PHYSICAL REVIEW B 69, 125419 (2004

High-coverage stable structures of potassium adsorbed on single-walled carbon nanotubes
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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 (
=1/2,2/3) are stable for adsorption on tt&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.

DOI: 10.1103/PhysRevB.69.125419 PACS nuniber61.46:+w, 64.70.Nd, 68.43:h

The adsorption of atoms on carbon nanotubes has at- In this paper, we predict that structures with coverage of
tracted much attention recentiy*! The adsorbate formed on 1/4, 1/2, and 2/3 are stable for adsorption on carbon nano-
carbon nanotubes has the potential of revolutionizing gatubes, while in a flat graphite surface, only structures with
storage technolody® and affects the electronic conductance coverage less than 1/2 are stable. The curvature effect is
of nanotube$** The adsorption can be on individual single- shown to be important for the stability of adsorbate struc-
walled carbon nanotubes and single-wall carbon nanotubtires. The dependence of the structure parameters on the
(SWNT) bundles. Potassium, as a kind of typical electron-diameters of the carbon nanotubes is analyzed.
donor dopants, can be doped in SWNT's to enhance The stability of structures is determined by the formation
conductivity®’ Jo et al. calculated the energies for K-doped energies. We define formation enery as follows:

SWNT bundles with different doping concentrations, assum-

ing that the doped potassium atoms are located at interstitial Ey=Eq—Eo—Xuk, (1)
channel site§.Gaoet al. performed molecular dynamics cal-

culation using a parametrized potential to discuss the strudvhereEy andE, are energies per lattice site with and with-
ture stability of adsorbate in nanotube crystaiyamoto ~ out K atoms dopedk denotes the coverage of K atoms is

et al. studied cohesion properties of potassium atoms insidéhe chemical potential of K atoms which should be less than
the carbon nanotubes, determining the most stable structutge formation energy., of bulk K metal. For structure to be
according to the heats of formatioh.Miyake and Saito stable,E, should be minus. The structure with minimum
found that the effect of potassium doping inside carborformation energy corresponds to the most stable structures.
nanotubes is highly sensitive to the size of nanotttdeis, ~ The width of chemical potential region where structures are
however, unclear what kind of structures of potassium adsorstable is denoted &5,,. The maximum of the absolute value
bate outside the SWNT is most stable. of E, is denoted as$Ey|,,.

A single-walled nanotube can be considered as a rolled We performed the calculations of total energies of adsor-
graphite sheet. The adsorption of atoms on the graphite withate structures usingAsp (Vienna ab initio simulation
center of carbon hexagon as adsorption site can be describpéackage™® The approach is based on an iterative solution
by a triangular lattice gas model, whose possible groun@f the Kohn-Sham equations of density-functional theory
state has been investigated using different metfodls. in a plane-wave basis set with Vanderbilt ultrasoft
When the graphite sheets are rolled into nanotubes, the epseudopotentials. The exchange correlation given by Cep-
fects of the size confinement on the ground-state structuredyley and Aldet” is used in the parametrization of Perdew
are studied using the Monte Carlo metH8dn K adsorption ~and Zungef! We set the plane-wave cutoff energy to be 400
on graphite surface, ordered structures with coverage of 1/8V. Monkhorst-Pack scherffds used to sample the Brillouin
and 1/3 were found and the phase transitions between (2one and the optimizations of the lattice constants and the
x2)R 0° and (/3x3)R 30° were observetP'® Total- ~ atom coordinates are made by conjugate gradient minimiza-
energy calculations have been carried out to investigate théon of the total energy. The tolerance of energy convergence
ground states and discuss the stability of different ph¥ses.is 10 * eV.

For the K adsorption on graphite, the structures with cover- We have calculated the energies of different types of ad-
age higher than 1/2 do not exist because of strong repulsiopPrbate structures on the SWNT, graphite surface, and mono-
between K atoms in high coverage structures, where thiyer. For the adsorption on the,0) nanotubes, whemcan
nearest-neighbor bonding is much smaller than diameter d¥e divided by six, the possible ground-state structures of ad-
K atoms. For K adsorbate outside of the nanotube, the sugorbate on the (,0) tubes are the same with those on
face is curved and the distance between K atoms is enlargeifaphite’* We have calculated the total energies of possible
due to the surface curvature and can also vary with th@round-state structures of adsorbate for tbed) tube as
change of the height of adsorbed atoms. This could lead t8hown in Fig. 1. In the calculations,X11X 11k mesh is
high coverage stable structures of adsorbate on carbon nanésed. In Fig. 1, we have only listed the low coverage struc-
tubes although these structures are not stable for the case tofes. The high coverage structures o#(2)R 0° and «3
adsorbate on graphite. X \/3)R 30° types are counterparts of the low coverage
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FIG. 1. The adsorbate structures on carbon nanotubes ani
graphite surface. Gray balls represent carbon atoms and black ball 0.6
represent K atoms. High coverage structures ok 23R 0° and
(v3%X\/3)R 30° type are the counterparts of low coverage struc- 0.44
tures by exchanging atoms with vacancies. 0_10:

