73¢
and SWCNTs.'"®'° In contrast, the surface diffusion was
reported to be rate limiting for carbon filaments®” and
MWCNTs.>>?%41 In ref. 21 and 41-47, the surface reaction on
the catalyst was suggested to be rate limiting for MWCNTs*' >
and SWCNTs.>"*%%7

The activation energy is evaluated from the exponential
temperature dependence of the growth rate. Besides a large
variety in activation energy reported for carbon filaments
(0.23-1.68  eV)*®**"*”  and = MWCNTs  (0.23-2.09
eV),>7 327363874548 thogse for SWCNTs fall in the range of
0.38-2.8 eV.,'®1921:46:47:49,50 The reported values vary with the
type of catalyst and carbon feedstock, the definition of the
growth rate and the temperature region where the activation
energy is evaluated. Accordingly, suggested rate-limiting pro-
cesses are very different. A comprehensive understanding of
microscopic reaction processes is a prerequisite towards a
better controlled bulk synthesis of SWCNTs.

To the best of our knowledge, there are no experimental
reports on the activation energy of SWCNTs for a given chiral

This journal is © The Royal Society of Chemistry 2017
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vector, due to complexities in the bulk synthesis. In the
present work, we use SWCNTs as template nano-reactors in
which small diameter tubes grow from precursor nickelocene
(NiCp,) under ultra clean conditions.”™**> This method allows
as precise as possible control over the nanotube diameter and
chemical composition of the catalyst and carbon feedstock
without deactivations. From in situ Raman spectroscopy,
growth dynamics of nine different SWCNTs, (8,8), (12,3),
(13,1), (9,6), (10,4), (11,2), (11,1), (9,3) and (9,2), with diameters
in the range of ~0.8 to 1.1 nm, have been revealed on a much
longer time scale (several minutes to tens of hours) at much
lower temperatures (480-600 °C), compared to those for the
conventional CVD synthesis. The growth curves are decom-
posed into two exponential growth functions with fast and
slow growth rates, both of which increase exponentially with the
temperature, from which two activation energies are deter-
mined. It is found that the higher activation energy for the fast
growth decreases monotonically with the tube diameter, while
the lower activation energy shows no clear dependency. The
former is attributed to the size-dependent catalytic activity of
encapsulated carbide clusters. As a consequence, small-
diameter SWCNTSs can grow at temperatures as low as 400 °C so
that no vacuum would be required. This provides facile means
towards post-synthesis tuning of SWCNT’s electronic properties.

2 Experimental section
2.1 Preparation of SWCNT films

SWCNTs synthesized by the enhanced direct injection pyrolytic
synthesis (e-DIPS) method were used as a starting material.>
Thin films were made as follows. Typically, 3 mg of the as-
grown SWCNT material were dispersed in 20 ml of toluene
(>99.5%, Carl Roth GmbH+Co. KG) by bath ultrasonication for
1 h and then filtered through a 4.7 cm diameter cellulose filter
membrane with a pore diameter of 0.2 pm (Millipore) using a
vacuum filtration setup. The SWCNT film on the membrane
was dispersed in 45 ml of methanol (>99.5%, Carl Roth
GmbH+Co. KG) by ultrasonication for a few minutes. After the
membrane was removed, the methanol solution of the SWCNT
was further ultrasonicated for 30 min. 9 ml of the prepared
solution was filtered through a 2.5 cm diameter cellulose filter
membrane with a pore diameter of 0.2 pm (Millipore). As soon
as the methanol was evaporated, the SWCNT film (a mass of
about 0.6 mg and a diameter of 1 cm) was peeled off the
membrane.

