
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Tuning Chirality of Single-Wall Carbon Nanotubes
by Selective Etching with Carbon Dioxide

Kwanyong Seo, Changwook Kim, Yong Soo Choi, Kyung Ah Park, Young Hee Lee, and Bongsoo Kim
J. Am. Chem. Soc., 2003, 125 (46), 13946-13947• DOI: 10.1021/ja035262q • Publication Date (Web): 28 October 2003

Downloaded from http://pubs.acs.org on March 30, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 1 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja035262q


Tuning Chirality of Single-Wall Carbon Nanotubes by Selective Etching with
Carbon Dioxide

Kwanyong Seo,† Changwook Kim,†,§ Yong Soo Choi,‡ Kyung Ah Park,‡ Young Hee Lee,*,‡ and
Bongsoo Kim*,†

Department of Chemistry, Korea AdVanced Institute of Science and Technology, Daejeon 305-701, Korea, and
Center for Nanotubes and Nanostructured Composites, Institute of Basic Science, Department of Physics,

Sungkyunkwan UniVersity, Suwon 440-746, Korea

Received March 20, 2003; E-mail: bongsoo@kaist.ac.kr; leeyoung@skku.ac.kr

Application of carbon nanotubes (CNTs) to various electronic
devices such as field emission displays, gas sensors, and nanotrans-
istors have been hampered by the difficulties in control of the
electronic properties that are determined by the chirality1 and
diameter of carbon nanotubes. One way to overcome these
difficulties is to modify the electronic properties of CNTs by
posttreatment after synthesis. Functionalization of a single-wall
carbon nanotube (SWNT) wall by atomic hydrogen2 transforms
metallic tubes to semiconducting ones,3 and fluorination of the
SWNT walls can also alter the electronic structures significantly.4

These approaches, however, often degrade the atomic structures
of SWNTs.5 A selective etching process may become another
alternative to select nanotubes that have appropriate electronic
properties. While oxidative etching of CNT edge can be utilized
for purification of CNTs from other carbonaceous particles,6

selection of CNTs with appropriate electronic properties by this
method is difficult because of similar etching rates for nanotubes
with different chiralities.

In this communication we propose that selective etching with
CO2 may provide a route to SWNTs of specific chirality. Theoretical
calculations were done on the supercells of (5,5) and (10,0)
nanotubes, using a self-consistent charge-density-functional-based
tight-binding (SCC-DFTB) method7 and local atomic orbital basis
DF calculations within local-density-approximation (LDA) and
generalized gradient approximation (GGA), as implemented in
DMol3 code.8 Ten and eight carbon layers along the tube axis
(z-direction) were used for armchair and zigzag tubes, respectively.
Open-ended edges were chosen to see the adsorption effect, and
the bottom dangling bonds were saturated by hydrogen atoms to
minimize the edge effect.9 We define the adsorption energy of
molecules asEad ) Etot(gas+ CNT) - Etot(gas)- Etot(CNT), where
Etot is the total energy of a given system. Atoms were fully relaxed
by the conjugate gradient method in the SCC-DFTB calculations
except for the bottom two carbon layers and a hydrogen layer. More
accurate calculations were done with the LDA and GGA when
necessary.

We investigated adsorption of CO2 molecules at various sites in
armchair and zigzag tube edges. Only one weakly bound state of
CO2 molecule was found at the seat site of an armchair edge despite
the presence of triple bonds,10 as shown in Figure 1a. Theπ states
at the armchair edge do not interact with the molecular states of
CO2, resulting in physisorption with an adsorption energy of-0.02
(-0.33:-0.01) eV from SCC-DFTB (LDA:GGA) calculations. The
adsorption of CO2 at a zigzag tube edge is much stronger than that
at an armchair edge with an adsorption energy of-3.51 (-5.82:-

4.82) eV, as shown in Figure 1b. Two carbon atoms at the zigzag
edge are stabilized by saturating the dangling bonds. The carbon
atom of the adsorbent CO2 becomes less positive in Mulliken excess
charge (+0.58) than that of an ambient CO2 (+0.74) molecule. This
carbon atom forms a strong bond with the carbon atom at the tube
edge. The adsorbed CO2 molecule forms a pentagon at the seat
site, minimizing its distortion energy. Note that one of the CO bond
length is 1.52 Å, which is longer than the other one (1.19 Å) and
therefore expected to be a route for CO desorption which will be
discussed later. We also find another stable configuration at a zigzag
tube edge, where the carbon atom in CO2 adsorbent is located
upward, as shown in Figure 1c. Two dangling bonds were saturated
by two oxygen atoms symmetrically by forming a hexagon. The
small Mulliken excess charge (+0.05) of the carbon atom at the
adsorbent CO2 indicates that the exposed carbon atom at the top
possesses unpaired electrons, that is it holds almost four electrons.
The adsorption energy in this case becomes-2.03 (-3.12:-2.37)
eV, which is smaller than those in the previous case (Figure 1b).
From these calculations, we clearly see that adsorption of CO2

