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Abstract—A theory that describes the diffusion of an intercalate within graphite in a multiphase situation
is presented. The theory was applied to the intercalation of bromine in graphite. Single-phase diffusion
represents the intercalation of bromine in graphite as well as multiphase diffusion due to the dominance

of the final stage.
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1. INTRODUCTION

In estimating the dominant steps in the intercalation
of bromine in graphite[1] and in the experimental
results of the accompanying paper|[2], it is evident
that diffusion dominates the reaction kinetics of the
graphite-bromine system. In describing diffusion in
an intercalation compound, one might consider a
rigorous description of diffusion in a multiphase sys-
tem (Section 2.2) or a simple description of diffusion
treating the entire intercalated region as a single
phase (Section 2.1). Because of the common coex-
istence of stages during intercalation[2], a multi-
phase approach needs to be considered. The single
phase approach was used by Dowell[3,4] to describe
the intercalation of bromine, nitric acid and pallad-
ium chloride. This paper provides the first descrip-
tion of an intercalate diffusing in graphite using a
multiphase approach. Both the single-phase and
multiphase models are used in this work to fit the
Kinetic data obtained in the accompanying paper(2].

2. DIFFUSION OF AN INTERCALATE IN GRAPHITE

2.1 Single-phase approach

If a single stage were present during intercalation,
the diffusion process could be represented using Fick’s
law to describe the flux balance at the interface be-
tween the intercalated region and the unintercalated
graphite.

Although multiple stages are present during the
intercalation of graphite by bromine, it can be useful
to consider that the diffusion process can be repre-
sented by a single apparent diffusion coefficient. If
this is done, the intercalation process can be likened
to diffusion in a two-phase system with an interface
between the ‘“‘intercalated phase” and the pristine
graphite. In this case the diffusion rate can be rep-
resented as the rate of motion of the interface be-
tween the two phases. If the position of the interface

is represented by x, then the position of the interface
as a function of time can be represented by[5]

x? = 4n?Dt, 1)

where m accounts for the chemical potential gradient
across the intercalated region and is defined as

n erf(n) exp(n)m~'? = [P — P},  (2)
where P, is the bromine vapor pressure external to

the sample and P, is the equilibrium bromine pres-
sure at the reaction interface.

2.2 Multiphase approach

Shatynski et al.[6] suggested a theory of multi-
phase binary diffusion which is used here for de-
scribing the diffusion occurring during an interca-
lation reaction. They considered a reaction of the
form

aA + bB—> A,B + cAsB + dAB + -, (3)

and described the reaction rates in terms of the thick-
ening of the phases. The assumptions necessary for
the application of the theory are that there is neg-
ligible terminal solid solubility of the reactants and
that quasi-steady-state growth occurs. Quasi-steady-
state growth is defined as in Jost{5]: (i) for constant
cross section the fluxes of A and B atoms are inverse
functions of the thickness of the phase and (ii) equi-
librium boundary conditions are maintained at in-
terphase interfaces. Condition (i) is met as long as
the effect of the moving boundary conditions is small.
Condition (ii) is approximately met when the com-
pound has a narrow composition range and a nearly
constant molar volume. In general, these conditions
can apply to intercalation compounds. The samples
are generally small and a given phase generally has
narrow stoichiometric limits in the pure binary com-
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pounds. In particular this is the case for graphite—
bromine intercalation compounds.

Several simplifications occur in dealing with in-
tercalation compounds. First, the diffusivity of the
carbon atoms comprising the graphite is negligible
compared to the diffusivity of the intercalate. Hence
only the flux of the intercalate need to be dealt with.
Second, in the case of graphite—-bromine compounds,
the in-plane stoichiometry seems to be independent
of stage so that terms involving the different stages
can be written as ratios of the stage numbers without
including corrections for stoichiometry changes.