2.2 Filling of SWCNT films with nickelocene

Prior to the filling, the nanotube films were oxidized in air at
500 °C for 1 h. Nickelocene in a vacuum starts to sublime at
50 °C above which it also decomposes. The vapor transfer
method described in the following allowed SWCNT films to be
exposed to a nickelocene vapour without being contaminated
with decomposed materials. A borosilicate glass tube (outer
diameter 6 mm, inner diameter 3 mm, length ~10 c¢m) con-
taining nickelocene powder (99%, Strem Chemicals Inc.) at its
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closed end and a oxidized SWCNT film in the middle of the
tube was evacuated with a vacuum chamber equipped with a
turbomolecular pump (Pfeiffer vacuum) to a vacuum pressure
better than 10~° mbar and then sealed with a blow torch. One
side of the sealed glass tube including the nickelocene powder
and SWCNT film was wrapped with a heating wire
(Thermocoax heating element with a Ni-Cr alloy core, MgO
insulant and stainless steel sheath) connected to a laboratory
power supply (Heinzinger or TDK-Lambda). Maintained at
50 °C, the nickelocene slowly sublimes and deposits at the
cold end of the glass ampoule. Typically after 12-24 hours, all
metallocene was transferred to the cold end. Then, the
ampoule was flipped and the other side was heated. This pro-
cedure was repeated 5-10 times. Finally, the ampoule was
opened in a glove box.

2.3 Transmission electron microscopy

The nickelocene-filled SWCNT samples for high-resolution
transmission electron microscopy (HR-TEM) and annular dark
field (ADF) scanning TEM (STEM) imaging were dispersed in
n-hexane by ultrasonication and dropped onto molybdenum
microgrids coated with holey amorphous carbon films. JEOL
JEM-2100F and ARM-200F microscopes were operated at elec-
tron accelerating voltages of 60 and 80 kV, respectively. Each
sample was maintained at 200 °C inside the microscope to
prevent contamination during (S)TEM observation.

2.4 In situ Raman spectroscopy

A metallocene-filled SWCNT film (about 3 mm x 3 mm) was
placed in between two quartz plates inside a flat quartz tube
(QSIL GmbH) closed at one end. Then, the quartz tube was
evacuated with a turbomolecular pump (Pfeiffer vacuum) that
provided a vacuum pressure better than 10™° mbar and placed
so that the nanotube film was positioned under an objective
(50%) of a Raman spectrometer (Horiba Jobin Yvon LabRAM
HR800). A section of the quartz tube including the nanotube
film was heated with a home-built heating tube made out of a
resistive heating wire connected to a power supply (Xantrex)
with a temperature controller (Eurotherm). The temperature
was measured on the quartz tube next to the sample with a
thermocouple (type K) made from Ni-Cr and Ni-Al alloy wires
(Omega Resistance Wire). The sample was heated sequentially
for periods of time ¢ = 2 + 2" (min), where n = 1, 2, 3, ..., 12.
The first term is the time required for heating the sample up
to a set temperature. After every annealing step was finished,
the heater was slid off the quartz tube and Raman measure-
ments were carried out on the sample at room temperature.
Seven different samples were used for the measurements at
seven different temperatures of 480, 500, 520, 540, 560, 580
and 600 °C.

Raman spectroscopy was performed with a Horiba Jobin
Yvon LabRAM HRS800 spectrometer adapted for multi-
frequency measurements, as described in ref. 54. The system
was equipped with an internal He-Ne laser operated at a wave-
length of 633 nm (an energy of 1.96 eV) and an external
tunable Ar-Kr mixed gas laser (Coherent Innova 70c) operated
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at a wavelength of 568 nm (an energy of 2.18 eV). These laser
wavelengths were chosen for two reasons. Firstly, inner tubes
with chiral vectors of our interest are in resonance. Secondly,
the radial breathing mode (RBM) frequencies of the inner
tubes in resonance to each laser are well separated from one
another. RBM peaks were fitted with Voigtian functions using
PeakFit v4.12. All Raman spectra were normalized to the area
intensity of the G-band (1350-1700 cm™).

3 Results

3.1 Transmission electron microscopy

Nickelocene-filled SWCNTs (NiCp,@SWCNT) were character-
ized by means of TEM to evaluate the effect of annealing on
the inner structures. Fig. 1 shows the HR-TEM and ADF-STEM
images of the annealed samples. Nickel clusters derived from
nickelocene inside SWCNTs by annealing give a dark and a
bright contrast in the HR-TEM and ADF-STEM images, respect-
ively. Fig. 1a shows that small nickel clusters with diameters of

200°C 500°C

700°C

Fig. 1
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around 1 nm are formed inside SWCNTs by in situ annealing
at 200 °C. Pre-annealing of the nickelocene-filled SWCNTs at
higher temperatures yields larger nickel clusters with cylindri-
cal shapes, as shown in Fig. 1b and c. Also, paired parallel line
contrasts extend from one end of the clusters, visualising
inner tubes rooting from the metal catalysts. The lengths of
typical nickel clusters found inside SWCNTs pre-annealed at
500 and 700 °C are 3-5 and 10-20 nm, respectively. This indi-
cates that the reaction volume per inner tube increases with
temperature. Continuous exposure of the cylindrical nickel
clusters to electron beam irradiation causes their transform-
ation and migration to the outside of SWCNTs (see ESI
Fig. S17).

