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Abstract

We report the structure-controlled growth of single-walled carbon nanotubes (SWCNTSs) based on
alcohol chemical vapor deposition with the addition of water vapor. The introduction of water vapor
during the growth and pretreatment by water vapor were both systematically examined for the growth
of SWCNTs. Raman spectroscopy analysis revealed that the addition of water vapor in both cases
induced a decrease in the tube diameters, which indicates the importance of catalyst conditioning for
the changes in chirality distribution. The selective growth of SWCNTs having small diameters and

large chiral angles was achieved by water vapor pretreatment.



1. Introduction

Single-walled carbon nanotubes (SWCNTSs) [1] exhibit several extraordinary properties and
potential applications in various fields including composites, energy storage, and electronics [2].
Because the metallicity and the bandgaps of SWCNTs are determined by their atomic structure [3],
i.e., chirality, their post-growth separation [4] and structure-controlled growth [5-7] have been
extensively studied, especially for their applications in electronic [8,9] and optical [10] devices.
Because the post-growth separation techniques usually suffer from defect formation in SWCNTs
during the dispersion process, direct growth of chirality-controlled SWCNTs is preferable. The
chirality of SWCNTSs can be identified using a pair of integers (n,m), which can be converted to (d,6),
where d and 6 denote the tube diameter and the chiral angle, respectively, using the following
equations: d = v3a._Vn? + m? + nm/m and @ = tan™? \/§m/(2n + m), where ac. denotes the
carbon—carbon bond length. To ensure the chirality-selective growth of SWCNTs with high purity,
both the diameter and the chiral angle have to be precisely controlled.

During the growth of SWCNTSs via the chemical vapor deposition (CVD) method [11], the
carbon source molecules react on the catalyst nanoparticles at a high temperature to form initial cap
structures [12], which define the chirality of SWCNTSs, and the sidewalls of SWCNTs are grown from
the carbon caps [13]. Chirality can change during tube elongation [14]; however, such changes usually
occur with low probability [15], except for the intentionally oscillated growth conditions [16,17]. Thus,
the chirality of SWCNTSs can be effectively controlled by controlling the catalyst structure at the initial
nucleation stage. Some specific chiralities are selectively grown using certain lattices of the elaborate
alloy catalyst [5]. Further, the diameters of SWCNTs have been controlled in previous studies by
controlling the diameter of the catalyst using discrete particles [18], a bimetallic system [19], and at a
low growth temperature [20]. In contrast, controlling the chiral angle is more challenging. Even though
the chiral angles of as-grown samples usually follow a uniform distribution, the preferential growth of
certain chiral angles [21], especially large chiral angles close to 30° [22-26], has been observed in
several growth systems. Experimental and theoretical efforts based on both kinetics [27-29] and
thermodynamics [29,30] have been devoted to explain the origin of the selectivity.

For the CVD growth of SWCNTs, apart from the major contribution of the catalyst and
carbon source species, the addition of other gases to the growth atmosphere can cause various changes
in the structures of the produced SWCNTs. For example, sulfur as an additive [31] and NH3 as a
pretreatment gas [25] have been used for the structure-controlled CVD growth of SWCNTSs.
Furthermore, various studies have shown the effects of water vapor (H2O) on the SWCNT growth
usually as an enhancer to increase the yield [32]. Meanwhile, semiconducting SWCNTs were
preferentially grown by controlling the water vapor concentration during the CVD process [33]. As a
pretreatment agent for the catalyst, water vapor has been shown to induce the selective synthesis of

metallic [34], semiconducting [35], small-diameter [36,37], and specific-chirality [38,39] SWCNTs.



Water vapor plays various roles in the SWCNT growth; however, its effects have not been explored
either by focusing on changes in chirality distribution in a wide range or throughout the different CVD
stages including catalyst pretreatment and nanotube growth.

In this study, we investigated the effects of the addition of water vapor on the alcohol CVD
growth of SWCNTs [20]. We compared SWCNTs obtained without water vapor, with water vapor
addition during growth, and with water vapor pretreatment and observed the decrease in the tube
diameters. We revealed that water vapor pretreatment significantly affected the changes in chirality
distribution. The selective growth of SWCNTs with small diameters and large chiral angles was

achieved by water vapor pretreatment.

