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Abstract In this paper, we have demonstrated that

europium oxide (Eu2O3) is a new type of active catalyst for

single-walled carbon nanotubes (SWNTs) growth under

suitable conditions. Both random SWNT networks and

horizontally aligned SWNT arrays are efficiently grown on

silicon wafers. The density of the SWNT arrays can be

altered by the CVD conditions. This result further provides

the experimental evidence that the efficient catalyst for

SWNT growth is more size dependent than the catalysts

themselves. Furthermore, the SWNTs from europium ses-

quioxides have compatibly higher quality than that from

Fe/Mo catalyst. More importantly, over 80% of the nano-

tubes from Eu2O3 are semiconducting SWNTs (s-SWNTs),

indicating the preferential growth of s-SWNTs from

Eu2O3. This new finding could open a way for selective

growth of s-SWNTs, which can be used as high-current

nanoFETs and sensors. Moreover, the successful growth of

SWNTs by Eu2O3 catalyst provides new experimental

information for understanding the preferential growth of

s-SWNTs from Eu2O3, which may be helpful for their

controllable synthesis.
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Introduction

Single-walled carbon nanotubes (SWNTs) have attracted a

great deal of attention due to their unique structures and

excellent properties [1–4] since their discovery [5]. Several

approaches [6–8] have been developed for the preparation

of SWNTs, among which the catalyst plays an important

role in the chemical vapor deposition (CVD) process of

SWNTs [9]. It is generally accepted that the nanoscaled

catalyst particles act as the initiating centers and the

SWNTs grow out from them via a vapor–liquid–solid

(VLS) mechanism [10]. The Fe-family elements are known

to be the most common catalysts, and both experimental

[11] and theoretical [12, 13] studies show their high cata-

lytic activities. However, in the past 5 years, many other

metals such as Ag, Pd, Au, Cu, Rh, Pb [14–19], Mg, Mn,

Cr, Sn and Al [20, 21], semiconductors such as Si and Ge

[16], carbides such as SiC [16], Fe3C [22] and more

recently even oxides including SiO2, Al2O3, TiO2 have

been reported to be active for SWNT growth [23]. These

materials were regarded as inactive catalysts for the growth

of CNTs in the past. Therefore, these findings challenge the

traditional thinking about the growth of CNTs and the role

of the catalysts. Furthermore, different types of catalysts

will provide more chance to understand the relationship

between the catalyst and the structures of the SWNTs and

thus may find out the approach for selective growth of

semiconducting SWNTs (s-SWNTs) or metallic SWNTs

(m-SWNTs). For SWNT-based electronics applications

such as field-effect transistor (FET), pure s-SWNT can be

used as high-current nanoFETs and sensors. A lot of efforts

have been focused on generating pure s- or m-SWNTs

including selective growth of s- or m-SWNTs [24–26],

electrical breakdown of m-SWNTs based on FET devices

[27], electrochemical and solution-phase chemical
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separation [28], selective chemical reaction [29–31] and

more recently irradiation [32, 33].

In this contribution, we first report that random and

superlong well-oriented SWNT arrays can be generated by

CH4-CVD or EtOH-CVD from rare earth metal oxide

Eu2O3. The Raman spectroscopy with the combination of

electrochemical deposition of Ag has been applied to

evaluate the structure of the as-grown SWNTs. This new

type catalyst provides not only an alternative catalyst for

the growth of SWNTs but also a possible high percentage

of superlong s-SWNT arrays for various SWNT-based

nanodevice fabrications and applications.

Experimental Methods

Growth of SWNTs from Eu2O3 Nanoparticles

on SiO2/Si Wafers

Si wafer with 500-nm layer of SiO2 was first cleaned by

H2SO4/H2O2 solution (the volume ratio of H2SO4 to H2O2

is 7:3) followed by washing with deionized water and

acetone under sonication before use. Eu(NO3)3 was pur-

chased from Aldrich with purity higher than 99.99%. The

catalyst precursor was loaded onto the substrate by dipping

the wafer into 1 mM ethanol solution of Eu(NO3)3. CH4-

CVD or EtOH-CVD was carried out. When gradual heating

in H2 (800 sccm) until 900�C, CH4 (200 sccm)/H2 (300

sccm) or ethanol vapor delivered by bubbling H2 (200

sccm) into ethanol which has 1–3% water at 25–40�C with

argon (200 sccm) was introduced into the 1-in.-diameter

quartz tube. The growth of the nanotubes lasted for 10 min.

Deposition of Ag on SWNT Arrays

The electrodeposition was carried out using a three-elec-

trode arrangement [34], a saturated calomel electrode as

the reference electrode, Pt gauze counter electrode, and

working electrode which is the long-oriented SWNT arrays

connected by a conducting silver adhesive or Au layer by

sputtering coating. The samples were dipped into the silver

deposition solution containing 0.1 mM AgNO3 (99?%,

Aldrich Chemicals) with 20 mM KNO3 (analytical grade,

Beijing reagents) as the supporting electrolyte. Electrode-

position was performed at -0.6 V for 10 s.