3.2 In situ Raman spectroscopy

Fig. 1d shows the temporal evolution of the Raman spectra of
NiCp,-filled SWCNTs in the RBM region upon vacuum anneal-
ing at 540 °C for 2-4094 minutes. The RBM frequency is scaled
inversely by the tube diameter. The outer-tube RBM lines are
observed at frequencies lower than 185 c¢cm™', which are

d Outer-tube RBMs 54OOC

Inner-tube RBMs.

4094
2046
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Raman shift, cm

(Top) HR-TEM and (bottom) ADF-STEM images of nickel clusters derived from nickelocene inside SWCNTSs by (a) in situ annealing at 200 °C,

(b, c) pre-annealing at (b) 500 °C and (c) 700 °C, respectively. Scale bars, 5 nm. (d) The temporal evolution of the RBM peaks of the nickelocene-
filled SWCNTSs upon in situ annealing at 540 °C for 2-4094 min, measured at a laser wavelength of 568 nm.
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upshifted by up to 10 cm™" upon filling with nickelocene, com-
monly observed for molecule-filled SWCNTs.>! Upon anneal-
ing, the outer-tube RBM peaks are shifted back to the original
frequencies of the pristine SWCNTs, and new RBM peaks
corresponding to inner-shell SWCNTs appear at frequencies in
the range of 205-295 cm™'. Note that the smaller diameter
tubes grow faster than the larger ones, indicating diameter-
dependent growth dynamics (see ESI Fig. S2 and S37).

In Fig. 2, the individual inner-tube RBM components are
singled out by fitting the spectra acquired with 568 and
633 nm lasers with Voigtian functions, labeled with the chiral
vectors and diameters assigned according to the Kataura plot
that correlates the RBM frequency and optical transition
energy of SWCNTs.>*” We identify nine different SWCNTs,
(8,8), (12,3), (13,1), (9,6), (10,4), (11,2), (11,1), (9,3) and (9,2),
with diameters in the range of 0.8-1.1 nm. See Table S17 sum-
marizing the chiral vector assignments.

In Fig. 3, the normalized area intensities of the nine RBM
peaks are plotted against annealing time at 540 °C. We see
that the (12,3) and (13,1) tubes grow fast within 514 minutes
and a slow growth continues at further annealing steps. The
growth of the (8,8), (9,6), (10,4) and (11,2) tubes are completed
after 514 minutes, the (11,1) tube - after 254 minutes, the (9,3)
and (9,2) tubes - after 126 minutes. These observations
demonstrate that the inner-shell carbon nanotubes grow
initially fast and then a slow growth takes place over a longer
period of time. Also, smaller diameter tubes grow faster. The
same trends are observed in growth curves obtained at other
temperatures, see ESI Fig. S4.7

3.3 Modeling and evaluation of growth rates

Apparently, the observed growth curves do not follow a self-
exhausting growth model that was frequently adapted for the
catalyst lifetime-limited SWCNT growth by the conventional
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Fig. 3 The normalised RBM area intensity versus annealing time for the
(8,8), (12,3), (13,1), (9,6), (10,4), (11,2), (11,1), (9,3) and (9,2) inner tubes
formed in NiCp,-filled SWCNTSs at 540 °C. The solid curves are fits using
eqgn (4).

CVD method,'®"??12324475% with the temporal evolution
expressed by C(t) = yor(1 — €77, where 7, is the initial growth
rate and 7 is the lifetime.

