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We report that single-walled carbon nanotubes (SWNTs) can be etched into graphene nanoribbons

(GNRs) by iron etching, which is confirmed by Raman spectroscopy and transmission electron

microscopy. Compared with SWNTs, there are some unique features in Raman spectra of GNRs:

symmetric G peak with no splitting, larger Raman intensity of 2D peak than G peak, and lower

frequency and narrower full width at half maximum for 2D peak. Similar to radial breathing modes

in SWNTs, theoretically predicted radial breathing-like mode of GNRs is also observed: a clear

and prominent peak around 223 cm�1 in the low frequency regions. This work paves the way for

future studies of nanodevices based on SWNT-GNR heterojunction. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3692108]

Graphene nanoribbons (GNRs), which are elongated

strips of graphene, have attracted theoretical and experimen-

tal interests for their potential applications as building blocks

in nanodevices and spinelectronics.1–4 The transformation of

carbon nanotubes (CNTs) into GNRs is a very appealing

approach because CNTs can be viewed as cylinders of seam-

less rolling graphene sheets.5 And the fabrication of GNRs

from multi-walled carbon nanotubes (MWNTs) has been

reported recently, such as plasma etching,6 chemical oxida-

tion,7,8 transition metal nanoparticles cutting,9 and lithium

intercalation and exfoliation.10 However, it is still a great

challenge to cut single-walled carbon nanotubes (SWNTs)

into GNRs because of the very small diameter of

SWNTs.11,12

In this letter, we report on the fabrication of GNRs via

iron longitudinal cutting of SWNTs. During thermal anneal-

ing, iron particles exhibit directional movements on the

SWNTs under the gas coflow of argon (Ar) and hydrogen

(H2). The directional movements of iron particles can result

in the cutting of SWNTs into GNRs via catalytic hydrogena-

tion of carbon, which is further confirmed by Raman spec-

troscopy and transmission electron microscopy (TEM).

Catalytic cutting of MWNTs shows the advantage of

much more controllability, such as the metal particle size,

kinds of gases, atmospheres, and temperature.9,13 In order to

unzip SWNTs14 into GNRs, the unique approach used in our

experiment is schematically shown in Fig. 1. First, a SWNTs

film was put onto a Si substrate with a 300 nm SiO2 layer,

and some wrinkles (thick areas) were found at some regions

in the SWNTs film. Second, 5 nm Fe film was thermally de-

posited onto one end of the SWNTs film in a vacuum ther-

mal evaporator at a deposition rate of 1.0 Å/s under a

vacuum of �10�4 Pa (Fig. 1(b)). Subsequently, the samples

were placed at the center of a quartz tube in a tubular fur-

nace, and a mixed gas of 400 sccm (standard cubic centi-

meters per minute) Ar and 70 sccm H2 was introduced. To

perform the catalytic hydrogenation of carbon, the center

temperature was increased from 25 �C to 900 �C for an hour

and kept at 900 �C for about 30 min.9,15–17

After thermal annealing, the samples were cooled down

to room temperature under the protection of 100 sccm Ar

atmosphere. There are several typical features for the mor-

phologies of iron on SWNTs: first, the iron film becomes

iron particles with different sizes as shown by region A in

Figs. 1(c) and 2(a). Second, iron particles can travel along

the SWNTs film where there is no iron film deposited at first

(regions B and C). The directional movements of iron par-

ticles cannot be observed on the bare substrate where there is

no SWNTs film (Fig. 2(b)). Third, there are two kinds of

regions on the SWNTs film outside region A: region B with

more SWNTs (wrinkles) and C with less SWNTs. In region

B, the particle sizes are much larger than those in region C.

This indicates that iron particles move faster on region B

than C, which is further confirmed by this fact: at the regions

far away from iron film, there are iron particles in region B,

while no iron particles are found in region C (Fig. 2(c)).

These investigations indicate that iron particles have direc-

tional movements on the surface of SWNTs.