Characterization

SEM images were taken from FEI NanoSEM at 1 kv, spot

4 or 10 kv, spot 3. TEM images of SWNTs were taken

from Si3N4 window where the nanotube grew in situ using

a Philips CM200 TEM at 200 kV. AFM images were

recorded at NanoScope IIIa atomic force microscope from

Veeco, Inc. in tapping mode at room temperature. Raman

spectra of SWNTs on either silicon wafers or quartz plates

were collected from JY-T64000 Raman spectroscopy under

ambient conditions by using excitation laser lines of

514.5 nm (2.41 eV) or 632.8 nm (1.96 eV) from an air-

cooled Ar? laser. The beam size is 2 lm. The laser power

was carefully controlled to avoid any heating effects.

Result and Discussion

Growth of SWNTs on SiO2/Si Wafers

In order to avoid possible metal contamination in the CH4-

CVD system and possible impurity of chemicals, a new

quartz reactor was used for each experiment. A clean SiO2/

Si wafer was put in front of the substrate as a reference to

observe if any nanotubes formed without the catalyst. From

SEM observation, many carbon nanotubes could be found

on the substrate with Eu(NO3)3, but no nanotube was

observed on the clean wafer. Interestingly, as-grown

SWNTs were often tangled with each other and formed

round-like shapes as shown in Fig. 1a. Such high-density

SWNT films show attractive applications in SWNT-based

thin-film transistors [35]. Raman spectroscopy provides a

Fig. 1 a SEM images of the

as-grown SWNTs on substrates

by CH4-CVD, Raman spectra

of SWNTs from two different

positions of the same sample in

(a). Raman spectra b and c are

RBM and G-band, respectively
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powerful tool to characterize the diameter and quality of

SWNTs. Figure 1b, c shows the typical Raman spectra of

radial breathing mode (RBM) peaks and G-band of two

different positions of Fig. 1a, respectively. The peaks of

the RBM at 221.8, 223.1, 229.1, 230.8 and 234.7 cm-1

correspond to SWNTs with the diameters of 1.12, 1.11,

1.08, 1.07 and 1.05 nm, respectively, according to the

equation of d = 248 cm-1/x [36]. It is known that the

D-band is related to vacancies, impurities, or other sym-

metry-breaking defects in SWNTs. Herein, the quite weak

D-band shows that the as-prepared SWNTs by this method

are of high quality.

To confirm that it was Eu2O3 nanoparticles that acted as

the catalyst during the CVD process, we undertook the

energy-disperse X-ray spectrum (EDX) measurement on

the carbon nanotubes with particles on Cu grid. The results

indicate the catalyst particle contain large amount of oxy-

gen atoms as shown in Fig. 2, suggesting that it exhibited

an oxide state; in addition, it was needed to point out that

Fe, Co, Ni and any other metal elements were not found in

the sample, indicating that it was europium oxide that acted

as catalyst in the growth process. Before the XRD was

performed, we put the solid state of Eu(NO3)3 into porce-

lain boat, then it was heated at 900�C and lasted for 10 min

under H2 atmosphere. Figure 3 is the XRD pattern of the

samples. In the XRD pattern, the peaks at different angle

are indexed to diffraction lines from the (222), (400), (440)

and (622) planes of Eu2O3 (PDF, 34-0392). Interestingly,

the diffraction peaks of Eu2O3 are so strong at plane (222),

(400). It may caused by the well-crystallized large catalyst

particles existing in the samples. The above-mentioned

results display that, unlike the traditional metallic or car-

bide catalysts, it is the Eu2O3 that acted as a catalyst during

the growth of nanotubes. No metal Eu was formed on the

substrate under the hydrogen atmosphere according to

Fig. 3. It was possibly caused by the low standard electrode

potential of Eu2O3 (Eu3??Eu, -2.407 V), which showed

that hydrogen could not reduce Eu2O3 to metal Eu.

In our recent article [23], we have demonstrated that

nano-sized oxides including SiO2, TiO2 and Al2O3 are

effective for SWNT growth and proposed that any mate-

rials with suitable size may be active for nanotube growth.

After the substrate with Eu(NO3)3 was treated at 900�C for

5 min, AFM observation showed that Eu2O3 nanoparticles

with different sizes were formed due to the decomposition

of Eu(NO3)3 (Fig. 4a). AFM was also employed to inves-

tigate the diameter of SWNTs, and AFM image of the as-

grown nanotubes is shown in Fig. 4b. The height measured

on random nanotubes (total of 102 nanotubes were mea-

sured) indicated that the SWNTs had an average diameter

of about 1.27 nm (Fig. 4c). Small amounts of the large-

diameter nanotubes ([2 nm) may be due to small bundles

of SWNTs, double-walled CNTs or contamination such as

amorphous carbon surrounding the nanotube surface. In

addition, the mean diameter from TEM measurements of

95 SWNTs is 1.264 nm, which is slightly smaller than that

of AFM.

