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RESEARCH OBJECTIVE

Accompanying the use of intercalated graphite as electrical conductors,

catalysts, electrodes, etc. is the need for understanding the processes of

intercalation, desorption and exfoliation. Understanding the process of

intercalation is important for the fabrication of existing and new

intercalation compounds, and for elucidating the mechanism of intercalation

and the phenomenon of stage formation. Understanding the process of

intercalate desorption from intercalated graphite is important for the use

of intercalated graphite at various temperatures and environments. In spite

of the low intercalate concentration of desorbed compounds, their stability

makes them attractive for numerous applications. Understanding the process

of exfoliation is important because exfoliated graphite is already being

used commercially as a high temperature sealant, a thermal insulator for

molten metals and metal fire extinction blankets. Moreover, exfoliated

graphite is potentially useful as a battlefield obscurant and a laser

armor.

The secondary objective is to characterize the structure of intercalated

graphite fibers and exfoliated graphite. Of particular importance is the

preparation of intercalated graphite fibers with a known stage and in-plane

superlattice because of their potential applications as high temperature

electrical conductors and conducting graphite-polymer composites.

4a
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STATUS OF THE RESEARCH EFFORT

1. Process of Intercalation

An extensive investigation was undertaken to study the mechanism, kinetics

and thermodynamics of intercalation. A quantitative understanding of the

kinetics of intercalation was achieved.

1.1 Mechanism

The mechanism of intercalate transport in graphite was studied by sequential

intercalation of bromine and iodine monochloride, as described in Appendix 1.

It was found that the transport involves intercalate displacement such that the

first intercalate molecule to enter an interlayer space is the first to reach

the center of the graphite sample. In spite of the fact that the intercalate

is an ordered two-dimensional solid (with a well-defined in-plane superlattice)

once it enters the graphite interlayer space, it remains mobile and diffuses

toward the center of the graphite in the presence of a sufficient intercalate

vapor pressure, which provides the chemical driving force. In the absence of

the intercalate vapor pressure, the intercalate does not advance toward the

center of the graphite, but rather desorbs. This mechanism is in contrast to

that of oxide formation, in which oxygen diffusion through the immobile oxide

is necessary for continued oxide formation.

An extended manifestation of intercalate displacement is intercalate

exchange, which can provide an alternate route of forming a given intercalation

compound. Upon exposure of stage-2 graphite-bromine to IC1, the in-plane

superlattice diffraction pattern was observed to change from that of graphite-

bromine to that of graphite-IC1, while the IC1 intercalate distributed itself

uniformly at a concentration level above that of the bromine intercalate. This

is interpreted as the expulsion of bromine by the in-coming IC1, which dissolves

the remaining bromine to form a solid solution with the IC1 in-plane structure.

This ternary compound is stage-l, with a c-axis repeat distance slightly larger
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than that of stage-1 graphite-IC1.

1.2 Kinetics

X-ray absorption intercalate concentration profile measurement and surface

profilometry in the plane perpendicular to the c-axis showed that the intercala-

tion of bromine in graphite involves the movement of an intercalate front toward

the center of the graphite. The front delineates a central region which is

nearly pure graphite (except near the c-face surface) and an edge region which

contains only a small amount of pure graphite. (See Appendix 2).

The first time-temperature-transformation (TTT) diagram describing the

stage evolution during intercalation was obtained (Appendix 2). The TTT-curves

for bromine intercalation are C-shaped for the growth of each stage, suggesting

diffusion-controlled kinetics at low temperatures (the reaction rate increasing

with increasing temperature) and interface-controlled kinetics at high tempera-

tures (the reaction rate decreasing with increasing temperature). The stable

stage varies with the temperature, such that, for intercalation in pure bromine,

stage 2 is stable from room temperature up to -72 C, stage 3 is stable from

-720C to -140 0 C, and stage 4 is stable above -140 0 C. Progressive stage decrease

toward the stable stage occurs during intercalation. Also reported is a

time-concentration-transformation (TCT) diagram which describes the dependence

of the intercalation kinetics on the intercalate vapor pressure (i.e., the

Br concentration in the Br -CC 4 solution containing the sample). The final
2 2 4

stage decreases in discrete steps with increasing Br2 concentration in Br2-CCI4 ,

but the rate of intercalation increases linearly with increasing Br2 concentra-

tion in Br 2-Ccl 4 .

1.3 Thermodynamics

The thermodynamics of intercalation of bromine in graphite was studied by

determining the pressure-temperature equilibrium diagram for stages 2-4 (Appen-

dix 3). The standard heat and entropy of reaction for the transformation from



stage n to stage n-I (n = 5, 4, 3) were found to be roughly the same, though

the enthalpy of reaction became slightly more negative as the stage number

increased. The heat and entropy of formation from pure graphite were thus

found to be -10.9 kcal mo1-1Br2 and -30.4 cal mol-I Br2 K
-I respectively for

stage 2, -10.3 kcal mol- l Br2 and -30.6 cal mol
-1 Br2 K

-I respectively for

stage 3, and -11.5 kcal mol -l Br2 and -30.6 cal mol-1 Br2 K
-1 respectively

for stage 4.

1.4 Model

The experimental kinetic and thermodynamic information was used to model

the kinetics of intercalation, as described in Appendix 4. The model was

based on the change in free energy from stage to stage and the diffusion rate

of bromine, since the staging reaction and the intercalate transport within

the graphite are the two possible rate-controlling steps in bromine intercala-

tion. Largely on the basis of the high pressures needed for bromine intercala-

tion, it was assumed that the transport of the intercalating species to the

graphite surface and the adsorption on the surface are fast and hence not rate-

controlling. Satisfactory agreement was found between the model and the experi-

mental TTT-diagram. Furthermore, the model predicts that graphite-bromine is

unstable at temperatures above -250 0 C.

2. Process of Desorption

Thermogravimetric analysis was performed to study the kinetics of desorp-

tion, which was found to involve the out-diffusion of the intercalate. The

activation energy for desorption was determined to be 17 kcal/mol below the

melting temperature (1010C) and 4 kcal/mol above this temperature (Appendix 5).

3. Process of Exfoliation

By dilatometry, a single exfoliation event was found to consist of multiple

expansion spurts, which occurred at -150 0C and -240 0C for first exfoliation, and
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%100°C and v,240*C for subsequent cycles. The amount of expansion was found to

increase with decreasing intercalate activity during intercalation. With exfoli-

ation cycles to higher temperatures or longer times, the amount of residual

expansion after the collapse on cooling increased until no second exfoliation

was observed on reheating. Due to intercalate desorption, the amount of expan-

sion for concentrated samples increased with increasing sample width; desorbed

samples showed little width dependence. Acoustic emission was observed before

appreciable expansion during the first exfoliation cycle; it was not observed

during the collapse or subsequent exfoliation cycles. A model of exfoliation

involving intercalate islands is proposed (Appendix 6).

4. Structure

X-ray diffraction was used to characterize the structure of exfoliated

graphite and intercalate graphite fibers.

4.1 Exfoliated graphite

By x-ray diffraction, exfoliated graphite-Br2 was found to exhibit the

same in-plane superlattice ordering as intercalated graphite prior to exfolia-

tion. This ordering persisted even after heating for an hour at 17000C.

Furthermore, an intercalated single crystal flake retained its in-plane superlattice

orientation throughout exfoliation and collapse (Appendix 7).

4.2 Intercalated graphite fibers

By using x-ray diffraction, a 3-fold or 6-fold twinned monoclinic V30-1 x 2

(-5.33, 0*) superlattice (a=4.92 A, b=42.68 A, c=7.0 A, y=93.3*) was observed

in stage-l graphite-IC1 single crystals intercalated in IC vapor. This in-plane

superlattice was also observed in stage-I and stage-2 graphite-ICI, which were

based on Thronel P-100 grEphite fibers and prepared by the two-bulb method, in

which IC1 was z ^c*C v" e graphite was at 1006C for stage 1 and 130*C for

4 stage 2. This work provides the first observation of in-plane intercalate

ordering in intercalated graphite fibers and the first x-ray diffraction evidence

-77- -7 7
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of ICI intercalation in graphite fibers. A different in-plane superlattice

was observed in stage-i graphite-IC1 single crystals intercalated in IC1 liquid

(See Appendix 8).
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Synth, Net., to be submitted

INTERCALATE DISPLACEMENT AND EXCHANGE IN GRAPHITE

S HAnderson and D.D.L.Chung

Department of Metallurgical Engineering

and Materials Science

Carnegie-Mellon University

Pittsburgh, PA 15213

Abstract

The mechanism of intercalate transport in graphite was studied by

sequential intercalation of bromine and iodine monochloride. It was found

that the transport involved solid-state intercalate displacement such that

the first intercalate molecule to enter an interlayer space is the first

to reach the center of the graphite sample. Upon exposure of stage-2 graphite-

bromine to IC1, the in-plane superlattice diffraction pattern was observed

to change from that of graphite-bromine to that of graphite-ICl, while the

IC1 intercalate distributed itself uniformly at a concentration level above

that of the bromine intercalate. This is interpreted as the expulsion of

bromine by the in-coming ICI, which dissolved the remaining bromine to form

a solid solution with the ICI in-plane structure.

Research sponsored by the Air Force Office of Scientific Research, Air Force
Systems Command. USAF. under Grant No. AFOSR-78-3536 The United States
Government is authorized to reproduce and distribute reprints for governmental
purposes notwithstanding any copyright notation hereon

------------.
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1 Introduction

The question of intercalate transport is important from a technological

viewpoint. In batteries, for example, intercalate transport would have a direct

bearing on the cell current Intercalate transport also must be considered in

replacement or exchange reactions where the first intercalation compound to be

formed is an intermediate to the final compound. Examples of replacement

reactions include the formation of transition metal intercalation compounds from

alkali metal intercalation compounds C ], and the reaction of aluminum bromide with

residue graphite-bromine compounds [2].

The keynote of work pertaining to the mechanism of intercalate transport is

Hooley's (3, 4] observation that intercalation begins at the basal edges adjacent to

basal surfaces, and that the intercalating species migrate between the basal planes.

Studies of reaction kinetics can suggest transport mechanisms; it was the

observation of the kinetics of the oxidation of intercalated potassium which led

Daumras and Herold [5] to explain staging with the concept of intercalate islands.

This concept carries the notion of intercalate displacement by the movement of the

intercalate islands. However, most studies of intercalation kinetics have involved

vapor phase transport of the intercalate to the sample and the rate-controlling step

in the overall intercalation reaction appears to be at the sample surface. For

example, condensation and adsorption appear to be rate-controlling in the

intercalation of alkali metals [6] and metal halides (7, 8], while charge transfer and

reaction at the surface appear rate-controlling for the intercalation of nitric

acid [9] and in general in the intercalation of metal dichalcogenide hosts [10]. As

a consequence of reaction control at the surface, little information is available

pertaining to transport within the graphite. The kinetics of bromine intercalation, on

the other hand, appears to be controlled by the diffusion of bromine within the

graphite under conditions of both vapor phase and liquid phase intercalatiot

Furthermore, the diffusion coefficient of bromine as determined during intercalation

and desorption (11, 12] is very similar to that observed by Aronson for the self-

4
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diffusion of bromine in intercalated graphite [13]. Two diffusion mechanisms are

possible; first, the already present intercalation compound can be considered as the

reference frame through which fresh intercalate molecules diffuse, as in the case of

many oxide films. Second, the intercalate molecules may be considered as diffusing

within the graphite, allowing the first molecules to be injected at the crystal edges

to be the first molecules to reach the center of the crystal. Measurements of

diffusion coefficients generally have implicitly assumed that the second case was

correct By observing the displacement of intercalated bromine by iodine

monochloride, we have obtained explicit evidence of this transport mechanism for

bromine in graphite.

2 Experimental Techniques

We have tried to clarify the intercalation mechanism by sequentially intercalating

graphite with bromine and iodine monochloride. Both highly oriented pyrolytic

graphite (HOPG, 4 mm x 4 mm) and large single crystal flakes (~4 mm diameter)

were used. Samples were intercalated in a variety of methods, all of which were

carried out at room temperature.

Method 1: a control sample was prepared by partially intercalating HOPG in
liquid Br2 , then allowing it to desorb in liquid CCI 4 .

