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Abstract

Surface diffusion has been hypothesized as the fast mode of an unusual fast-slow,
two-moda transport process that has been observed in recent diffusion experiments with
cesium in graphite. An interaction potential between a cesium atom and a graphite sur-
face 15 obtained in order to study this surface diffusion by computer simulation (molecu-
lar dynamics method). At low surface coverage, the interaction between cesium atoms can
be ignored so that the motion of only one cesium atom need be followed, albeit in a very
complicated potential energy surface. Cesium is spontaneously ionized by graphite, so
that the interaction of cesium with the graphite surface contains pairwise Cs+ -~ C terms
(valence, induction, and dispersion forces) as well as an image~chaige model of the bulk
electrostatic interaciion. All parameters but the strength of the repulsive Cs+ -C
force are obtained br theoretical estimates, while this last parameter is determined by
requiring that the adsorption Cs+ - C bond length be the same as observed in cesium—~
graphite lamellar ccmpounds. Results indicate that the adsorption energy for a pit in
the graphite surface of one to five missing carbon atoms is not greatly increased over
that for the perfect surface (the one-atom hole is slightly repulsive compared to the per-
fect surface). For the hexagonal six-atom pit, the adsorption energy increases dramati-
cally from about 120 kecal/mole for the perfect surface to about 200 kcal/mole and remains
essentially constant for larger holes. Preliminary dynamical results for a cesium ion on
a perfect graphite surface show free particle motion at high temperatures, necessitating

the presence of defects in the graphite surface for truly diffusive motion.

I. Introduction

Recent experiments on the diffusion of cesium in graphite have demonstrated unusual

transport behavior which cannot be explained by simple Fick's Law diffusion (1). Two
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transport modes have therefore been hypothesized: 1) slow bulk diffusion and 2) fast
surface diffusion. One proposzd model (2) for this complex behavior includes, in two
coupled diffusion equations,a first-order reversible exchange process between diffusing
species - one located on the free surfaces of macroscopic pores as well as on the rela-
tively free surfaces between the microcrystallites of graphite ("micropores"), and an-
other population located in the mora restricted regions between crystallites ("grain
boundaries"). The transport of the latter population corresponds to the slow so-called
bulk diffusion, even though large atoms like cesium cannot really penetrate into the bulk
of the graine by lamellar diffusion (by squeezing in between the graphite layers). The
diffusion along free surfaces proceeds much more rapidly, although the distinction be-
comes less obvious as the separation of the surfaces narrows.

In order to study the mechanisms involved in surface transport, molecular dynamics
computer simulations of the motion of a cesium atom across a graphite surface have been
undertaken. The classical equations of motion need be sclved for only one cesium atom,
since the behavior at low surface coverage, where the interaction between adsorbed cesium
atoms can be neglected, is of particular theoretical and practical interest. Even with
this simplification of the dynamics to the motion of one particle, the force acting on
the cesium atom is quite complicated. In this paper, structural considerations and
theoretical estimates of atomic properties will be combined to give a reasonable poten-
tial energy function for use in subsequent molecular dynamics calculations. The follow-
ing six sections describe individual terms in the potential, with results presented in

the last section.

II. Zero of Energy

The zero of energy for a cesium atom interacting with the graphite surface will be
taken to be that of the atom separated infinitely far from the graphite crystal, As the
atom approaches the surface, the electronic configuration of the atom becomes more and
more distorted. The outer 6s electron, being loosely bound to the core, is easily
snatched from the cesium by the metal-like graphite surface plane. When an electron is
donated to the conduction band of the graphite plane (cuemical symbol of graphite, Gr)

energy is released - tiie electron work function, Ew(Gr):
Gr+ e =6r +E(6r) . (1)
The first icnization of cesium requires energy - the ionization potentiai, Egl)(Cs):
Cs + Egl)(CS) =cst+e . (2)
The overall reaction [the sum of Eqs. (1) and (2)] requi-es energy W:

Ce+ Gr + W =CsT + Gr~ . (3)
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vhere W = E;l)(Cs) - E (Gr) 1s negative, that is, heat is given off by the reaction. In

units of kK = 1000 K, E{!)(Cs) = 45.18, E_(Gr} = 53.62, and W = -8.44. The values of W
for the alkali metal series Li, Na, K, Rb, and Cs are, resp.ctively, 8.93, 6.01, -3.27,
=5.16, and -8.44 kK. Hence, K, Rb, and Cs form stable lamellar componnds with graphite,
while L1 and Na do not (3).

