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High-coverage stable structures of potassium adsorbed on single-walled carbon nanotubes
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Department of Physics, Tsinghua University, Beijing 100084, People’s Republic of China

~Received 29 December 2003; published 29 March 2004!

We have investigated the structures of potassium adsorbate on single-walled carbon nanotubes and graphite
using the first-principles approach. We show that the curvature of carbon nanotube surface enhances the
stability of high coverage structures of adsorbate. We predict that two types of high coverage structures (x
51/2,2/3) are stable for adsorption on the~6,0! carbon nanotube in addition to low coverage structures of
adsorbate on graphite. The dependence of the stability on the size of carbon nanotubes is analyzed.
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The adsorption of atoms on carbon nanotubes has
tracted much attention recently.1–11The adsorbate formed o
carbon nanotubes has the potential of revolutionizing
storage technology2–5 and affects the electronic conductan
of nanotubes.6–11The adsorption can be on individual singl
walled carbon nanotubes and single-wall carbon nanot
~SWNT! bundles. Potassium, as a kind of typical electro
donor dopants, can be doped in SWNT’s to enha
conductivity.6,7 Jo et al. calculated the energies for K-dope
SWNT bundles with different doping concentrations, assu
ing that the doped potassium atoms are located at inters
channel sites.8 Gaoet al.performed molecular dynamics ca
culation using a parametrized potential to discuss the st
ture stability of adsorbate in nanotube crystals.9 Miyamoto
et al. studied cohesion properties of potassium atoms ins
the carbon nanotubes, determining the most stable struc
according to the heats of formation.10 Miyake and Saito
found that the effect of potassium doping inside carb
nanotubes is highly sensitive to the size of nanotube.11 It is,
however, unclear what kind of structures of potassium ad
bate outside the SWNT is most stable.

A single-walled nanotube can be considered as a ro
graphite sheet. The adsorption of atoms on the graphite
center of carbon hexagon as adsorption site can be desc
by a triangular lattice gas model, whose possible grou
state has been investigated using different methods.12,13

When the graphite sheets are rolled into nanotubes, the
fects of the size confinement on the ground-state struct
are studied using the Monte Carlo method.14 In K adsorption
on graphite surface, ordered structures with coverage of
and 1/3 were found and the phase transitions between
32)R 0° and (A33A3)R 30° were observed.15,16 Total-
energy calculations have been carried out to investigate
ground states and discuss the stability of different phase17

For the K adsorption on graphite, the structures with cov
age higher than 1/2 do not exist because of strong repul
between K atoms in high coverage structures, where
nearest-neighbor bonding is much smaller than diamete
K atoms. For K adsorbate outside of the nanotube, the
face is curved and the distance between K atoms is enla
due to the surface curvature and can also vary with
change of the height of adsorbed atoms. This could lea
high coverage stable structures of adsorbate on carbon n
tubes although these structures are not stable for the ca
adsorbate on graphite.
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In this paper, we predict that structures with coverage
1/4, 1/2, and 2/3 are stable for adsorption on carbon na
tubes, while in a flat graphite surface, only structures w
coverage less than 1/2 are stable. The curvature effec
shown to be important for the stability of adsorbate stru
tures. The dependence of the structure parameters on
diameters of the carbon nanotubes is analyzed.

The stability of structures is determined by the formati
energies. We define formation energyEb as follows:

Eb5Ed2E02xmK , ~1!

whereEd andE0 are energies per lattice site with and wit
out K atoms doped.x denotes the coverage of K atoms.mK is
the chemical potential of K atoms which should be less th
the formation energym0 of bulk K metal. For structure to be
stable,Eb should be minus. The structure with minimu
formation energy corresponds to the most stable structu
The width of chemical potential region where structures
stable is denoted asEw . The maximum of the absolute valu
of Eb is denoted asuEbum .

We performed the calculations of total energies of ads
bate structures usingVASP ~Vienna ab initio simulation
package!.18 The approach is based on an iterative solut
of the Kohn-Sham equations of density-functional theo
in a plane-wave basis set with Vanderbilt ultraso
pseudopotentials.19 The exchange correlation given by Ce
erley and Alder20 is used in the parametrization of Perde
and Zunger.21 We set the plane-wave cutoff energy to be 4
eV. Monkhorst-Pack scheme22 is used to sample the Brillouin
zone and the optimizations of the lattice constants and
atom coordinates are made by conjugate gradient minim
tion of the total energy. The tolerance of energy converge
is 1024 eV.