molecules on zigzag and armchair tube edges is highly selective.
The high selectivity in the adsorption of CO2 molecule on tube

edges of different structures can be used to control the electronic
properties of SWNTs. When the SWNT powder containing both
armchair and zigzag nanotubes is exposed to CO2 gas, chemisorp-
tion occurs preferentially on zigzag tube edges. Heat treatment of
SWNT powder under CO2 ambient at an appropriate temperature
could lead to selective etching of zigzag tubes. To understand the
desorption process more clearly, we calculated a concerted desorp-
tion pathway, as shown in Figure 2. We started from the most stable
configuration as shown in Figure 1b. Considering that the lowest
unoccupied molecular orbital (LUMO) was located on the carbon
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Figure 1. Adsorption of a CO2 molecule on (a) armchair edge and (b,c)
zigzag edge. The dark and gray balls indicate the oxygen and carbon atoms,
respectively. All bond lengths are in units of Å. The Mulliken excess charges
of the oxygen and carbon atoms are shown in parentheses in units of
electron. The adsorption energies are shown in the figure from SCC-DFTB-
(LDA:GGA).
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atom in the CO2 adsorbent11 and the weak CO bond is placed
parallel to the tube edge plane (x-direction) with a bond length of
1.52 Å, we first took a desorption pathway along thex-direction.
We moved the carbon atom in CO2 adsorbent to thex-direction by
0.05 Å, followed by a full relaxation of all other atoms except the
chosen carbon atom. Moving the carbon atom from step (I) to step
(II) extends the CO bond length to 1.85 Å, which requires an energy
of 0.2 eV. The next step is to move the CO pair upward along the
tube axis (z-direction). After the CO pair was moved upward
slightly, all the atoms except the chosen carbon atom are fully
relaxed again. This procedure involves a complete dissociation of
C-C bond, which requires a large energy of 2.01 eV. The energy
is little bit lowered in step (IV) by a small modification of the tube
edge structure. The complete desorption pathway, then, has an
activation barrier of 2.21 eV. When the CO pair in the adsorbent
was moved alongxz-direction, an activation barrier of similar size
was obtained.

The oxygen atom which is left after CO desorption is strongly
bound to the carbon atom at the tube edge. This configuration is
similar to that of O2 adsorption on a zigzag tube edge.6 The
activation barrier for the desorption of this second CO pair from
the tube edge would be similar to the value in case of O2 adsorption,
2.44 eV,6 which is not much larger than that of the first CO
desorption in CO2 adsorbent. Thus, the desorption rate for this first
and second CO pairs would be similar and repetition of this
desorption procedure eventually leads to selective etching of zigzag
tube edges. Since the edge shape of tubes with chiral angles ranging
3-12° is similar to that of zigzag tubes,12 we expect that adsorption
and desorption behaviors of these chiral tubes would not be much
different from those of zigzag tubes. Similar oxidizing reaction by
CO2 is observed in the reverse Boudouard reaction, C(s)+ CO2-
(g) f 2CO(g).13 The heat-treatment temperature is estimated to be

937 K for this etching process from the Readhead equation.14 The
distinctive selectivity observed in the adsorption of CO2 on SWNTs
is rarely seen in adsorptions of other molecules containing oxygen
atoms such as O2,15 CO, NO, NO2.16,17

In summary, the result from density functional calculations
provides a clue to the control of the electronic properties of single-
wall carbon nanotubes. CO2 molecule physisorbs on an armchair
tube edge, whereas it chemisorbs strongly on a zigzag tube edge
with large adsorption energy of-4.82 eV (GGA). We propose that
annealing with ambient CO2 gas can lead to selective etching with
initial CO desorption, followed by subsequent CO desorption from
the tube edge. Using this process we can obtain only armchair tubes.

Acknowledgment. We thank MOST for National R&D Project
for Nanoscience & Tech. and Program for NT-IT Fusion Strategy
of Adv. Tech. and NRL, KOSEF through CNNC and BK21.

Supporting Information Available: Figure S1: Local charge
densities of (a) HOMO and (b) LUMO. The (10,0) nanotube when
CO2 is adsorbed as in Figure 1b (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Saito, R.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M. S.Appl. Phys.
Lett.1992, 60, 2204. (b) Hamada, N.; Sawada, S.- i.; Oshiyama, A.Phys.
ReV. Lett. 1992, 68, 1579.

(2) (a) Wang, Q.; Johnson J. K.J. Phys. Chem. B1999, 103, 4809. (b) Tada,
K.; Furuya, S.; Watanabe, K.Phys. ReV. B 2001, 63, 155405. (c) Chan,
S.-P.; Chen, G.; Gong, X. G.; Liu, Z.-F.Phys. ReV. Lett.2001, 87, 205502.

