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Vertically aligned single-walled carbon nanotube arrays
were synthesized from dip-coated binary Co/Mo catalyst
by no-flow chemical vapor deposition from either pure
ethanol or acetonitrile as carbon feedstock. By chang-
ing to acetonitrile the mean diameter was reduced from
2.1 nm to less than 1.0 nm despite using identically pre-
pared catalyst. The demonstrated diameter control on flat
substrates is a versatile approach towards the direct syn-
thesis of tailored single-walled carbon nanotubes.
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1 Introduction Single-walled carbon nanotubes (SWNTs)
are a promising novel material for future electronic appli-
cations such as flexible thin-film field effect transistors [1–
5]. Depending on their chirality, SWNTs can either be
metallic or semiconducting [6]. Since the mean diameter
limits the number of possible chiralities, diameter control
is a prerequisite to obtaining bulk SWNTs with homoge-
neous properties. Hence, direct tuning of diameter during
the SWNT growth process is a necessity. Conventionally,
this has been achieved by controlling the catalyst particle
size during synthesis [7–11]. The SWNT diameter can be
reduced by decreasing the growth temperature during syn-
thesis by chemical vapor deposition (CVD) [7,8], which

is generally attributed to less efficient sintering of metal
catalyst nanoparticles.

In this study, we demonstrate that the mean diameter
of SWNTs can be changed by incorporating nitrogen (N)
during the growth process, and is independent of catalyst
size. Vertically aligned (VA-) SWNTs grown from iden-
tically prepared cobalt/molybdenum (Co/Mo) binary cata-
lysts were synthesized using pure ethanol or pure acetoni-
trile as C and/or N sources by no-flow CVD. The mean
SWNT diameter was reduced from 2.1 nm to less than
1 nm when using acetonitrile. Our results suggest that ni-
trogen takes an active role at the interface between the cat-
alyst particle and the nanotube wall. The interaction of N
and Co (N-Co) is stronger than that of C and Co (C-Co),
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Figure 1 SEM image of a VA-SWNT array synthesized by no-
flow acetonitrile CVD.

thus leading to small-diameter SWNTs originating from
the same catalyst particles [12].

2 Experimental

2.1 Synthesis Arrays of VA-SWNTs were synthe-
sized on quartz substrates by no-flow chemical vapor de-
position (CVD) [13]. The Co/Mo binary catalyst particles
were prepared by dip-coating quartz substrates [14] in Mo-
acetate and Co-acetate solutions containing 0.1 wt.% metal
content. During heating of the CVD furnace, the catalysts
were reduced under flowing Ar containing 3% H2. After
reaching 800◦C, 40 µL of either pure ethanol (C2H5OH)
or pure acetonitrile (CH3CN) was introduced as carbon
and nitrogen sources. The CVD reaction was performed
for 3 min at a pressure of 1.7 to 2.3 kPa. The ethanol- and
acetonitrile-grown SWNTs are hereafter referred to as Et-
SWNT and Ac-SWNT, respectively. Optionally, as-grown
VA-SWNTs were dispersed in D2O containing 1 wt.% of
sodium deoxycholate (DOC) surfactant. Following 10 min
of bath sonication and additional 30 min of horn-type ul-
trasonication (UP-400S, Hielscher Ultrasonics), dispersed
SWNTs were centrifuged at 85 000 rpm (327 000 g) for
30 min before the supernatant was extracted.

2.2 Characterization The vertically aligned mor-
phology of as-grown SWNTs was characterized by scan-
ning electron microscopy (SEM). The diameter of VA-
SWNT arrays was evaluated by UV-vis-NIR absorption
spectroscopy, resonance Raman spectroscopy using exci-
tation wavelengths of 488, 514, and 633 nm, and transmis-
sion electron microscopy (TEM). For photoluminescence
excitation (PLE) spectra, the fluorescence emission was
recorded from 910 to 1370 nm, and the excitation was
scanned from 500 to 830 nm in 5 nm steps.

Figure 2 Optical absorption spectra of as-grown VA-SWNTs
synthesized with different feedstocks show a dramatic difference
in the first optical transition energies E11 [15]. The inset shows
spectra from SWNTs dispersed in D2O using DOC as a surfac-
tant. Red and blue lines represent acetonitrile (Ac) and ethanol
(Et) CVD samples, respectively.

3 Results and discussion Ethanol is a well-established
carbon source for SWNT synthesis [16,17]. Figure 1
clearly shows the capability of acetonitrile to act as a
source for VA-SWNT synthesis [18]. The film thickness
is found to be thinner than for VA-SWNTs synthesized
from conventional alcohol catalytic CVD [18]. Optical
absorption spectra are shown in Fig. 2. The first optical
transitions (E11) are observed at 2250 nm (0.55 eV) and
1000 nm (1.24 eV) for Et- and Ac-SWNTs, respectively.
The mean diameters of the samples were evaluated using
the empirical Kataura plot reported in [19], and are 2.1 and
0.8 nm for Et-SWNTs and Ac-SWNTs, respectively.