11I. Bulk Electrostatic Interaction

The ionized cesium atom interacts with its donated electron in the graphite conduc-
tion band much 1like a point charge over an infinite perfectly-conducting plane - the
classical electrostatic problem of the image charge. The principal uncertainty in this
model is the location of the conducting plane. if we assume that the ceoium atom is cen-
ltered over a hexagon of carbon atoms at a height of z - 2.97 A above the graphite plane
[(as in the case of lamellar cesium-graphite compounds (3,4)], then the height of the con-
ducting plane above the plane of the carbon nuclei z, is simply z - r(Ca+), where f(Cs+)
= 1.69 A 18 the ionic radius of cesium (5). This is consistent (3) with a Van der Waals'
radive for a graphite carbon atom of r(C) = 1.602 A (the C-C bond length in graphite is
L 1.421 A and the spacing between layers is cy ™ 3.354 A); r(C) 1is therefore very close
to }/2 c, = 1.677 A, tha Van der Waals' radius in graphite. (See Figs. 1 and 2.) The
values of r(C) for rubidium and potassium lamellar compounde (3) are 1.682 A and 1.721 A,
giving a small but systematic deviation for the series K, Rb, and Cs of +2.6%, +0.3%, and
- 4.5%.

The image-charge potential 2nergy 1is given by

o2

Vinage™) " " 3@ -2y - )
At the equilibrium position, vimage = =24.72 kK. The image-charge force is given by

dav (z)
(image) - image
Fz (2) - dz

e?

s (5)
4(z - zo)2 :

which is just the coulomb force between two charges +e and -e separated by 2(z - zo). If
the surface has defects, that is, missing carbon atoms, the above approach must be modi-
fied (6). Let us suppose that there are M defects (circular holes in the conduction

plane) located at (xm, ym) with radii am(m =1, 2, *++ , M); then given the following
functions,

RIS
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FI1G. 1 FIG. 2
Side view of bonding geometry of ad- Top view of bonding geometry of adsorbed
sorbed cesium atom on graphite; C1 and cesium atom on graphite; site A is ad-
. sorption site (minimum of potentiai en-
04 are carbon atoms as shown in Fig. 2, ergy), site B is above C-C bond (saddle
e~ is position of image charge (other point in potential energy surface), and
symbols defined in text). site C is above carbon atom (mnaximum of

potential energy).

M
A(x,y) = E ai exp {-[(x- xm)2 + (y - ym)zllai} > (6)
m=1
and
M
Aa(x,y) = E (xa - xam) exp {-[(x - xm)2 + (y - yn)zl/ai} s (7)
m=1

where & = x or y, the potential energy of a charge +e located at (%,y,z) in the presence
of M defects in the conducting plane at z = z, can be approximated by:
2

e
GAGLY) + (2 - 2)

V(X,Y,Z) = - 2]1/2 ’ (8)

and the forces are
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( ) = ezAa(x’y)
F (x,y,2) = ’ 9
” 4IAGY) + (2 - 2 %)%/

for a = x or y and

2
p , e (z - zo) 20)
F (x,y,z) = - R
z 4[A(x,y) + (z - 20)2]3/2

-

These expressions reduce to the image-charge expressions [eqs. (4) and (5)] far from de-
fects, including the condition that Fx and Fy vanish. Further, from Eq. (9) it is clear

that a defect is a scattering center from consideration of the bulk electrostatic inter-
action.

