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A B S T R A C T

We report new developments on the chemical vapor deposition growth of 0.4 nm single-

walled carbon nanotubes (SWCNTs) inside the linear channels of the aluminophosphate

zeolite, AlPO4-5 (AFI), single crystals (0.4 nm-SWCNT@AFI). Ethylene (C2H4) and carbon

monoxide (CO) were used as the feedstock. Polarized Raman spectroscopy was used to ana-

lyze the structure and quality of SWCNTs, both the radial breathing mode and G-band are

much clearer and stronger than the samples grown by the old process which used template

tripropylamine molecules for growing SWCNT@AFI. From the Raman spectra, it is clearly

seen that the RBM is composed of two peaks at 535 and 551 cm�1. By using the pseudopo-

tential module in Material Studio to calculate the Raman lines, the 535 cm�1 peak is attrib-

uted to the (5,0) SWCNTs and the 551 cm�1 peak to the (3,3) SWCNTs. The abundance of

(4,2) is relatively small. Thermal gravity analysis showed that while the samples grown

by CO display less than 1 wt% of carbon, for the samples heated in C2H4 atmosphere the

weight percentage of SWCNTs is around 10%, which implies �30% of the AFI channels

are occupied with SWCNTs, a significant increase compared with the previous samples.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have been intensively studied since

their discovery [1,2]. Owing to their unique physical proper-

ties and the one-dimensional character, they are regarded

as one of the basic materials of the nanotechnology industry

[3–6]. Much effort has been devoted to the synthesis of desir-

able chirality (n,m) single-walled carbon nanotubes (SWCNTs)

at a given location, with well-controlled direction and length
[7–11]. Compared with large-sized SWCNTs, ultra-small

SWCNTs have aroused special interests because of the strong

curvature effect that can lead to a significant hybridization

between the sigma (r*) and pi (p*) orbitals [12]. The curvature

effect enriches the electronic properties by redistributing

the energy in the electronic states, and opens new channels

for electron–phonon coupling which can lead to special trans-

port characteristics. However, SWCNTs with very small diam-

eter can become unstable, as the system energy increases
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rapidly with decreasing diameter [13]. Theoretical calcula-

tions predicted the existence of SWCNTs with diameter as

small as 0.4 nm [14]. Later it was reported that the ultra-small

SWCNTs can be produced inside the channels of alumino-

phosphate, AlPO4-5 (AFI), zeolite single crystals [15], and the

diameter was determined to be 0.4 nm by high resolution

transmission electron microscopy [16]. With such a small

diameter and extreme curvature, these well-aligned and

mono-sized SWCNT arrays showed interesting physical prop-

erties, e.g. superconductivity has been observed in this sys-

tem [17–21].

The host AFI zeolite crystal is a type of microporous alu-

minophosphate zeolites. It is widely used in the host–guest

chemistry because of its thermal stability up to 1200 �C, opti-

cal transparency over the broad range ultraviolet to near

infrared, and electrically insulating characteristic [22–26].

Fig. 1 shows the structure of the AFI crystal viewed along

the [001] (c-axis) direction. The framework is composed of

alternating tetrahedral (AlO4)� and (PO4)+ units, forming par-

allel open channels that are arranged in a triangular lattice

structure [27]. The inner diameter of the channel is

0.734 nm and the center-to-center distance between two

neighboring channels is 1.374 nm. The tripopylamine

[(CH3CH2CH2)3N (TPA)] molecules are aligned head-to-tail

along the c-axis, serving as the precursor template while syn-

thesizing the AFI crystals. In the old method of producing the

0.4 nm CNTs, the SWCNTs were obtained by pyrolyzing the

TPA molecules [15]. The AFI crystals were heated to 580 �C
in vacuum for several hours, leading to the decomposition

of the TPA molecules that are encapsulated inside the AFI

channels, with a small fraction forming the SWCNTs. There

are limitations for this process: In Raman spectroscopy the

intensity of the radial breathing mode (RBM) is weak and

the peaks are broad; the thermal gravity analysis (TGA) data

showed the weight percentage of carbon over the total mass

of SWCNT@AFI crystal to be �1.5 wt%, translating into a fill-

ing factor of SWCNTs inside the AFI channels of �4.5%. This

is a relatively small number, indicating that the samples are
Fig. 1 – The (a) framework, (b) optical and (c) SEM images of AFI

online.)
not uniform and only a small fraction of AFI channels are

occupied with SWCNTs. In this approach, the carbon atoms

that formed the SWCNTs came from the pyrolysis of the

TPA molecules inside the AFI channels. Since the total

amount of TPA molecules are limited in quantity and some

of them may escape during the heating process (the AFI crys-

tals were heated in vacuum), the low filling factor is

understandable.

