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Abstract 

Diameter controlled and vertically aligned single-walled carbon nanotubes were 

synthesized from pure and mixed ethanol/acetonitrile feedstock. With increasing acetonitrile 

concentration in the feedstock, nitrogen incorporation into the sp2 carbon network increased 

until saturating at approximately one atomic percent. The incorporation of nitrogen correlates 

with a significant diameter reduction from a mean diameter of 2.1 nm down to 0.7 nm. 

Heteroatom-mediated diameter control is independent of catalyst preparation and represents a 

versatile tool for the direct synthesis of tailored single-walled carbon nanotubes. 
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1. Introduction 

The ability to tune the electrical and optical properties of single-walled carbon 

nanotubes (SWCNT) is a long-standing goal of SWCNT synthesis. SWCNT synthesized by 

conventional methods are inherently devoid of chirality control. However, their electronic 

properties may be controlled indirectly by narrowing the diameter range to confine the range 

of possible chiralities. Supporting materials and templates [1-6] have been used to influence 

the diameter of SWCNT via catalyst morphology or cap formation [7], although these 

nanotubes still require additional post-processing in order to extract them from the supporting 

(powder) materials. A potentially non-templated approach to control the SWCNT diameter is 

by the choice of carbon feedstock, such as carbon monoxide [1, 3], ethanol [2], methane [8], 

acetylene [9], ethylene [10], or other organic chemical sources [11]. Acetonitrile (CH3CN) 

has been used to synthesize nitrogen (N)-doped carbon nanotubes [12-20], and some groups 

have reported a reduction in SWCNT diameter due to the presence of nitrogen [13, 15]. Pint 

and co-workers [16] have also recently scaled up N-doped SWCNT synthesis by a water-

assisted approach using acetonitrile as the C/N feedstock. 

Here we employ pure and mixed ethanol and/or acetonitrile feedstocks to grow 

vertically aligned SWCNT by no-flow chemical vapor deposition (CVD) from Co/Mo binary 

catalyst. The mean diameters of the vertically aligned SWCNT synthesized from identically 

prepared catalyst particles are as different as 2.1 nm for pure ethanol feedstock and 0.7 nm 

for pure acetonitrile feedstock. If a mixed feedstock is employed, the atomic nitrogen 

concentration saturates at 1.2 at.%. This saturation correlates with the decrease in mean 

diameter. 
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2. Experimental  

Vertically aligned SWCNT arrays [21] were synthesized from Co/Mo binary 

catalyst by a no-flow CVD process [22] using mixtures of acetonitrile and ethanol as 

the carbon feedstock. This mixture was varied from 0 to 100% acetonitrile by volume 

(hereafter just %), and all other parameters were kept unchanged as reported in Ref. 

[22]. Catalyst was loaded onto fused quartz substrates by dip-coating into separate 

solutions of Mo-acetate and Co-acetate dissolved in ethanol (metal species content 0.01 wt.% 

each). The process is based on that described in Ref. [23]. During heating of the CVD 

system, the Co/Mo binary catalyst were reduced under Ar containing 3% H2 at a flow 

rate of 300 sccm and a pressure of 40 kPa. After reaching the growth temperature of 

800˚C in 25 min, the system was evacuated and then sealed before introducing 40 μL 

of feedstock. The feedstock was introduced all at once, but the vapor pressure soon 

stabilized at approximately 1.7 kPa. The reaction time was 3 min in all cases, and after 

synthesis the CVD chamber was evacuated and cooled to room temperature while 

flowing 300 sccm Ar. As-grown vertically aligned SWCNT arrays were characterized by 

scanning electron microcopy (SEM, 1 kV acceleration voltage, S-4800, Hitachi Co., Ltd.), 

UV-vis-NIR absorption spectroscopy (UV-3150, Shimadzu Co., Ltd.) and resonance Raman 

spectroscopy (Chromex 501is with Andor DV401-FI) using excitation wavelengths of 488 

and 633 nm. For transmission electron microscopy (TEM, JEOL 2000EX operating at 120 

kV), the SWCNT were dispersed in ethanol and the dispersion was dropped onto Cu 

microgrids. For X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, 14.86 keV), 

vertically aligned SWCNT arrays were transferred [24] onto a Si wafer (50 nm oxide layer) 

and heated to 250˚C for 10 min to dehydrate the sample. For further UV-vis-NIR and 

photoluminescence excitation spectroscopy (PLE, HORIBA Jobin Yvon Fluorolog iHR320, 

equipped with a liquid-nitrogen-cooled GaAs detector), SWCNT synthesized on USY-
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zeolite powder [25, 26] using mixed feedstocks were dispersed in 5 mL D2O with 1 

wt.% sodium deoxycholate (DOC) surfactant. The fluorescence emission wavelength 

range was recorded from 900 to 1400 nm, while the excitation wavelength was scanned from 

