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Structure control such as diameter changes along single-walled carbon nanotubes (SWNTs) can be achieved in arrays of vertically
aligned (VA-) SWNTs by switching the feedstock during growth. The local nature of the macroscopic transition from one
diameter to another is then questioned as one can either envisage seamless transitions or discontinuous individual SWNTs.
Here, we demonstrate that encapsulated molecules can serve as markers to doubtlessly identify seamless interconnections in
macroscopic samples. A migration of nitrogen molecules inside continuous SWNTs is observed by bulk scale measurements on
double-layered SWNT array synthesized from different carbon/nitrogen feedstocks. The existence of N, molecules at the top of
the SWNT array proves continuous SWNTSs throughout double layered arrays with different diameters.

1 Introduction

Structure control of single-walled carbon nanotubes (SWNTs)
during the growth process is a long standing goal. It can
be achieved by altering the nanotube diameter as it dictates
the possible chiralities. Changing diameters can be triggered
by controlled changes in synthesis conditions !=. The nan-
otube diameter could be changed along the tube during the
reaction by changes in growth temperature~>, so that a dis-
tinct structures could be obtained on the same nanotube due
to lattice distortions®. S. K. Doorn et al.3 have reported co-
incidental changes in nanotube diameter of ultralong SWNTs
along the tube during the growth process by tracing with con-
focal Raman imaging. These changes on individual SWNTs
were explained with pairs of pentagon-heptagon defects. The
thermal effect on molecular junction has also been demon-
strated in multi-walled carbon nanotubes?. A well-controlled
growth of intramolecular junction was performed by temper-
ature modulated growth®. Y. Yao et al.* have reported that
SWNT diameter can change with the formation of intramolec-
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ular junction between SWNT sections grown with different
temperatures. Even though SWNTSs with intramolecular junc-
tion could be grown by several methods ', the observations
were performed on individual nanotubes. Bulk confirmation
of intramolecular junctions throughout macroscopic samples
are still elusive.

In our previous report’, we have addressed the interconnec-
tion between nanotubes in multi-layered VA-SWNT arrays by
tracing the apparent morphology of SWNT along the vertical
direction that exhibits different mean diameters. After me-
chanical cleavage, naturally resulting in discontinuities, TEM
data still confirmed individual intact intramolecular junctions.
This naturally posses the question for possibly more abundant
intramolecular junctions in pristine as grown material. Since
acetonitrile is used as a carbon/nitrogen (C/N) feedstock to re-
duce nanotube diameter’, a by-product that comes along with
the reaction are N, molecules which are encapsulated inside
the nanotube host. With the encapsulated N, molecules in
mind the question for continuous SWNT in a diameter mod-
ulated multilayer array is equivalent to 1D diffusion of those
molecules from one layer to another.

Here, we demonstrate seamless SWNT connection on the
bulk scale by tracing the existence of N, molecules inside
continuous SWNT in double-layered SWNT arrays. An ace-
tonitrile/ethanol mixture was used as C/N feedstock and N»
source. By spectroscopic analysis, a migration of encapsu-
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lated N, was found to occur from the bottom layer where
SWNTs contain gas molecules to the top layer of empty nan-
otubes. The observed N; content at the top layer demonstrates
ubiquitous seamless nanotubes junctions.

2 Materials & Methods

The double-layered VA-SWNT arrays were grown on silicon
substrates by no-flow CVD.?® Cobalt (Co) and molybdenum
(Mo) acetate prepared by a dip coating process were used as
a binary catalyst with the concentration of 0.1 wt.% each.’
The Co/Mo catalyst was initially reduced under Ar containing
3% H; atmosphere. After the temperature has reached 800°C,
40 pL of pure ethanol (EtOH) were firstly introduced into the
CVD chamber, and the first stage of the CVD reaction was
kept for 90 s at a pressure of about 1.4 to 2.3 kPa. Prior
to introduction of 10% mixed acetonitrile ethanol feedstock
(10% AcN), the CVD chamber was evacuated to the back-
ground pressure of 14 Pa with the dwell time of 30 s. 40 uL.
of 10% AcN feedstock were then released into the chamber.
N-doped SWNT arrays were continuously grown for another
150 s. The CVD chamber was finally cooled down to room
temperature. Double layered samples obtained by this proce-
dure are hereafter referred to as SWNTEg.a.. Samples con-
sisting of only one single layer grown from one feedstock are
labelled SWNTE and SWNT 4, respectively.