To improve this situation, we have developed a new chem-

ical vapor deposition (CVD) process by first burning off the

TPA molecules in oxygen atmosphere, and then introducing

carbon-containing gas as the feedstock. Two gases were

tested: C2H4 and CO. In this approach, continuous carbon

source can enter the empty channels of the AFI crystals. Com-

pared with the traditional CVD method for growing CNTs, no

catalyst is used in the present process. The fact that CNTs can

still be formed suggests that the framework of AFI crystal

must play a weak catalytic role in the pyrolysis and conver-

sion of ethylene, or CO, to SWCNTs.

2. Experimental

The AFI zeolite crystals are synthesized by the conventional

hydrothermal method. In the synthesis procedure, aluminum

tri-isopropoxide [(iPrO)3Al 99 wt%] and phosphoric acid

(H3PO4 85 wt%) were used as aluminum and phosphorus

sources, respectively. The TPA molecules served as the tem-

plate during the synthesis process. The details are described

in reference [28]. The as-grown AFI crystals, with TPA mole-

cules capsulated in the channels, are optically transparent

with a typical dimension of 300 lm in length and 100 lm in

diameter.

The as-made AFI crystals are first heated in a flowing oxy-

gen atmosphere at 900 �C, to remove the organic template

TPA molecules through oxidization. Raman spectroscopy of

the AFI crystals after this step showed no RBM or G band,

which means that the channels of the AFI crystals are mostly

empty and ready for the growth of SWCNT. Subsequently, a
zeolite crystals. (A color version of this figure can be viewed



Fig. 3 – Detailed heating processes of the three batches of

samples whose Raman spectra are shown in Fig. 2. (A color

version of this figure can be viewed online.)
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flowing gas mixture of C2H4 (or CO) and nitrogen was intro-

duced for growing the SWCNT, while the heating temperature

was controlled within the range of 600–950 �C. In theory, per-

fect AFI crystal is stable up to 1200 �C, so we have tried heat-

ing temperatures higher than 950 �C with CO. The resulting

quality of the sample was poor, however, because in reality

the AFI crystals have defects, which tend to degrade the crys-

tals before the stability temperature is reached. Hence the

heating temperature was controlled to be below 950 �C. After

the heating treatment, the AFI crystals appear dark brown in

color and exhibit strong optical anisotropy; i.e., almost trans-

parent (black) when the electric field is perpendicular (paral-

lel) to the c-axis.

The SWCNT@AFI were characterized by polarized Raman

spectroscopy using a Jobin Yvon T6400 3000 micro-Raman

system and 514.5 nm Ar laser excitation at room temperature.

Thermo-gravimetry analyses were carried out by a thermal

analysis apparatus (STA 449C Jupiter) to characterize the car-

bon content inside the AFI channels.

3. Results and discussion

Several hundreds of heating processes were carried out by

varying the heating temperature, gas pressure, gas flow rate,

and carbon source. Overall, they can be categorized into three

groups: (I) the old process which used TPA molecules as the

carbon source for growing SWCNTs; (II) new CVD process with

CO being the carbon source for SWCNTs; and (III) new CVD

process with C2H4 being the carbon source. The results can

vary significantly. In Fig. 2, we choose one representative

sample in each group to display their Raman spectra. The

associated heating processes of the three batches of

SWCNT@AFI are shown in Fig. 3.