—

>
structures by exchanging atoms with vacancies. In Fig. 2, wev 0.05
show the formation energies as functions of the chem|cal|_u
potential of K atoms for different adsorbate structures. For 0.00
stable adsorbate structurds,<0 determines the minimum
value of ux. ux should also be less than the formation -0.054
energyuq of bulk K metal. xq has been calculated on bce K W3R —emee |
metal with a 1X 11X 11 mesh. We find that the optimized -0.10 T T T T
lattice constana=5.04 A anduy=—1.15 eV.E,=0 and -1.4 -1.3 -1.2 -1.1
mo=—1.15 eV are drawn in dashed line. Chemical potential (b) ug(eV)
ug for stable adsorbate structures varies between the two
dashed lines. Figure(@ is the result for SWNT. The (2 FIG. 2. Formation energies for different types of adsorbate
X 2)R 0° structure withx=1/4 is most stable structure when structures as functions ¢fx (a) on the(6,0) tube. Structures are
—1.585 e\ ux<—1.396 eV. This is the same type of represented by coveragéy) on graphite surface and monolayer.
structure which has been predicted by Ga@l.in nanotube  SubscriptsG andM correspond to graphite surface and monolayer,
crystals’ The (1X2)R 0° structure withx=1/2 is most respectively.
stable one when—1.396 e\ ux<—1.309 eV and the
(V3% \/3)R 30° structure withx=2/3 is most stable one X2)R0° structure withx=1/4 and (/3% \/3)R 30° structure
when—1.309 e\K ux<—1.150 eV. For the K chain inside with x=1/3 are most stable for graphite and monolayer.
the (n,0) nanotube , the structure is stable only fier7.2°  Changing chemical potential, the most stable adsorbate
For n=6, the K chain inside nanotube is unstable. Thus forstructure will change from the (22)R 0° structure to the
the (6,0) tube the adsorption should occur outside of nano{\/§>< \/§)R 30° structure, which agrees with the experiment
tube and the stable adsorbate structures are the2{R 0° results showing phase transition betweerk@R 0° and
structure withx=1/4, the (1X2)R 0° structure withx (3% 3)R 30°.2® The calculations show that the (1
=1/2, and the (/3x/3)R 30° structure withx=2/3. The  X2)R 0° structure and higher coverage structures are not
structural parameters of the stable structures are shown energy stable for adsorbate on graphite surface nor on graph-
Table I. Similar calculations have been performed on graphite monolayer. For the (X 2)R 0° structure on graphite, the
ite surface and monolayer. As is shown in Figh)2the (2  nearest distance of K atoms is 2.441 A while the diameter of

TABLE I. Structural parameters for the stable structures on@® tube and graphiteh is the adsorption
height andd is the nearest distance & atoms. SubscripG corresponds to graphite. The results for
monolayer is given in the bracket for comparison.

Type (2x2)R 0° (1X2)R 0° (V3% 3)R 30° (2%X2)R 0% (V3% \3)R 30
x=1/4 x=1/2 x=2/3 x=1/4 x=1/3

h(A) 2.327 2.448 2.561 2.678.700 2.7762.732

d(A) 6.355 4.246 4.027 4.8%2.895 4.2284.246
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K atom in bulk structure is 4.544 A The difference be-

tween the atom diameter and nearest distance of K atoms i 0.00

large. Therefore the strong repulsion between K atoms make -0.054 X
the structure unstable. For the X2)R 0° structure ad- olm
sorbed on thd6,0) nanotube, the nearest-neighbor distance . -0.10-

(4.858 A) of K atoms along the rolling direction is larger %

than that (4.246 A) along the unrestricted direction which & -0-154 (5,0)

corresponds to the second nearest-neighbor distance for a 0.204 '

sorbate on graphite. Thus the nearest-neighbor distance fc '

adsorbate on the SWNT is much larger than that on graphite 0.25-

For the (/3% \3)R structure with coverage of 2/3 on the

SWNT, the nearest-neighbor distance which is on a line 60° -0.30 T T . T T

tilted with the rolling direction is 4.027 A. It is also much 17 16 A5 14 13 120 4
larger than that on graphite. Thus theX2)R 0° structure ugeVv)

with coverage of 1/2 and the/8x /3)R 30° structure with

coverage of 2/3 on thd6,0) tube are stable. The\/é FIG. 3. Formation energy diagram for theX2)R 0° structure