Method 2: an HOPG sample and a single crystal flake were partially
intercalated in liquid Br2 , and then intercalated in a 2 mol%
solution of ICI and CCI 4 ,

Method 3: an HOPG sample and a single crystal flake were intercalated to
completion in liquid Br2, and then immersed in liquid ICI,

Method 4: an HOPG sample was intercalated to completion in a solution of
50 mol% Br2 and 2 mol% ICI in CCI 4 ,

Method 5: an HOPG sample and a single crystal flake were intercalated to
completion in a sclution of 50 mol% Br2 and 50 tool% ICl.

Staging in the compounds was determined with a diffractometer using Cu Ke

radiation and a monochromator. The in-plane structure was observed by the

transmission Laue method using Mo Ka radiation. The intercalate concentration

distribution perpendicular to the c-axis was determined by measuring the x-ray

-
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absorption of monochromatic Cu Ka and Mo Ka radiation as an intercalated sample

was transported through an x-ray beam. Table 1 lists the absorption coefficients

and intercalate layer densities for Br2 ' ICI and C. The difference in the absorption

coefficients at the two wavelengths allowed the mapping of the bromine and iodine

monochloride distributions within the graphite. The density used to convert the mass

absorption coefficient to a linear mass absorption coefficient was the density

calculated for a single intercalate layer. The stoichiometries indicated in Table 1

were used to calculate the density. The stoichiometries were obtained from the

work of Ghosh et al. E14, 15]

It was assumed that the ICI remained a molecular species with little tendency to

decompose. With a known initial graphite thickness, the pointwise bromine and ICI

concentrations could be determined by the following two equations with two

unknowns:

I+Cu x +CU
1- exp[pu xC 2Br Sr 2 +ji x 1l~i

(iI Me= o Me_ + MO + x
I exp-[Pc C+PB 2 XSr 2 XI0 I]0

where I is the unabsorbed beam intensity, I is the transmitted beam intensity. is
0

the absorption coefficient for component a at wavelength X, and x is the thickness

of component a. In tha succeeding graphs the concentration of a is determined by

the ratio of x and the product of the initial graphite thickness and the nominal

expansion of a first stage compound. In a single-component and single-stage

compound, the indicated concentration is the reciprocal of the stage number. The

use of Cu Ka and Mo Ka radiation is particularly appropriate as the bromine

absorption coefficient is smaller than that of ICI with Cu K. but larger than IC with

Mo Ka radiation As a consequence, a difference in the distributions of Br and ICI

is very clearly evident even in the raw data The relative amounts of bromine and

ICI can be very accurately determined, but the absolute concentrations cannot The

primary reason for this arises in the measurement of the initial graphite thickness

and difficulties in ensuring that the sample is actually perpendicular to the beam
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For these experiments the graphite thickness was measured by x-ray absorption

prior to intercalation, and the sample was within 5* of the perpendicular. A further

error is possible from the counting statistics, especially in the case of first stage

graphite-rcI with Cu radiation. Thus, the absolute concentration values have an

uncertainty of -. 10%.

3 Experimental Results

The first curve in Fig. 1 illustrates the distribution of bromine within a sample

after a 10 min exposure to Br 2 (Methods 1 and 2). The distribution is consistent

with the "window-pane" morphology commonly observed in bromine intercalation.

The second and third curves indicate the bromine concentration after the subsequent

36 and 74 hours in CCI4.respectively (Method 1). It can be seen that there was

virtually no further transport of the bromine into the sample only desorption of

bromine into the CCI 4 occurred.

The behavior on desorption can be contrasted with that occurring when a

partially bromine intercalated sample is then exposed for 36 hr to 2 mol% ICI

(Method 2, Fig. 2). The concentration profile (Fig. 2) indicates that the bromine had

migrated toward the center of the sample while the edge region contained

predominantly ICI. The 00/ diffraction pattern indicated the presence of both stage

1 and stage 2 compounds. The in-plane superlattice was very similar to that

observed for stage 1 graphite-ICI (See Fig. 1 of Ref. 15). As discussed below, the

same in-plane superlattice was observed when a sample saturated with bromine was

exposed to liquid ICI (Method 3) and when a sample was intercalated in a mixture of

50 mol% Br 2- 50 mol% ICI (Method 5).

The concentration profile in Fig. 2 suggested that at short ICI intercalation

times both a graphite-bromine phase and a graphite-ICI phase should coexist To

confirm this, a flake of graphite was immersed in liquid Br 2 for 5 min, and then

immersed in liquid ICI for 11 min. Fig. 3 shows the transmission Laue patterns

obtained from near the edge and near the center of the flake. Fig. 3(a), the pattern

I4i i

- , i I I . .. I I I I II 1 .. . .. . .. I I II-- -. -.ll1
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obtained near the edge, indicates that both the graphite-bromine and the graphite-ICI

structures were present Near the center of the flake, however, the graphite-

bromine structure was still the dominant phase (Fig. 3(b)).

Fig. 4 shows the results obtained when a stage 2 graphite-bromine compound

was immersed in liquid ICI (Method 3). Fig. 4(a) indicates that, despite the initial

saturation of the sample with bromine, much of the bromine was displaced by the

in-coming IC. This is supported by the diffraction results; the in-plane structure

was similar to graphite-ICI and the 00/ diffraction pattern (Fig. 4(b)) indicates that

stage 1 predominated. The apparent expulsion of bromine from the sample in

Method 3 can be explained by preferential intercalation by ICI due to a larger

reaction energy.

Samples intercalated in a mixture of Br 2 and 2 mcl% 1C (Method 4) showed a

uniform distribution of bromine and ICI (Fig. 5(a)), and the 00/ diffraction pattern

(Fig. 5(b)) was quite similar to that of a fourth stage graphite-bromine compound,

with the exception of a peak where the first stage ICI (001) line may be expected.

With 50 mo% of ICI in the ICI-Br 2 solution (Method 5), the bromine

distribution was relatively uniform (Fig. 6(a)). The 00/ diffraction pattern (Fig. 6(b))

shows a predominantly first stage pattern, with a small amount of stages 2 and 3.
0

The repeat distance, 7.12 A, for this first stage compound is the same as that

observed after sequential intercalation of ICI into stage 2 graphite-bromine (Method
0

3). This value is somewhat larger than the repeat distance of 7.06 A, which was

observed in a first stage graphite-ICI compound made by immersion in ICI liquid

4 Discussion

The evidence in Fig. 3, where both bromine and ICI superlattices are present

within the same sample, indicates that initially bromine is displaced by the in-coming

ICI toward the central unintercalated region of the sample. This indicates that the

presence of an alternate species. ICI, is sufficient to cause bromine to intercalate,

i"
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even though only desorption occurs if no other intercalate is available. Calculations

made by Enriquez etal. [ 16] suggest that the loss of intercalate molecules into the

regions between the islands is not energetically favorable. This in turn suggests that

diffusion may predominantly be due to the migration of islands rather than the

movement of molecules through or between islands. Observations of island

boundaries by transmission electron microscopy also suggests that island mobility

may be quite high C 17]. On the other hand, it is evident that interdiffusion of

bromine and ICI between islands occurs, as is shown by the similar repeat distance

and in-plane structure observed after sequential intercalation (Method 3), and after

intercalation from a Br2-1CI solution (Method 5). Furthermore, since the in-plane

structure appears similar to that observed for graphite-ICI, we suggest that bromine

is dissolving into the ICI structure, forming an ICI-rich solid solution. Since

graphite-bromine and graphite-ICI have different in-plane structures, at least two

solid solutions are expected - one ICI-rich, with an ICI in-plane structure, and one

bromine-rich, with a bromine in-plane structure The preference observed in this

work for the ICI-rich structure is probably due to the high ICI reactivity in the

environments used.
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Table 1: X-ray mass absorption coefficients of Br, ICI and C

1 /P (cm 2/g) Br2 1

Cu Ka 92.6 268 4.22

Mo Ka 82.2 33.2 0.535

Layer density (g/cm 3 3.93 3.13 2.27

Stoichiometry C 1 4 r2 C9II-
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Fig. 1. Distribution of bromine in an HOPG sample after desorption for 0 hrs (A),

36 hrs (e) and 74 hrslo).

Fig. 2. Distribution of bromine () and ICI (@o within graphite flake after partial

intercalation in Br then intercalation in 2 mo% ICI-CCI 4 (Method 2).

Fig. 3. Transmission Laue photographs taken from (a) the edge, and (b) the center

of graphite flake immersed in liquid bromine 5 min, then immersed in liquid ICI for

11 min.

Fig 4. (a) The distribution of bromine () and ICI (o), and (b the 00/ diffraction

pattern obtained from an initially stage 2 graphite-bromine compound after

immersion in liquid ICI (Method 3).

Fig. 5. (a) The distribution of bromine (o) and ICI (e), and (b) the 00/ diffraction

pattern obtained from HOPG intercalated in a solution of 50 mol% Br 2 and 2 mol%

ICI in CCI 4 (Method 4).

Fig. 6. (a) The distribution of bromine () and ICI e), and (b the 00/ diffraction

pattern obtained from HOPG intercalated in a solution of 50 mol% Br 2 and 50 mol%

'CI (Method 5).
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ABSTRACT

X-ray diffraction, x-ray absorption, optical microscopy (in

situ) and weight measurement were used to follow the process of inter-

calation of bromine in highly oriented pyrolytic-graphite. X-ray diffrac-

tion gave the stage distribution; x-ray absorption gave the intercalate

concentration distribution, optical microscopy gave the location of the

intercalate front; weight measurement gave the overall intercalate concen-

tration. Multiple intercalate fronts were observed; the first front delineated a

central region which was nearly nure 'raphite (except near the c-face surface) and an

edge region which contained a very small amount of pure graphite, as

previously suggested by results of surface profilometry. Bromine inter-

calation by immersion in pure bromine at room temperature appeared to

involve direct formation of the final stage of 2 but the actual progressive

stage decrease toward the final stage was clearly observed by changing

the relative intercalation rates of different stages by either raising the

temperature or by lowering the Br2 concentration in the Br 2-CCI 4 solution

containing the sample. For intercalation in pure bromine, the final stage

was 2 from room temperature up to ,72*C, 3 from %72*C to \140*C, and

4 above ^1I40 C. The final stage decreased in discrete steps with increasing

Br2 concentration in the Br 2-CCl 4 solution containing the sample, but the

rate of intercalation increased linearly with increasing Br2 concentration

in the solution. The first time-temperature-transformation (TTT) diagram

describing the stage evolution during intercalation was obtained. The TTT-

curves were C-shaped for the growth of each stage, suggesting diffusion-

controlled kinetics at low temperatures and interface-controlled kinetics

at high temperatures within the temperature regime for the particular stage

to form.

4
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1. INTRODUCTION

Accompanying the use of intercalated graphite as electrical conductors,

catalysts, electrodes, etc. is the need for understanding the kinetics of

intercalation of graphite. This understanding is also important for elucidating

the mechanism of intercalation and the process of stage formation. This paper is

concerned with the kinetics of intercalation of bromine in graphite. Bromine

was the intercalate species chosen for this study because it is one of the most

well-known intercalate species and the kinetics of bromine intercalation had

been studied1- 14 more extensively than any of the other intercalate

oecizs.

The intercalation of graphite involves the transformation of graphite

Lo a lamellar compound which exhibits a superlattice having a periodicity

or stage number controlled by the intercalation condition. For example, a change

in stage can result from a change in the vapor pressure of the intercalate in

the case of vapor-phase intercalation. How does the superlattice form? Does

the formation of a given final stage involve prior formation of a higher stage

(e.g., stage 3 - stage 2 for a final stage of 2), or does the final stage

develop at the onset of intercalation without prior formation of higher stages?

Before addressing this question of superlattice formation, it is necessary

to note the difference between two intercalation procedures -- stepwise intercalation

and one-step intercalation. Stepwise intercalation involves stepwise increase

of the intercalate vapor pressure, such that equilibrium or quasi-equilibrium is

achieved at a given vapor pressure before the vapor pressure is increased by a

small step. Step-wise intercalation is usually used to obtain intercalation

15 16, 17isotherms and isobars . One step intercalation, also known as rapid

15intercalation ,involves exposure of graphite directly to the intercalate
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vapor at a chosen vapor pressure, which remains constant during the entire

intercalation process. In order to investigate the step-wise intercalation process,

it is necessary to investigate first the process within a single step. There-

fore, one-step intercalation is more fundamental to the study of the kinetics

of intercalation and this procedure is used in the present work.