Normally the stoichiometry of graphite-bromine
compounds can be written as C;Br, where i is the
stage number, greater than or equal to 2. However,
since bromine is the mobile species, it is more con-
venient to refer to the stoichiometry as C(Bry),;.
Then using B to replace Br,, we may refer to the
general intercalation reaction as

aC + bB—‘—> CB”(7)(2) + CCB,/(7)(3)
+ -+ xiCB”U)(,-) + ey (4)

where the x’s are mass balance coefficients with x,
arbitrarily chosen to be equal to 1.

We can consider the rate of expansion of the ith
stage in this reaction. On one side there exists an
interface between the (i — 1)th and ith stage; on
the other side of the phase there exists the interface
between the ith and (i + 1)th stage. The reaction
at the (i — 1) : i interface may be written as

7i(i — 1)CByj4-y—> 7i(i — 1)CBy5; + B, (5)

and at the i : (i + 1) interface as

7i(i + 1)CB,;—> Ti(i + 1)CBy34+1y + B.  (6)

Hence the formation of 7(i — 1)i moles of ith stage
involves 7(i — 1)i moles of (i — 1)th stage per mole
of bromine released and the formation of 7i(i + 1)
moles of ith stage involves 7i(i + 1) moles of (i +
1)th stage per mole of bromine absorbed. The phase
between the two interfaces will grow at a rate which
is the difference between the velocities of the bound-
ing interfaces. The velocity of an interface, for ex-
ample, between (i — 1)th stage and ith stage, is the
difference between the flux of bromine across the
(i = Dyth stage to form the (i — 1)th stage from the
ith stage at the (i — 1)th side of the interface, and
the flux of bromine across the ith stage due to the
formation of ith stage from (i — 1)th stage on the
ith side of the interface. This may be written for the
first interface (x,) as

i -

ac;._
dr l)nt-ll)i-l —=!

ox
ac;

+ 7i(i - l)ﬂ,_lD,‘a )

™)

and similarly for the interface (x,) between the ith
and (i + 1)th stages:

de, .. ac,
7 7i(i + 1)Q,D; %
aC;4y

+ 7i(i + 1)Q.D,,
Ti(i YD, %

®

Then the change in thickness of the ith stage can be
written as

= —[7i(i = DQ._, + 7i(i + 1)9"]<D" %)

o ac;_
+ 7i(i — l)ﬂ,-_l(D,».l —(;')

iy ac;ﬂ
+ | D
7i(i + 1)0,(D,+1 > ) )

X is the thickness of the ith stage, ), is the molar
volume of the ith stage, c; is the concentration of
bromine in moles/per unit volume in the ith stage
and D, is the intrinsic diffusivity of bromine in the
ith stage. The change in thickness of the ith stage
can also be related to a parabolic rate constant k;:

d

2

>|=

(10)

o

t

After rearrangement of the molar volume terms the
general equation may be written as

;‘—( - —7i[(i - 1)(%) + i+ 1)](9,0,. ‘;—fc)
+ i - 1)(9,._10,._1 %—‘)

+ TG+ 1)(99‘ )(QMDM agx‘) (11)

i+1

If it is assumed that the concentration of a given
stage is constant across the stage, and the diffusion
coefficient is independent of the chemical potential,
it is possible to replace the concentration gradient
with the chemical potential gradient in the following
manner

. *c. * .
dc; _ Dic op, D} o (12)

where p, is the chemical potential per mole of bro-
mine in stage i and D} is the mobility of bromine in
the ith stage. Furthermore we can relate the molar
volume to the molar concentration. The molar vol-
ume of a stage i compound is the volume of the
compound per mole of the compound. The molar
concentration is the number of moles of bromine per
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unit volume of the compound. Then the relation
between the molar volume and molar concentration
is the number of moles of bromine per mole of com-
pound, which is evident from the stoichiometry of
the compound. Hence for a reaction of the form