(3) (a) Kim, K. S.; Bae, D. J.; Kim, J. R.; Park, K. A.; Lim, S. C.; Kim, J. J.;
Choi, W. B.; Park, C. Y.; Lee, Y. H.AdV. Mater. 2002, 14, 1818. (b)
Gölseren, O.; Yildirim, T.; Ciraci, S.Phys. ReV. B 2002, 66, 121401.

(4) (a) An, K. H.; Heo, J. G.; Jeon, K. G.; Bae, D. J.; Jo, C.; Yang, C. W.;
Park, C.-Y.; Lee, Y. H.; Lee, Y. S.; Chung, Y. S.Appl. Phys. Lett.2002,
80, 4235. (b) Mickelson, E. T.; Chiang, I. W.; Zimmerman, J. L.; Boul,
P. J.; Lozano, J.; Liu, J.; Smalley, R. E.; Hauge, R. H.; Margrave, J. L.
J. Phys. Chem. B1999, 103, 4318.

(5) An, K. H.; Park, K. A.; Heo, J. G.; Lee, J. Y.; Jeon, K. K.; Lim, S. C.;
Yang, C. W.; Lee, Y. S.; Lee, Y. H.J. Am. Chem. Soc.2003, 125, 3057.

(6) (a) Zhu, X. Y.; Lee, S. M.; Lee, Y. H.; Frauenheim, T.Phys. ReV. Lett.
2000, 85, 2757. (b) Mazzoni, M. S. C.; Chacham, H.; Ordejo´n, P.;
Sánchez-Portal, D.; Soler, J. M.; Artacho, E.Phys. ReV. B 1999, 60, 2208.
(c) Mann, D. J.; Hase, W. L.Phys. Chem. Chem. Phys.2001, 3, 4376.
(d) Moon, C.-Y.; Kim, Y.-S.; Lee, E.-C.; Jin, Y.-G.; Chang, K. J.Phys.
ReV. B 2002, 65, 155401.

(7) Elstner, M.; Shuhai, S.; Seifert, G.Phys. ReV. B 1998, 58, 7260.

(8) The forces on each atom to be converged during each relaxation are less
than 10-3 au. DMol3 is a registered software product of Molecular
Simulations Inc. (a) Delley, B.J. Chem. Phys. 1990, 92, 508. (b) Delley,
B. J. Phys. Chem.1996, 100, 6107.

(9) Kim, C.; Choi, Y. S.; Lee, S. M.; Park, J. T.; Kim, B.; Lee, Y. H.J. Am.
Chem. Soc.2002, 124, 9906.

(10) Lee, Y. H.; Kim, S. G.; Tomanek, D.Phys. ReV. Lett. 1997, 78, 2393.

(11) See Supporting Information..

(12) Okoturb, A. V.; Romanov, D. A.; Chuvilin, A. L.; Shevtsov, Yu. V.;
Gutakovskii, A. K.; Bulusheva, L. G.; Mazalov, L. N.Phys. Low-Dimens.
Struct.1995, 8/9, 139.

(13) Tsang, S. C.; Harris, P. J. F.; Green, M. L. H.Nature1993, 362, 520.

(14) Masel, R. I.Principles of Adsorption and Reaction on Solid Surfaces;
John Wiley & Sons: New York, 1996; p 513.

(15) (a) Sorescu, D. C.; Jordan, K. D.; Avouris, P.J. Phys. Chem. B2001,
105, 11227. (b) Jhi, S.-H.; Louie, S. G.; Cohen, M. L.;Phys. ReV. Lett.
2000, 85, 1710. (c) Bradley, K.; Jhi, S.-H.; Collins, P. G.; Hone, J.; Cohen,
N. L.; Louie, S. G., Zettl, A.Phys. ReV. Lett. 2000, 85, 4361. (d)
Giannozzi, P.; Car, R.; Scoles, G.J. Chem. Phys.2003, 118, 1003.

(16) According to our calculation, NO2 molecule chemisorbs on both tube edges
with relatively large adsorption energies, and no physisorption is observed.
In case of CO molecule, the carbon atom preferentially adsorbs at the
tube edge, resulting in no etching process. NO molecule chemisorbs on
both tube edges with a large adsorption energy.

(17) (a) Pong, S.; Cho, K.Nanotechnology2000, 11, 57. (b) Zhao, J.; Buldum,
A.; Han, J.; Lu, J. P.Nanotechnology2002, 13, 195.

JA035262Q

Figure 2. Desorption pathway of the C-O pair from (I) to (IV) and
desorption energy barrier of CO from given pathway. All other notations
are the same as Figure 1.
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