Stepwise intercalation necessarily involves a decrease in the stage number

as the vapor pressure is increased. However, does one-step intercalation also

involve a decrease in the stage number before the final stage is completely

formed? A progressive decrease in the stage number was observed by x-ray dif-
18

fraction during one-step intercalation of HNO3 at room temperature and during

one-step intercalation of K with the two-bulb method 9; direct formation of

the final stage without a progressive change in stage number was observed
15

by x-ray diffraction during one-step intercalation of Br2 at room temperature

and was also suggested by the variation of the magnetic anisotropy with temperature
7

By performing x-ray diffraction after various times of one-step intercalation

in liquid bromine at intercalation temperatures from 25*C to 50*C, Anderson and
14

Chung observed that direct formation of the final stage of 2 occurs in liquid bromine

at low intercalation temperatures (25*C), whereas a progressive decrease in stage occurs

at high intercalation temperatures (50C). In this work, the dependence of the

intercalation kinetics on temperature was studied systematlcally for temperatures

ranging from 20*C to 140'C. The resulting time-temperature-transformation (TTT)

diagram suggests that the reaction rate can be described by a solid-state reaction

rate equation, which implies that the reaction rate is limited by diffusion at

low temperatures and limited at high temperatures by a reaction free energy change

LG, with a maximum rate at intermediate temperatures. The TTT-diagram suggests that

intercalation in pure bromine to 2nd stage is diffusion-controlled to about -58*C

and interface-controlled from 158* to 72°C, whereas 3rd stage growth is

diffusion-controlled
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to ^II 0*C and interface-controlled from ,.1100C to "440 0C.

By surface profilometry on the c-face during bromine intercalation of

highly oriented pyrolytic graphite (HOPG) at room temperature, Bardhan and
12

Chung found that intercalation in saturated bromine vapor involves the move-

ment of a sharp intercalate front, which results in a bucket-shaped surface

profile that changes to a V-shaped profile when the fronts meet at the center

of the sample. By using x-ray absorption to measure the intercalate concentration

distribution and by using x-ray diffraction to measure the stage distribution

during bromine intercalation of HOPG at room temperature, Anderson and Chung
14

found that the intercalate front indeed delineates the interface between a

region of intercalate concentration close to that of the pure final stage and a

region of very low intercalate concentration. In this work, the shape deformation

12
observed ex situ by surface profilometry was investigated in situ at room

temperature by optical microscopy. The in situ observation was further made

as a function of the mole fraction of Br2 in the Br2-CC1 4 solution above which

the sample was located during vapor-phase intercalation. In addition, x-ray

absorption and x-ray diffraction were used to follow the intercalate concentration

distribution and the stage distribution during intercalation for various mole

fractions of Br2 in the Br2-CCl 4 solution containing the sample. This systematic

study of the dependence of the intercalation kinetics on the external intercalate

concentration resulted in a "time-concentration-transformation" ("TCT") diagram

for the stage formation process. This diagram shows that the intercalation rate

increases with increasing external intercalation concentration. As a result,

intercalation appeared to involve the direct formation of the final stage of 2

at high external intercalate concentrations, but a progressive stage decrease

was clearly observed for low external intercalate concentrations.
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2. EXPERIMENTAL TECHNIQUES

2.1 Materials

All samples were highly oriented pyrolytic graphite (HOPG) kindly

provided by Union Carbide Corp. Intercalation was carried out in the

presence of air by immersion in liquid bromine or a Br2-CCI4 solution

of a controlled concentration (i.e., liquid-phase intercalation), or

by exposure to the vapor above liquid bromine or a Br2-CCI 4 solution

(i.e., vapor-phase intercalation). Due to the volatility of bromine,

the bromine concentration in a Br2-CCl 4 solution was kept constant by

renew:ing it periodically, at approximately 100-hour intervals. Room

temperature vapor-phase intercalation was used during the in situ optical

microscopic observation of the intercalate front. Liquid-phase inter-

calation was used during the ex situ x-ray absorption and x-ray diffraction

measurements. The liquid-phase intercalation was carried out at various

constant temperatures ranging from room temperatures to 140'C. Intercalation

at temperatures above room temperature was performed by sealing the sample

with liquid bromine in a Monel ampoule and placing the ampoule in a water

bath at a controlled temperature. Thus, the sample and the liquid bromine

were at the same temperature. Each ex situ x-ray run was performed after

the sample had been removed from the solution and weighed. In the case

of room temperature intercalation, the sample was returned to the solution

for continued intercalation after each x-ray run. The time from the removal

from the solution to the return to the solution was typically %40 min.

In the case of intercalation at temperatures above room temperature, the

sample was not allowed to be further intercalated after the ex situ x-ray

analysis.

Ii



-39-

6

The samples used for optical microscopy were of size 2mm x 6mm in

the basal plane. This rectangular shape was chosen in order to obtain

nearly parallel intercalate fronts over most of the periphery of the

sample surface perpendicular to the c-axis. The samples used for x-ray

studies were typically of size 4mm x 12mm in the basal plane, with a

typical thickness of %0.3mm in the c-direction.

2.2 Optical Microscopy

Optical microscopy was performed in situ during vapor-phase inter-

calation at room temperature. The sample was positioned in a glass bottle

containing a Br2-CCI4 solution such that the c-face was perpendicular to

the incident light beam. The bottle was sealed and placed under an optical

microscope. The sample surface was photographed in situ at different times

of intercalation. As intercalation progressed, the part of the surface

which had been deformed reflected light away from the sample normal,

resulting in the appearance of dark bands on the surface where the inter-

calate front had reached.

2.3 X-ray Absorption

The x-ray absorption technique gives more information than the optical

microscopic observation of the intercalate front. This is because the

amount of x-ray absorbed is related to the bromine concentration. Due to

the large difference in atomic mass between carbon and bromine, x-ray absorption

gives a rather accurate determination of the bromine concentration. The

absorption measurement was performed in the transmission geometry. Hence,

the whole sample thickness was analyzed at any one time, irrespective of

the surface topography.

The X-ray radiation used was CuKa. The x-ray beam was collimated

by a slit of size 0.01mm x 2mm. The sample was mounted so that the middle

. . ... ! .. .. . . . ... . . ..
- - - - - - -I II
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of its long edge intersected the beam. It was translated through the beam

on a motor driven micrometer stage, such that the direction of translation

was along the long edge of the sample. The transmitted beam intensity was

measured as the total number of counts detected within a counting interval.

Counting started before the beam impinged upon the sample and continued

after the sample left the beam in order to determine the incident beam

intensity. A O.1mm receiving slit was located behind the sample. A

graphite rionochromatr tuned to CuKa was located behind this slit.

2.4 X-ray Diffraction

X-ray diffraction was performed by using a e-2e x-ray powder diffracto-

meter. The ook diffraction pattern was obtained from the basal plane, with the

rectangular cross-section of the x-ray beam perpendicular to the long edge

of the sample. The CuK radiation was used. For diffraction at selected

areas of a sample, lead or tantilu foil was used to mask the area at

which diffraction was not desired. For a typical sample of width 4mm,

the diffraction pattern of the central 2-mm wide portion of the sample

was obtained by masking the remaining regions near the two long edges of

the sample. Similarly, the diffraction pattern of the two edge regions

(each edge region being imm wide) was obtained by masking the central

2-mm wide portion of the sample. Diffraction patterns were typically

taken for a zO range of 15 to 25*C. This range allowed the diffraction

run to be obtained in a reasonable length of time while showing the strongest

superlattice lines not coincident with the graphite lines. Though a

monochromator was used, the graphite (002) line due to the KB radiation

was quite pronounced. No attempt was made to measure the graphite (002)

Ki line because its Intensity was so high that it overloaded the detector.

i
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To indicate the relative depths from the basal surface of different

stages present within a sample during intercalation, diffraction patterns

were obtained with both CuKa and MoKa radiations on a 12um x 12mm x 0.15mm

HOPG sample, which was intercalated in pure bromine at room temperature

and removed for analysis intermittantly. The MoKa radiation, having a

higher energy than CuKc,yields a greater penetration distance. Hence phases

farther from the surface can contribute more to the diffraction pattern

obtained with MoKc than is the case with CuKa. Selected area x-ray diffraction w

also done on this sample; masking was such as to allow observation of either

4mm of the center region or 4mm of the two edge regions combined (i.e., 2mm of

each edge region).

p

!'- . I Ip
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3. EXPERIMENTAL RESULTS

3.1 Shape Deformation

An indication of the progress of intercalation is the deformation

of thesample shape or surface profile during intercalation. The shape

deformation known as the "ash tray effect" accompanies the intercalation

of graphite for most intercalates. This effect involves the sharp bending

of the graphite layers at the intercalate front due to the large thickness

increase in the region behind the intercalate front1 2 .

As the deformation of the basal surface does represent the presence

14of intercalation , we have used this deformation to observe in situ the

growth of the intercalation compound by using an optical microscope. Due

to the specular surface of HOPG, under perpendicular lighting, undeformed

regions reflect the light back upon itself while deformed regions scatter

the light out of the field of view. In short, flat regions are bright and

bent regions are dark. Figure I shows optical micrographs of a sample

after different times of intercalation at room temperature , together with

the schematic surface profiles. Intercalation was performed at room temperature

by exposure of the sample to the vapor above a 15 mole % solution of Br2 in

CC 4 , which produced a final stage of 4. By this optical method, the deformed

region was quite sharply delineated and could be seen to propagate toward

the center of the sample. Figure 2 is a plot of the width of the deformed -

(edge) region behind the intercalate front as a function of time during

intercalation. It can be seen from Fig. 2 that the deformed region grew

quickly initially, followed by a region where growth was of apparently constant

velocity, in agreement with the results of ex situ surface profilometry . The

11,12constant velocity suggests interface-controlled growth . On the other

j hand, these data can be plotted as a function of the square root of time, as

shown in Fig. 3. That this plot is quite linear suggests the intercalate

-,bloo
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growth to be diffusion-controlled. Comparison of Fig. 2 and Fig. 3 indicates

that the overall linear fit is better in Fig. 3, so that the diffusion-

controlled mechanism is probably the case for this intercalation condition.

However, based on these figures alone, the interface-controlled mechanism

cannot be ruled out. To better elucidate the mechanism, a study of the

temperature dependenceof the intercalation rate was performed, as described

in Section 3.4, where the TTT-diagram was found to support the diffusion-

controlled mechanism for intercalation at room temperature.

The dependence of the growth rate on the intercalate concentration

in the Br 2-CCl4 solution was investigated systematically by in situ optical

microscopy. The results are given in Section 3.3.

3.2 Intercalate Concentration Distribution and Stage Distribution

Shown in Fig. 4(a) is the intercalate concentration profile across

the c-face obtained after 297 hr of room temperature intercalation in

liquid bromine. This intercalation condition yields a final stage of 2.

The sample was of size 12mm x 12mm x 0.15mm and weighed 50 mg before

intercalation. The intercalation was interrupted intermittantly for

x-ray analysis. The average weight loss due to intercalate desorption was

2 mg during each interruption, which typically lasted n1l.5 hr. The vertical

axis in Fig. 4 (a) describes the intercalate concentration in terms of the

stage number. For example, the intercalate concentration corresponding to

that of pure stage 2 is labeled "2" in the vertical axis; similarly the

intercalate concentration corresponding to that of pure stage 3 is labeled

"3" in that axis. Figure 4 (a) shows that the concentration changed from

4,
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a region of nearly pure stage 2 to a region of negligible intercalate con-

centration over a narrow spatial region. This front moved inward as

intercalation proceeded. This is consistent with the surface deformation

of the sample during intercalation. X-ray diffraction patterns obtained

from the "center" and "edge" regions are shown in Fig. 4(b) and (c) for

CuK and MoKa radiations, respectively. The widths of the center and edge

regions are indicated in Fig. 4(a). Each diffraction peak in Fig. 4(b)

and (c) is labeled by the Z index of the (00) Miller indices with the

subscript indicating the stage (G indicating graphite) and the superscript,

if present, indicating the Kai, K 2 or KS component The difference

between Fig. 4(b) and (c) illustrates the depth dependence of the stage

distribution. Figure 4(b) and (c) show that the edge region is predominantly

stage 2, whereas the center region is predominantly graphite, except that

the center region near the surface has a considerable amount of stage 2.