C+ 2 B—> CByn, (13)
a dimensional analysis shows that
Q.cm® CB,,; _ cm?® CB,,,; 1/7i mol B )
mol CB,,; ¢;mol B mol CB,,;
or after cancelling equivalent terms,
Q, = 1/[7ic). (15)

Then we can write
L PPN A Do,
X~ [(’ 1)( n) T ”](RT ax)

DX, i,y N D}y dpisy
e o el | =
I(RT ox y Q... /\RT o

(16)

At this point it is convenient to introduce a single
term to represent similar portions of the equation.
Following the nomenclature of Shatynski ez al., we
can define

n _ DX, o,
‘ RT ox

(17)

Then we can write the following expression for the
rate constant of the ith stage:

I PR o -
k, = [(l 1)( Qi) + (i + 1)]h,-
[ X [ QX
+ 1<XH>h,-_1 + t(Qme)hm. (18)

if we assume that the k’s are constant, then since
X = \/Z—ki, the ratio X;/X; is also constant.

The rate constant must be considered specially at
the boundaries of the intercalated region, i.¢., at the
sample edge and at the interface with pure graphite.
At the edge, the location of the phase boundary
between the intercalation compound and the at-
mosphere is fixed by the physical edge of the graphite
lattice, which may be considered to be fixed in space.
As a consequence the rate of growth of the stage at
the sample edge is just the rate of motion of the
interface between the edge stage and the preceding
(inner) stage. If j is the edge stage, then

-+ Dh + j(—n’gj—>hm. (19)

k= 0.X.

At the interface with pure graphite, it is reasonable
to assume that the flux of intercalate is so low as to
be negligible since the solid solubility of bromine in
graphite is much less than the concentration of bro-
mine within the intercalate layer. In that case, if p
is the initial stage formed,

k, = —[1 + (%‘—‘)(p - 1)]h,, + p()%(h)h,,_l.
(20

Within the constraints of our assumption that the
diffusion coefficient and concentration are constant
within a stage it is possible to write

D}
h; = ﬁfdu,

where the integral is performed across the stage. If
it is assumed that bromine can be treated as an ideal
gas, which is not a bad assumption at low reduced
temperatures and pressures (when T and P are not
near the critical temperature, 302°C, and critical
pressure, 126 atm, of bromine[7]), the change in
chemical potential for the reaction can be expressed
in terms of the partial pressure of bromine. That is,
for the reaction at the interface between stage i and
stage i — 1,

(21)

Bry, + (i - 1)CBry,y = i Cyy-1yBryg,

the change in free energy for the reaction can be
written as

AG = AH — TAS = RT In (h) (22)

i%“Bry

and the change in the chemical potential of the bro-
mine can be written as

AM‘i—l:i = RT ln(l/Pi-lzi), (23)
where P;_,; is the bromine pressure at which stage i
and stage i — 1 are in equilibrium. Then the change
in chemical potential of bromine across a given stage
is

Apii = Apiyy = RT[In(1/Pisr) — In(1/Pi_yy)]
= RT In(Pi_1i/ Piis1)s (24

and
h; = D} In(Pi_1;/ Pyis)- (25)

If conditions can be established where transport
within the graphite is the rate-controlling step, and
only two stages are present, then the diffusion coef-
ficient for one stage (the stage being formed) may
be determined. Alternately, if multiple stages are
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present, an overall rate constant exists and may be
defined as

ke &k,
r=2% (26)

i=j

Then the amount of graphite left after intercalation
for time tis 1 — x, where x is the intercalated width
and can be represented as

= x%/k;. 27
In this form it is evident that using either the simple
approximation given by eqn (1) or eqn (27), the
square of the width of the intercalate front can be
expected to be proportional to the intercalation time.