The P–O and P–O–Al vibrations of the AFI framework give

rise to signals at 450 and 1100 cm�1 in the Raman spectra,
Fig. 2 – The Raman spectra of 0.4 nm-SWCNT@AFI samples

fabricated by the old process (I), shown as the black curve

(a); new CVD process with CO (II), shown as the red curve (b);

and new CVD process with C2H4 (III), shown as the blue

curve (c). (A color version of this figure can be viewed

online.)
but they are normally very weak compared with the signals

from the SWCNTs [30]. Hence the effect of the AFI framework

can be neglected in the Raman spectra. It can be seen that

although the SWCNTs were grown from different sources,

their Raman spectra have very similar features. Especially

for the samples grown by the new CVD process with ethylene

or CO source, their spectra coincide quite well with each

other. They differ only in some small but notable features.

Below we comment on the various features of the Raman

spectra.

(1) The radial breathing mode is in the low frequency

region of 500–600 cm�1. The RBM serves as an unique

signature of CNTs because it corresponds to the coher-

ent vibration of the carbon atoms along the radial

direction. Planar structures such as graphene or graph-

ite do not have such Raman-active modes. The RBM of

SWCNTs fabricated by the new CVD process (II) or (III) is

much more evident than that of (I), thereby they pro-

vide us more information about the structure of the

SWCNTs. According to the high resolution TEM charac-

terization [16], the diameter of the SWCNT@AFI was

determined to be 0.4 nm. There are only three possible

SWCNTs with such a small diameter: the zigzag (5,0),

the armchair (3,3) and the chiral (4,2)

Since not all the carbon atoms in the AFI channels must be

in the nanotube form, some of them can be in the form of
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amorphous carbon which will give rise to G-band signal but

no RBM signal. So the RBM/G ratio can serve as a simple yet

intuitive indication of the amount of carbon atoms that is in

the nanotube form. However, it should be noted that the

RBM/G ratio is not necessarily related to the TGA result, since

the latter indicates the total amount of carbon, rather than its

distribution among the amorphous form or the nanotube

form. Fig. 4 shows the results of a statistical study on the

RBM/G band ratio, for the three batches of samples shown

in Fig. 2. We can see that the RBM/G ratio increased greatly

from �5% (sample I) to almost �20% (sample III). This clearly

suggests that for the new fabrication process, there is less

amorphous carbon in the AFI channels.

(2) G band is an important feature of CNTs. For SWCNTs, the

G band consists of two main components as shown in

Fig. 5(a): G+ and G�, corresponding to the movement of

carbon atoms along the tube axis and the circumferen-

tial direction, respectively. From Fig. 5(b), we can see that

the G+ band of the 0.4 nm-SWCNT@AFI is exactly at

1590 cm�1 and can be fitted with the Lorentzian line

shape very well, in good agreement with the larger diam-

eter SWCNTs reported elsewhere [31,32]. There is a small

peak around 1614 cm�1. This may be due to the tangen-

tial mode of semiconducting nanotubes composed of a

few Lorentzians [31]. This also shows that the G+ peak
Fig. 4 – Statistics of RBM/G ratio for samples fabricated by

the three different processes. (A color version of this figure

can be viewed online.)
is independent of the tube diameter, even down to

0.4 nm. Besides, the G+ band is very sharp compared

with that from samples fabricated by process (I)

In contrast to the G+ peak, the frequency and line shape of

the lower frequency G� peak are strongly related to the chiral-

ity and diameter of the nanotubes. The G� band of armchair

carbon nanotube have a Breit–Wigner–Fano (BWF) line shape

(a broad and asymmetric peak), while the G� band of the

semiconducting carbon nanotubes remains Lorentzian

[33,34]. In accordance with the density functional theory

(DFT) calculation of the electronic band structure, the (5,0)

SWCNTs are metallic because of its small radius [35]. How-

ever, from the zone folding approach [36] or the tight binding

calculations [37], the zigzag (5,0) nanotubes are semiconduct-

ing in character. For the Raman characteristics, we should

therefore examine both the metallic and semiconducting

characteristics of the G� band.

For armchair SWCNTs, the frequency of G� band is related

to its diameter by the relation [31]:

x�G ¼ xþG �
C

d2
t

; ð1Þ

with C = CM = 79.5 cm�1 nm2. According to Eq. (1), the fre-

quency of the G� band should be around 1100 cm�1 for the

metallic armchair 0.4 nm-SWCNT@AFI. In the Raman spectra

of SWCNT@AFI there is a broad peak around 1170 cm�1, and

in Fig. 5(c) we see that it fits well with the BWF line shape.