In other words, there is a significant depth dependence of the stage

distribution in the center region.

3.3 Dependence on External Intercalate Concentration

The dependence of the intercalation kinetics on the Br2  concentra-

tion in the Br2-CCI 4 solution was systematically investigated by Ci) weight

uptake measurement of the overall intercalate concentration, (ii) optical

microscopic observation of the intercalate front position, (iii) x-ray absorption

oh:rvation of the front position , and (iv) x-ray diffraction observa-

tion of the stage formation.

Shown in Fig. 5 is the plot of weight uptake against the square root

of time during room temperature intercalation by immersion of the samples

in Br2-CCl 4 solutions of various concentrations ranging from 5 mol % Br2

to 50 mol % Br2 ' The weight measurement was carried out ex situ by using

* * *.. .
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a Perkin-Elmer AD-2Z Autobalance. X-ray analysis was performed on the

samples immediately after each weight measurement. The curves in Fig. 5

are quite linear for the first half of the time axis and they deviate from

linearity at long intercalation times. This deviation from linearity is

attributed to be due to the meeting of the intercalate fronts at the

center of the sample. When the fronts met, the intercalation rate

changed. The meeting of the fronts was indeed observed by x-ray absorption

at roughly the times when the weight curves deviate from linearity.

Shown in Fig. 6 are representative intercalate concentration profiles

(obtai_.d by x-ray absorption) and x-ray diffraction patterns of the edge

and center regions at different times during intercalation by immersion in

a 50 mol % Br2 Br,-CCI4 solution at room temperature. After 34 hr of

intercalation, there was not much evidence for appreciable intercalation in

the center region, which was ahead of the intercalate front, although some

weak stage 3 and stage 4 superlattice (002) lines were observed. On the

other hand, the edge region was mainly stage 2, which coexisted with smaller

quantities of stage 3, stage 4 and graphite. After 210 hr of intercalation,

the fronts had met, the stage 4 and graphite components in the edge region

had disappeared, the stage 4 and stage 3 components in the center region

had grown, a stage 2 component had appeared in the center region, and the

graphite component had greatl v diminished in the center region. After 1187 hr

of intercalation, the concentration profile was flat, indicating that inter-

calation was essentially complete. Furthermore, both the edge and center

regions were almost pure stage 2, which was the final stage for this inter-

calation condition. In addition to the major intercalate front (also referred

to as "the first front") ahead of which was mainly pure graphite, a second

front was observed behind the first front as shown in Fig. 6. Both the

-- - - -- ~~ *~J
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first and second fronts moved toward the center during intercalation, but they

progressed at different rates. Of interest is that the shoulder in the con-

centration profile between the first and second fronts occurred at a con-

centration roughly corresponding to that of pure stage 3. Also note that

the maximum in each concentration profile approximately corresponds to the

concentration of pure stage 2. It is probable that the shoulder was due to

the completion of intercalating the whole sample thickness to stage 3,!,o that

the region between the maximum and the shoulder consisted of a mixture of

stages 2 and 3. However, x-ray diffraction at this small area was not

carried out to confirm this hypothesis. In some cases, a third front was

also observed, though it was not as clear as the first and second fronts.

Representative concentration profiles and diffraction patterns obtained

after 600 hr of intercalation in various concentrations of Br2-CCl 4 solutions

at room temperature are shown in Fig. 7. After 600 hr of intercalation in

a 15 mol % Br2 solution, stage 4 was the main phase present. Because the

first fronts had not met, pure graphite was also present in the center region.

After 600 hr of intercalation in a 25 mol % Br2 solution, stage 3 was

dominant in the edge region and stage 4 was dominant in the center region.

Because the fronts had met, pure graphite was absent. After 600 hr of

intercalation in a 30 mol % Br2 solution, stage 3 was dominant in both

the center and the edge regions. Note the presence of the second front in

Fig. 7. The second front was clearest for external intercalate concentra-

tions near the limits for giving a certain final stage, such as 40 mol %

Br, (final stage = 2) and 15 mol % Br2 (final stage = 3). The latter is

one of the concentrations shown in Fig. 7. Refer to Table 2 for these limits.

The stage evolution during intercalation is illustrated in Table I

for two representative external intercalate concentrations (50 and 20 mol

% Br2). The table lists the stages present in the edge and center regions

.. . | I I III I I I
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at various intercalation times, together with the percentage weight gain

at each time. The symbol denoting the main phase (indicated by the stage

number or G for graphite) was underlined. Note that the center region was

always taken as the central 2-mm wide region, irrespective of the front

position. For the case of the 50 mol % Br2 solution, stage 2 was the final

stage, which was attained as a pure stage after 663-1182 hr of intercalation.

Before this, stages 3 and 4 and pure graphite were also observed. Stage 2

was the dominant stage at all times in the edge region, whereas stages 4,

3 and 2 were successively dominant in the center region. The pure graphite

phase was dominant in the edge region for the first 15-24 hr of intercalation,

whereas it was dominant in the center region for the first 140-210 hr of

intercalation. For the case of the 20 mol %*Br 2 solution, stage 3 was

the final stage, which was attained as a pure stage after 667-1812 hr of

intercalation. Before this, stages 4 and 5 and pure graphite were also

observed. Pure graphite, stage 4 and stage 3 were successively the dominant

stage in both the edge and center regions. However, the pure graphite

phase was dominant in the edge region for the first 63-66 hr of intercala-

tion, whereas it was dominant in the center region for the first 355-667

hr of intercalation.

Table 2 compares the stages obtained after 468-689 hr of intercalation

for various external intercalate concentrations. Also indicated in Table 2

are the final stages for the various concentrations. For a final stage

of 2, concentrations above ^,40 mol % Br2 is required; for a final stage

of 3, concentrations from 15 to 30 mol % Br2 are appropriate.

Both Table land Fig. 6 show that the intercalation involved a progressive

decrease in the stage number rather than the direct formation of the final

stage. However, the higher the external intercalate concentration, the

more it appears to be direct final stage formation, as can be seen in Tables

I and 2 and the TCT-diagram shown in Fig. 8.
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The dependence of the intercalation rate on the external intercalate

concentration is summarized in the TCT-diagram in Fig. 8. The curves there

give the times for a certain stage to start forming and to finish forming,

so that the curves separate regions in the diagram corresponding to the co-

existence of different combinations of phases, which are indicated by the

stage number or G for the pure graphite phase. To see how the phasesevolve

during intercalation at a particular external intercalate concentration, the

TCT-diagram should be read horizontally from left to right. The normalized

time in the horizontal scale in Fig. 8 is the time divided by the square

2of the width behind the first front, so that its unit is s/cm . For

example, at a mole fraction of 0.2 for the Br2 concentration in the

4 2Br2-CCl 4 solution, stage 4 began forming after -7 x 10 s/cm , stage 3

5 27began forming after n2 x 10 s/cm , stage 4 finished forming after 4 x 107

2 8 2s/cm and stage 3 finished forming after %3 x 10 s/cm . As a result, pure

4 2graphite was the only phase observed before %7 x 10 s/cm , stage 4 and

4 2 5 2graphite coexisted from %, 7 x 10 s/cm 2 to . 2 x 10 s/cm , stage 3, stage 4

and graphite coexisted from I2 x 105 s/cm 2 to %4 x 107 s/cm, stages 3 and 4

7 2 8 2coexisted (without graphite) from n4 x 10 s/cm to '3 x 10 s/cm , and

8 2stage 3 (the final stage) was present alone after %3 x 10 s/cm , which was

when intercalation was complete. The horizontal bands in Fig. 8 separate

the different ranges of mole fraction which give different final stages.

These ranges are also given in Table 3. Because of the significant error

involved in measuring the time when a certain stage higher than the final

stage just began to form, the error bars for such data points probably

extend to the left more than indicated, as implied by the arrows pointing

to the left for such error bars in Fig. 8. The other curves are more

accurate; each error bar covers the data points obtained from the results

of x-ray diffraction, x-ray absorption and optical microscopy.



-49- --
16

The x-ray absorption observation of the intercalate fronts was made

for various external intercalate concentrations from 0.05 to 1.00 in Br2

mole fractions. Figure 9 shows the plot of the square of the width of the

region behind the first front as a function of time during intercalation

for various external intercalate concentrations. This plot yielded quite

good linear fits to each set of data points, whereas a plot of the width

(not squared) versus time did not give good linear fits. This is consistent

with the optical microscopy results shown in Fig. 2 and 3. Hence, a parabolic

growth rate seems to apply to the progress of the first front, indicating

a diffusion-controlled growth. On the other hand, the second front does

not follow a parabolic rate law, but rather shows a better fit to a linear

rate. Because of the large scatter of the data for the second front

compared to the first front, the rate of movement of the second front did

not allow quantitative analysis. The slope of the plot in Fig. 9 gives

the growth rate, which is the same as 4 times the diffusion coefficient D.

This rate is plotted against the external intercalate concentration in

Fig. 10. Included in Fig. 10 are growth rates determined by x-ray absorption

and optical microscopy. As mentioned at the end of Section 3.1 optical

microscopy observation of the front position was made at various external

intercalate concentrations. Figure 10 shows that the dependence of the

growth rate on the concentration is approximately linear. This dependence

suggests that the intercalation reaction may be best understood as a reaction

involving a single intercalate layer, while staging is more or less imposed

by other constraints in the system, such as elastic or electrostatic stresses.

Based on the diffusion-controlled mechanism for the intercalation

process for all the external intercalate concentrations at room temperature

(23'C), we calculated the diffusion coefficients D from results of optical

microscopy, x-ray absorption and weight measurement. The D values are

_____________________
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listed in Table 3 for various external intercalate concentrations. The

D values obtained from the three experimental techniques are in good agree-

ment with one another. Moreover, the D value of 2.36 x 10- 8 cm2 Is which

we obtained for pure bromine liquid at 23*C is in close agreement with the

D value of 2.45 x 10- 8 cm /s reported by Dowell and Badorrek for near-saturated

bromine vapor at 30*C. Table 3 shows that D increases with increasing external

intercalate concentration.

3.4 Dependence on Temperature

X-ray diffraction and x-ray absorption were also used ex situ to

follow the intercalate concentration profiles and stage evolution during

intercalation at various constant temperatures from room temperature to 140'C.

Intercalation was performed by immersion of the sample in pure bromine

sealed in a Monel ampoule, such that the sample and bromine were at the

same temperature, which was controlled by a water bath.

Shown in Fig. 11 are a series of x-ray diffraction patterns obtained

after 2 hr of Br2 intercalation at various temperatures toward a final stage

of 2. Samples were intercalated in liquid bromine. They were 4 mm x 14 mm x

0.5 mm and mounted so that the full 4 mm width was in the x-ray beam. Due

to the deformation caused by intercalation, quantitative intensity measure-

ments could not be made. Nonetheless, the dependence on temperature can

be clearly seen in Fig. 11. At 250C, essentially only stage 2 was observed

after 2 hr; above 30*C, increasing amounts of stage 3 were observed, till

at 500 C, no stage 2 peak was evident after 2 hr. However, the final stage

was pure stage 2 for all the temperatures from 25*C to 50°C, as shown by

x-ray diffraction after a week of intercalation. This dependence on

temperature is further illustrated in Fig. 12, where the relative integrated

intensities of the stage 2 (003) peak and the stage 3 (004) peak after 2 hr

of intercalation are shown as a function of the temperature. Therefore,
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the higher the intercalation temperature, the faster the kinetics of stage

3 formation compared to that of stage 2 formation, even though the final

stage is 2 for all these temperatures.

We have also allowed samples (4.5 x 12 mm; thickness: 0.1 - 0.25 mm)

to be intercalated in liquid bromine for 2 hr at 72*C, 81*C, 90*C and 100*C.