3. COMPARISON OF THEORY AND EXPERIMENT

3.1 Calculation methods

In order to test the single-phase and multiphase
approaches, five methods were used to calculate time-
temperature-transformation (TTT) and time-con-
centration-transformation (TCT) curves for the in-
tercalation of graphite with bromine. These curves
had been determined experimentally[2]. Specifi-
cally, the length of time necessary to intercalate a
fraction of the sample to a particular stage was cal-
culated. The calculations were made without includ-
ing terms representing bromine transport outside the
graphite sample. This was justified on the basis of
the calculations of reaction step times[1], and more
importantly, on the basis of the weight gain and
intercalate front position as a function of time[2].
Both the weight gain and the intercalate front po-
sition could be extrapolated back to zero time with-
out indicating incubation times or other reaction steps
external to the sample. Consequently, the reaction
time was represented by the final two terms of eqn
(1) of Ref. 1,

t=x*K + xlv, (28)
where ¢ is the intercalation time, x is the intercalated
length, v is the reaction velocity for the staging re-
action and K is a term incorporating the diffusion
coefficient.

It was assumed that the staging reaction was first
order with respect to the bromine concentration so
that the staging reaction velocity could be written in
the form

v = AO exP[ - Es/RT][Psurfnce - Pimerfue]’ (29)
where A, can be considered a proportionality con-
stant, E, is the activation energy for the staging re-
action, P, is the vapor pressure of bromine at the
sample surface and P, is the vapor pressure of
the bromine at the staging interface.

The diffusion term K can represent either the 4v°D
term in the simple diffusion approximation of Sec-

tion 2.1 or it can represent a rate constant developed
in Section 2.2 [either the total rate constant, kr, eqn
(26) or a rate constant, k,, for a given stage i, eqn
(18)]. In either case, a diffusion coefficient, D, can
be represented as

D = Dyexp[(—Ep + PuuV.)RT], (30)
where D, is the proportionality constant, Ej, is the
activation energy for diffusion and V, is the activa-
tion volume[2].

Five methods were taken to model the intercala-
tion reaction in the bromine—graphite system. The
adjustable parameters used in the modelling were
the activation energy, E,, and preexponential factor,
A,, for the staging reaction, and the activation en-
ergy, E, and preexponential factor, D,, for the dif-
fusion coefficient(s). The final parameters obtained
are listed in Table 1. '

(1) The first method was to treat diffusion as though
the intercalate was a single phase (Section 2.1) using
an activation energy for diffusion of 18 kcal/mol and
a diffusion premultiplier of 1.1 X 10° cm?/sec. These
values were obtained by a recalculation of the gra-
vimetric desorption data of Bardhan et al.[8]. The
activation energy for the staging reaction was taken
to be the activation energy for motion of an inter-
stitial in graphite, reported by Thrower and Loader[9]
as 0.69 kcal/mol. The staging velocity premultiplier
was varied to fit the intercalation times measured as
a function of temperature. (Fig. 21 of Ref. 2).

(2) The second method was to model diffusion in
a multiphase system (Section 2.2). In this method
the activation energy for diffusion and the staging
reaction were assumed to be the same, i.e., the ad-
justable parameters were A,, D and E; . The values
of the coefficients were determined by using a sim-
plex optimization method of curve fitting for this and
the remaining methods.

(3) The third method was to model diffusion in a
multiphase system, but allowing the activation en-
ergy for diffusion and staging to differ in the fitting
process. The adjustable parameters were A,, D, E,
and E,.

(4) The fourth method was to use the multiphase
diffusion model, using the same activation energy
for diffusion and staging, but allowing the diffusion
premultiplier to vary with stage. The adjustable pa-
rameters were A,, D, (stage 2), D, (stage 3), D,
(stage 4) and Ej;,.

(5) The final method was to use the multiphase
diffusion model, allowing the activation. energies to
vary, and also allowing the diffusion premultipliers
to vary with stage. In this method all six parameters
were varied, namely A,, D, (stage 2), D, (stage 3),
D, (stage 4), E, and E,,.

