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THE INTERACTION BETWEEN CESIUM AND GRAPHITE

FOR USE IN THE STUDY OF SURFACE PHENOMENA*

Brad Lee Holian
University of California

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

.

Abstract

Surface diffusion has been hypothesized as the fast mode of an unusual fast-slow,

two-mode 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 is 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 interactionof cesium with the graphite surface contains pairwise Cs - C terms
+

(valence,induction, and dispersion forces) aswell as an image-chaigemodel of the bulk

electrostaticinteraction. All parameters but the strength of the repulsive Cs+ - C

force are obtained b:rtheoretical estimates, while this last parameter is determined by
+

requ%ring 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 sur=ace (the one-ntom 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 kcal/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 (l.). Two

<
b
E

*
E

ROl”’kpGrf’OriilGJumler the kiUSplct?S uf liw UO
.1

S. Euergy Resetirchand Development Admini.a- k
trotion and the Nuclear Regulatory Commission (Reactor Safety Research Division),

.@
,,
‘2.4

.-



transport modes have therefore been hypothesized: 1) slow bulk diffusion and 2) fast

~urface diffusion. One propossd model (2) for this complex behavior includes, it~ two

coupled diffusion equations,a first-order reversible exchsnge process between diffus%ng

species - one located on the free s~rfaces 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 more restricted regions between crystallite (“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 grains by lamellar diffusion (by squeezing in between the graphite layers). The

diffusion along free surfaces proceeds amch more rapid:y, although the distinction be-

comes less obvious as the separation of the surfaces narrows.

In order to study the mechanisms involved in surfact:transport, molecular dynamics

computer simulations of the motion of a cesium atom acro:;sa graphite surface have been

undertaken. The classical equations of motion need be scllvedfor 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. Zven with

this simplificationof 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 dyni~micscalculations. The follow-

ing six sections describe individual terms in the potential, with results presented in

the last section.

II. Zero of Ene~

The zero of energy for a cesium atom interactingwith the graphite surface will be

taken to be that of the atom neparated 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 (cilemicalsynbol of grephite, Gr)

energy is released - the electron work function, Ew(Gr):

LX + e- = Gr- + Ew(Gr) . (1)

The first icni,zationof cesium requires energy - (l)(CS):the ionization potential, l?l

Cs+ Ejl)(Cs) =Cs++e- . (2)

~

The overall reaction [the sum of Eqs. (1) and (2)] requi’es energy W:
u
c
G
4

Cs+Gr+W=Cs++Gr- , (3) ;
....<



where W - EJ1)((%) - Ew(Gr) is negative, that la, heat is given off by the reaction. In ●

units of kK = 1000 K, E~l)(Cs) = 45.18, Ew(Gr) = 53.62, and W o -8.44. The values of W

for the alkali metal series Li, Na, K, Rb, and Cs are, reap=ctively, 8;93, 6.01, -3.27,

-5.16, and -8.44 kK. Hence, K, Rb, and Ca form stable lamellizrcompounds with graphite,

while Li and Na do not (3).

111. Bulk Electrostatic Interaction

tion

The ionized cesium atom interacta with its donated electron in the graphite conduc-

band much like a point charge over an infinite perfectly-conductingplane - the

claaaical electrostatic problem of the image charge. The principal uncertainty in this

model is the location of the conducting plane. ‘ifwe assume that the ceoium atom la cen-

tered over a hexagon of carbon atoms at a height of ZK = 2.97 A above the graphite plane

[(asin the case of lamellar ccsium-graphite compounds (3,4)].then the height of the con-

ducting plane above the plane of the carbon nuclei Z. is simply z - r(Cs+), where r(Cs+)m
= 1.69 A iB the ionic radiua of cesium (5). This is consistent (3) with a Van der Waals’

radius for a graphite carbon atom of r(C) = 1.602 A (the C-C bond length in graphite is

r. = 1.421 A and the spacing between layers is co = 3.3s4 A);r(c) is therefore very close

to 1/2 co = 1.677 ~, the Van der Waals’ radius in graphite. (See Figs. 1 and 2.) The

values of r(c) for rubidium and potassium lamellar compounds (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-chargepotential ,mergy is given by