Here, we model the SWCNT growth with two different
growth rates a and p. a determines the fast growth at the
beginning and g determines the slow growth over longer
annealing hours. The set of first order linear differential
equations is given in eqn (1)-(3). The signs are chosen in a
way that meaningful a and f are always positive. The initial
amount of carbon that can be transformed into SWCNTs is
given by 4, (at ¢t = 0). A part A, = yA, of this carbon is
processed at the growth rate a and the remaining part
Ap, = (1 = y)A, of the carbon is processed at the growth rate

b 633 nm

(12,3)

d=1.081 nm T=5400C
t=514 min
(13,1)
> d=1.064 nm
D (11,1)
GC) d=0.909 nm
=

—_—

T T T
220 240 260

Raman shift, cm™

T
180 200

Fig. 2 The RBM peaks of SWCNTs formed inside template NiCp,-filled SWCNTs by annealing at 540 °C for 514 minutes, acquired at laser wave-
lengths of 568 nm (a) and 633 nm (b), fitted with Voigtian functions labeled with the assigned chiral vectors.
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B (0 <y <1). The amount of carbon in the form of SWCNTs
is given by C(t):

) (o 1)
WO _ _pay(e @)
dcl) __ (dale) day(o)
dt :_( dt c[ljt ) 3)

The solution of the system may be readily found by an expo-
nential ansatz:

C(t) = A1 —ye ™ — (1 —y)e ™).

(4)

This model fits well the experimental growth curves, as
shown in Fig. 3, allowing growth rates a and f to be evaluated.
Fig. 4a and b summarize a and f for the (8,8), (12,3), (13,1),
(9,6), (10,4), (11,2), (11,1), (9,3) and (9,2) tubes upon annealing
at temperatures ranging from 480 up to 600 °C. See Table S2
and Fig. S5 in the ESL{ For all identified nanotubes, « is on
average 16 times larger than f. Both diagrams show clearly two
general trends: both growth rates are greater (i) for small dia-
meter tubes and (ii) at higher temperatures.

< smaller diameters larger diameters ——»
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Studies on the CVD growth of nanotubes reported that the
diameter was defined by the size of catalyst particles.??3$°876
Reducing the size of catalyst particles or grains led to higher
growth rates of carbon filaments and nanotubes, regardless of
the type of catalyst,”®*>®*®® and smaller diameter nanotubes
exhibited higher growth rates.”®>® This was explained by the
increased catalytic activity of smaller diameter particles due to
their larger specific surface area, larger curvature of surface and,
consequently, greater number of active sites,*””*® increased
carbon solubility,***® shortened diffusion length of carbon
atoms to arrive at the growth site,> and modified electronic
structure.’” In the present case, the catalyst particle is confined
inside the template SWCNTs. The diameter of the growing inner
tube is optimally defined by the diameter of the outer nanotube
and the van der Waals distance between the outer and inner gra-
phene layers of double-wall carbon nanotubes (DWCNTS)
(0.67 nm).>* In analogy to the CVD process, the increased
growth rates for smaller diameter tubes can be attributed to the
increased catalytic activity of smaller metallic particles.>>

It should be noted that although the correlation between
the growth rate and the chiral angle was reported in the CVD
synthesis of SWCNTs,>*>* the present results show no clear
dependence on the chiral angle, see ESI Fig. S5.f This indi-
cates that diameter control by encapsulation has no selectivity
towards smaller or bigger chiral angles.
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I (9,2) d=0.800 nm 6=9.7
124 M (9,3) d=0.853 nm 6=13.8 600 580 560 540 520
T (11,1) d=0.909 nm 0=4.3 , L X p X X
£ 101 mm = = 2]
£ I (11,2) d=0.955 nm 0=8.1 _
= I (10,4) d=0.983 nm 6=16.0 E, =23620.16 eV
2 081 N (96)d=1028 nm0=233 E =153t0.21 eV
 ha (13,1) d=1.064 nm 6=3.7 5 B
g I (12,3) d=1.081 nm 6=10.8
o =1. =30.
& 04| W (38)d=1.089nm 6=30.0 In & ’
0.2 -4
)
QL
0.0 —I i E
480 500 520 540 560 580 600 e
Temperature, °C s -5
1)
i ) o
b 012 < smaller diameters larger diameters ——» E) i
I (9,2) d=0.800 nm 6=9.7 £ -6
0.104{ M (9,3) d=0.853 nm 6=13.8
= (11,1) d=0.909 nm 0=4.3 |
€ 00s] I (11,2) d=0.955 nm 6=8.1 n B
e I (10,4) d=0.983 nm 6=16.0 74
2 o] T (9,6)d=1.028 nm 6=23.3
|-l (13,1) d=1.064 nm 0=3.7
I (12,3) d=1.081 nm 6=10.8 _
§ 0041 N (8,8) d=1.089 nm 0=30.0 -84 (13,1), d=1.064 nm
0.024 T T T T T
0.00116  0.00120 0.00124
o= =1 |
0.00 T r 1/T, K