2. Experimental methods
2.2 Growth of SWCNTSs by alcohol CVD with water vapor addition

Co/Mo bimetallic nanoparticles were deposited on Si with 100-nm thick SiO, substrates by
dip-coating [40] and used as the catalyst for the SWCNT growth. SWCNTs were grown by the low-
pressure alcohol CVD method [20] using ethanol as the carbon source gas. After the substrate with
catalyst was loaded in the quartz tube and evacuated by a scroll pump, 300 sccm of Ar with 3% H»
was introduced at 40 kPa. The furnace temperature was increased up to growth temperatures from
650°C to 900°C with flowing Ar/H, for 30 min and was maintained for 10 min to reduce the metal
nanoparticles. Subsequently, the flow of Ar/H» was stopped, and ethanol vapor was introduced at 1300
Pa to grow SWCNTs. To introduce water vapor, a tank filled with distilled water was connected to the
CVD setup and was heated at ~80°C using a water bath to increase the vapor pressure. The flow rate
of the water vapor was controlled using a mass flow controller, and the total pressure of water vapor
and other gases was monitored using a capacitance manometer. Further, we introduced water vapor
either during growth along with ethanol or before growth for the pretreatment of the catalyst. The
growth time was set to 5 min for all the conditions. The temperature profiles and the gas composition

during the CVD processes are summarized in Figure S1.

2.2 Characterization of SWCNTs

The SWCNTs were characterized using scanning electron microscopy (SEM) (Hitachi, S-
4800), Raman spectroscopy (Renishaw, inVia), optical absorption spectroscopy (Shimadzu, UV-3150),
and photoluminescence (PL) spectroscopy (home-made system based on a detector, Horiba Jobin Yvon,
Symphony IGA-1700 and a spectrometer, iHR320). The acceleration voltage for SEM observation
was 1 kV. Four excitation lasers with wavelengths of 488, 532, 633, and 785 nm (corresponding to

2.54,2.33, 1.96, and 1.58 eV, respectively) were used for the Raman measurements.

3. Results and discussions



3.1. Effects of water vapor addition during growth of SWCNTs

SWCNTs were grown from ethanol at 800°C without water (0 Pa, Figure Sla) and with
water vapor during growth at different pressures ranging from 30 to 1500 Pa (Figure S1b). The SEM
images and Raman spectra of the SWCNTSs are denoted in Figure 1. The SEM image indicates that
highly-bundled networks of SWCNTs are grown for the sample without water vapor (Figure 1a).
However, the growth yield of SWCNTSs decreases with increasing water vapor pressure, and SWCNTs
lying on the substrates are observed for the sample of water vapor at 1500 Pa (Figure 1c¢). In the low-
frequency region (100-300 cm™1) of the Raman spectra, the radial breathing mode (RBM) peaks,
whose peak frequencies are inversely proportional to the diameters of SWCNTs [41], are observed.
As the water pressure increases, the intensities of the RBM peaks with low frequencies decrease,
whereas those of the RBM peaks with high frequencies increase for all the four excitation wavelengths
(Figure 1d—g). When the partial pressure of the water vapor is higher than 600 Pa, the RBM peaks
higher than ~180 cm™!, corresponding to a diameter of less than 1.2 nm, dominate, indicating that the
small-diameter SWCNTs are preferentially grown. In the high-frequency region, G-band peaks with a
split shape appear at ~1592 cm™!. The large frequency difference between the G and G~ peaks [42]
also reveals that the tube diameters decrease with increasing water vapor pressures. The D-band
observed at around 1350 cm™' is known to represent the defect concentration of graphitic materials
[43]. Even in the case of water vapor at 1500 Pa, no apparent increases are observed in the D-band,
which indicates that the obtained SWCNTs are not damaged during growth by water vapor in this

conditions.
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Figure 1. SEM images of SWCNTs grown at 800°C from ethanol: (a) without water (0 Pa); (b) with
water vapor at 1000 Pa; and (c) with water vapor at 1500 Pa during growth. Raman spectra of SWCNTs
grown with different partial pressures of water vapor measured with excitation wavelengths of (d) 488

nm, (¢) 532 nm, (f) 633 nm, and (g) 785 nm.