‘image
(?J) m-

At the equilibrium position, V
image

= -24.72

~(i~ge)(z) -
z

m

e2
4(Z -Zo) “

(4)

I&. The image-charge force is given by

(z)
‘Vimage

dz

e2
-s (5)

4(Z - 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 atomo, the above approach must be modi-

fied (6). Let us suppose that there are M defects (circular

plane) located at (xm, ym) with radii am(m = 1, 2, ● o* , M);

functions,

holes in the conduction

then given the following
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FIG. 1 FIG. 2

Side view of bonding geometry of ad- TOP view of bonding geometry of adsorbed
sorbed cesium atom on graphite; Cl and Cesium atom on graphite; site A is ad-

C4 are carbon atoms 3s shown in Fig. 2,
sorption site (minimum of potcntlai en-
ergy), site B is above C-C bond (saddle

e- is position of image charge (other point in potential energy surface), and
symbois defined In text). site C is above carbon atom (maximum of

potential energy).

M

zA(x,y) = a: exp {-[(x- xm)2 +(y- ym)21/a~l ,

m=l

and

M

Aa(x,y) =z (Xa- Xa ) exp {-[(x -xm)* i- (y-y=)21/a~} s
m

m=l

(6)

(7)

where a = x or y, the potential energy of a charge +e located at (x,y,z) in the presence

of M defects in the conducting plane at z = z~ can be approxtiatedby:

2
V(x,y,z) = -

e
2 1/2 ‘

4[A(x,Y) + (Z - 2.) ]
(8)

and the forces are

. .--—



e2Aa(x, y)
FJx, y,z) -’

2 3/2
4[A(x,Y) + (Z - 2.) ]

.
(9)

fora=xory and

Fz(x,y, z) - -
ez(z - 2.)

4[A(x, y) + (Z - 20)213/2 “
(10)

.

These expressions reduce to the image-charge expressions [eqs. (4) and (5)] far from de-

fects, including the condition that Fx and Fw vanish. Further, from Eq. (9) it is clear

that. a defect is a scattering

action.

The charge on the cesium

atoms of the graphite crystal

.
center from consideration of the bulk electrostatic inter-

IV. Induction Interaction

ion can induce an Instantaneousdipole moment in the carbon

(and vice versa), which leads to a potential energy contri-

bution of the following form (7)

(11)

where $(fid) is in units of e2/2ao (e is the electronic charge and ho = 0.5292 ~ is the

first Bohr radius), R is the interatomic separation in units of ao, and C4 is given by

(12)

where qi is the charge (in units of e) on &tom i and ai 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)* ~e= 27.1 a:, by the ratio of aCa+ to axe as 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 polarizabflities. The polarizability of a graphite carbon atom isthen3/2 aC-C

(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 ac = 10.8 a:. 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, tak$g qC = -1/6 as being correct for the most important nearby

carbon atoms, C4 = 11.26= x a4. Define
2a
o 0

# II



C4~.—

r4
m

(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 fs spherical, there are fluc-

tuationsdue to the rapidly moving electrons that result”in a net instantaneous dipole

moment This dipole can then induce an instantaneousdipole In another atom, leading to

a potential energy contribution of t;lefollowing form (7)

(14)

where $(dis) is in units of e2/2ao, R in unjts of ao, and C6 is given by the London-

Pitzer formula (8)

~ alml
C6=2 -l+F-l ‘

‘1 42

where Ui is 4n units of a: and Ei, the characteristic energy of atom i, is in

e2/2ao. Pitzer has shown empirically that Ei is roughly twice the ionization
fP\

Since E/El = 2.27 for neon and 2.39 for xenon (C), let us take EC =.2.2; E~U’

‘2)(cs)=4.409 e2/2au. Therefore, C6 = 370.8~e212ao and ECs+ = 2.39 E1 x a;. Define

(15)

units of

potential.