IV. JInduction Interaction

The charge on the cesium ion can induce an instantaneous dipole moment in the carbon

atoms of the graphite crystal (and vice versa), which leads to a potential energy contri-
bution of the following form (7)

Cc
o ry - - 2, an

R
(ind) 2 .
where ¢ ig in units of e IZao (e 1s the electronic charge and a, = 0.5292 A is the
first Bohr radius), R is the interatomic separation in units of a,s and 04 is given by

¢ = 9 2+q§1 ’ 2)
where 9 is the charge (in units of e) on atom i and oy is its polarizability (in units of
a ) The polarizability of Cs can be estimated using Slater s screening constants (7).
A better estimate is obtained by multiplying the observed value for iso-electronic xenon
(8), axe = 27.1 a:, by ghe ratio of aCa+ to Oye 88 calculated via the Slater method. The
result is aCs+ = 17.4 a . Since the polarizability of a molecule is the sum of its bond
polarizabilities, and since carbon bond polarizability versus bond order is fairly linear,
the polarizability of graphite per carbon atom can be obtained from the linear interpola-
tion of the aliphatic (single bond, bond order n = 1) and aromatic (benezene, n = 1-1/2)
bond polarizabilities. The polarizability of a graphite carbon atom is then 3/2 %o
(n = 1-1/3), since the graphite bond order (5) is 1-1/3 and there are 1-1/2 such bonds
per atom. The result is 0c = 10.8 ag. The electron donated by the cesium atom is shared
by at least six nearest carbon atoms, so that the charge on any carbon atom is no more
than -e/6. Therefore, taking 9 = -1/6 as being correct for the most important nearby
carbon atomns, Ca = 11.26 %;; x ag. Define
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2]

L]
= Y N

A= (13)

the induction contribution per nearest carbon atom at the equilibrium position (position
A in Fig. 2); then A = 1.188 kK.

V. Dispersion interaction

Although the charge distribution in a free atom or ion is spherical, there are fluc-
tuations due to the rapidly moving electrons that result in a net instantaneous dipole
momeat . This dipole can then induce an instantaneous dipole in another atom, leading to
8 potential energy contribution of the following form (7)

Co
® = - -2 (14)
R

is in units of e2/2ao, R in units of a s and C6 is given by the London-

¢(dis)

where ¢(dis)

Pitzer formula (8)

a o
C =§...__1_1—_ . (15)
6 2 E—l + F'l
1 "2
wvhere oy is ‘n units of ag and Ei’ the characteristic energy of atom i, is in units of

{ is roughly twice the ionization potential.

Since E/E1 = 2,27 for neon and 2.39 for xenon (), let us take EC =-2.2% Eic) = 1.878

e2/2a° and E = 2.39 Egz)(Cs)==4.409 e2/2ao. Therefore, C, = 370.8 %E— X ag. Define
o

e2/230. Pitzer has shown empirically that E

cst 6

c

"ol
8 oo

the cispersion contribution per nearest carton atom at the equilibrium position; then B =

1.010 kK.

VI. Valence Interaction

At short vange, the overlap of electron charge clouds of two atoms gives rise to a

repulsive potential energy contribution of the form (7)

¢V D @®) = b exp (-aR/a) a7
where R is in units of a, and a is given by
2 \V/2 42 1/2
e - (2
a(%eo) EI (1) + EI (2) , (18)

vith E (1) in units of e2/2a°. E{l)(c) = 0.8273 e2/2ao and E(2)(cs) = 1.845 ez/Zao;

hence, a = 2.268. Define

r
awa-=" (19)

8
then o = 14.11 and
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¢(va1)(R) = Q exp [a( —'fL)] s (20)

m
where Q is the valence contribution per nearest carbon atom at the equilibrium position.

Q can be determined by requiring that the force on the cesium ion at position A, the ad-

sorption site on a perfect graphite surface, be zero.

VII. Integral Corrections

Because the potential energy of interaction of the cesium ion with the free-surface
graphite crystal convergeg slowly with distance into the crystal, .in integral correction
nust be added to the discrete sum over graphite carbon atoms. In Fig. 3, the problem is
indicated schematically as a spherical sector containing discrete atoms and a continuous

distribution over the remainder of the crystal (free-surface bulk minus a crater).

+
Cs
- -~
- ~~ Rmax
- - o,
- .,
- -
- l S
s ¢ ¢ o o o 0o ¢ We s s 06 0 0 0 o

e @ o & o & & 9 O o " 0 O o O o

N \

FIG. 3

Schematic representation of lattice summaticn and
integral correction (continuous distribution) to
potential energy of cesium ion over graphite surface.