500 to 850 nm in 5 nm steps. After bath sonication for 10 min and an additional 30 min 

of ultrasonication (Hielscher Ultrasonics GmbH UP400S with H3/Micro Tip 3 at a 

power flux level of 400 W·cm-2), the suspension was centrifuged for 15 min at 85,000 

rpm (327,000g). Finally the supernatant was extracted. The supernatant was also used for 

further XPS measurements of a SWCNT film formed by vacuum filtration [27]. The 

dispersed SWCNT film thickness was examined to be more than 30 μm. 

 

3. Results and Discussions 

The SEM micrographs in Fig. 1a clearly demonstrate the viability of pure acetonitrile 

and its mixtures for the synthesis of vertically aligned SWCNT on flat substrates. TEM 

images in Fig. 1b show clean SWCNT are obtained from both pure ethanol (left) and pure 

acetonitrile (right). In fact, no catalyst particles were encountered during TEM observations. 

Visual inspection of TEM micrographs show significantly narrower SWCNT are synthesized 

from pure acetonitrile feedstock. 

Optical absorption spectra of as-grown vertically aligned SWCNT arrays (Fig. 2) 

reveal the SE11  and SE22  transitions in ethanol-grown SWCNT as well as the SE11  transitions in 

small-diameter SWCNT synthesized from acetonitrile. The mean diameter was determined 

using the following empirical relation described in Ref. [28] (Fig. 2) 

 pcdbdapddpE tttptii /log1//3cos),( 2   ,                                (1) 

where p  is 0.05 and -0.07 for SE11  (p = 1) and SE22  (p = 2) respectively. td  is tube diameter 

in nm with chiral angle   (from 0 to 30°), while a = 1.049 eV·nm, b = 0.456 and c = 0.812 

nm-1, and a lifetime broadening   of 65 meV was used [29]. The positions and widths of the 
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SE11  and SE22  peaks are reproduced by diameter distributions centered at 0.7 and 2.1 nm with 

full-width half-maxima (FWHM) of 0.24 and 0.6 nm for pure acetonitrile-grown and ethanol-

grown SWCNT, respectively. The diameter of SWCNT synthesized from Co/Fe catalysts on 

zeolite powder [25, 26] using different mixed feedstock recipes was also found to be smaller 

than for pure ethanol. 

 

Fig. 1. (a) SEM micrographs of vertically aligned SWCNT arrays synthesized by no-flow 

CVD using different ethanol/acetonitrile mixed feedstocks (0, 5 and 100 vol.% 

acetonitrile). (b) TEM micrographs of SWCNT grown from pure acetonitrile (right panel) 

and pure ethanol (left panel). The vastly different diameters are directly visible (scale bar is 

20 nm in both micrographs). 
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A plot showing PLE peak area for different tube diameters is presented in Fig. 3. The 

PLE spectra were obtained from micelle-suspended SWCNT grown on zeolite support (see 

Supplementary data), and the normalized peak area was evaluated using the ratio of the area  

of each peak to the sum of the total peak areas ( ),(),( / mnmn AA  ). Upon increasing the 

concentration of acetonitrile in the feedstock, the abundance of (6,5) and (7,5) nanotubes 

appears to increase, whereas the abundance decreases for (7,6) and (8,6) nanotubes. This is in 

 

Fig. 2. UV-vis-NIR spectra of vertically aligned SWCNT grown from acetonitrile and 

ethanol. The black dashed lines represent exponential and hyperbolic background 

contributions for the case of acetonitrile and ethanol, respectively, and the lower spectra 

are after background subtraction. Mean diameters were determined from the empirical 

relation of electronic transition energy (red and blue dashed lines) to be 0.7 and 2.1 nm, 

respectively (see text). 
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agreement with the absorbance spectra indicating acetonitrile promotes the growth of small-

diameter nanotubes.  

Figure 4 shows the RBM, D and G lines in resonant Raman spectra measured using 

633 nm laser excitation for different feedstock mixtures. The RBM frequency scales as the 

inverse of nanotube diameter according to 7.15/8.217  dRBM  [28]. The D line is only 

Raman active in the presence of lattice distortions. The splitting of the G line into G+ and Gˉ 

peaks is diameter dependent [30], and the Gˉ is softened in small-diameter SWCNT [31, 32]. 