Note that the intercalation conditions are the same as those used in Fig. 11

except that these temperatures are higher. After 2 hr of intercalation

at 72*C, a weight increase of 24 %(1.9 mole % Br2) was observed; after 2

hr of intercalation at 81*C, a weight incrased of 34 % (2.6 mole % Br2)

was observed; after 2 hr of intercalation at 90*C, a weight increase of 43 %

(3.3 mole % Br2) was observed; after 2 hr of intercalation at 100°C, a

weight increase of 54 % (4.1 mole % Br 2) was observed. Shown in Fig. 13

are superlattice x-ray diffraction peaks obtained at the region behind

the intercalate front (the edge region) by masking the center region with

a 3 mm wide lead foil for the 72*C sample and with a 2 mm wide lead foil

for the 81*C and 90*C samples. No mask was used for the 100C sample.

Corresponding intercalate concentration profiles across the whole sample

width obtained by x-ray absorption are shown in Fig. 14, which indicates

that the intercalation rate increased with increasing temperature and

that intercalation was close to completion after 2 hr of intercalation at

100=C. Formation of stage 4 in addition to the final stage of 3 was

observed after 2 hr of intercalation at 72, 81 and 90°C. Figure 13 shows

that the higher was the temperature, the smaller was the proportion of

the stage 4 component. This trend is a consequence of the fact that the

stage 3 was the final stage and that the intercalation rate increased with

increasing temperature, so that, after 2 hr of intercalation, intercalation

was far from complete at 72*C but was relatively close to completion at

100*C, as shown by the concentration profiles in Fig. 14. The final sitage was pure

stage 3 for all the temperatures from 72*C to 1000C, as shown by x-ray
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diffraction after about 2 weeks of intercalation.

The relative integrated intensities of the stage 3 (003) peak, the

stage 4 (004) peak and the graphite (002) K8 peak after I hr of intercalation

are shown in Fig. 15. These particular superlattice lines were chosen

for these stages because they were strong and well-resolved from one another.

It should be emphasized that these intensity data only give qualitative

trends of the phase quantities as a function of the temperature. Separately

indicated in Fig. 15 are the relative intensities obtained in the center

region and the edge rEgion; the center region was the central 2-mm wide

region whereas the edge region was the remaining areas of the 4-mm wide sample.

The final stage was 3 at all these temperatures. It was attained as a pure

stage for both the center and edge regions after 1 hr of intercalation at

100*C. The intermediate phase of stage 4 was observed to be strongest

at an intermediate time not too close to the beginning nor the completion

of intercalation. As a result, it was strongest after 1 hr of intercalation

at 80%C compared to the other terperatures shown in Fig. 15. The graphite

phase decreased while stage 3 increased with increasing temperature because

the intercalation rate increased with increasing temperature.

Similar measurements were made after various intercalation times at

various temperatures. The results are summarized in the form of a TTT-diagram

in Fig. 16. The diagram shows the phase evolution as a function of time

during intercalation at various constant temperatures. The horizontal bands

mark the temperature limits for obtaining particular final stages. For a

final stage of 2, the temperature should be below '-72*C; for a final stage

of 3, the temperature should be between %72*C and ,L,120*C; for a final stage

of 4, the temperature should be above ^1200 C. Note that intercalation was

by immersion in pure bromine at all temperatures. That the final stage

increased by increasing the temperature was predicted by the reaction enthalpies

20
and entropies measured by Aaronson and Salzano for graphite-alkali metals

---.. .---------------- T~1
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and by Sasa 2I for graphite-bromine, and was experimentally shown by
22

Bach et al. for the graphite-bromine by weight measurement.

Fig. 16 shows that the rate of stage 2 growth increases with increasing

temperature from %20*C to ,,58*C, suggesting diffusion-controlled kinetics

for this temperature range whereas it decreases with increasing temperature

from 580C to -720C ( 72C is the upper temperature limit for stage 2 stability),

suggesting interface-controlled kinetics for this temperature range. A

similar C-shaped TTT-curve was obtained for the time for the completion

of growth of stage 3, indicating diffusion-controlled kinetics at \72 -

11100C and interface-controlled kinetics at ni10 - %120*C. Of interest

is that the C-shaped curves for stage 2 and stage 3 completion are roughly

parallel to each other for both temperature regimes.

4 . .
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4. DISCUSSION

Experimentally there has not been much work done in determining
the rate controlling parameters involved in intercalation. Hooley et
ali-3 Dowella and Ubbelohde et al 4-6 have investigated the effects of

pressure and graphite structure on the reaction rate of bromine
intercalation, but until rather recently little other work has been
done other than to establish conditions whereby a given intercalation
compound can be formed, which other invesigators then use with
apparently small concern for optimizing the reaction conditions.
Nonetheless, some work has been done in investigating intercalation
kinetics and in a related vein, thermodynamics involved with
intercalation. Aronson et a120 have determined a phase diagram for the
alkali metals based on electrochemically determined enthalpies and
entropies of reaction. Sasa Is has investigated the graphite-Br2 system
and determined entropy and enthalpy for the reaction forming second

23stage graphite bromine from third stage. Metz and Seimsgluss , in the
case of FeCI 3, and Dowell

s, for Br2 , HNO 3 and PdCl 2, have investigated
rates of intercation to determine diffusion coefficients. Bardhan et
al ' have investigated the kinetics of bromine intercalation and
interpreted tneir findings in terms of an interface-controlled
reaction. Flandrois et a124 have carefully investigated the kinetics
of intercalation in the NiCl2 system. Hamwils et al have elegantly2
followed the course of intercalation of a graphite-potassium compound.

The overall results from these experiments can allow one to draw
some interesting conclusions. Diffusion appears to be quite rapid,
based on measurement in the case of Br2 , HNO 3 and PdCl 2, and suggested
in the metal halide compounds by the observation that a uniform
intercalate concentration is established in quite a short time in terms

9,23,24of the amount of intercalate which has been absorbed9  . In
18 23 9several cases, i.e., HNO 3 , Fe , and K1 , it is observed that

several stages are formed before the final lowest stage. In fact, in
the study of K, Hamwi et al 9 were unable to positively identify the24 15

highest initial stage which formed. RiCl2  and Br2  have been
reported to directly form the lowest stage, 2, upon intercalation.
Recently however, reports have been made that in the case of Br2, some
higher stages are formed prior to the formation of second stage

14
compound. In this work we have found that x-ray diffraction of the
inner, apparently unintercalated region does indicate the presence of
higher stages though x-ray absorption suggests that the amount present

is 23 24is very small. In the studies made on K , Feel3  and NiCl 22, all the
investigators came to the conclusion that the reaction was being
controlled by processes outside the graphite, probably condensation and
adsorption of intercalate onto the graphite surface. The kinetics of
bromine intercalation appears to be limited by either diffusion or
reaction within the graphite. While the difference in rate controlling
step is most likely the result of the low partial pressures involved in
the intercalation of the alkali metals and metal halides, it may be a

4I
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consequence of the difference between an electron acceptor and an
electron donor. However, we have compared the relative reaction rates
of graphite in liquid nitric acid and nitric acid vapor and have found
that the reaction rate increased by about a factor of 10 in the liquid.

Furthermore, 001 diffraction patterns obtained from the sample
intercalated in liquid nitric acid were similar to graphite-bromine
diffraction patterns in that the final stage was evident at early
stages of the reaction. In the sample intercalated in nitric acid
vapor this was not the case; higher than final stages predominated over
a much greater fraction of the total intercalation time. These
observations suggest thatin general, the rate-controlling step can be
diffusion or reaction within the sample, provided the intercalate
concentration at the surface of the graphite is large enough.

While several stages are present in the case of Br2 intercalation,

a contrast should be made with the sort of progressive staging observed
in K. In K, the staging is a rather deliberate situation, even to the
extent of having plateaus in the intercalate uptake versus time curves,
which indicate that the one stage has nearly saturated the sample
before the next stage appreciably has begun. Such is not the case for
Br where a well-defined intercalate front exists. Rather, weight

2
versus time curves are smooth, and the concentration pfofiles indicate
shoulders in the opposite sense,i.e., growth of the next lower stage is
evident well before intercalation of the previous stage is complete.
Furthermore the instance where a difference in stages is pronounced are
those at high temperatures and low concentrations, instances where the
reaction rate of the lowest stage may be expected to decrease for
thermodynamic reasons. This is less clear in the case of low
concentrations since the diffusion rate is also decreasing as a
function of concentration. At high temperatures, however, the increase
in the diffusion rate is quite dramatic while the decrease in reaction
rate for a low stage is equally apparent. It may be pointed out that
the shape of the C-curves, i.e., the sharpress of them, indicates that,
for most temperatures, the reaction rate at the internal interface is

considerably faster than the diffusion step.

5. CONCLUSION

This paper gives the first TTT-diagram for the intercalation of
graphite. The TTT-curves were C-shaped. Within the temperature range
where a given stage was stable, the reaction rate increased with
increasing temperature at low temperatures (suggesting a diffusion-
controlled mechanism) and decreased with increasing temperature at high
termperatures (suggesting an interface-controlled mechanism). Also
reported is a TCT-diagram describing the dependence of the
intercalation kinetics on the external intercalate concentration (i.e.,
Br2 concentration in the Br2-CC14 solution containing the sample). The
final stage decreased in discrete steps with increasing Br2
concentration in the Br 2-CC14 solution containing the sample, but the

..... .. ... . .... . .. 2 r 4. . , .... . ..
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rate of intercalation increased linearly with increasing Br2
concentration in the solution. Although bromine intercalation by
immersion in pure bromine at room temperature appeared to involve
direct formation of the final stage of 2, the actual progressive stage
decrease toward the final stage was clearly observed by altering the
relative intercalation rates of differentstages by either raising the
temperature or by lowering the Br2 concentration in the Br2-CCI4
solution containing the sample. The intercalate front first observed
by surface profilometry 13 was found by x-ray diffraction and x-ray
absorption to delineate a central region which was nearly pure graphite
(except near the c-face surface) and an edge region which contained a
very small amount of pure graphite.

"I".
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Table 1 Stage evolution during intercalation for two representative
external intercalate concentrations

Mole Fraction Stages Present
Br2 in Br - Time
Cdl4  (hr) Edge Center Weight Gain (-)wi

15 3 4 G 3 4 G 20

24 2 3 4 G 2 3 4 G 23

34 2 3 4 G 2 3 4 G 27

64 2 3 4 2 3 4 G 34

0.5 114 2 3 4 2 3 4 G 42

140 2 3 4 2 3 4 G 46

210 2 3 2 3 4 G 55

308 2 3 23 63

356 2 3 2 3 4 66

663 2 2 3 77

1182 2 2 81

40 4 G 4 G 16

46 4 G 4 5 G 17

63 4 G 4 5 G 18

66 3 4 G 4 5 G 19

0.2 119 3 4 5 4 5 G 24

163 3 4 3 4 5 G 27

311 3 4 3 4 5 G 34

355 3 4 3 4 5 G 35

667 3 4 3 4 43

1812 3 3 53
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Table 2 Stages present after 468-689 hr of intercalation for various

external intercalate concentrations at 23
0C.

Mole fraction Final Stages Present Percent Weight Time
Br2 in Br 2- Stage Edge Center gain (Aw/w.)

CC1 4

0.05 / 6 G 6 G 5 468

0.10 4 4 5 4 6 G 26 491

0.15 3 3 4 3 4 5 G / 689

0.20 3 34 34 43 667

0.25 3 3 4 3 4 45 666

0.30 3 3 3 4 50 663

0.40 2 2 3 2 3 63 662

0.50 2 2 2 3 77 663

• t

- - i n nn m. | a
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Table 3 Diffusion coefficients for liquid-phase bromine intercalation

at 230C

.Mole -
Fon Diffusion Coefficient (10- cm 2/s)~Frac tion

Br2 inBr2 i Optical Microscopy X-ray Absorption Weight Increase
Br 2-CCl4

1.00 23.6

0.80 26.4

0.65 17.2

0.50 10.83 13.14

0.40 9.18 8.24

0.30 6.75 7.59

0.25 6.35 4.28 5.06

0.20 5.00 4.44

0.15 2.78 3.25

0.10 1.67 2.68

0.05 0.213 0.250

..... , ..,,,
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FIGURE CAPTIONS

Fig. 1 In situ optical micrographs and schematic surface profiles of a

sample after different times of intercalation at room temperature.