So this peak can very well be the G� band of armchair

0.4 nm-SWCNT@AFI. The deviation from what is predicted

by Eq. (1) can be due to the strong curvature effect of the

0.4 nm tube structure.

For the non-armchair SWCNTs, six Raman-active modes

of A + E1 + E2 symmetry, along each of the two orthogonal

(the axial and circumferential) directions, can be present in

the G band [38]. The frequency of the G� band for the semi-

conducting SWCNTs can be well fitted by the relation:

x�G ¼ 1592� C

db
t

; ð2Þ

With b = 1.4, CE2
= 64.6 cm�1 nm1.4, CA = 41.4 cm�1 nm1.4, and

CE1
= 32.6 cm�1 nm1.4 [39]. According to Eq. (2), the G� peaks

should be at 1359 (E2), 1443 (A), and 1474 cm�1 (E1) for the

non-armchair 0.4 nm-SWCNT@AFI. From the Raman spectra

fitting of sample (III) in Fig. 5(d), four peaks centered at

1352, 1377, 1460, 1483 cm�1 are identified. The 1352 cm�1

should be associated with the disorder induced D band which

will be discussed in the next section. It is tempting to attri-

bute the remaining three peaks to the G� band of semicon-

ducting 0.4 nm-SWCNT@AFI. However, from the polarized

Raman spectra shown in Fig. 6, The 1377 cm�1 mode not only

exhibit strong intensity at (ZZ) and (XX) polarized spectra

associated with the A1(A1g) symmetry, but also has intensities

in cross-polarized (ZX) and (XZ) spectra indicating that it

should be assigned the E1(E1g) symmetry, but the frequency

is too far from the predicted E1 mode at 1474 cm�1. The

1460 and 1483 cm�1 peaks are observed in the (ZZ) and (XX)

parallel polarized spectra, hence they should be assigned

A1(A1g) symmetry. Whereas 1460 cm�1 is close to the

1443 cm�1 G� mode with the correct symmetry, the other



Fig. 5 – (a) Two types of vibrations for the G band. (b) Fitting of the G band of sample III at 1590 cm�1 by the Lorentzian line

shape. (c) Fitting of the G�M band at 1170 cm�1 by the BWF line shape. (d) Fitting of the G�S band at 1370 and 1480 cm�1 by the

Lorentzian line shape. (A color version of this figure can be viewed online.)

Fig. 6 – Polarized Raman spectra of the SWCNT@AFI. Y direction denotes the incident light direction and the Z direction

denotes the c-axis direction of SWCNT. The XZ, XX and ZX configurations are enlarged, and vertically shifted, for comparison.

This batch of sample was heated with the C2H4 under the condition of pressure = 400 Torr and temperature = 700 �C for 4 h,

but it showed similar Raman behavior with sample (III) fabricated under higher temperature and pressure, even though the

carbon content is much lower as evidenced by the TGA. (A color version of this figure can be viewed online.)
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Fig. 7 – RBM of the three processes from Fig. 2: (I) old process;

(II) CVD process with CO; (III) CVD process with C2H4. (A

color version of this figure can be viewed online.)
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one, at 1483 cm�1, cannot be easily identified so far. It should

be noted that Eq. (2) is obtained by measuring the Raman

spectra of isolated SWCNTs [39], but the Raman spectra of

0.4 nm-SWCNT@AFI are measured within the framework of

the AFI crystals. Thus some frequency difference may be

attributed to the interactions between the nanotube and the

AFI framework.

(3) As mentioned above, there is a D band around

1352 cm�1, which might be due to defects in the tube

structure. It should be noted that the Raman spectra

was measured with half of the crystal milled away by

mechanical polishing, which means the surface amor-

phous carbon was removed. A higher D band peak

would correspond to a higher concentration of defects

in the sample. Different fabrication conditions have

been tested to minimize the D band, but the intensity

is still relatively large. It is speculated that the D band

might also arise from the curvature effect, owing to

the small radius.