We have calculated the energies of different types of
sorbate structures on the SWNT, graphite surface, and m
layer. For the adsorption on the (n,0) nanotubes, whenn can
be divided by six, the possible ground-state structures of
sorbate on the (n,0) tubes are the same with those o
graphite.14 We have calculated the total energies of possi
ground-state structures of adsorbate for the~6,0! tube as
shown in Fig. 1. In the calculations, 131311k mesh is
used. In Fig. 1, we have only listed the low coverage str
tures. The high coverage structures of (232)R 0° and (A3
3A3)R 30° types are counterparts of the low covera
©2004 The American Physical Society19-1
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structures by exchanging atoms with vacancies. In Fig. 2,
show the formation energies as functions of the chem
potential of K atoms for different adsorbate structures. F
stable adsorbate structures,Eb,0 determines the minimum
value of mK . mK should also be less than the formatio
energym0 of bulk K metal.m0 has been calculated on bcc
metal with a 11311311 mesh. We find that the optimize
lattice constanta55.04 Å andm0521.15 eV. Eb50 and
m0521.15 eV are drawn in dashed line. Chemical poten
mK for stable adsorbate structures varies between the
dashed lines. Figure 2~a! is the result for SWNT. The (2
32)R 0° structure withx51/4 is most stable structure whe
21.585 eV,mK,21.396 eV. This is the same type o
structure which has been predicted by Gaoet al. in nanotube
crystals.9 The (132)R 0° structure withx51/2 is most
stable one when21.396 eV,mK,21.309 eV and the
(A33A3)R 30° structure withx52/3 is most stable one
when21.309 eV,mK,21.150 eV. For the K chain inside
the (n,0) nanotube , the structure is stable only forn>7.10

For n56, the K chain inside nanotube is unstable. Thus
the ~6,0! tube the adsorption should occur outside of na
tube and the stable adsorbate structures are the (232)R 0°
structure with x51/4, the (132)R 0° structure with x
51/2, and the (A33A3)R 30° structure withx52/3. The
structural parameters of the stable structures are show
Table I. Similar calculations have been performed on gra
ite surface and monolayer. As is shown in Fig. 2~b!, the (2

FIG. 1. The adsorbate structures on carbon nanotubes
graphite surface. Gray balls represent carbon atoms and black
represent K atoms. High coverage structures of (232)R 0° and
(A33A3)R 30° type are the counterparts of low coverage str
tures by exchanging atoms with vacancies.
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32)R0° structure withx51/4 and (A33A3)R 30° structure
with x51/3 are most stable for graphite and monolay
Changing chemical potential, the most stable adsorb
structure will change from the (232)R 0° structure to the
(A33A3)R 30° structure, which agrees with the experime
results showing phase transition between (232)R 0° and
(A33A3)R 30°.16 The calculations show that the (
32)R 0° structure and higher coverage structures are
energy stable for adsorbate on graphite surface nor on gr
ite monolayer. For the (132)R 0° structure on graphite, the
nearest distance of K atoms is 2.441 Å while the diamete
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-

FIG. 2. Formation energies for different types of adsorb
structures as functions ofmK ~a! on the~6,0! tube. Structures are
represented by coverage;~b! on graphite surface and monolaye
SubscriptsG andM correspond to graphite surface and monolay
respectively.
or

TABLE I. Structural parameters for the stable structures on the~6,0! tube and graphite:h is the adsorption

height andd is the nearest distance ofK atoms. SubscriptG corresponds to graphite. The results f
monolayer is given in the bracket for comparison.

Type (232)R 0° (132)R 0° (A33A3)R 30° (232)R 0G
+ (A33A3)R 30G

+

x51/4 x51/2 x52/3 x51/4 x51/3

h(Å) 2.327 2.448 2.561 2.678~2.701! 2.776~2.732!
d(Å) 6.355 4.246 4.027 4.882~4.895! 4.228~4.246!
9-2



s
k

c
r

ich
r

it
e
60
h

e

ea
le
t

t
rv
d

st
hu

, t
et
h
ru
al
o
it
re

f

of
iz
tu

at
ty

so
ru
e
b
e

on

r

1
f
is

e

ize
ruc-
r
f

ture
the

e of

K

is
able
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K atom in bulk structure is 4.544 Å.23 The difference be-
tween the atom diameter and nearest distance of K atom
large. Therefore the strong repulsion between K atoms ma
the structure unstable. For the (132)R 0° structure ad-
sorbed on the~6,0! nanotube, the nearest-neighbor distan
(4.858 Å) of K atoms along the rolling direction is large
than that (4.246 Å) along the unrestricted direction wh
corresponds to the second nearest-neighbor distance fo
sorbate on graphite. Thus the nearest-neighbor distance
adsorbate on the SWNT is much larger than that on graph
For the (A33A3)R structure with coverage of 2/3 on th
SWNT, the nearest-neighbor distance which is on a line
tilted with the rolling direction is 4.027 Å. It is also muc
larger than that on graphite. Thus the (132)R 0° structure
with coverage of 1/2 and the (A33A3)R 30° structure with
coverage of 2/3 on the~6,0! tube are stable. The (A3
3A3)R 30° structure withx51/3 is not the most stable on
for SWNT, because the (132)R 0° structure withx51/2
and the (A33A3)R 30° structure withx52/3 have replaced
the (A33A3)R 30° structure withx51/3 as more stable
structures in the region of large chemical potential. The r
son that high coverage structures of adsorbate are stab
the SWNT is as follows: For the same adsorption heighh,
the nearest-neighbor distance of adsorbate atoms on
nanotube is larger than that on the graphite due to the cu
ture of nanotube. The nearest-neighbor distance is also
pendent onh. Whenh is increased, the distance of neare
neighbor pairs unparallel to the tube will also increase. T
the adsorbed atoms have one more degree of freedom
adjust the structure parameters. For a stable structure
bonding length should not be much smaller than the diam
of adsorbed atoms. When atoms are adsorbed on grap
the bonding length is only determined by the adsorbate st
ture. When the nearest-neighbor distance is much sm
than the diameter of the adsorbed atoms, there will be str
repulsion force, which will lead the adsorbate structures w
high coverage unstable. For adsorbate on the SWNT, nea
neighbor distance can be increased by the curvature and
increase of adsorption heighth. This leads to the stability o
high coverage structures (x51/2,2/3).