The morphology of VA-SWNT arrays was investigated by
scanning electron microscopy (SEM, 1 kV acceleration volt-
age, S-4800, Hitachi Co., Ltd.). As-grown VA-SWNT ar-
rays were characterized by resonance Raman spectroscopy
(Chromex 501is with Andor DV401-FI) using an excita-
tion wavelength of 488 nm and spectrometer grating of
1800 lines/mm with the laser spot size of about 2 um in di-
ameter ', The incident laser with a power of 0.25 mW was
focused by a 50x objective lens. For cross sectional Raman
measurements the polarization was kept perpendicular to the
nanotube axis to minimize laser heating effect!!. For photo-
electron spectroscopy (XPS), VA-SWNT arrays were firstly
heated at 400°C in vacuum (14 Pa) to desorb H,O and N,
molecules before the measurement. The XPS spectra were
measured with a PHI 5000 VersaProbe setup with 1.486 keV
and the beam size of 100 um in diameter. The pass energy
of 23.5 eV with the energy step of 0.1 eV were set for the
measurement of Cls and N1s core levels. For control experi-
ments, SWNT . and SWNTEg; were annealed in air at 500°C
for 10 min to remove the nanotube cap !> and release the en-
capsulated N, molecules.

—— EtOH_before
—— EtOH_after
10%AcN_before
10%AcN_after

Intensity (arb. units)

1300 1400 1500 1600
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Fig. 1 A comparison of resonance Raman spectra of SWNTs
synthesized from ethanol (EtOH) and 10% acetonitrile (10% AcN)
before and after annealing at 500°C for 10 min.

3 Results & Discussion

3.1 Signatures of encapsulated N,

Fig. 1 shows the comparison of G-band linewidth before and
after cap-opening annealing of SWNTg; and SWNTa.. The
G-Band is observed at 1594 cm™'. The prominent Breit-
Wigner-Fano (BWF) lineshape and higher D-band intensity
is at this wavelength a distinct feature of SWNT 4, thus they
can be distinguished from SWNTg;. The G-bands were fit-
ted using one fixed Fano lineshape at 1571 cm™, one fixed
Lorentzian peak at 1607 cm™', and one free Lorentzian peak
for EtOH case, as well as, one fixed Fano lineshape at
1521 cm’!, five fixed Lorentzian peaks at 1486, 1552, 1568,
1607 cm™!, and one free Lorentzian peak for 10% AcN case
(see in Fig. S1). The G-band linewidth of SWNT4. sharp-
ens after annealing in air, while its frequency is unchanged, its
full width at half maximum (FWHM) is narrower by approxi-
mately 1.1 cm™'. This constriction of the G-band linewidth in-
dicates the disappearance of the harmonic coupling of trapped
N, molecules and carbon atoms in the nanotubes. Consis-
tently, there is no such change in the G-band linewidth for
SWNTEg;.

Shortening of the phonon life-times'® indicates the inter-
action between encapsulated N molecules specifically inside
not-annealed 10% AcN-grown SWNTs with the nanotube host
as seen in narrower G-band linewidth (Fig. 1). The carbon
structures forming a nanotube cap are readily removed by an-
nealing at 500°C, due to their increased reactivity '>!4. The
control experiment also demonstrates that encapsulated Nj
are mobile and can reach the open end due to weak bond-
ing with graphitic carbon walls as observed in multi-walled
carbon nanotubes 3.
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The presence of N molecules was also directly detected by
XPS measurements. Fig. 2 shows a comparison of XPS spec-
tra of SWNT . before and after annealing. The well-defined
asymmetric Doniach Sunji¢ lineshape of the Cls peaks at
284.6 eV with T — " electron shake up is a common feature
of SWNTs. 1017 The binding energy at about 404 eV identifies
N, molecules inside N-doped SWNT hosts '®. The N content
was evaluated using relative XPS peak areas with the relative
atomic cross section of 1.8 for N/C'?. The abundance of N,
molecules was found to be approximately 0.3 at.% in pris-
tine SWNT,, while the signal of N after annealing is well
within the noise level. The disappearance of the N; signal at
the binding energy of 404 eV after opening the cap by anneal-
ing is consistent with the Raman data and confirms the escape
of Ny from the interior of SWNTSs. The easy removal of linear
arrangements of Ny inside SWNTs is strongly contrasted by
gas molecules trapped inside more complex crystal structures,
where the escape path is sterically blocked>’. Note that the ob-
served binding energy of encapsulated N, molecules is lower
than that of free molecular gaseous Nj (409.9 eV)2!. This can
be explained by electron screening for N1s core-holes due to
surrounding cylinder of sp? carbon.??