It is reported that carbon-based materials (graphite, few-

layer graphene, and MWNTs) can be etched by thermally

activated metallic nanoparticles, such as Fe, Co, and

Ni.9,15,16 Whether can SWNTs be etched into GNRs by the

directional movements of iron particles on the surface of

SWNTs? Our reply to this question is positive, which is pro-

ven from the special Raman spectra of GNRs as well as

TEM images.
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Raman spectroscopy is one of the most convenient and

credible techniques to investigate the structure and electronic

properties of GNRs unzipped from CNTs. The micro-Raman

spectroscopy measurements were performed under ambient

conditions with 514.5 nm (2.41 eV) excitation from argon

ion laser with laser power �1 mW and laser spot size

�1 lm.

Typical Raman spectra of iron etched SWNTs are

shown in Fig. 3, which are found in both regions B and C.

For comparison, Raman spectra of annealed SWNTs at the

same experimental conditions without iron deposition and

as-grown SWNTs are also displayed. The following promi-

nent features can be clearly observed in Raman spectra of

iron etched SWNTs: first, the Raman intensity of 2D peak is

much stronger than that of G peak, which is obviously differ-

ent from those of SWNTs. For as-grown or thermally

annealed SWNTs without iron, the intensity of G peak is

much stronger than 2D peak. The full width at half maxi-

mum (FWHM) of 2D peak is about 26.8 cm�1 for iron

etched SWNTs, which is much smaller than 55.7 cm�1 and

47.4 cm�1 for as-grown and annealed SWNTs without iron,

respectively. This means that the 2D peak shape of iron

etched SWNTs is much sharper than that of SWNTs. Sec-

ond, for iron etched SWNTs, the G peak is symmetric and

has no splitting. In contrast, the G peak is composed of two

components, such as G� 1567.3 cm�1 (1566.2 cm�1) and Gþ

1591 cm�1 (1594.1 cm�1) for as-grown (annealed) SWNTs.

Third, the 2D band frequency of iron etched SWNTs is

around 2659.2 cm�1, which is consistent with recently

reported results for monolayer GNRs from argon plasma

etched MWNTs.6 It is different from 2D peak at

2675.0 cm�1 for as-grown SWNTs and 2679.4 cm�1 for

annealed SWNTs without iron, respectively. These results

are similar to those of monolayer graphene,18,19 indicating

that SWNTs can be unzipped into monolayer GNRs by the

directional movements of iron particles on the SWNTs.

Other features in Raman spectra of iron etched SWNTs, such

as the peak (denoted by “!”) at 1513.2 cm�1 and the D peak

at 1354.1 cm�1, also support the formation of GNRs by iron

FIG. 1. (Color online) Schematic dia-

gram showing the catalytic hydrogena-

tion process of the SWNTs film by iron

etching. (a) Distribution of a SWNTs

film onto the SiO2/Si substrate. Some

wrinkles are introduced during this pro-

cess, which is marked by region B. (b)

Thermal evaporation of iron film onto

one end of the SWNTs film (region A).

(c) Thermal annealing at 900 �C under

the mixed gas of Ar and H2.

FIG. 2. (Color online) The directional movements of iron particles on the

SWNTs and different iron morphologies at different regions of the SWNTs

film. (a) Iron source (region A), thick (region B), and thin (region C)

SWNTs film. (b) Substrate, thick (region B), and thin (region C) SWNTs

film. There are no directional movements of iron particles on the substrate.

(c) At the locations far away from region A, there are iron particles at region

B and no iron particles at region C. (d) The vivid picture of iron particles

traveling on the surface of SWNTs.

FIG. 3. (Color online) Raman spectra of as-grown SWNTs (bottom), ther-

mally annealed SWNTs without iron deposition (middle) and GNRs (top).

(a) Comparison of the RBM in SWNTs with the most characteristic RBLM

of GNRs around 223 cm�1. (b) Significant changes in the G and 2D peak

shape, frequency, and intensity of GNRs compared with those of SWNTs.