= 1.878

the dispersion contribution per

1.010 kK.

c’B=—

r6
(16)

m
nearest carbon atom at the equilibrium position; then B =

VI. Valence Interactio~

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

repulsive potential energy contribution of the form (7)

(17)$(val)(R) = II exp (-aR/ao) ,

where R is in units of a. and a is given by

()
2 1/2

a~
~:#2 1/2 (2) ,

1
(1) +E1

o
(18)

with E1(i) in units of e2/2ao. E~l)(C) = 0.8273 e2/2ao and E~2)(Cs) = 1.845 e2/2ao;

hence, a = 2.268. Define z
:;

‘maaar,
o

then LX= 14.11 and
,-...
.J
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~(val)
[(-;)],

(R)= Qexpal (20) “

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 converges slowly with distance into the crystal, An integral correction

must be added to the discrete sum over graphite carbon atoms. In Fig. 3, the problem is

indicated schematicallyas a spherical sector containing discrete atoms and a continuous

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

Cs+
.

FIG. 3

Schematic representation of lattice summaticn and
integral correction (continuousdistribution) 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

.Co

6+ (R

J

) = 2TTP
max

%ax

where P is the number density of graphite

graphite plane. Likewise, the z-gradient

6VZ$I(R ) = -2iTp
mzx

the potential term ~ is

dRR(R- 2)$(R) , (21)

and Z is the height of the cesium ion over the

correction is

r

m
dR RO(R) . (22)

,+, ,,, (,- ,/, ;,,,

.,

.-



VIII. Results

As outlined above, Q was calculated by summing over 8125 graphite carbon atoms

within a radius of R = 33.1 A and ap?lying the integral corrections for the remainder
max

of the graphite crystal. The resulting value of Q is 1.791 kK, which exceeds by about

0.2% the value obta~ned for an Rmax half as big (approximatelyone-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 integratj.ngover the bulk (minus the

first graphite plane). The result was remarkably close to the “exact” lattice sum plus

correction - about 3% too small (likewise for the magnitude of the adsorption energy).

TableI shows results for the barriers to translat~onal motion of a cesium ion on a per-

fect graphite surface. (The positions

Barriers to Migration of.

Position, i a Zp b

A 2.970

B 3. U45

c 3.055

ii, B, and C are shown in Fig. 2 and are defined

TABLE I

Cesium on a Perfect Graphite Surface

c d
‘i :1 (w) ‘i

- !lA
— (kK)
% %3

— (kK)
‘B——

-Cl.65 -60.5 0

-59.95 -- 1.70

-59.75 .- 1.90

appositionsA, B, and C shown in Fig. 2.

b
Height of cesium ion above graphite surface for mimimum in potential
energy

cPotential energy, R-x = 33.1 ~ (~ = Boltzmann’s constant)

‘Experimental 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 ion behaves essentially like a free particle. The

experimentalvalue for adsorption energy (9) was obtained from two adsorption isotherms

of cesium on TS-688 graphite in the Henry’s Law regine, i.e., where ?he Cs partial pres-

sure is proportional to concentration. In view of the seriousnature of the approxima-

tions herein employed, the close agreement with experiment shcmldbe viewed with some

caution. Iforeover,Zumwalt has pointed out that the true adsorptionsite is probably

over a defect (10).

The effect of missing carbon atoms in the graphite surfacm (“holes” or “pits”) upot~



the adsorption energy of cesiurtlis dramiitic,as shown In Table 11. The adsorption energy

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 missing ?arbon atom. (See Fig. 4.) The l-atom

TABLE 71

Adsorption Energy of Cesium over Holes in the Graphite Surface

Number of
Missing
C Atoms— ——

0

1

2

4

6

24

. Ce

Number of Broken
C-C Bonds/Missing

C Atom

o

3.00

2.50

2.25

2.00

1.75

1.50

a
-~ (I&)

$3 —

61.3

60.8
63.2

70.4

102.0

99.0
--

b

z (A)

2.97

2.92

2.61

2.11

1.40

1.26

--

~otential energy, Rmax= 14.5A (kB= Boltzmann’s constant).