Additionally, a shift in the Cls peak of approximately
0.1 eV without broadening (Fig. 2) was observed. While the
hosting SWNT walls can provide the dielectric environment
for screening the N1s core level in the encapsulated Ny, the
reversed mechanism for N cannot occur. 0.3 at.% of N cannot
affect the macroscopic average screening of the Cls core-hole
excitation. We argue that this shift is rather due to the dif-
ferent Cls binding energies in metallic and semiconducting
SWNTs23, and the fact that small diameter metallic SWNTs
are also more susceptible to oxidation. This interpretation is
also in line with the reduced strength of the Fano component
in the G-line in annealed SWNTs (Fig. 1).
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Fig. 2 Photoemission spectra of N-doped SWNT films synthesized

from 10% acetonitrile feedstock mixture in ethanol before and after

annealing in air at 500°C. The disappearance of N signal was
observed after annealing.

3.2 Migration of N, molecules

Two differently stacked SWNT arrays from EtOH and
10% AcN grown SWNTs were synthesized by introducing the
two carbon feedstocks in sequence. Fig. 3 shows the inter-
face between the layers obtained at the successive stages of
the growth, and shows interconnectivity at the length scale
of SWNT bundles. The interface is highlighted by yellow
arrows. Starting with EtOH feedstock, the initial growth
of SWNTs was observed with a thickness of about 5 um,
whereas 6.5 (um of the bottom layer are grown from 10% AcN.
The visible interface between the layers are interpreted as
recorded changes in growth rates and feedstock flux. Note
that the actual growth was halted for 30 s during the feedstock
change. Similar horizontal bands were observed in incremen-
tal growth with pulsed carbon flux?*.

Fig. 3 SEM micrographs of double-layered N-doped SWNT array
synthesized from ethanol (EtOH) and 10% acetonitrile feedstock
mixture in ethanol (10% AcN), respectively. Yellow arrows
highlight the interface between different SWNT arrays at which the
feedstock was switched.
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Fig. 4 Cross-sectional resonance Raman spectra of a double-layer
VA-SWNT array synthesized from ethanol (top) and

10% acetonitrile (bottom), respectively, indicating root growth
mechanism according to feedstock sequence with different nanotube
diameters.
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The cross sectional Raman spectra of layered sam-
ples clearly demonstrate spectral features of SWNT,. and
SWNTE,’ in the corresponding layers (Fig. 4). The feedstock
sequence and layer sequence do match the root growth mech-
anism®. As shown in our earlier report 7. the small-diameter
RBM peaks in the range of 100-400 cm™! are predominant for
N-doped SWNTs. Fig. 5 shows the comparison of resonance
Raman spectra of SWNT arrays synthesized from pure EtOH
and SWNTEa¢ array. The top surface of the films was mea-
sured in both cases.

EtOH—->10%AcN (Top)
Pure EtOH

Normalized intensity (arb. units)

150 200 250 300 1400 1600
Raman shift (cm'w)

Fig. 5 Raman spectra of a single layered array of SWNTE; from
pure EtOH and a layer of SWNTE; with a subsequent layer of
SWNTg;ac underneath. The excitation wavelength was 488 nm.

The RBM peaks at 145 and 180 cm’! at 488 nm excitation
are a well known feature for vertical aligned arrays>. The
broadening of the G-band linewidth in SWNTE.o. array can
be seen in the inset in Fig. 5. It suggests that there are, like
in the case of SWNT., Ny molecules trapped inside the top
layer of SWNTEac. 12

XPS measurements were performed on the top surface of
SWNTEac as shown in Fig. 6, to demonstrate the presence
of diatomic N, molecules in the top layer of double-layered
SWNT array where the nanotubes were initially grown from
EtOH. The survey scan in the inset shows the strong C1s core
level of carbon with absent O, absorption after sample anneal-
ing.

The signatures of trapped N, molecules inside EtOH-grown
SWNTs (top layer) is confirmed by the notable peak at the
binding energy of 404 eV. This proves the migration of N;
molecules from the bottom (10% AcN) layer to the top (EtOH)
layer. Note that a 5 um thickness of the top layer is far beyond
the escape depth of photoelectrons in homogeneous SWNT
arrays. The signal from diatomic N is therefore not attributed
to the interface region where the feedstock was switched from
EtOH to 10% AcN, or even the bottom layer.