In the following, we will investigate the dependence
the stability of adsorbate structures on the nanotube s
When the nanotube size is changed, the adsorbate struc
can be changed due to the confinement.14 Since (1
32)R 0° type is the common ground state of adsorb
structure for all (n,0) nanotubes, we will discuss the stabili
of high coverage structures (132)R 0° with the increase of
nanotube size and the curvature effect on stability of ad
bate. The distance of K atoms has strong effect on the st
ture stability. For the (132)R 0° structure on graphite, th
distance of K atoms is too small and the structure is unsta
When this type of structure is formed on carbon nanotub
there are two kinds of nearest-neighbor pairs. One is al
nanotube whose distance is denoted asdz . The other is per-
pendicular to nanotube, whose distance is denoted asdr . We
havedr5A3dC12ph/n, wheredC is the nearest-neighbo
distance between two carbon atoms.dr varies with the diam-
eter of the nanotube and the adsorption heighth. In Fig. 3,
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we show the variation of formation energy of the (
32)R 0° structure on (n,0) nanotubes with the increase o
n. Ew and uEbum measures the stability of structures. As
shown in Fig. 3, bothEw and uEbum are reduced with the
increase of the sizen, indicating that the structures becom
less stable. Figure 4 shows the variation ofdr and the ad-
sorption heighth with the increase of the sizen of nanotubes.
It can be seen thatdr decreases with the increase of the s
of nanotubes, which leads to less stability of adsorbate st
tures. But even for the case ofn59, the nearest-neighbo
distancedr(4.206 Å) is still close to the bonding length o
the K bulk bcc structure and thus the adsorbate struc
remains stable. From Fig. 4, it can be also seen that
adsorption height increases with the increase of the siz
nanotube. Since the nearest-neighbor distancedr is reduced
as the sizen increases, this leads to a repulsion between
atoms. Thush is increased with the increase ofn to reduce
the repulsion between K atoms. However,dr is still reduced
slightly with the increase of the sizen which makes the
structures less stable.

For the adsorption of K atoms inside the SWNT, it
found that linear K chains inside carbon nanotubes are st

FIG. 3. Formation energy diagram for the (132)R 0° structure
on the (n,0) nanotubes with different sizen.

FIG. 4. The variation ofdr and adsorption heighth with sizen
of nanotubes.
9-3
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for the ~7,0! and ~8,0! tubes while the formation energy fo
the ~6,0! tube is almost zero.10 We have found similar result
for the K adsorption inside the nanotube. A stable struct
of K atoms inside nanotube demands that the radii of na
tube should match the bonding length between K and C
oms. We have compared relative stability between the
chain inside nanotube and the (132)R 0° structure outside
nanotube. The K adsorption inside the nanotube has low c
erage and corresponds to the small chemical potential, w
the (132)R 0° structure outside nanotube has high cov
age and corresponds to the large chemical potential. We
that for the ~7,0! tube, K chain is stable formK
,21.228 eV, otherwise (132)R 0° is more stable. For the
~8,0! tube, K chain is stable formK,21.190 eV and other-
wise (132)R 0° is more stable.

In summary, we have investigated the stability of stru
tures of K adsorbate on the SWNT and graphite. The form
tion energies of different adsorbate structures are calcul
by the first-principles approach. We find that the adsorb
structures on the curvature surface of carbon nanotubes
ri
ys
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different with that on the flat surface of graphite. For ads
bate on graphite, the (232)R0° structure (x51/4) and the
(A33A3)R 30° structure (x51/3) are stable structures
which agree with experimental results. For adsorbate on
SWNT, we predict that there are two types of high covera
stable structures (x51/2,2/3) in addition to the low coverag
(232)R 0° (x51/4) structure that is stable for adsorbate
graphite. The stability of high coverage structures on
SWNT is due to the curvature structure of carbon nanot
surface. The curvature structure of carbon nanotubes lead
the dependence of nearest-neighbor distancedr on the ad-
sorption heighth. dr can be increased by the curvature a
the change of the adsorption heighth. This leads to stable
high coverage structures (132)R 0° (x51/2) and (A3
3A3)R 30° (x52/3) for adsorbate on SWNT despite th
the structures are not stable for graphite.
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