3.2 Experimental parameters
The dependent experimental parameters used for
the fitting were the positions of the stage-2 shoulder
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Table 1. Parameters used to calculate time-temperature-transformation curves

Method 1:
Single Phase Modsl
Es[9] A, ED[8] D, [8]
kcal/mol cm/sec kcal/mol ‘em?*/sec
0.69 1 x107? 18 1 x 10°
Method 2:
Muiti-Phase Model (One Activation energy, One D,
Es A, E,
keal/mol cm/sec kcal/mol cm?®/sec
18 9 x 10° 18 1x 10°
Method 3: :
Multi-Phase Model (Two Activation energies, One D )
E, A, E, D,
kcal/mol cm/sec keal/mol cm?/sec
14 . 8 x 10° 21 1 x 10’
Method 4.
Multi-Phase Model (One Activation Energy, Stage Dependent o,
Eg A, E, D,
Stage 2 Stage 3 Stage 4
kcal/mol cm/sec kcal/mol cm?/sec cm?/sec cm?/sec
21 7 21 7 x 107 6 x 10° 6 x 10°
Method 5:
Muiti-Phase Mode! (Two Activation Energies, Stage Dependent D)
ES AO ED Dv
Stage 2 Stage 3 Stage 4
keal/mol cm/sec kcal/mol cm?/sec em?/sec cm?/sec
7 x 107 1 x 10’ 1t x 107

15 2 x 10° 22

(where it existed), the stage-3 shoulder, and the po-
sition of the initial (leading) intercalate front as de-
termined by X-ray absorption. The independent ex-
perimental parameters were the reaction temperature,
the bromine concentration and the intercalation time.
The reason for using the X-ray absorption profiles
for fitting was that in an infinite diffusion couple,
the position of a plane of constant concentration
should vary as a function of the square root of time.
The X-ray absorption data provided a means of lo-
cating a plane of constant concentration, even though
the intercalate front might not be perpendicular to
the basal plane, or a shoulder on the absorption
curves might not exactly correspond to the interface
between phases. The X-ray diffraction results should
indicate the fraction of a given stage which is present,
but may be too dependent on the distribution of
stages near the sample surface. Optical profilometry
would give information about the position of a con-
stant concentration interface, but would only give
information about the leading edge of the surface
deformation. Weight uptake would only give com-
posite information about the overall intercalation
rate without allowing information concerning indi-
vidual stages to be discerned.

The six experimental parameteérs (time, temper-
ature, bromine activity and the positions of the in-
tercalate fronts for stages 2, 3 and 4) allow the use
of up to six adjustable parameters in the model. In

the actual fitting, the number of parameters adjusted
varied from one (the staging velocity premultiplier)
in method 1, to six in method 5, which had separate
activation energies for the staging reaction and dif-
fusion coefficient, and had stage-dependent diffu-
sion coefficient premultipliers.

The data used in the fitting fell into two classes—
(i) temperature dependent data and (ii) concentra-
tion (Br, concentration in Br~CCl, solution) de-
pendent data. Except at room temperature, few sam-
plings were done at any one temperature. The points
in Fig. 21 of Ref. 2 were determined as the time at
which a single stage had been formed, as observed
by X-ray diffraction. This was used as the time nec-
essary to intercalate to a position of half the sample
width, yielding a time-temperature data pair for the
TTT diagram. Each combination of time, temper-
ature and position so determined was used as a data
point in the curve fitting.

For graphite intercalated in Br,~CCl, solutions at
room temperature, the reaction rate was followed
at more frequent time intervals and the use of X-ray
absorption to determine concentration profiles al-
lowed the motion of the interstage interfaces (i.e.
the shoulders in the concentration profiles) to be
followed. Consequently, time-position pairs for the
stage-2 shoulder, stage-3 shoulder and the shoulder
representing the leading edge of the intercalate front
were used for curve fitting. The shoulder position
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Fig. 1. Time-temperature-transformation curves calcu-
lated for graphite—bromine intercalation compounds. The
solid lines were calculated using method 1; the dashed lines
using method 5. The experimentally observed times to com-
plete intercalation are given by filled circles for stage 2;
open circles for stage 3; and filled squares for stage 4.

data were used preferentially to the diffraction data
because the models were developed in terms of the
motion of interfaces. They were used in preference
to the weight gain information since the weight gain
provided no information on individual stages. Fur-
thermore, both the weight gain and the volume frac-
tion of an individual stage can be calculated from
the interstage interface positions from the concen-
tration profile, while it would be difficult to obtain
the interface positions from either the diffraction
data or the weight gain data.