Fig. 2 Width of the deformed region behind the intercalate front versus

time during intercalation.

Fig. 3 Width of the deformed region behind the intercalate front versus

the square root of time during intercalation.

Fig. 4 X-ray absorption profile and x-ray diffraction patterns of the

edge and center regions obtained with CuKa and MoKa radiations

after 297 hr of room temperature intercalation in liquid bromine.

Each diffraction peak is labeled by the £ index of the (00£)

Miller indices, with the subscript indicating the stage (G indica-

ting graphite) and the superscript, if present, indicating the

K1IKK2 or K6 component.

Fig. 5 Percentage weight increases versus the square root of time during

room temperature intercalation in Br2-CCl 4 solutions of various

Br2 concentrations.

Fig. 6 X-ray absorption profiles and x-ray diffraction patterns of the

edge and center regions at different times during intercalation

by immersion in a 50 mol % Br2 Br2-CC14 solution at room tempera-

ture.

Fig. 7 X-ray absorption profiles and x-ray diffraction patterns of the

edge and center regions obtained after 600 hr of intercalation

in various constant concentrations of Br 2-CCI 4 solutions at room

temperature.
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Fig. 8 Time-concentration-transformation (TCT) diagram, showing the times

for a given stage to start forming and to finish forming for

various external intercalate concentrations. The phasespresent

are indicated by the stage numbers and the symbol G for graphite.

The horizontal scale indicates the time divided by the square of

the width of the region behind the first front.

Fig. 9 The square of the width of the region behind the first front

versus time during intercalation for various external intercalate

concentrations.

Fig. 10 The growth rate (slope of Fig. 9) versus the external intercalate

concentration.

Fig. 11 X-ray diffraction patterns obtained after 2 hr of intercalation

in liquid bromine at various temperatures. The final stage was 2.

Fig. 12 Relative integrated intensities of the stage 2 (003) peak and the

stage 3 (004) peak after 2 hr of intercalation as a function of

temperature. The final stage was 2.

Fig. 13 Superlattice x-ray diffraction peaks obtained at the region behind

the intercalate front after 2 hr of intercalation at various

temperatures. A: 72*C, B: 81°C, C: 90*C, D: 100°C. The final

stage was 3.

Fig. 14 X-ray absorption profiles obtained after 2 hr of intercalation

at various temperatures. A: 72*C, B: 81*C, C: 90*C, D: 100*C.

The final stage was 3.
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Fig. 15 Relative integrated intensities of the stage 3 (003), stage

4 (004) and graphite (002) Ka peak after 1 hr of intercalation

as a function of temperature. Stage 3, stage 4 and graphite are

indicated by 3, 4 and G, respectively.The contribution due to

the edge region is shown by the solid bars; that due to the

center region is shown by the empty bars.

Fog. 16 Time-temperature-transformation (TTT) diagram showing the times

for a given stage to start forming and to finish forming for

various isothermal temperatures. The phases present are indicated

by the stage numbers and the symbol G for graphite. The horizontal

scale indicates the time divided by the square of the width of

the region behind the first front.

iI

I

9_



-65- 0

(0" E

0

Tom



14

0

I OD W

00
0N

00

0-

00

-; 
0

(ww) H.LCim



-67-

0 0

00

00

00

6N cP i

(ww) Hiaim



-68-

CONCENTRAT ION
PROFILE

2d edge center edge

-

a) I
0 12

SAMPLE WIDTH

EDGE CENTER
22 22

Cu I 243 2 G

33 33

b)4
15 25 15 25

a2 I2a,

827

Fig 

4



-69-

ILOn

.0

CDj

00
%e ,eo~e O.e ,ec' O

E E E E EO
0 to n If

in V o cm

0 1 s o 1 a w IN

0 0 0 0
mOD w too toN

3SV8EE 1O1ME

&OWNSo7&



-70-

4. G)

00)

Z 0

010
ZL N N

0 C N -

LL -O

N~

0
CMn W~)C T )

Lo r
L)( V m C 0

Z PUP

0)
o- c'JrO N T)

zU a04 E)(

r4) . 01cli C~i w
30VS 0Vi 3VN

4)U

__________________________0_-



-71-

In)
4L 4T

z in

0 to

G) __ - - -

4-

9 0 -0

z

ON 110, N o a2t
30VI 30Vi 09I

OR01I oN
76 c 6 C

E oECOE(

toL



ao

0

040

cm
E

-0

CMD

0

4. -

.10

10

00 0
4 ~t3 U! zJ9 U0o!iDj. ,ovy



-73-

0
0 -0

0
0

ow tv o cw e

co coto m

at g A 04 O0

0 0

re~) N - 0

Fig.9



-74-0

44
00

ow
-;

/0-

0I-

0 0

CL o-P.

\0 I

cr) 0

(9 Z

4c



(002)2

250C

(002)2 (003)3

400C

(02) (003)

500C

5 1O 15 20
DIFFRACTION ANGLE 28 (degrees)

Fig. 1



-76-

t

n-( 3D.-(004) 3

* 0

c

4..

0

I

I

- U

25 30 35 40 45 50
Temperature 0 C

Fig. 12

61L



-77- -

(003) 3 (004)4

D

4a

18 20 22
2 6 (Degrees)

I Fig.

Fig



S7.

.33

a.a

Il

Iuwj uoE-jjao

I 
- -~ - a 77



-79-

II

U] Center

/ Edge

0.8
G

0

0

%- 0.6-
0

G

- G
3

0.4

3
* 0.2

3
4

4

0 70 80 90 100

Temperature (C)

Fig 4

Fig.2



~0

'-4

0
* .. - he

F S

.5 .. ~

p.-
0

N * (D0
-S.

S. N
E
U

/ C,
4. 0

~**

'S an U)
oE

* 4.
N -g

* C,
* S * 4.

* S l~.

S. ** 4. 1*
5555* * 0

/

CD.. 5. 4.
.S** 'S

____ K) 1  K,.
0

o 0 0
Sn 0 Sn

(3.) SJfl4DJBdWSJ.

d I

__



APPENDIX 3

THERMODYNAMICS OF INTERCALATION OF BROMINE Proceedings of Symposium on Intercalab
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Research Society, Boston, 1982,
accepted for publication.

S. H. ANDERSON AND D. D. L. CHUNG
Department of Metallurgical Engineering and Materials Science,
Carnegie-Mellon University, Pittsburgh, PA 15213, USA

ABSTRACT

The thermodynamics of intercalation of bromine in highly
oriented pyrolytic graphite had been studied by determining
the pressure-temperature equilibrium diagram for stages 2-4.
The standard heat and entropy of reaction for the transforma-
tion from stage n to stage n-l (r5, 4, 3) were found to be
roughly the same, though the enthalpy of reaction became
slightly more negative as the stage number increased. The
heat and entropy of formation from pure graphite were thus
found to be -10.9 kcal mol-1 Br2 and -30.4 cal mol- Br2 K

-1
respectively for stage 2, -11.3 kcal mol- I Br and -30.6 cal
mol- I Br2 K

-1 respectively for stage 3, and -l.5 kcal mol 1
Br2 and -30.6 cal tol - 1 Br2 X- 1 respectively for stage 4.

INTRODUCTION

The thermodynamics of intercalation of alkali metals in graphite had been
studied for stages 1-5 by vapor pressure measurement (1-4], solid-state emf mea-
surement [5], calorimetry [6] and stage-2-to-stage-l transformation temperature
measurement 17]. On the other hand, the thermodynamics of intercalation of bro-
mine in graphite had only been studied by decomposition vapor pressure measure-
ment of stage 2 [8-10], which gave the standard heat of reaction of -10.2 ± 0.3 kcal
mol-1 and the standard entropy of reaction of -29.9 + 1.2 cal mol-1 K-1 for the
stage-3-to-stage-2 transformation [10]. In this paper, by determining the pres-
sure-temperature equilibrium diagram for stages 2-4 of graphite-bromine, we have
obtained the standard heats of reaction and the standard entropies of reaction for
the transformations from stage 5 to stage 4, from stage 4 to stage 3. and from
stage 3 to stage 2. Using these data, the heats of formation of stages 2-4 were
calculated.

INTERCALATION METHODS

Four methods of intercalation have been investigated. They differ in the par-
ameter(s) used to control the eventual stage, as listed in Table 1 and also de-
scribed below.
1. Temperature method (two-bulb). In this method, the sample temperature is varied
to control the eventual stage, while the intercalate vapor pressure resulting from
a reservoir of pure intercalate is fixed. The sample temperature should be kept
higher than the intercalate reservoir temperature to avoid condensation of the
intercalate on the sample. This method is popular and was originally developed
for the intercalation of alkali metals [7].
*Research sponsored by the Air Force Office of Scientific Research, Air Force
Systems Command, USAF, under Grant No. AFOSR-78-3536. The United States
Government is authorized to reproduce and distribute reprints for Governmental
purposes notwithstanding any copyright notation hereon.
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TABLE 1 Intercalation Methods

ParametersMethod
Intercalate vapor pressure Sample temperature

Temperature method (two-bulb) X
Temperature method (one-bulb) X X
Solution method X
Temperature-solution method X X

X Varied to control the stage - Not varied

2. Temperature method (one-bulb). In this method, the sample and the pure inter-
calate are at the same temperature. Thus an increase in sample temperature neces-
sarily increases the intercalate vapor pressure. This method is experimentally
simpler than the two-bulb method because it requires only one temperature. It was
used by Bach et al. to prepare various stages of graphite-. romine, as shown by
weight measurement [11].
3. Solution method. In this method, the intercalate is dissolved in a certain
solvent which does not intercalate. The concentration of the intercalate in the
solvent is used to control the eventual stage. Intercalation takes place at room
temperature. This method was first used by Hennig to prepare graphite-Br2 with
Br 2-CC solution [12]; it was also used by Saunders et al. [13].
4. Temperature-solution method. In this method, the intercalate is dissolved
in a solvent as in the solution method, but the temperature method (one-bulb)
is also involved. In other words, the sample and the intercalate solution are
at the same temperature, such that this temperature and the intercalate concentra-
tion in the solution are both varied to achieve a given eventual stage. In this
work, this method was used for the first time to prepare graphite-bromine.

It should be noted that the temperature method (ne-bulb) and the solution mcthc-d
are special cases of the temperature-solution method. In this paper, the use of
the temperature-solution method enabled the determination of the pressure-temper-
ature equilibrium diagram for various stages of graphite-bromine. The temperature
method (two-bulb) was also used for the same purpose, though to a smaller extent.
The consistency of the pressure-temperature data obtained by the two methods gave
additional support for the validity of the temperature-solution method. Sho-.*.n in
Fig. 1 are 00£ x-ray diffraction patterns obtained with CuKi radiation on stage 4
highly oriented pyrolytic graphite (HOPG) samples prepared by (a) the temperature
method (two-bulb), (b) the temperature method (one-bulb), (c) the solution method,
and (d) the temperature-solution method. These diffraction patterns show that all
four methods yield well-staged compounds.

EQUILIBRIUM DIAGRAM

Figure 2 shows the equilibrium diagram, which is a map of the pressure-temper-
ature combinations that yield a given eventual stage. The pressure refers to the
bromine vapor pressure; the temperature refers to the sample temperature. The
vapor pressure P . above the Br -CCI4 solution is related to the vapor pressurepsol 2
PBr2 of pure bromine and the mole fraction X of Br2 in the solution by the rela-
tion [14]

ln iQol ) = 1.197 (l-X)2 - 0.493 (l-X) 3 (1)(PBr2 X

where PBr2 is pressure in mm Hg. The validity of Eq. (1) is confirmed by the
consistency between data points obtained by the temperature-solution method and
those obtained by the two-bulb temperature method. The vapor pressure PBr 2 of
pure bromine is given by [15)



- -" 5.82 - 638.25 - 48*C<T<58.2oC

log P T+158.006 (2)
r10 r2  7.583 - 1562.26 700C<T<ll0C

T+273.78
where T is temperature in CO.