These spectra are normalized to the G peak intensity.
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cutting. The peak around 1513.2 cm�1 can be ascribed to the

intrinsic feature of edge atoms of the unzipped GNRs termi-

nated with H atoms.20 The peak at 1354.1 cm�1 is a strong

disorder-related band (D), which may be ascribed to the edge

effect of GNRs. The peaks denoted by “M” and “iTOLA”

are attributed to overtones and combination modes related to

graphite, which can be well explained by double-resonance

theory.21

What is more interesting is the distinct peak around

223 cm�1 in the low frequency regions of the Raman spectra

of GNRs. This peak is clearly not the radial breathing mode

(RBM) of SWNTs as can be seen from Fig. 3(a). We propose

that it can be ascribed to the theoretically predicted radial

breathing-like mode (RBLM) of GNRs,22–24 which is a simi-

lar mode to the RBM in SWNT. For the RBLM of GNRs,

one half atoms of the nanoribbon move in-phase in one

direction and the other half in opposite direction. The rela-

tive movements between these two half atoms lead to the

appearance of a special RBLM, which is Raman active and

can be detected experimentally.

The iron etched SWNTs have been further characterized

by TEM, which is shown in Fig. 4. Compared with

MWNTs,9 due to the smaller diameters of SWNTs, it is very

difficult to determine whether each SWNT has been etched

into narrow GNR, since the widths of most GNRs have

almost no differences from the diameters of starting SWNTs.

In other words, only these GNRs, whose widths are far away

from the diameter distribution for as-grown SWNTs, can be

determined to be unzipped from SWNTs. As concluded by

TEM investigations, it is interesting to note that some iron

etched SWNTs show the width around 3.7 nm, which is not

in the range of the diameter distribution for as-grown

SWNTs as mentioned in our experimental conditions.13 This

width is corresponding to the circumference of the starting

SWNTs with a diameter of roughly 1.2 nm, which is close to

the dominant diameter 1.3 nm for as-grown SWNTs (see

supplementary material25). In view of this observation and

special Raman features, we think that these carbon-based

nanostructures with around 3.7 nm width can be attributed to

the resulting GNRs, which are originally unzipped from

SWNTs via iron etching. Correspondingly, it is reasonable to

obtain the resulting GNRs with narrower widths than 3.7 nm,

since the etching process is not so perfect that iron particles

just catalytically cut along the axis of SWNTs with no other

expense. Also, it is not easy to determine the presence of H

atoms at the edges of GNRs. However, according to TEM-

based technique, we can also confirm that the SWNTs can be

unzipped into GNRs via iron etching.

To search for the possible mechanism, controlled experi-

ments have been carried out at the same conditions but with-

out H2 gas. In this situation, iron particles can still move

along the SWNTs (Fig. S2(a)25). However, the number of

SWNTs is almost the same as treated before, and the Raman

spectra are similar to that of as-grown SWNTs (Fig.

S2(b)25). Together with the results of annealed SWNTs,

which are treated without iron and other conditions

unchanged, this unzipping process can be viewed as a

reverse of the SWNTs growth by a chemical vapor deposi-

tion method.9,13 Meanwhile, it is obviously observable that

these iron particles distribute well on the surface, rather than

locate at one end of our samples (Fig. 2). These indicate that

the SWNTs are cut, not dissolved by Fe for the growth of

GNRs, and the cutting of SWNTs into GNRs is due to the

catalytic hydrogenation of carbon via the movable iron par-

ticles on the surface of SWNTs with H2 presence.

In conclusion, iron particles can move along SWNTs

under high temperature. With the presence of H2 gas,

SWNTs can be longitudinally cut into GNRs via catalytic

hydrogenation of carbon. The Raman spectra of GNRs show

unique modes of RBLM in the low frequency regions and

larger intensity of 2D than G peak. The RBLM, which is one

of the most characteristic modes in Raman spectra of GNRs,

is clearly observed in our experiment. This work has intro-

duced an approach to unzip SWNTs into GNRs and can be

useful for fabricating nanodevices based on SWNT-GNR

heterojunction.
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D. J. Smith, M. Terrones, and Y. I. Vega-Cantú, Nano Lett. 9, 1527
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