3.2. Effects of water vapor pretreatment and comparison with water vapor addition during growth

The result that the water vapor addition causes the decrease in nanotube diameters is
considered to be related to the catalyst formation process and/or the growth process. To elucidate the
origin of the water vapor effect, SWCNTs were grown with water vapor pretreatment, where water
vapor was introduced for 5 min before the growth process, and only ethanol was introduced during
the growth process (Figure S1c). Figure 2 depicts the RBM Raman spectra of SWCNTs grown under
the following three conditions: without water vapor, with water vapor before growth, and with water
vapor during growth. When compared with SWCNTs grown without water vapor, SWCNTs grown
with water vapor before growth show RBMs of similarly small diameters as those of SWCNTs grown
with water vapor during growth.

In addition to the Raman spectra, we also characterized the tube diameters using the optical
absorption spectra (Figure S2). The spectra were directly measured on SWCNTs grown on quartz
substrates. While the £5;; peak of the SWCNTs appears at ~2400 nm for the samples grown without

water vapor, the peak can be observed at ~1200 nm for the samples grown with water vapor before



growth, indicating that the average diameter of the SWCNTSs are decreased from ~2.0 nm to ~1.0 nm
by the water vapor addition before growth. This result agrees well with that obtained from the Raman
analysis.

The addition of water vapor before growth alone induced drastic changes in the diameter
distribution of SWCNTs, which implies that water mainly affects the catalyst formation process
instead of the nanotube growth process. In the case of water vapor addition during growth, water seems
to affect the catalyst conditioning at the onset of the growth process and not to lead significant changes
in SWCNT structures during the tube elongation stage. Hereafter, we focus on the effect of water vapor

before growth (water vapor pretreatment).
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Figure 2. Raman spectra of SWCNTSs grown at 800°C without water vapor, with water vapor during

growth at 600 Pa, and with water vapor before growth at 600 Pa.

3.3. Effects of water pretreatment temperature and growth temperature

We investigated the pretreatment temperature and the growth temperature as two
independent factors. As the first factor, the pretreatment temperature of water vapor was varied to
900°C, 800°C, and 700°C while maintaining the growth temperature at 800°C (Figure S3). All the
growth conditions yielded SWCNTs; however, the growth amount of SWCNTs was small at 900°C.
From the RBMs, the diameters of SWCNTs obtained with pretreatment at 900°C are larger than those
at 800°C and 700°C. This is because a high temperature causes the aggregation of the catalyst
nanoparticles and results in the growth of SWCNTSs with large diameters. No significant difference
can be observed between the RBM peaks at pretreatment temperatures of 800°C and 700°C. In the
following experiments, the water pretreatment temperature was set to 800°C.

As the second factor, we changed the growth temperature while keeping the pretreatment
temperature. The growth temperature was varied to 800°C, 700°C, and 650°C after water vapor

pretreatment was conducted at 800°C and 600 Pa. The Raman spectra in the high-frequency range and



the SEM images of the samples are depicted in Figure S4. The relative intensity of the D-band is
observed to increase with decreasing growth temperature. The yield of SWCNTs also decreases at low
temperature. The RBM Raman spectra of the samples are denoted in Figure 3 along with the empirical
Kataura plot [44]. For the SWCNTs grown at 650°C and 700°C, the RBM peaks below 200 cm ™! are
highly suppressed, while those at 200-250 cm™' become prominent. These observed changes in the
RBM Raman spectra indicate that the low growth temperature leads to the growth of small-diameter
SWCNTs with a narrow distribution, similar to that found in previous studies [23,45]. In addition to
the changes in diameter distribution, there are some distinctively weakened RBM peaks in the spectra
ranging from 200 to 250 cm™' when the growth temperature decreases from 800°C to 700°C and 650°C.
These include the 206-cm™! peak at 488-nm excitation, the 270-cm ™! peak at 532-nm excitation, the
219-cm™! peak at 633-nm excitation, and the 269-cm™! peak at 785-nm excitation, which can be
assigned to (14,1), (9,3), (13,1), and (11,0), respectively. The procedures of chirality assignment are
described in a later section. Here, the decreased chiralities are near-zigzag SWCNTSs possessing a
chiral angle that is close to 0°. These changes cannot be solely explained by the changes in diameter

distribution; hence, the details of the chirality distribution have to be examined.
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Figure 3. Raman spectra of SWCNTs grown at 800°C, 700°C, and 650°C with water vapor
pretreatment. The excitation wavelengths are (a) 488 nm, (b) 532 nm, (¢) 633 nm, and (d) 785 nm.