520 540

Temperature, °C

560

580 600

Fig. 4 Column bar diagrams summarizing evaluated growth rates « (a) and g (b) of the (8,8), (12,3), (13,1), (9,6), (10,4), (11,2), (11,1), (9,3) and (9,2)
inner tubes at different annealing temperatures. At every annealing temperature, the column bars of the smallest diameter tubes are placed at the
leftmost side and the ones of the largest diameter tubes — at the rightmost side. The column bars are color-coded: different shades of blue reflect
the chiral angles of inner tubes. The lightest shade of blue belongs to the smallest chiral angle and the darkest — to the biggest chiral angle of inner
tubes. (c) Logarithmic growth rates a and f versus inverse annealing temperature for the (13,1) inner tube, fit to eqn (6) with activation energies of

E, =236+ 0.16 eVand Eg = 1.53 + 0.21 eV, respectively.
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3.4 Activation energy

Fig. 4a and b show an exponential increase of growth rates a
and g for all assigned nanotubes with increasing annealing
temperature. The same trend was observed for the CVD growth
of carbon filaments** "% and nanotubes,>*38:41:46:47:50.70 g q
it indicates that the catalytic nanotube growth is a thermally-
activated process in which the growth rate versus temperature
obeys the Arrhenius equation:”*

_ By
vy =Be kT, (5)

where y is the growth rate of nanotubes, E, is the activation
energy of the nanotube growth, kg is the Boltzmann constant,
T is the absolute temperature and B is a proportionality
coefficient.

Eqn (5) is also written as:

E,*P

In(y) = - %ol

+In(B), (6)

highlighting the linear dependence of the logarithmic growth
rate In(y) on the inverse temperature 1/7.

In Fig. 4c, logarithmic growth rates a and g for the (13,1)
tube are plotted against inverse annealing temperature. The
plots for other inner tubes are presented in Fig. S6 in the ESL.{
Every point in these plots corresponds to a data bar as shown
in Fig. 4a and b. The data fit well with linear functions (Fig. 4c
and S61) so that E, and E for all nanotubes can be deter-
mined, as summarized in Table S3 in the ESL{

In Fig. 5, E, and Ej are plotted against the tube diameter (a)
and chiral angle (b). Panel (a) demonstrates that E, (2.02-2.57
eV) is higher than Ej (1.23-1.84 eV), and E, increases mono-
tonically with increasing the diameter while Ej; is constant
within the limits of experimental accuracy. Panel (b) certifies
that both activation energies are independent of the chiral
angle.
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4 Discussion

After an initial burst, the growth of inner tubes continues for
hours. Considering the stoichiometry of 1:10 (Ni: C) in NiCp,,
there should be a major excess of carbon as nanotubes start to
grow. In contrast, in the CVD synthesis, SWCNTs usually stop
growing after several tens of minutes due to the deactivation of
the catalyst (the encapsulation of the catalyst particle by a pas-
sivating carbon layer) and diffusion limitation of the gaseous
carbon precursor. The key difference of the inner tube growth
to the CVD growth is the well-shielded inner space of the host
SWCNTs where the formation of inner tubes takes place in an
undisturbed manner and the growth continues until no more
carbon is available.

The first part of excess carbon is processed rapidly at the
beginning and forms the inner tube at rate a. The other part of
carbon is transformed slower into the inner tube at rate 5. Two
different activation energies E, and Eg should be attributed to
different rate-limiting mechanisms.

4.1 Rate-limiting process

The activation energy reported previously for the growth of
SWCNTs is typically in the range of 1-3 eV for both the initial
growth and inverse lifetime (catalyst decay rate), which in
some cases depends strongly on the temperature range.

Generally, energies above 2 eV could be attributed to the
reaction at the gaseous carbon source-catalyst inter-
face,?"**%%47 while those below 1 eV to the surface diffusion of
carbon on the catalyst.*>*" !