The N content in form of N, molecules in the top layer is

found to be approximately 0.07 at.% (compare to 0.3 at.% in
SWNT4). This data represents a bulk signature of continuous
SWNT throughout a macroscopic sample. In a first approxi-
mation disregarding different diameters as well as differences
in the thickness of the layers, one would expect to observe
about half of the atomic N concentration in double layered
SWNTEAc, if all SWNT were running continuously from the
bottom of the bottom layer all the way to the top of the top
layer. By reversing this estimate we conclude that the frac-
tions of discontinued and continuous SWNT throughout the
layers and across the interface are of the same magnitude. The
high temperature, uniform electrostatic interaction and pro-
nounced 1D collective diffusion?® facilitate the equilibration
of N, among interconnected SWNTa. and SWNTg; during
synthesis. Considering that the growth is halted for 30 s during
the exchange of feedstocks which should be expected to favor
discontinued SWNTSs, we have demonstrated that SWNTSs in
VA-SWNTs diameter controlled CVD growth can yield bulk
material of continuous SWNT featuring intramolecular junc-
tions.
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Fig. 6 XPS spectra performed on the top of vertically aligned

double-layered SWNT array synthesized from EtOH and 10% AcN,

respectively. The molecular N N1s core level is visible. The inset
shows the survey scan, indicating very clean sample.

4 Conclusions

The Raman and XPS signatures of encapsulated nitrogen
molecules inside N-doped SWNTs were presented. The nan-
otube cap could be opened by annealing in air to release the
trapped molecules. The presence of and disappearance of Nj
were detected by photoemission. The Raman spectra reveal a
characteristic broadening and sharpening of the G-band, with
the presence and removal of N,. The XPS data shows in the
lowered N1s binding energy the effect of the surrounding ma-
trix on the encapsulated N5, while Raman spectroscopy probes
the effect of the encapsulated N, on the hosting SWNT. Both
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effects change consistently upon release of the N, and conclu-
sively evidence the migration of N, molecules inside contin-
uous SWNTs in double-layered samples. The G-line phonon
lifetime in the top layer grown from pure EtOH is notably in-
creased and a relative atomic N concentration of ~1/4 allows
to conclude that there are comparable fractions of continuous
and discontinued SWNTS across the interface of diameter con-
trolled layers of VA-SWNTs.
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Graphical Abstract

We demonstrate continuous SWNTs throughout double lay-

ered arrays with different diameters using encapsulated N;

molecules as markers to doubtlessly identify seamless inter-
€ connections in macroscopic samples.
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Fig. S1 High frequency G-band spectra of SWNTSs before and after removing nanotube cap and annealing.

Diminishing in G-band linewidth is due to absence of coulomb interaction from encapsulated N, molecules.
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Fig. 1 A comparison of resonance Raman spectra of SWNTs synthesized from ethanol (EtOH) and 10%
acetonitrile (10% AcN) before and after annealing at 500°C for 10 min.
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Fig. 2 Photoemission spectra of N-doped SWNT films synthesized from 10% acetonitrile feedstock mixture in
ethanol before and after annealing in air at 500°C. The disappearance of N, signal was observed after
annealing.
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Fig. 3 SEM micrographs of double-layered N-doped SWNT array synthesized from ethanol (EtOH) and 10%
acetonitrile feedstock mixture in ethanol (10% AcN), respectively. Yellow arrows highlight the interface
between different SWNT arrays at which the feedstock was switched.
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Fig. 4 Cross-sectional resonance Raman spectra of a double-layer VA-SWNT array synthesized from ethanol
(top) and
10% acetonitrile (bottom), respectively, indicating root growth mechanism according to feedstock sequence
with different nanotube diameters.
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Fig. 5 Raman spectra of a single layered array of SWNTg from pure EtOH and a layer of SWNTe: with a
subsequent layer of SWNTet-ac Underneath. The excitation wavelength was 488 nm.
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Fig. 6 XPS spectra performed on the top of vertically aligned double-layered SWNT array synthesized from
EtOH and 10% AcN, respectively. The molecular N, N1s core level is visible. The inset shows the survey
scan, indicating very clean sample.
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Fig. S1 High frequency G-band spectra of SWNTs before and after removing nanotube cap and annealing.
Diminishing in G-band linewidth is due to absence of coulomb interaction from encapsulated N, molecules.
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