The bottom panels represent the Kataura plot [44] of the corresponding energy ranges.

3.4. Chirality analysis of SWCNTSs grown with water vapor pretreatment

RBM Raman spectra were analyzed to investigate the chirality distribution of SWCNTSs by
focusing on the effect of water vapor pretreatment at a low growth temperature. Each spectrum was
deconvoluted with the Lorentzian components (Figure S5), and chiralities were assigned based on the
peak frequencies and resonant energy [46] using the Kataura plot [44]. Figure 4 depicts the chirality
map of the SWCNTs grown at 700°C without water and with water vapor pretreatment. The outline

width of the hexagon in the chirality map represents the relative intensity of the RBM peaks for each



excitation wavelength. Note that the intensity of the RBM peaks depends not only on the abundance
of SWCNTs with a certain chirality but also on the exciton—photon and exciton—phonon interaction
matrix of SWCNTs, which depends on chirality, as well as the energy difference between the chirality-
dependent interband transitions of the SWCNTs and the excitation laser [47]. Previous studies have
calculated the matrix elements for EM;1, ES11, and ESy [48]; however, those for £533 and ES44, which
have to be considered for analyzing the present chirality distribution, have never been reported. Hence,
we only discuss the relative intensity of the RBM peaks. Without performing water vapor pretreatment,
the chiralities of the grown SWCNTs are broadly distributed in terms of the diameters and chiral angles
(Figure 4a). After water vapor pretreatment, some of the chiralities with large diameters and small
chiral angles are no longer detected, and the peak intensities of several chiralities, including (7,5),
(8,5), and (9,6), are highly enhanced (Figure 4b). This indicates that the chirality preference to small

diameters and near armchair is attained by water vapor pretreatment. Unlike previous studies [34,35],

there is no apparent selectivity to metallic or semiconducting SWCNTSs.

Figure 4. Chirality map of SWCNTs grown at 700°C (a) without and (b) with water vapor pretreatment.
The outline width of the hexagon indicates the relative RBM intensity of SWCNTs with the

corresponding chirality for each excitation wavelength.

To investigate the chiral angle preferences induced by water vapor pretreatment, the relative
RBM intensities were evaluated for chiralities with the same 2n + m families and were plotted against
the chiral angle, as depicted in Figure 5. For 2n + m = 19, while the relative intensity of (8,3) decreased
because of water vapor pretreatment, the relative intensity of (7,5) increased. For 2n + m =21 and 24,
the intensities of (8,5) and (9,6) denote the most abundant chiralities after water vapor pretreatment,
respectively. These changes in relative RBM intensities clearly indicate near-armchair selectivity,
while the amount of armchair SWCNTSs with a chiral angle of 30° is not enhanced by water vapor

pretreatment.
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Figure 5. Relative intensity of the RBM peaks of different chiralities with three families where (2n +
m) is equal to (a) 19, (b) 21, and (c) 24. The SWCNTs are grown at 700°C with and without water

vapor pretreatment.

PL spectroscopy [22] was employed to analyze the chirality distribution of SWCNTs.
Because dispersed nanotubes with a sufficiently high concentration is required for performing the PL
measurements, SWCNTs were grown on six pieces of silicon substrates with ~25-mm square size for
each growth condition and dispersed in water with sodium dodecyl sulfate by bath sonication. Figure
6 denotes the PL spectra of SWCNTs grown at 700°C without and with water vapor pretreatment. The
PL peaks indicate the existence of various chiralities, including (6,5), (7,6), (7,5), (8,4), (9,4), and (8,6),
in the without-water-vapor condition. With water vapor pretreatment, the chirality distribution
drastically changed, and peaks of (6,5), (7,5), and (7,6) were obtained as the main components. These
chiralities have diameters of 0.8—0.9 nm and chiral angles of approximately 26°-28°. This chirality

preference is in good agreement with that observed from the Raman spectra.
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Figure 6. PL spectra of SWCNTs grown at 700°C (a) without and (b) with water vapor pretreatment.