The distance Rmax is sufficiently large that only the induction and dispersion terms are

appreciable. The integral correction for the potential term ¢ is

6¢(Rmax) = anf dR R(R - 2)6(R) , (21)
Rnax

where P 1s the number density of graphite and Z is the height of the cesium ion over the
graphite plane. Likewise, the z-gradient correction is

svzda(nmx) = =27p f dR ROH(R} . (22)

mex

".'b\.i t-— ”. Tiae
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VIII. Results

As outlined above, Q was calculatad by summing over 8125 graphite carbon atoms
within a radius of Rmax = 33.1 A and applying the integral corrections for the remainder
of the graphite crystal. The resulting vaiue of Q is 1.791 kK, which exceeds by about
0.2% the value obtained for an Rmax half as big (approximately one-ninth the number of
carbon atoms). Q was also calculated, as a check, by summing over the six nearest car-
bons, integrating over a uniform surface distribution for the top graphite plane (minus
a disk of six times the atomic surface area), and integrating over the bulk (minus the
first graphite plane). The result was remarkably close to the "exact" lattice sum plus
correction ~ about 3% too smali (likewise for the magnitude of the adsorption energy).
Table I shows results for the barriers to translational motion of a cesium ion on a per-

fect graphite surface. (The positions A, B, ard ( are shown in Fig. 2 and are defined
TABLE 1

Barriers to Migration of Cesium on a Perfect Graphite Surface

Position, i 2 Zi(A) b Qi ¢ @1 d ¢i - QA
T (kK) == (kK) ——— (kK)
ky kg kg
A 2.970 -€1.65 -60.5 0
B 3.u45 ~59.95 - 1.70
C 3.055 ~59.75 e 1.90

8positions A, B, and C shown in Fig. 2.
bHeight of cesium ion above graphite surface for mimimum in potential
energy

c 1 = = s '
Potential energy, R __ 33.1 A (kB Boltzmann's comstant)

dExperimental adsorption energy (9).

such that the total force on the cesium atom is zero). The kimetic energy at a tempera-
ture of about 1000 K or more is enough for a cesium ion to surmount the barriers on a
perfect graphite surface; that is, the fon behaves essentially like a free particle. The
experimental value for adsorption energy (9) was obtained from two adsorption isotherms
of cesium on TS-688 graphite in the Henry's Law regine, 1i.e., where “he Cs partial pres-
sure is proportional to concentration. In view of the serious nature of the approxima~
tions herein employed, the close agrecment with experiment should be viewed with some
caution. Moreover, Zumwalt has pointed out that the true adsorption site is prebably
over a defect (10).

The effect of missing carbon atoms in the graphite surface ("holes" or '"pits") upon



the adsorption energy of cesiun is dramatic, as shown in Table II. The adsorption cnergy
is given as a function of the size of the pit in the graphite surface. Three carbon-

carbon bonds must be broken for the first migsing ~arbon atom. (Sece Fig. 4.) The l-atom
TABLE TI

Adsorption Energy of Cesium over Holes in the Graphite Surface

Number of Number of Broken ¢ a b
Missing C-C Bonds/Missing - — (kX)
_C Atoms C_Atom ks _ ZAA)
0 0 61.3 2.97
1 3.00 60.8 2.92
2 2.50 ‘ 63.2 2.61
4 2.25 70.4 2,11
6 2.00 102.0 1.40
24 ' 1.75 99.0 1.26
. © 1.50 - -

aPotent:ial energy, Rmax = 14.5 A (kB = Boltzmann's constant).

bHeight of cesium ion above graphite surface for minimum in
potential energy.