(4) There is a sharp, asymmetric peak at 986 cm�1. From

Fig. 6 we can see that the 986 cm�1 peak always accom-

panies the RBM: It is weak when the RBM is weak (both

the XX and ZX configurations); and it disappears when

the RBM is absent (XZ configuration). Previous study on

the intermediate frequency region modes (between

600 and 1100 cm�1) of larger diameter SWCNTs

(dt = 1.5 ± 0.3 nm) has revealed that this peak can be

related to the combination of one optical and one

acoustic phonon that originate from a zone folding pro-

cedure of two 2D phonon braches, associated with the

out-of-plain vibrations of carbon atoms [40]. Such mode

is Raman-inactive for large carbon nanotubes, but can

be active for small diameter carbon nanotubes. How-

ever, the intensity of this mode for the 4-Angstrom car-

bon nanotubes is still to be pursued.

We note that another feature in Fig. 6 is the peak at

500 cm�1. It is independent of the RBM and is clear and sharp

for the XZ configuration. It also appears in the Raman spectra

of the empty AFI crystals after the TPA molecules were

removed by heating in oxygen atmosphere. So the peak at

500 cm�1 should be associated with the AFI framework, not

related to the SWCNTs.

Fig. 7 shows the RBM of the samples from three different

processes. From (II) and (III) it is seen that the RBM is com-

posed of two peaks at 535 and 551 cm�1. The broad peak

around 500 cm�1, which is very weak compared with other

peaks, is attributed to the framework of AFI crystal as dis-

cussed above. For our template-grown carbon nanotubes,

there are only three candidates with suitable diameters:

(5,0), (3,3) and (4,2), with the respective diameters of 0.393,

0.407 and 0.414 nm. Since the diameter of the AFI channels

is 0.73 ± 0.01 nm and the distance between the wall of

SWCNTs and the AFI channels should be close to the separa-

tion between graphite sheet (0.34 nm), the allowed diameter

is 0.39 ± 0.01 nm. So the diameters of the (5,0) and (3,3) are

more favorable than (4,2). In addition, it is reported that by

using CO, the growth of the (10,0) zigzag tubes is more favor-
able than the (5,5) armchair tubes [41]. This may suggest that

zigzag tubes can be preferred in the growth using CO gas. In

Fig. 7 we can see that for the 0.4 nm-SWCNT@AFI fabricated

by CO gas, the peak at 535 cm�1 is stronger than that at

551 cm�1. So the peak at 535 cm�1 is attributed to (5,0), and

the peak at 551 cm�1 is attributed to the (3,3) carbon nano-

tubes. This assignment is further supported by theory calcu-

lations, shown below. The signal from (4,2), if it exists, must

be very weak.

We have carried out the calculation of RBM for the (5,0),

(3,3) and (4,2) nanotubes by using the CASTEP pseudopoten-

tial module in Material Studio. The results are listed in

Table 1.

From Table 1, the RBMs of (3,3), (5,0), (4,2) are at 556.7,

534.9, and 526 cm�1, respectively. Although the frequency of

RBM may change a few wave numbers when different

pseudopotential is used, their differences are fixed relative

to each other. The calculated results therefore agree well with

our previous assignment that the peaks at 551 and 535 cm�1

belong to (3,3), (5,0), respectively, and that (4,2) is hardly seen

in the 0.4-nm SWCNT@AFI system. Hence it may be possible

to develop a chirality-selective process of growing SWCNTs

using CO.

Thermal-gravimetric analysis was carried out to character-

ize the quantity of SWCNTs inside the channels of AFI crys-

tals. The TGA result of sample (III) is shown in Fig. 8. The

weight loss, starting at around 570 �C, is attributed to the



Table 2 – Carbon content and pore filling factor of samples
from the three processes.