Figure 5a shows the typical SEM image of the as-pre-

pared SWNT arrays via EtOH-CVD at 900�C, employing

the fast-heating method and the catalyst area as indicated

by white arrow. Large area and well-aligned SWNT arrays

are obtained. The SEM-magnified image of upright inset

indicates that the density is about 2 SWNTs/10 lm and the

nanotube is very straight. SEM image is shown in Fig. 5b

using the ordinary CVD method, and the inset is TEM

image. TEM observation on Si3N4 window further verifies

that the as-grown nanotubes are SWNTs. It can be seen

from the SEM observation that the horizontally aligned

SWNT arrays are uniform over a large area, and the density

of the parallel SWNTs is about 3–4 SWNTs/20 lm.

Though this density is lower than those of aligned SWNT

arrays grown on quartz [37] and sapphire [38], it is still

very high among reports of horizontally aligned SWNT

arrays on silicon wafers [39]. The length of the wafer is

about 1.5 cm. Most of the nanotubes can grow from one

side to another side of the substrate, indicating the length of
Fig. 2 The EDX analysis of nanoparticles contained in a SWNT tip

on Cu toil
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Fig. 3 XRD pattern of the decomposition product of catalyst

precursor
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Fig. 4 a AFM image of Eu2O3

particles on substrate after

thermal treatment at 900�C;

b AFM image and height profile

of the nanotubes growing from

Eu2O3; c diameter distribution

of the nanotubes based on AFM

height measurement

Fig. 5 a, b SEM image of well-

oriented SWNT arrays on SiO2/

Si wafer by EtOH-CVD at

900�C, a using the fast-heating

method, and the inset is its part

magnified image, b using the

ordinary method, and the right

inset is TEM image of

individual nanotube, c AFM

image of the as-grown SWNTs,

Raman spectra d and e are RBM

and G-band, respectively, of

two different SWNTs in sample

(b)
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the SWNT arrays in centimeter scale. Such large-area

uniform SWNT arrays show attractive applications in

various SWNT-based nanodevices.

We carry out AFM and Raman measurements on two

SWNTs. Figure 5c shows the AFM image of two SWNTs

in the same sample with that in Fig. 5b. The corresponding

Raman spectra (Fig. 5d, e) gave the RBM bands at 207.9

and 227.5 cm-1. We can calculate the corresponding

diameters of the two SWNTs, which are 1.19 and 1.09 nm

according to the equation of d = 248 cm-1/x [36], which

is within the range obtained from our AFM and TEM

observations. The typical Raman spectra with 632.8-nm

lasers are shown in Fig. 5e. It can be seen that the strong

G-band peaks at about 1,590 cm-1 correspond to graphitic

structure and the weak D-band peaks indicate a good

quality of SWNTs.

The activity of the Eu2O3 for growing SWNTs further

supports our thinking. Although Eu2O3 had little solubility

of carbon and did not decompose organic molecules cata-

lytically at room temperature, we believe that, at high

temperature, the high fluctuation of the nano-sized liquid-

like structure of the molten Eu2O3 activated organic mole-

cules and initiated the nucleation and growth of nanotubes.

In fact, rare earth oxides have catalytic function for many

reactions such as oxidative couple, H/D exchange and NO

reduction with CH4, decomposition of alcohols, and

chemical adsorption of NH3 and CO2 [40] that involves the

activating dissociation of C–H, C–O, H–H and N–H bonds.

It is well known that defects in a solid could dramatically

influence its chemical reactivity. High-temperature treat-

ment on these sesquioxides causes more oxygen vacancies

and promotes their catalytic activity [13]. Moreover, metal

atoms in bulk rare earth oxides have high mobility and

start to migrate at Tammann temperature (half of melting

point, *1,200�C), and oxygen substructure is mobile in

even much lower temperature [41]. The melting point of

Eu2O3 is 2,291�C; however, it is expected that the melt-

ing point of nano-sized oxides (\2 nm) is lower than

the growth temperature (900�C). Thus, high activity for

Eu2O3 nanoparticles to catalytically grow SWNTs can be

understandable.

As reported in our previous paper [34], Ag can be

electrochemically deposited onto the both m-and s-SWNTs

with no defects along the long-oriented SWNTs. To further

investigate the quality of the SWNTs, we carried out typ-

ical electrochemical experiment in the horizontally long

SWNT arrays. Figure 6a shows schematic representation of

the three main processes in our experiment, from coating

the catalyst precursor to horizontally aligned SWNT arrays

grown to the electrodeposition of silver on SWNT arrays.