The Ej values of 1.23-1.84 eV fit well into the energy range
of 1.43-1.74 eV reported for solid-state carbon diffusion
through face-centered cubic (fcc) nickel,*”””>”® and for carbon
solubility,”® yet the uniformity of Ej for different diameters
indicates another limiting mechanism for the slow growth
such as feedstock diffusion resistance or carbon transport
through the interior of nanotubes to reach metals as well as

b 28 . ; : ; ; :
26] E, (&8)}
24131 )} * ©6)

(11,2)
2.0

{(10,4)
18]
164
14

1.2

1.0 L T ¥ T ¥ T ¥ T ¥ T

0 5 10 15 20 25 30
Chiral angle, g

22
1 (11,1

(9,2)§ (9,3)§

Activation energy, eV

Fig. 5 Activation energies E, and Ej; for the growth of the inner tubes with chiral vectors of (8,8), (12,3), (13,1), (9,6), (10,4), (11,2), (11,1), (9,3) and
(9,2) plotted versus the tube diameter (a) and chiral angle (b). The dashed line is the linear regression line.
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mobile metal clusters that could merge with one another to
extend in length as they heal already made inner tubes.

In contrast, the monotonic increase of E, with the SWCNT
diameter suggests the catalytic activity of the clusters as its
origin. The decomposition of precursors and surface reactions
can be eliminated. It also suggests that the catalyst sustains its
solid state to some extent as carbon diffusion through liquid
metal is less likely to exhibit the size effect. However, the
values of 2.02-2.57 eV are much higher than 1.43-1.74 eV for
solid-state carbon diffusion through face-centered cubic (fcc)
nickel.

Generally, the activation barrier of carbon diffusion
through metal carbides is higher than through the pure
metal.®”%%%2 Nickel carbides are known to be metastable®
and decompose at temperatures higher than 400
A recent X-ray photoelectron spectroscopy (XPS) and TEM study
on nickelocene-filled SWCNTs elucidated that nickel carbide
(Ni5C) clusters are formed after annealing at 250-400 °C and only
metallic nickel after annealing at temperatures above 450 °C.%
Considering that the concentration of carbon is very high as
most of the inner tubes grow, so that Ni;C is most likely the
major component of the catalyst clusters in action. Thus, the
high values of E, can be attributed to the activation energy of
solid-state carbon diffusion through Ni;C.

Note that the diffusion of carbon through carbides is no
longer interstitial, but it is mediated by thermal vacancies in
the metal and carbon sub-lattices.®””®® This would further
increase the energy barrier.

o(,84-86

4.2 Size effect

The thermodynamic properties of clusters are altered as their
sizes reduce to the nanoscale. For instance, the Ni-C phase
diagram is largely size dependent. The eutectic point of nickel
drops with the cluster size.*” The melting point of metallic
nanoparticles can be significantly reduced by the size
effect®>®>°°*2 and carbon incorporation.®”°>** The depletion
can be inversely proportional to the particle size. All these
could result in lowered activation barrier for the growth of
smaller-diameter SWCNTs as we observe here. The important
finding is that in the interior of SWCNTs, the catalyst can be
thermally activated at unconventionally low temperatures. We
have observed that some inner tubes can be formed even at
400 °C at which template SWCNTs survive in air, see ESI
Fig. S7.}

5 Conclusions

We have shown that in the interior of template nanotubes,
SWCNT growth is controlled at an unprecedented level so that
its activation energies could be determined for nine different
chiral vectors. Provided that sophisticated single-chirality sep-
aration,® inner-tube extraction® and cloning®* techniques are
available, the monotonic diameter dependence of the acti-
vation energy found in this study would pave the way towards
synthesis of single-chiral vector SWCNTSs on a bulk scale. Also,
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DWCNTs with defined inner-tube chiral vectors serve as tem-
plates for the synthesis of one-dimensional atom chains.”™’
In addition, one immediate application of the encapsulated
nanotube growth would be the formation of SWCNTs in air.
Our preliminary result demonstrates that this is indeed poss-
ible for the (7,6) and (10,2) tubes, see ESI Fig. S7.1 Combined
with binary metal alloys with even lower eutectic points to be
sought, our method would allow template nanotube networks
on electronics to be tuned with regard to their optical and elec-
trical transport properties without pricey vacuum chambers
and other means like focused ion/electron beams. Patterned
formation of inner tubes could also be possible by means of
focused laser annealing in air.
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