% \[3)R 30° structure withx= 1/3 is not the most stable one ©n the 0,0) nanotubes with different size

for SWNT, because the (42)R 0° structure withx=1/2

and the /3x \/3)R 30° structure withk=2/3 have replaced we show the variation of formation energy of the (1
the (\/§>< \/§)R 30° structure withx=1/3 as more stable X2)R 0° structure on1,0) nanotubes with the increase of
structures in the region of large chemical potential. The rean. E,, and |E,|,, measures the stability of structures. As is
son that high coverage structures of adsorbate are stable shown in Fig. 3, bothE,, and |E,|,, are reduced with the
the SWNT is as follows: For the same adsorption helght increase of the siza, indicating that the structures become
the nearest-neighbor distance of adsorbate atoms on thess stable. Figure 4 shows the variationdpfand the ad-
nanotube is larger than that on the graphite due to the curvaorption height with the increase of the sizeof nanotubes.
ture of nanotube. The nearest-neighbor distance is also d#-can be seen that, decreases with the increase of the size
pendent orh. Whenh is increased, the distance of nearest-of nanotubes, which leads to less stability of adsorbate struc-
neighbor pairs unparallel to the tube will also increase. Thusures. But even for the case af=9, the nearest-neighbor
the adsorbed atoms have one more degree of freedom thistanced,(4.206 A) is still close to the bonding length of
adjust the structure parameters. For a stable structure, thiee K bulk bcc structure and thus the adsorbate structure
bonding length should not be much smaller than the diametaemains stable. From Fig. 4, it can be also seen that the
of adsorbed atoms. When atoms are adsorbed on graphitadsorption height increases with the increase of the size of
the bonding length is only determined by the adsorbate struaganotube. Since the nearest-neighbor distahcis reduced
ture. When the nearest-neighbor distance is much smallets the sizen increases, this leads to a repulsion between K
than the diameter of the adsorbed atoms, there will be strongtoms. Thudh is increased with the increase ofto reduce
repulsion force, which will lead the adsorbate structures withthe repulsion between K atoms. Howeway,is still reduced
high coverage unstable. For adsorbate on the SWNT, nearesfightly with the increase of the size which makes the
neighbor distance can be increased by the curvature and tlgructures less stable.

increase of adsorption height This leads to the stability of For the adsorption of K atoms inside the SWNT, it is

high coverage structures € 1/2,2/3). found that linear K chains inside carbon nanotubes are stable
In the following, we will investigate the dependence of

the stability of adsorbate structures on the nanotube size. 5.4

When the nanotube size is changed, the adsorbate structures

can be changed due to the confineméntSince (1 5.2- dr h . [260

X2)R 0° type is the common ground state of adsorbate o<

structure for all 6,0) nanotubes, we will discuss the stability . 5.0+ 255 &

of high coverage structures X12)R 0° with the increase of <T /’ [z
; - T 4.8 @

nanotube size and the curvature effect on stability of adsor- © . <

bate. The distance of K atoms has strong effect on the struc- 4.6 250

ture stability. For the (X 2)R 0° structure on graphite, the \

distance of K atoms is too small and the structure is unstable. 4.4 . > 45

When this type of structure is formed on carbon nanotubes, ./

there are two kinds of nearest-neighbor pairs. One is along 4.2+

nanotube whose distance is denotedlasThe other is per- 5 6 7 8 9 240

pendicular to nanotube, whose distance is denotelj ag/e
haved,=\3dc+27h/n, whered. is the nearest-neighbor
distance between two carbon atordsvaries with the diam- FIG. 4. The variation ofl, and adsorption heigt with sizen
eter of the nanotube and the adsorption helghiin Fig. 3,  of nanotubes.
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for the (7,0) and (8,0) tubes while the formation energy for different with that on the flat surface of graphite. For adsor-
the (6,0) tube is almost zerd? We have found similar results bate on graphite, the (22)R0° structure x=1/4) and the

for the K adsorption inside the nanotube. A stable structurdy3x y3)R 30° structure x=1/3) are stable structures,
of K atoms inside nanotube demands that the radii of nanowhich agree with experimental results. For adsorbate on the
tube should match the bonding length between K and C a>WNT, we predict that there are two types of high coverage
oms. We have compared relative stability between the table strusturey(= 1/2,2/3) in addlplon to the low coverage
chain inside nanotube and theX2)R 0° structure outside 2X2)R 0° (x=1/4) structure that is stable for adsorbate on

R raphite. The stability of high coverage structures on the
nanotube. The K adsorption inside the nanotube has low co SWNT is due to the curvature structure of carbon nanotube

erage and corresponds to the small chemical potential, whilg,, tace The curvature structure of carbon nanotubes leads to
the (1X2)R 0° structure outside nanotube has high cover{he dependence of nearest-neighbor distasicen the ad-

age and corresponds to the large c_hemical potential. We ﬁ”Qorption heighth. d, can be increased by the curvature and
that for the (7,00 tube, K chain is stable forux  the change of the adsorption heightThis leads to stable
<—1.228 eV, otherwise (X 2)R 0° is more stable. For the high coverage structures KI2)R 0° (x=1/2) and (/3

(8,0 tube, K chain is stable fopx<—1.190 eV and other- J3)R 30° (x=2/3) for adsorbate on SWNT despite that

wise (IX2)R 0 is more s_table._ . the structures are not stable for graphite.
In summary, we have investigated the stability of struc-

tures of K adsorbate on the SWNT and graphite. The forma- This research was supported by National Key Program of
tion energies of different adsorbate structures are calculateBasic Research Development of ChinéGrant No.

by the first-principles approach. We find that the adsorbat&200006710¥and the National Natural Science Foundation
structures on the curvature surface of carbon nanotubes aof China under Grant No. 10274036.
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