It is possible for a discrepancy to exist between
the temperature dependent data and the concentra-
tion dependent data. The temperature dependent
data were based on the times at which intercalation
of a stage was complete, as indicated by X-ray dif-
fraction. The concentration dependent data were
based on the leading edge of the intercalate front,
as indicated by X-ray absorption. If the intercalate
front and the basal plane were perpendicular to each
other, diffraction and absorption would be the same.
However, the intercalate front tends to be not per-
pendicular to the basal surface, because the surface
layers tend to intercalate before the center lay-
ers[10-12]. As a result, the leading edges of the in-
tercalation fronts could indicate that intercalation is
complete before the sample is actually a single stage.

3.3 Agreement between theory and experiment
Figure 1 illustrates how the TTT curves calculated
by the different methods compare with the experi-
mental data. The solid lines indicate curves calcu-
lated using method 1; the dashed lines were calcu-
lated using method 5. None of the models provides
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an excellent fit; method 1 and method 5 (Fig. 1)
yield the best fit.

Figures 2 and 3 indicate the fit of the models for
intercalation in Br,—CCl, solutions at room temper-
ature. Figure 2 is a comparison of the intercalate
front positions for stages 2, 3 and 4 as a function of
the square root of time for intercalation of graphite
in a 50-mol % Br,—CCl, solution at room tempera-
ture. Figure 3 is a comparison of the fit of the models
to the intercalate front position of stage 4 in three
Br,—~CCl, solutions, namely those containing 50-, 30-
and 10-mol % Br,. As was the case in Fig. 1, methods
1 and 5 provide the best fit for the concentration
dependent data (Figs. 2 and 3). The fit is better for
stage 4 (Fig. 3) in large part because the intercalate
front position was more pronounced so that there
was less scatter in the data.

Method 1 provided a surprisingly good fit to the
data, especially considering that the staging velocity
premultiplier (the only adjustable parameter) really
only affects the position of the nose of the TTT
curves. Methods 3 and 5 appeared to provide a better
fit overall than did methods 2 and 4; this suggests
that the staging process and diffusion are dissimilar
enough to have different activation energies. This
pairing of methods (see Table 1) also suggests that
a difference in the activation energy between staging

2

1.5

Front position (mm)
T

W stage 2

O stage 3

@ stage 4

0.5 Method 1
Method 5
o ™ T T 1

0 10

30 40
Vtime in hr

Fig. 2. Comparison of the calculated front position and the
experimental front position for intercalation of 4-mm-wide
graphite in 50-mol % Br, in CCl, at room temperature.
The filled squares indicate the experimental front position
of stage 2 as a function of the square root of time; open
squares stage 3; filled circles stage 4. The solid lines
were calculated using method 1; the dashed lines using
method 5.
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Fig. 3. Comparison of the calculated front position and the

experimental front position for stage 4 during the inter-

calation of 4-mm-wide graphite in Br~CCl, at room tem-

perature. The filled squares indicate intercalation in 50-

mol % Br; filled circles 30-mol % Br,; and open squares

10-mol % Br,. The solid lines were calculated using method
1; the dashed lines using method S.

and diffusion may be more important than the stage
dependence of the diffusion coefficients.

The staging activation energy of method 1 was
twenty times less than that used in the other meth-
ods, yet the quality of the fit was about the same.
This was a very strong indicator of the dominance
of diffusion in determining the reaction rate of graphite
with bromine. This also indicated that the difference
in the staging activation energy between methods 2
through 5 was not significant.