In these spectra, the large-diameter RBM peaks at ~190 cm-1 are predominant for marginal 

amounts of acetonitrile in the feedstock. However, this peak begins to diminish and a new 

RBM peak at ~280 cm-1 arises when the concentration of acetonitrile in the feedstock reaches 

 

Fig. 3. Plot of normalized PLE peak areas versus tube diameter for dispersed SWCNT 

synthesized on zeolite powder using different feedstock mixtures (0 to 75 vol.% 

acetonitrile). The orange and blue arrows represent increasing and decreasing abundance 

with increasing concentration of acetonitrile feedstock. 
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1%. After their sudden appearance, the small diameter RBM peaks at ~280 cm-1 grow 

gradually with increased acetonitrile concentrations in the feedstock.  

According to the Kataura plot [28, 33], the excitation  wavelength of 633 nm is in 

resonance with the SE33  and SE44  transitions [28] in large-diameter SWCNT, and the first 

metallic transition ME11  gives rise to a subtle Fano resonance with a characteristic Breit-

Wigner-Fano (BWF) lineshape. Upon adding more than 2% acetonitrile, the RBM peaks at 

~190 cm-1 and the attributed Fano resonance vanish in concomitance. The frequency offset 

between the G+ and Gˉ lines is also increased. The changes in the G line for 488 nm 

excitation wavelength are complementary. Here the smaller diameters exhibit a strong Fano 

 

Fig. 4. Resonance Raman spectra at 633 nm excitation of vertically aligned SWCNT arrays 

grown using different acetonitrile concentrations. The tube diameter is evaluated from 

RBM peak positions using the relation 7.15/8.217  dRBM  [28]. 



9 
 

resonance and the larger diameters are purely in semiconducting resonance (see Fig. 5a). It 

can be clearly seen that the Fano resonance emerges with increasingly small doses of 

acetonitrile. The position of the G+ line is 1594 cm-1 for all samples and for both excitation 

wavelengths. The RBM peak positions confirm selective resonances with diameters between 

0.7 and 1.0 nm when adequate amounts of acetonitrile are added to the feedstock, and 

diameters between 1.2 and 2.3 nm for pure ethanol. 

For 633 nm excitation, the G/D ratios in the pure acetonitrile-grown and pure ethanol-

grown SWCNT are 4.3 and 16.7, respectively. The ratios for mixed feedstocks fall between 

Fig. 5. (a) For 488 nm Raman excitation, the strong Fano lineshape clearly increases with a 

marginal increase in the concentration of acetonitrile in the feedstock. (b) The D band 

frequency is found to have an offset of 10 cm-1 for different Elaser, and (c) a large shift in 

the G´ line frequency is due to vastly different diameters (red and blue arrows represent G′ 

line positions for pure acetonitrile and pure ethanol, respectively). 
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these bounds. While the D line intensity is not specific to any certain kind of lattice distortion, 

N incorporation and pronounced curvature effects may well be expected in the small-

diameter vertically aligned SWCNT. 

Linear scaling of the D line position with laser energy (Elaser) and its diameter 

dependence have been reported earlier [34]. Figure 5b shows a plot of the D line frequencies 

against Elaser. The parallel dispersions for small-diameter pure acetonitrile-grown SWCNT 

and large-diameter pure ethanol-grown SWCNT are offset by 10 cm-1 with parallel slopes of 

57 cm-1/eV due to the diameter range differences. The structured G′ lines of both samples 

 

Fig. 6. The main panel shows C1s and N1s core level XPS spectra of vertically aligned 

SWCNT synthesized from different feedstocks. For synthesis from pure acetonitrile, the 

N1s profile is composed of ~1 at.% sp2 and ~0.2 at.% pyridinic N (blue and red balls 

represent C and N atoms, respectively). Corresponding survey scans are provided in the 

inset. 
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were fitted using Lorentzian peaks. The G′ line for the pure ethanol sample was empirically 

fitted using five peaks at 2615, 2642, 2663, 2680, and 2697 cm-1, whereas four peaks at 2616, 

2635, 2661 and 2688 cm-1 were used for the pure acetonitrile sample. The offset in the G′ line 

frequency (peak maximum) at 488 nm (Fig. 5c) was found to be 41 cm-1 (from 2677–2636 

cm-1). These two distinct G′ positions have been observed as distinct components in undoped 

double-walled carbon nanotubes [35], dispersed HiPco SWCNT [36] and also N-doped 

SWCNT [37]. Reference [36] interprets the two different G′ positions as resonances of 

SWCNT with different diameters, whereas in Ref. [37] n-type doping from substitutional N 

was discussed as the origin of the lower frequency G′ peak. As discussed below, we also find 

a total of 1.2 at.% incorporated N in the pure acetonitrile-grown SWCNT based on XPS. 