The results indicate that SWCNTSs of small diameters and large chiral angles are grown by
the water vapor addition. A decrease in tube diameters usually occurs with reduced sizes of catalyst
nanoparticles [18,19]; however, in the present study, a drastic change in the catalyst sizes is unlikely
because water vapor was introduced after the reduction process, during which the catalyst were formed
into nanoparticles. Alternative hypothesis is that water vapor causes a change in the two growth modes:
tangential and perpendicular modes, which produce SWCNTs as large as the catalyst diameter and
those smaller than the catalyst diameter, respectively [49]. He et al. reported that changing carbon
source gas affects the carbon concentration in the catalyst nanoparticles and the interaction between
the catalyst and the tube walls, and can switch the two growth modes [26]. Meanwhile, Xu et al.
achieved the tuning of the chirality preference from (6,5) to (6,4) by controlling the oxidation degree
of the catalyst through pretreatment using a mixture gas of water vapor, hydrogen, and nitrogen and
discussed its origin based on the first-principles calculations that shows the oxidation alters the
interaction between the catalyst and the carbon structures [39]. Our recent study revealed that catalytic
Co nanoparticles are oxidized to Co3O4 after heating at 450°C in air and then reduced by ethanol
during the SWCNT growth [50]. We consider that oxidation by water vapor and partial reduction by
ethanol determine the oxidation state of the catalyst in the present study. Partially oxidized catalyst
could cause a change in the catalyst—tube interaction and result in the growth of smaller-diameter

SWCNTs through the transition from the tangential mode to the perpendicular mode. Further, in a

10



recent study, a preference to large chiral angles was energetically modeled with taking into account
the configuration entropy with assuming the perpendicular contact between the catalyst and the
nanotubes [30]. He et al. also experimentally revealed that the perpendicular mode leads to the near-
armchair selectivity while the tangential mode causes no chiral selectivity [26]. It could be possible
that the growth modes are critical in the chiral angle selectivity caused by water vapor pretreatment in
the present study. Detailed observations of the catalyst—tube interface are beyond the scope of the
present work but are worth being conducted in future work for further elucidating the microscopic

mechanism.

4. Conclusions

We investigated the effects of water vapor addition on the SWCNT growth using Co/Mo as
the catalyst and ethanol as the carbon source. Both the water vapor addition during growth and water
vapor pretreatment decreased the diameter of SWCNTs. Water vapor pretreatment also induced a
preference to large chiral angles, which indicated the importance of catalyst conditioning for the
selective growth of near-armchair SWCNTSs. Simple water vapor pretreatment for narrowing chirality
distribution can be combined with other CVD systems of SWCNTSs and enable the growth of structure-

controlled SWCNTs required for electronic and optical applications.
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Figure S1. Temperature and gas flow profiles for CVD growth of SWCNTSs: (a) without water vapor,

(b) with water vapor during growth, and (c) with water vapor before growth (water vapor pretreatment).
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Figure S2. Optical absorption spectra of SWCNTs grown at 800°C without water (black) and with

water vapor pretreatment (red).
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Figure S3. Effects of water vapor pretreatment temperature on SWCNT growth: (a) 900°C, (b) 800°C,

and (c) 700°C. Water vapor pressure is 600 Pa. Growth temperature is 800°C. Top: SEM images.

Bottom: Raman RBM spectra for different excitation wavelengths.
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Figure S4. (a—c) SEM images and (d) G-band Raman spectra of SWCNTs grown at (a) 800°C, (b)
700°C, and (c) 650°C with water vapor pretreatment.
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Figure S5. Peak deconvolution of RBM spectra of SWCNTs grown at 700°C (a—d) without water
vapor and (e—f) with water vapor pretreatment. Excitation wavelengths are (a,e) 488 nm, (b,f) 532 nm,
(c,g) 633 nm, and (d,h) 785 nm.
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