Figure 6b is the SEM image showing the well-aligned

SWNTs after electrodeposition of Ag for 10 s in 0.1 mM

AgNO3 solution at -0.6 V. It is interesting that the small

amount of nanotubes do not have Ag deposition (Tube1,

Tube3 and Tube2 are with and without Ag deposition,

respectively, indicated by the black arrow.). After careful

checking with these long nanotubes, 321 out of 350

nanotubes are found to be deposited with Ag (91.7%) and

only 8.3% SWNTs are without Ag deposition. However,

for Fe/Mo nanoparticles catalyst system, the percentage of

the nanotubes with Ag deposition is *68% [34], This

result indicates that the SWNTs grew from Eu2O3 have

much better structural uniformity with less defects than that

from Fe/Mo catalyst.

Resonant Raman spectroscopy has been proven to be a

powerful tool for characterizing and revealing the detailed

structure and the electronic and phonon properties of

SWNTs. The RBM and G-band features of Raman spectra

can be used to assign and distinguish the s- and m-SWNTs,

especially when multiple excitation lasers are used.

G-mode of m-SWNT has broadened line shape fitting

with Breit–Wigner–Fano (BWF) line and s-SWNT has

Lorentzian line shape. Applying Raman spectroscopy with

the assistance of the Ag deposition, we are able to identify

the structure of an individual nanotube. We note that the

G-band of the SWNT arrays can be easier to be collected

using 2.41 eV laser at relative high power of the laser. We

checked 101 long nanotubes with Ag deposition and found

that except 4 nanotubes that are undetectable (out of

Raman resonance window), 85 out of 101 are s-SWNTs

that has typical Raman spectrum as shown in Fig. 6f and

only 12 is m-SWNTs (Fig. 6d). In order to avoid possible

bundle of the long SWNTs, we checked the nanotubes

carefully one by one via SEM to make sure that the

nanotube is individual before Raman identification. We

calculate that over 80% of the nanotubes are s-SWNTs,

indicating the preferential growth of s-SWNTs by using

Eu2O3 as catalyst.

Since the Raman resonance of the SWNTs depends on

both excitation frequency and the diameter of the SWNT, it is

necessary to use another laser line to identify the structures of

the SWNTs. We further check the SWNTs by using Elaser

632.8 nm (Elaser = 1.96 eV) to collect the G-band from 40

long tubes, among which 37 nanotubes have Ag particles and

find 33 s-SWNTs (82.5%) and 3 m-SWNTs (7.5%). The

typical Raman spectra are shown in Fig. 6d, f. The per-

centage of the s-SWNTs measured from 1.96 eV excitation

laser line is similar to that from 2.41 eV.

To further confirm a high percentage of semiconducting

nanotubes in these SWNT arrays, we simultaneously

examined the corresponding RBM peaks as shown in

Fig. 6c, e. According to the equation of d = 248 cm-1/x,

we can obtain metallic nanotubes of 1.05 and 1.26 nm

diameter and semiconducting nanotubes of 1.41 and

0.92 nm diameter using 2.41 and 1.96 eV, respectively,

which is within the range of Kataura plot [42, 43]. We can
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see that the RBM results agree with the G-band features of

Raman spectra.

The high percentage of the s-SWNTs in the long-ori-

ented SWNT arrays from Eu2O3 is believed to relate to the

defects caused during prolonged growth period and their

tip-growth mechanism. A high percentage of s-SWNTs

both vertically and horizontally aligned SWNT arrays on

substrate have been reported more recently [29, 44]. The

horizontally aligned SWNT arrays can grow on ST-cut

single-crystal quartz; the enrichment of s-SWNT is

believed to be due to the induced growth by the substrate

lattice and the optimized growth condition. The reason

for the growth of vertically aligned SWNT arrays with

s-SWNT still remains unclear. Further, more experiments

need to be carried out for better understanding of the

mechanism of the preferential growth of semiconducting

structure in long SWNTs and for analysing whether other

rare earth oxides have the same behavior as Eu2O3.

Conclusion

In summary, we have demonstrated that Eu2O3 is a new

kind of active catalyst for SWNT growth. This result

further provides the experimental evidence that the effec-

tive catalyst for SWNT growth is more size dependent

than catalysts. Furthermore, the SWNTs from Eu2O3

have compatibly higher quality than that from Fe/Mo cat-

alyst. More importantly, over 80% of the nanotubes from

Eu2O3 are s-SWNTs, indicating the preferential growth of

s-SWNTs from Eu2O3. This new finding could open a way

to selectively growth of s-SWNT for nanoFETs and sensors

in nanoelectronics devices. Further study is under way.
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