The intercalation reaction between bkomine and pure graphite for a final stage
of n can be written as

7n C(s) + Br2 (g) = C7n Br2 (s) (3)
The transformation from stage n+1 to stage n can be written as

n C7(n+l) Br2 (s) r Br; (g) = (n+l) C7n Br2  (4)
In Eq. (3) and (4), the in-plane stoichiometry is such that stage 2 is C7Br
(or C1 4 Br 2 ), as indicated by the recently determined in-plane structure of stage
2 [16]. For either reaction (Eq.(3) or (4)), the equilibrium bromine vapor pres-
sure P (in atmospheres) is related to the change in free energy of the reaction
by the relation

in P = AH*/RT - AS*/R, 
(5)

where H*H is the standard heat of reaction and ASO is the standard entropy of
reaction. Hence, the slope of the straight line separating regions of different
final stages in the In P vs. l/T diagram gives AH* for the change from one stage
to the next, whereas the intercept gives ASO. Such boundaries between stages 4
and 5, 3 and 4, and 2 and 3 are shown in Fig. 2, which was obtained by allowing
intercalation to occur under conditions represented by a number of pressure-tem-
perature combinations and then determining the final stage for each combination
by x-ray diffraction. The values of AH° and ASO for the change of one stage
to the next lower one are listed in Table 2. It may be pointed out that these
values are independent of the actual in-plane stoichiometry used in writing
Eq. (4).

The values of AH* and ASO for the change from stage 3 to stage 2 are in close
agreement with those reported by Sasa [10]. Table 2 indicates that LHO increases
slightly with increasing stage, while the variation in ASO is much less marked.
These characteristics are similar to those reported on graphite-alkali metals 15].

Salzano and Aronson [17] proposed a model for the change in !nthalpy during
intercalation due to electrostatic interactions between the intercalate layer
and the graphite layers. In this model, the change of enthalpy AHO for the trans-
formation from stage n2 to stage nI was given by

AH° = -aH + M + n l - n 2 ), (6)

where a indicates the in-plane stoichiometry (a=7 for C7.Br2 ), H is the inter-
layer bonding energy between two adjacent carbon layers in graphite, less the
interlayer bonding energy between two adjacent graphitic layers with the same
spacing as in the compound, M is the attractive interaction energy between the
graphite layers and adjacent intercalate layers, and I is a measure of the repul-
sive interaction between adjacent intercalate layers. Following their analysis
[1], we have calculated the standard heats and entropies of formation of various
stages from pure graphite (i.e., Eq. (3)), as listed in Table 3. The standard
heat of formation AHf' of stage 4 was approximated by plotting the experimental
values of fH° versus [(nl/n 2 ) - (n2/nl)], thereby obtaining -aH + M-as the inter- -

cept and I as the slope, and then taking AHfO as -aH + M + 1, where n = 4. The
standard entropy of formation ASf° of stage 4 was taken as equal to the value of
ASO for the change of stage 5 to stage 4. The values of AHf0 and ASO for other
stages were then calculated by summing the experimental heats and entropies of
progressive stage changes.

Since the in-plane structure of graphite-bromine is the same for different
stages, it is not surprising that there is little difference in ASO from stage
to stage. Compared with the values for the intercalation of the alkali metals
[51, these values are relatively high. This may be due to the two-phase nature

-



TABLE 2 Heats and Entropies of Changes of Stage

Change of Equilibrium . AH 0_ AS*,
Stage Reaction (kcal mol Br2 ) (cal mol-" Br2 K7)

3-2 2C21 Br2 (s) + Br2 (g) -10.0 _ 0.5 -29.9 1 0.5

23 C14 Br(s)

4-3 3C2 8 Br2 (s) + Br2 (g) -10.8 - 0.2 -30.8 ± 0.3

4 C2 1 Br2 (s)

5+4 4C35 Br2 (s) + Br2 (g) -11.0 ± 0.2 -30.6 ± 0.3

5 C28 Br2 (s)

of the in-plane-structure, where one phase. is less ordered than the other [16].
It may be noted that AS* of bromine intercalation is about one and a half times
that of alkali metal intercalation for stages ->2 [5].

To the extent that an electrostatic model is suitable for bromine, it is inter-
esting to compare the enthalpies obtained in bromine with those observed in the
alkali metals. AHf ° in bromine are about a third less than those observed in
the alkali metals, suggesting that there is much less electrostatic interaction
in graphite-bromine.

CONCLUSION

The thermochemical data for the intercalation of bromine in HOPG have been
determined. The standard heats and entropies of reaction reported are
expected to be of use to graphite-bromine concentration cells (18].

TABLE 3 Heats and Entropies of Formation

Stage Reaction AHf 0_1  ASf0  I
(kcal mol Br2) (cal mol- I Br2 K

2 14 C (s) + Br2 (g)- C14 Br2 (s) -10.9 -30.4

3 21 C (s) + Br2 (g)- C21 Br2 (s) -11.3 -30.6

4 28 C (s) + Br2 (g)4 C28 Br2 (s) -11.5 -30.6

.

. .... . .. . . . .. ..... - . -
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MODEL OF INTERCALATION OF BROMINE IN GRAPHITE'
S.H. Anderson and D.D.L Chung

Department of Metallurgical Engineering and Materials Science
Carnegie-Mellon University. Pittsburgh, Pennsylvania 15213. U.S.A.

I Introduction -50

Any of several steps may be rate controlling in the
fotmation of an intercalation compound-the transport of 100
the intercalating species to the surface of the graphite, ad-
sorption on the surface, transport of the intercalate within
the graphite and staging within the graphite. In the case 200

of bromine, we have assumed, largely on the basis of the 7
relatively high pressures needed for the intercalation of

bromine, that the processes occurring on the surface are
likely to be fast and not rate-controllin.

150 V
2 Model of Intercalation - 0

We have calculated the time to intercalate to a given
stage as .3

t= (x/v) (x/4,2D). (1) - r100

where x is the width of the part of the sample intercal-
ated at time L; v is the velocity of the intercalation reac-
tion given by 2

v=A exp(-E /RT)[P(act)-P(eq)]. (2) 50
The first pair of terms in Eq. (2) indicate the probability
of a jump across the interface, with E being the activa-
tion energy for such a jump. E was aiproximated by the
activation energy for the movenient of an interstitial be-
tween graphite planes. i.e.. 690 cal/mol [1]. A =1 x 1043  0 6
cm/sec and was chosen to position the nose of 1he calcu-

lated time-temperature-transformation (TTT) curve with .,(: (XE (S C/(.I2)
the experimentally observed nose (Fig. 1). The last term
represents the driving force for the reaction. P(act) = the Fig. I Time-temperature-transformation curves for
actual vapor pressure of bromine at a given temperature graphite bromine intercalation compounds. The solid lines
and CCI concentration: P(eq) = the bromine pressure at are theoretical curves for the times required to complete
which two stages are in equilibrium. It may be observed intercalation of a 4 mm sample to stage 2. 3. 4. 7. and
that the resultant equation is fairly temperature insensitive 100. The experimentally observed times to complete inter-
until the actual pressure is very close to the equilibrium calation are given by solid squares for stage 2; open
pressure, at which time the reaction rate will decrease. squares for stage 3. solid triangles for stage 4; the open

The second term in Eq. (1) is due to the time requi- triangle for stage S. The short horizontal lines indicate
red for bromine to diffuse to the intercalation front. For the approximate times at which no pure graphite remained.
the diffusion coefficient. D. we have used the form

D = D exp(-Q-P(act)V )/RT]. (3) no pure graphite was lefL (HOPG samples. 4 mm wide.
were exposed to pure bromine at the given temperaturewhere D =1.1 x i0Wcm:/sec and Q = 18 kcal/mol were for 10 min.. quenched, and the position of the interca-

determined by thermogravimetric measurements. In Eq. late/graphite interface was determined by x-ray absorp-
(3). V represents the dependence of the activation energy tion. The time at which no graphite remained was esti-
on pressure, and was found to be 0.31:0.1 cal/mol-atm. mated assuming first a growth rate linear in time, and
The term I represents a measure of the driving potential then a growth rate proportional to the square root of
for diffusion and is determined by the relation time. These estimates represent interface reaction control

1 erf(,) exp(,,2) = [(P(act)-P(eq)]w". (4) and diffusion control, respctively.) The curves were
drawn using free energy relations determined from the ex-

3 perimental phase diagram [2]. Free energy values for the
SExperimental 7' and l0o" stage compounds were extrapolated tg the

The correlation between the model and experimental method of Salzano and Aronson (3]. where it is eumed
results is shown in Fig. 1. The solid squares indicate the that the enthalpy of intercalation decreases with decreasing
times at which intercalation to second stale was complete stage due to an increase in the electrostatic repulsio be-
in a 4 mm HOPO sample: the open squares indicate the tween intercalate layers.
times needed to complete third stage intercalation; the
solid triangles indicate the times needed to intercalate to 4 Discussion
fourth stLe; the open triangle indicates the time needed
to intercalate to fifth stage. These points were determined In general the rate of intercalation of bromine in
by observing the stage and distribution of the intercalate graphite appears to be controlled by the rate of diffusion
as a function of time during intercalation using x-ray dif- However, this generalization fails at phase bounderla. Le..
fraction and absorption. The short horizontal lines in Fig. when the change in free energy of an a* st"g is only
I are an approximation of the minimum times at which slightly Im than that of an (n.l)"' stage. the kinetcs are

i ....



controlled by -the rate of the (n1) to n" stage reaction. The overall reaction rate showed no appreciable pressure
The shape of the TrT-curves is due to the increase in the dependence in the range of pressures corresponding to the
diffusion rate with increasing temperature until the difffu- vapor pressure of bromine up to 180C. The model pre-
sion rate is larger than the solid state reaction rate. With dicts that graphite-bromine is unstable at temperatures a-
further increase in temperature. the rate of formation of bore -.250C. Satisfactory agreement was found between
the final stage decreases as AGI/RT when 4G ap- the model and the experimental T"T-curves.
proaches zero.

The most noticeable difference beiween the theory and 'Research sponsored by the Air Force Office of Scientific
data is the maximum intercalation rate (i.e.. the nose of Research. Air Force Systems Command, LSAF. under /
the TTT-curves). The theory consistently predicts a max- Grant No. AFOSR-78-3536. The United States Govern-

imum rate lower than that actually observed. This may be ment is authorized to reproduce and distribute reprints for
due to errors in the values for D and Q. The 100"' stage Governmental purposes notwithstanding any copyright
curve is drawn to approximate th; kinetics of a near in- notation hereon.
finite stage. and it predicts that a C Br compound can-
not be stable at high temperatures. namely in the neigh- 1. P.A. Thrower and R.T. Loader. Carbon. 7. 467 (1%9).
borlood of 2500C. This may be understood as a conse- 2. S.H. Anderson and D.D.L Chung. Proc. of Sym-
quence of the decrease with increasing temperature of the posiurn on Intercalated Graphite, Materials Re-
free energy change associated with the intercalation of search Society Annual Meeting, Boston, 982. Ed,
bromine. M.S. Dresselhaus. Elsevier (1983).

Another possible factor in the decrease in rate with 3. FJ. Salzano and S Aronson. J. Chem. Phys.. 45.
increase in temperature Is the effect of the hydrostatic 2221 (1966).
pressure due to the bromine vapor pressure. Saunders et 4. G.A. Saunders. A.R. Ubbelohde and D.A. Young.
al. (4] observed that a uniaxial load of up to 300 atm. Proc. Roy. Soc.,London. A271. 512 (1963).
applied to HOPG decreased the bromine intercalation rate. 5. M.J. Moran. J.W. Milliken, C Zeller. R.A. Grayeski
Moran et al. [5] observed in the intercalation of nitric and I.E. Fischer. Synth. Met.. 3. 2(9 (1981).
acid that the intercalation rate was quite sensitive to an
argon overpressure. with a reduction in the reaction rate
by a factor of ,50 in the presence of an argon pressure
of 5 atm. This raised the question of the effect of pres-
sure on the reaction rate, since there was a rate decrease
with increasing temperature and the bromine vapor pres-
sure increased to tens of atmospheres, well above the
pressures observed by Moran et al. To test the possibility
that the decrease in reaction rate at high temperatures
may be due to the hydrostatic pressure of the bromine
vapor. a piston-type. teflon-lined copper pressure cell was
constructed and the rate was measured for different pres-
sures. The results (Fig. 2). indicated a pressure depen-
dence of the diffusion coefficient of 0.3 cal/mol-atm.
which, while in keeping with an estimated activation vol-
ume for the viscosity of bromine, was far less than that
required to account for the observed decrease in rate with
temperature.