Therefore, in our comparison of pure acetonitrile and ethanol samples intrinsic n-doping via 

sp2 N and very different diameters with common resonances should be taken into account. By 

comparing to the G′ spectra in Refs. [35, 36] we conclude that the major effect is the common 

resonances from SWCNT with vastly different diameters. An additional influence of 

localized n-type doped N sites may be imposed on the discrete chirality pattern of the 

structured G′ peaks in pure acetonitrile and pure ethanol samples. 

XPS spectra of SWCNT synthesized from mixed feedstock are shown in Fig. 6. The 

survey scans in the inset show a strong C1s peak and a weaker O1s peak. The sp2 C1s peaks 

show an asymmetric Doniach-Sunjic lineshape. The well-established [15, 34, 38, 39] binding 

energy of the C1s at 284.6 eV is used for calibration. The chemical shifts of different bonding 

environments of incorporated N give rise to one narrow peak at 404.2 eV and a broadened 

peak at 400.8 eV. The narrow peak at 404.2 eV corresponds to substitutional sp2 N, and the 

broad peak at 400.8 eV corresponds to different pyridinic N sites [40]. The atomic 

concentrations of 0.2 at.% pyridinic N and 1.0 at.% sp2 N for SWCNT grown from pure 

acetonitrile were determined from the relative XPS peak intensities and the relative atomic 
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cross section of C:N=1:1.8 [41]. An approximate 1:1 ratio of sp2 to pyridinic N is commonly 

reported for N-doped SWCNT [12-15], which is in contrast to the sp2 dominance in sub-nm 

diameter vertically aligned SWCNT. 

As revealed by the optical spectra discussed above, a marginal addition of acetonitrile 

(0.1%) causes the tube diameter to be dramatically reduced from 2.1 to 1.1 nm, whereas 

higher acetonitrile concentrations further reduce the mean diameter to 0.7 nm. XPS spectra 

indicate the N content is only gradually reduced when reducing the acetonitrile concentration 

from 5% to 1%, but a steep change in N content is observed between 0.5% and 1% 

acetonitrile. Since the N content at 5% and 1% is clearly beyond what a simple scaling by 5% 

or 1% would predict, we propose N in sp2 carbon saturates slightly above 1 at.%. Very 

 

Fig. 7. A plot showing mean diameters of vertically aligned SWCNT based on UV-vis-

NIR and XPS spectra of SWCNT synthesized using feedstock mixtures containing 

different concentration of acetonitrile in ethanol. A dramatic decrease in diameter is seen 

at low N content, followed by a saturation behavior for higher CH3CN concentrations. 
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remarkably, the saturated incorporation correlates with the reduction of the mean diameter 

(Fig. 7). The vividly displayed correlation in Fig. 7 points at the incorporation of N (mainly 

in sp2 form) as the cause of diameter reduction.  

It was recently proposed that even a few N atoms can affect the contact angle between 

Co catalyst particle and the graphitic walls due to stronger interaction of N to the catalyst [42]. 

Our results suggest that it may be plausible that a small amount of N incorporation may 

reform the catalyst and/or carbon structures near the catalyst site. The central consequence of 

this scenario would be that the equilibrium growth diameter should be independent of the 

initial nucleation diameter and therefore the catalyst morphology, and once N is incorporated 

into small-diameter SWCNT, the graphitic sp2 N is also more likely to be formed than 

pyridinic N during the growth.  

 

4. Conclusion 

Combined observations from SEM, TEM, UV-vis-NIR, PLE, Raman and XPS clearly 

demonstrate that acetonitrile is indeed a viable carbon feedstock for the synthesis of vertically 

aligned SWCNT on flat substrates. Moreover, a compelling reduction in mean diameters 

from 2.1 nm for ethanol-grown SWCNT to just 0.7 nm for acetonitrile-grown vertically 

aligned SWCNT is reported. We establish a correlation between the reduction of the SWCNT 

diameter and an approximately one atomic percent saturated incorporation of nitrogen. This 

narrowing of nanotube diameter occurs for growth on flat substrates as well as on zeolite 

powder, indicating that N takes an active role in yielding sub-nm diameter SWCNT, 

independent of catalyst preparation. Catalyst-particle-independent diameter control by trace 

amounts of heteroatoms represents a versatile pathway for the direct synthesis of engineered 

SWCNT. 
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