hole is repulsive by one-half kilokelvin relative to the perfect surface. Tor the next
carbon atom to be removed, two more bonds must be broken. (SeeFig. 3.) The 2-atom hole
is attractive by two kilokelvin. With four adjacent carbon atoms missing, three differ-
ent shapes are possible (the one with trigonal symmetry is shown in Fig. 6). The 4-atom
hole is attractive by about nine kilokelvin. A truly noticeable transition occurs when
the hexagonally-symmctric 6-atom hole is made from the 5-atom hole by breaking only one
more C-C bond.* (See Fig. 7.) At this point, the Cst ion is just able to squeeze down
comfortably into the hole at a height above the graphite surface not far from the con-
ducting plane (zo = 1.28 A). As the nunber of missing atoms is increased, very little
effect is seen, though the minimum energy rises slightly by the 24-atom hole, the next
hexagonally-symmetric hole after the 6-atom hole. (See Fig. 8.) The reason for the
kigher energy is that the Cst can get close only to the carbon atoms at the edge of the
24-atom hole, while in the 6-atom hole, the cst is completely surrounded by carbon neigh-

bors. The atoms below the first laye¢ do not have a great effect on the potential energy,

By this simplified thermochemical argument, we mean to illustrate the distinct ener-
getic preference for 6- (or more) atom holes over a random distribution of smaller
koles in a graphite surface (sece Table II for number of C~C btonds broken per missing
carbon atom as a function of the numer of atoms comprising a hole).

LASLERD S © oo



FIG. 4

l-atom defect in a graphite surface.
(— = carbon-carbon bond with r(C) =
1.421 A, o = position of missing carbon
aiom, x = equilibrium positions of Cs™¥ FIG. 5
ion, large circle with r(Cs*) = 1.69 A
shows size of ion compared with hole in
graphite surface.)

2-atom defect in a graphite surface
(same key as Fig. 4).

FIG. 6 FIG. 7
4-atom defect in a graphite surface 6-atom defect in a graphite surface
(same ker as Fig. 4). (same key as Fig. 4).
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ag verificd by calculations of the 6-atom hole with one and four atoms migsing from the
sublayer. The conducting plane, which contains the donated Cs electron, serves to hold
the Cet at z ~ Zo (see Eq. 10), at least in chis model.

With regard to adsorption behavior itself, it should be noted that the nature of the
interaction changes dramatically as the cesium atom leaves the gsurface and the ionization
reaction of Eq. (3) is reversed to give a desorbed neutral cesium atom. This essentially
quantum mechanical effect can be accounted for in a semi-empirical way by multiplying the
appropriate ionic quantities (polarizability, charge, etc.) by an ilonic character func-

tion x(z) shown in Fig. 9, and the corresponding atomic neutral quantities by 1 - x(z).

5(:)
|
4+
\
0 i S — >z
Y
FIG. 9
FIC. 8 ionic character function x(z) as a
' function of the distance z of the ion
24-atom defect in a graphite surface above the free surface of a crystal; A
(same key as Fig. 4). is the characteristic length of X.

Thus, a completely classical calculation, such as a molecular dynamics simulation could
include implicitly this electronic rearrangement in the potential energy terms. The
characteristic length A of the ionic character function as well as its shape could, in
principle, be inferred from quantum mechaniral electronic calculations. The lithium-
graphite system would be of sume interest in this regard. Although the lithium atom is
not spontaneously ionized by graphite, the substantial difference in the electronegativ-
i¢ies of lithium and carbon guarantees that the lithium-graphite bond will have a great
deal of ionic chsnracter, thus exhibiting much of the valence electronic distortion to be
expected in the fully ionic cesium-graphite system.

Preliminary dynamical calculation results indicate that a cesium ion on a perfect

graphite surface moves along the surface 1like a frece particle at temperatures near 1000 K.

Thus, truly diffusive or random-walk bechavior at such temperatures requires the presence

Tal



of defects in the graphite surface. (Thermal motion of the carbon atoms in the graphite
surface is probably not sufficient.) A molecular dynamics calculation of the *hermal an-
nealing of surface c¢efects In gicphite might show the coalescence of randomly J.stributed
l-, 2-, -« ¢ « , and 5-atom pits into 6~ (or more) atom pits and thereby yield a realistic
surface defect dis-ribution (11). Then, with the methods outlined here, a surface diffu-
eion coefficient could be calculated, essentially from first principles, and compared

with the recent exper..esntal results.
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