Figure 3 shows resonance Raman spectra of as-grown
SWNTs synthesized from both ethanol and acetonitrile.
The diameters were evaluated from the RBM region
using the following empirical relation [19], ωRBM =
217.8/d [nm]+15.7. In the empirical Kataura plot [19] the
488 and 514 nm energies excite the first metallic resonance
of 0.8 nm Ac-SWNTs. The 633 nm excitation wavelength
excites the semiconducting resonance in Ac-SWNTs. For
2.1 nm Et-SWNTs all three excitations lie in the intermin-
gled bands of E33 and E44 optical transitions. The strong
BWF lineshape in the G-band of Ac-SWNTs for 488 and
514 nm excitation is a hallmark of metallic resonance. The
position of the G+-band is 1594 cm-1 for all excitations in
both samples. RBM peaks confirm selective resonances
with diameters between 0.8 and 1.0 nm in Ac-SWNTs and
between 1.2 and 2.3 nm in Et-SWNTs.

In the metallic resonance at 488 nm excitation, a large
increase in D-band intensity is observed for Ac-SWNTs
(Fig. 3). The G/D ratios at this excitation wavelength in
the Et- and Ac-SWNTs are 19.8 and 3.2, respectively. The
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Figure 3 Resonance Raman spectra obtained using three differ-
ent excitation wavelengths from acetonitrile (Ac)- and ethanol
(Et)-grown SWNTs.

large D-band is primarily due to defects corresponding to
kink structures observed by TEM [15]. The higher curva-
ture of small-diameter Ac-SWNTs [20] may contribute to
the large D-band. The linear dependence of D-band fre-
quency dispersion on excitation laser energy (Elaser) has
been previously reported [20]. Reference [20] also reports
a downshift of the D-band frequency for narrow-diameter
SWNTs. We observed an offset of 10 cm-1 in D-band fre-
quency in Ac-SWNTs for all three Elaser measurements
(Fig. 3). We also observe an offset of 41 cm-1 in G′-band
frequency (not shown). This is in agreement with Raman
studies on different diameter sizes of inner and outer walls
in double-walled carbon nanotubes [21].

PLE maps of dispersed Ac-SWNTs and Et-SWNTs are
presented in Fig. 4. Each peak in the PLE map corresponds
to an E22 absorption and an E11 emission by one semicon-
ducting chirality. For Ac-SWNTs the peak intensities are
clustered at shorter excitation and emission wavelengths,
whereas in Et-SWNTs they are strongest at longer wave-
lengths. The markings for individual chiralities in Fig. 4
reveal clear-cut differences in the relative population be-
tween dispersed Ac-SWNTs and Et-SWNTs. The peak po-

Figure 4 Photoluminescence excitation (PLE) maps of acetoni-
trile (Ac)- and ethanol (Et)-grown SWNTs measured from the
same dispersed SWNTs as measured in optical absorption (Fig. 2
inset).

sitions are found to be indistinguishable. The strongest
peaks for Ac-SWNTs stem from (6,5), (8,3), (7,5), and
(7,6) nanotubes, whereas (8,6), (8,7), (7,6) and (7,5) nan-
otubes are dominant for Et-SWNTs. The diameters acces-
sible by PLE mapping are limited by the narrow semi-
conducting window and the centrifugation step, which en-
riches the population of small-diameter SWNTs [22]. The
shift in PLE intensities from longer to shorter wavelengths
for Et-SWNTs and Ac-SWNTs is therefore only reminis-
cent of—but no longer quantitative to—the diameter shift
from 2.1 to 0.8 nm in the as-grown Et-/Ac-SWNTs.

These findings of very different diameters of nanotubes
within VA-SWNT arrays synthesized from acetonitrile and
ethanol demonstrate that changes in SWNT diameter can
be achieved without any changes in catalyst preparation.
Furthermore, our finding that nanotubes of very different
diameters can be synthesized within the same VA-SWNT
array by changing the carbon precursor demonstrates that
the SWNT diameter can be substantially changed without
altering the catalyst preparation.

Several possible scenarios can be considered for
this achievement of SWNTs with drastically smaller
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diameters. The DFT calculation in Ref. [12] indicates
stronger bonding between the Co nanoparticle and nitro-
gen than with carbon. Hence, it can be assumed that N-
containing graphene surrounding a Co nanoparticle would
have stronger adhesion to the nanoparticle than pristine
graphene. The favorable weak adhesion during the nan-
otube nucleation process has been previously investigated
using molecular dynamics simulation studies [23,24]. It
was reported that the reduction of nanotube diameter can
be obtained when the adhesion between C and the catalyst
nanoparticle is reduced [24]. The discussion in Ref. [25],
however, suggests stronger adhesion should enhance the
selectivity of smaller diameter SWNTs by causing the nan-
otube wall to grow perpendicular to the catalyst particle
surface. Despite being a less favorable growth condition,
this mechanism is unrelated to the size of the nanoparti-
cle [26].

Another possibility for the reduced diameter is a reac-
tion between N and the Co nanoparticles, forming a struc-
ture similar to CoxNy [27]. Due to the strong interaction
of N with the nanoparticle surface, surface diffusion of C
would be hindered, leaving only the bulk diffusion route
for nanotube formation, which corresponds to smaller di-
ameter SWNTs.

4 Summary We address diameter control of SWNTs
in the range of 2 to 1 nm via the choice of the carbon feed-
stock. The same Co/Mo binary catalyst particles yield ver-
tically aligned arrays with mean diameters of 2.1 nm from
ethanol and 0.8 nm from acetonitrile. The difference in di-
ameters is evidenced by optical absorption and resonance
Raman spectroscopy obtained using three different excita-
tion lasers. PLE mapping also shows a shift to narrower
chiralities. While the choice of either ethanol or acetoni-
trile as a carbon source for CVD synthesis is an effective
way to control SWNT diameters, the microscopic under-
standing of how the feedstock can affect the diameter of
the growing SWNTs deserves further studies.
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