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

hole is repul~ive by one-half kilokelvin relative to the perfect surface. ror the next

carbon atom to be removed, two more bonds must be broken. (SeeFig.5.) 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 shovn in Fig. 6). The 4-atom

hole is attractive by about nine kilokelvin. A truly noticeable transition occurs when

the hexagonally-symmetric6-atom hole is made from the 5-atom hole by breaking only one

more C-C bond.* (See Fig. 7.) At this point, the Cs+ 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 (z. = 1.28 ~). As the number of missing atoms is increased, very little

effect is seen, though the minimum energy rises slightly by the 24-atom hole, the next

hexagonally-symmetrichole after the 6-atom hole. (See Fig. 8.) The reason for the

higher energy is that the Cs+ can get close only to the carbon atoms at.the edge of the

24-atom hole, while in the 6-atom hole, the Cs+ is completely surrounded by carbon neighb-

ors. The atoms below the first lay~t do not have a great effect on the potential energy,

*
By this si~l?lifiel~thermochemicalargument, we mean to illustratethe distinct ener- ~
getic preference for 6- (or more) atom holes over a random distributionof smaller -.

holes in a graphite surface (see Table II for number of C-C hcnds broken per missin~ ;
carbon atom as a function of the numer of atoms comprising a I101c). r!,,u.



m?. 4

l-atom defect in a graphite surface.
(— = carbon-carbon bond with r(c) =
1.421A, o = position oi missing carbon
atom, x = equilibrium positions of Cs+
ion, large circle with r(Cs+) = 1.69 ~
shows size of ion compared with hole in
graphite surface.)

FIG. 6

4-atom defect in a graphite surface
(same kcyas Fig. 4).

FIG. 5

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

FIG. 7

6-atom defect in a graphite surface ~
(same key as Fig. 4). g

6
*
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a~ verified by calculations of the 6-a~om hole with one and four atoms missing from the .

sublayer. The conducting plane, which contains the donated Ca electran, serves to hold

the Cat at Z - 20 (see Eq. 10), at least In this model. .

With regard to adsorption behavior itself, it should be noted that the nature of the

interactionchanges dramatically as the ce6ium atom leaves the surface and the ionization

reaction of Eq. (3) is reversed to give a desorbed neutral ceslum atom. This essentially

quantum mechanical effect can be accounted for m a semi-empiricalway by ❑ultiplying the

appropriate ionic quantities (polarizability,charge, etc.) by an ionic character func-

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

FIG. 8

24-atom defect in a graphite curfece
(same key as Fig. 4).

FIG. 9

ionic character function X(Z) as a
function of the distance z of the ion
above the free surface of a cryetal; A
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

characteristiclength ~ of the ionic character function as well as its shape could, in

principle, be inferred from quantum mechantral electronic calculations. The lithium-

graphite system would be of some interest in this regard. Although the lithium atom is

hot spontaneously ionized by graphite, the substantial difference in the electronegativ-

ities of lithium and carbon guarantees that the lithium-graphitebond will have a great

deal of ionic chf,racter,thus exhibiting much of the valence electronic distortion to be

expected in the fully ionic ccsium-graphite system.

Preliminary dynamical calculation results indicate that a cedtum ion on a perfect :

graphite surface moves along the surface like a free particle at temperatures near 1000 K. “’:

Thus, truly diffusive or random-walk behavior at such temperatures requires the presence .’
<

-L.



of dcfccta in the grapi,lteuurface. (Thermalmotion of the carbon atoms in the graphite .

~urface is probably not sufficient.) A molecular

nealing of surface c!zfectsin gl:phite might show

1-,2-,”””, and 5-atom pits into 6- (or more)

murface defect distribution (11). Then, with the

eion coefficient could be calculated, essentially

with the recent experi.:,entalresults.

dynamics calculation of the ●bermal an-

the coalescence of randomly 3.stributed

atom pits and thereby yield a realistic

methods outlined here, a surface diffu-

frornfirst principles, and compared

.
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