Pressure Carbon content (%) Pore filling factor (%)

Process (I) 1.5 4.5
Process (II) 0.7 2.1
Process (III) 10.0 30.0

Fig. 8 – Thermogravimetric data from 18 mg of 0.4 nm-

SWCNT@AFI obtained from process (III) in flowing oxygen,

with a ramp rate of 5 �C/min. (A color version of this figure

can be viewed online.)
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oxidation of carbon. We see that by using ethylene as the car-

bon feedstock and heating under high pressure condition the

total weight percentage of carbon can reach 25.8 wt%. How-

ever, the weight percentage of SWCNTs should be smaller

than the total weight loss because there is amorphous carbon

on the surface of the AFI crystals. Normally the oxidization

temperature of amorphous carbon should be lower than that

of SWCNTs, but for our case they are very close. We have

measured the TGA of amorphous carbon, collected from the

quartz tube after growing the 0.4 nm-SWCNT@AFI. The

results are shown in Supplementary Materials [29]. They con-

firm that in our case, the oxidization temperature of amor-

phous carbon is higher than what might be usually

expected, most probably owing to the relatively high heating

pressure and temperature under which the amorphous car-

bon was formed, leading to a more tightly-packed, highly

linked structure that is more robust against oxidation. The

thickness of the amorphous carbon layer was measured to
Table 1 – The RBM of (3,3), (5,0), (4,2) as calculated by the CASTE
arrows indicate the directions of motion.
be �2.5 lm. By taking into account the density of amorphous

carbon – 2.0 g/cm3, density of AFI crystals – 2.6 g/cm3, and the

average size of the crystals – 300 lm in length and 100 lm in

diameter; the weight percentage of amorphous carbon is esti-

mated to be 15%. That means the contribution from SWCNTs

is approximately 10%, which is much higher than the value

obtained the old process (I).

Although the carbon content is greatly increased, by calcu-

lation it is inferred that not every channel is filled with CNTs.

We define the filling factor as the percentage of the channel

space occupied by SWCNTs over the total amount of channel

space. The carbon content and filling factor are listed in

Table 2. From the table we can see that when we use ethylene

as carbon source and heat under high pressure (III), the car-

bon content can be increased from 1.47% to 10% as compared

to the old process (I), with the filling factor increasing from

4.5% to 30%.

We note that the carbon content of SWCNT@AFI heated by

process (II), using CO, is about 0.7%, much lower than both pro-

cess (III) and (I). This may be due to the fact that CO is more sta-

ble than either ethylene or TPA, and no catalyst was used in the

heating process. Without a catalyst, it may be difficult for CO to

decompose and form SWCNTs in the AFI channels. By using CO

as the carbon sourceand heating under high pressure, thereare

somegood SWCNTsin local areas of AFI crystals, but the overall

amount of SWCNTs is still small.

We show in Fig. 9 a two dimensional summary of results,

with ethylene gas as the feedstock. Here pressure is the verti-

cal axis and heating temperature serves as the horizontal

axis. The old process is noted to yield samples with only very

weak RBMs and small amount of nanotubes in the channels.
P pseudopotential module in Material Studio. The green



Fig. 9 – Overall result of different heating conditions for process (III), using ethylene as the feedstock. (A color version of this

figure can be viewed online.)
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The use of CO without catalyst, on the other hand, leads to

good RBM signals but very small pore filling. Thus the optimal

approach is to use ethylene as the carbon source, with the

conditions delineated by the dark red area in Fig. 9. The diffi-

culty of using ethylene as the source, however, is that at tem-

peratures higher than 800 �C the polymerizing tendency of

the ethylene molecules can lead to the proliferation of by-

products in both liquid and solid form. When that happens,

the AFI crystals can be difficult to extract from the resulting

(fused) mixture.

4. Conclusion

By taking advantage of the small channels of AFI crystals, we

have developed an efficient CVD process of growing uniform

0.4 nm-SWCNTs using ethylene and CO. This new process is

better than the old process as evidenced by the Raman spectra

showing that both the RBM and G band to be clearer and stron-

ger than the old process. The two clear RBM peaks at 535 and

551 cm�1 indicate that the 0.4 nm-SWCNT@AFI are mainly

composed of (5,0) and (3,3) nanotubes. This conclusion is sup-

ported by theoretical calculations. Our results also suggest

the possibility of developing a chirality-selective growing pro-

cess of 0.4 nm-SWCNT@AFI using CO. By using ethylene as

the feedstock and heating under high pressure with a temper-

ature of 700 �C, both the quantity and quality of 0.4 nm-

SWCNTs in the AFI channels are significantly improved.
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