Generally speaking, none of the methods were
particularly sensitive to the values used for the stag-
ing activation energy or the staging velocity pre-
multiplier. This is to be expected if the diffusion step
in the reaction is the rate controlling step. Further-
more, the stage with the greatest change in reaction
free energy dominates the overall diffusion rate. For
example, Fig. 1 indicates that stages 2, 3 and 4 fin-
ished intercalating within short times of each other
below 50°C (36.6 x 10-* K-') because stage 2 had
the greatest change in reaction free energy and dom-
inated the overall diffusion rate. In the curves drawn
from method 5 (Fig. 1), the dominance of stage 2 at
low temperatures is indicated in the behavior of the
TTT curves near the temperature where stage 2 be-
comes unstable with respect to stage 3. The effect
of this can be seen in Fig. 1 near the stage-2 tem-
perature limit. If the diffusion coefficients of stages
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2 and 3 were the same, the time for intercalation to
stage 3 should be less than or equal to the times
extrapolated from the stage-2 curve (the stage-2 and
stage-3 curves drawn for method 1). What was ob-
served was that the time needed to intercalate to
stage 3 (near the stage-2 temperature limit) was about
the same as the shortest time needed to intercalate
to stage 2. This was a longer time than was extrap-
olated from the increase in the stage-2 intercalation
rate with temperature. An explanation for this be-
havior can be obtained if the diffusion coefficient
for stage 3 is less than that for stage 2. With this
difference in diffusion coefficients, a discontinuity
was produced in the stage-3 curve near the stage-2
temperature limit, as shown in the stage-3 curve for
method 5 in Fig. 1.

The discontinuity can be understood by consid-
ering the intercalate flux above and below the stage-
2 temperature limit. Below the stage-2 temperature
limit, the flux across stage 3 will be proportional to
the flux across stage 2, but also will be the product
of the stage-3 diffusion coefficient and the concen-
tration gradient across stage 3. If the diffusion coef-
ficient for stage 3 is smaller than the diffusion coef-
ficient for stage 2, the concentration gradient across
stage 3 will increase until the stage-2 flux can be
supported. This would be observed as a narrow band
of stage 3 within the sample, which would migrate
through the sample at approximately the same rate
as the stage-2 front. As the stage-2 temperature limit
is approached, the flux of intercalate across stage 2
will decrease and so too the concentration gradient
across stage 3.

The overall reaction rate during bromine inter-
calation can be described fairly well by a single ap-
parent diffusion coefficient, approximately 10~ cm?/
sec for all methods. This value is in agreement with
the room temperature diffusion coefficients reported
previously for bromine intercalation[13,14,3,10,8].
Bardhan et al.[8] and Aronson[13,15] also reported
activation energies for diffusion. Aronson et al. re-
ported an activation energy of 11-14 kcal/mol for
the desorption of bromine intercalated graphite
powder in the temperature range of 30-48°C.
Bardhan et al.[8] reported a value of 17 kcal/mol up
to 100°C. The value of 21 or 22 kcal/mol which meth-
ods 3-5 indicate appears somewhat high in light of
the previous values, and may indicate inadequacies
in the algorithm to handle the nonlinear nature of
the equations making up the multiphase model.

4. CONCLUSION

This paper provides the first description of the
diffusion of an intercalate within graphite using a
multiphase approach. The model of Shatynski et al.[6]
was used for this purpose. Although multiple phases
are certainly present during bromine intercala-
tion[2], the fit between the experimental data for
bromine intercalation[2] and the curves calculated
with the multiphase approach was not significantly
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better than the fit obtained with the single-phase
approach. In part this is due to imprecision in the
data, but the goodness of fit of the single-phase ap-
proach also reflects the dominance of the diffusion
coefficient of the final stage in the reaction kinetics.
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