6 a 0.3±0.1 cal atmto mo1t1

-5

3

0 0.5 1.0 1.5
PRESSURE (10 3 atm)

Fig. 2 The width of intercalated graphite in liquid
bromine for 10 min. at 1130C as a function of

hydrostatic pressure.

5 Conclusion

SThe kinetics of intercalation of bromine in graphite
were modeled on the basis of the change in free energy
from stg to stag and the diffusion rate of bromine
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Summary

The kinetics of intercalation was studied by measuring the surface
profile on the c-face and the expansion at the edge during intercalation. A
phenomenological model of interface-controlled intercalation is presented
and agreement between the model and various experimental results is shown.
The kinetics of desorption was studied by using surface profilometry, gas
detection and thermogravimetry. These experimental results suggest a pheno-
menologica] model of desorption, which considers the out-diffusion of the
intercalate.

1. Kinetics of intercalation

1.1. Introduction
Graphite intercalation compounds are currently being investigated for

use in such diverse applications as catalysts, batteries, and electrical conduc-
tors due to the attractive properties of intercalation compounds and the
variety of intercalation compounds which form. While investigation of the
structure and properties of intercalation compounds is important, it is
valuable to gain an understanding of the kinetics of intercalation and desorp-

*Research sponsored by the Air Force Office of Scientific Research, Air Force Sys-
tems Command, USAF, under Grant No. AFOSR-78-3536. The United States Govern-
ment is authorized to reproduce and distribute reprints for Governmental purposes not-
withstanding any copyright notation hereon.

**Present Address: Solares Corp., 1335 Piccard Dr., Rockville, MD 20850, U.S.A.
***Alo In the Department of Electrical Engineering.
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tion in order to provide a guide to determining the optimum conditions for
producing a particular type of intercalation compound.

Intercalation is the process which results in a lamellar compound. How-
ever, a lamellar compound tends to desorb its intercalate once it is removed
from the equilibrium with the intercalate vapor. Although a fraction of the
intercalate is still retained in the graphite after desorption has ended, the
desorbed compound has a much lower intercalate concentration than the
parent lamellar compound. Therefore, understanding the kinetics of desorp-
tion is essential for practical uses of graphite intercalation compounds.

In this paper, Section I addresses the kinetics of intercalation and Sec-
tion 2 addresses that of desorption.

The c-direction thickness expansion characteristic of intercalation lends
itself to investigation of the kinetics of intercalation. Hooley et al. [1 - 3],
by measuring the thickness at the sample edge and c-face center, demons.
trated that intercalation begins at the edges of c-face surfaces and proceeds
to the center. Saunders et al. [4, 51 used thickness measurements to calcul-
ate the internal constraints on expansion.

The shape deformation known as the "ashtray effect" or "window pane
effect" [61 offers a simple and direct means of observing the position of the
intercalated region as a function of time. For example, this effect has been
used to observe the intercalation of lithium in transition metal dichalco-
genides [7]. In this work the topographical profile of the c-face was mea-
sured during the intercalation of bromine into highly oriented pyrolytic
graphite (HOPG) in order to elucidate the intercalation process. Furthermore
we have measured the edge expansion of HOPG during intercalation with
Br 2 , IC1, and HNO 3 in a more rapid and precise manner than has hitherto
been done.

1.2. Experimental techniques

1.2.1. Surface profilometry
Specimens used in profilometry were all based on HOPG (Grade ZYA)

kindly provided by Union Carbide Corporation. They were cut into cylin.
drical discs by using a spark cutter, such that the c-axis was parallel to the
thickness. Disc diameters vary from 4.5 to 8 mm and disc thicknesses vary
typically from - 0.1 to 0.4 mm. Cleaving by using adhesive tape was per-
formed to improve the smoothness of the c-face surface. Samples of large
thickness could not be obtained due to the tendency of splitting during
spark cutting. Square specimens obtained by using a wire saw were also used.

Profilometry was performed during intercalation with Br2 . Intercalation
was achieved by exposing the sample to the vapor of the particular inter-
calate species. Various Br 2 vapor pressures were achieved by varying the
temperature of the Br2 liquid using a water bath. To obtain the variation of
the surface profile during intercalation, the sample was removed from the
intercalation vessel at regular intervals and its surface profile was measured at
room temperature. Each measurement took, typically, about half an hour.

.. .. .
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Occasional interruptions of the intercalation process are believed to have a
negligible effect on the experimental results reported here.

The surface profile on the c-face was measured by the Tallysurf method
using a surface profilometer (Dektak, Sloan Technical Corp.) which had a
diamond stylus of radius 0.0005 in. at the tip. The stylus was allowed to
move along several diameters of each disc with a pressure of 50 mg/cm 2 ,
which is fixed by the manufacturer. The maximum range of the profilo-
meter was 0.01 cm, which is, in most cases, less than the maximum ex-
pansion possible along the c-direction (55% of the sample thickness for the
case of Br2 intercalation). As a result, complete surface profiles during the
entire intercalation process could not be obtained.

1.2.2. Edge expansion
The apparatus used to measure the edge thickness is similar to that

used by Hooley [3]. The sample was supported with glass wool in a glass
tube, which was put in a glass weighing bottle containing the chosen inter-
calate liquid. A cover glass was quickly placed over the greased open end of
the bottle, which had air inside. Time was measured from the moment the
sample was introduced in the bottle. The liquid was almost 1 cm high and
the sample was about 3 cm above the liquid surface. The edge of the
sample was then observed by using a travelling microscope equipped with an
X-Y micrometer stage and a digital readout. The system enabled readings to
be taken once every 20 s on the average, except for the first reading which
was taken after about 40 s from the start. The uncertainty in a single reading
was about ± 5 prn. The samples were based on highly-oriented pyrolytic
graphite (Grade ZYA) supplied by Union Carbide Corp. and were cut by
means of a wire saw into pieces of approximately 7 X 7 mm and were
cleaved to thicknesses in the range 0.05 - 0.3 mm.

Bromine, ICI, and HNO3 were the intercalate species chosen because
they are known to cause crack formation in order of increasing severity. A
further motivation for the choice of these intercalate species was to investi-
gate the possible effects of the intercalation mechanism on the edge expan-
sion; nitration is known to be accompanied by a progressive change in
stage during intercalation to a given eventual stage [8] whereas bromina-
tion is not [9].

1.3. Experimental results

1.3. 1. Surface proflometry
The sequence of surface profiles obtained at four different times during

Br2 intercalation is shown in Fig. 1. The sample was of diameter 4.5 mm and
thickness 0.3 mm. An advancing intercalate front was clearly observed. In
the early part of intercalation, the profile was bucket shaped. Later, the
profile became V-shaped such that the region outside the V-shaped part of
the profile was roughly flat. As intercalation further progresses, the V-shaped
part of the profile decreases in size and eventually leaves a rough, flat surface.

. . . . - .. . . .. ... -. . . . . -w . . . . . .. ... . ... *. .
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Fig. 1. Sequence of c-face surface profiles of a cylindrical HOPG sample (diameter
4.5 mm, thickness 0.3 mm) as bromination proceeds at room temperature.

Of importance is the linearity of the slanted portions of the profile, i.e.,
the sides of the "bucket". The angle between these sides is indicated for
three profiles in Fig. 1. Due to the difference in scale between the vertical
and horizontal axes in Fig. 1, the measured angles indicated are not the
actual angles. Corresponding to the measured angle 0,, (Fig. 1), the actual
slope of the slanted portion is 1/50 cot (0,.p/2 ). The trend in slope varia-
tion, as shown in Fig. 1, is quite representative. This is also shown in Fig. 2,
where the actual slope is plotted against the time of intercalation for samples
of different diameters and thicknesses. In spite of the scatter in the data
points, it is evident that the slope is steep at the begining and then de-
creases quickly to a steady value. It should also be noted that the large
scatter in the slope data obscures the effect of the size of the sample, if an
effect is present. The steady value of the slope is about 0.08. Extrapolation
to zero time is quite uncertain, given the time scale show -i in Fig. 2.

An interesting feature is the appearance of rings, as seen visually, and
of corresponding ledges, as seen in the profiles (e.g., at t - 157 h) in Fig. 1
after some time of intercalation. In many cases, the parallel nature of the
ledges is remarkable and simplifies the determination of the slope, as illus-
trated by the dashed lines in the third profile from the bottom of Fig. 1. The

I
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Fig. 2. Plot of the actual slope of the surface profile us. time for samples of various
diameters and thicknesses.

number of occurrences of the ledges appears to increase with time, but de-
crease with increasing sample diameter. Moreover, it is insensitive to the
thickness. Although the height of the ledges tends to increase with diameter,
the width apparently is independent of size and is of the order of 100 - 150
Am. The origin of the ledges is presently not clear.

The variation in the diameter of the contour of the intercalate front
during intercalation is shown in Fig. 3 for samples of different diameters but
of the same thickness, and is shown in Fig. 4 for samples of different thick-
nesses but of the same diameter. The slope of this plot yields the velocity of
the front. The general features of the plot are noted below.

(1) Each curve is dominated by a linear portion which indicates that the
velocity is constant for the most part of the intercalation process. This
means that the intercalation process is interface-controlled. However, the
initial portion is characterized by a steeply falling curve, implying that the

* velocity decreases rapidly from a large, average, initial value (--5 X 10-6 cm/
s) to a steady value which is at least an order of magnitude less. The magni-
tude of the steady velocity is shown for each curve.

(2) Irrespective of diameter or thickness, all the curves approach linea-
rity at approximately the same time (- 44 h), which is close to the time at
which the slope becomes steady (Fig. 2). Moreover, the amount of decrease

!* in the intercalate front contour diameter (-2.3 mm) in this period is appar-
ently independent of the sample diameter or thickness.

(3) There is apparently no correlation between the magnitude of the
steady velocity and the sample thickness (Fig. 4). For a given thickness
(Fig. 3), the steady velocity appears to be fairly independent of the dia-

... . ... i.I ...
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Fig. 3. Plot of the Br 2 front contour diameter vs. time for samples of the same thick-
ness but of different diameters. The magnitude of the steady velocity is indicated for
each curve.
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Fig. 4. Plot of the Br 2 front contour diameter us. time for samples of the same diameter
but of various thicknesses. The magnitude of the steady velocity is indicated for each
curve.

meter, as long as the sample diameter is large compared with -2.3 mm. How-
ever, as the diameter becomes comparable with 2.3 mm, as for the 4.5 mm
diameter case, the steady velocity increases with decreasing diameter, though
the applicable region decreases in extent.

(4) In Fig. 3, the two curves corresponding to large diameters for the
same thickness show "steps" (drawn as a guide to the eyes), whereas the
other two curves corresponding to smaller diameters do not. As seen in Fig.
4, for the same diameter, no steps appear as the thickness increases.

An interesting conjecture about the last mentioned feature is that, as the
sample diameter increases, the steps may become more numerous so as to

... . . .. . .4. i ,. . ,, - , '" .
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cause considerable decrease in intercalate absorption rate. The step may even
assume an indefinite width so that intercalation stops. It is interesting to note
contrasting effects of the diameter and thickness found by Hooley [31 in
the intercalation of natural graphite flakes of dimensions generally smaller
than those used in this work.

The above experimental results were obtained with the sample at room
temperature and the bromine vapor pressure at 200 mmHg (corresponding to
that in equilibrium wit, room temperature liquid Br 2 ). In addition, we have
performed surface profilometry for various sample temperatures and various
intercalate vapor pressures. With the sample at 22 °C, the speed of intercala-
tion was found to increase with Ancreasing Br 2 vapor pressure; with the Br2
vapor pressure at 200 mmHg, the speed of intercalation was found to de-
crease with increasing sample temperature. Shown in Fig. 5 is the variation
of the intercalate front position with time during intercalation at various
intercalate vapor pressures.

The variation of intercalate vapor pressure provides an investigation of
the dependence of the kinetics of intercalation on the final stage. It is also of
interest to investigate the dependence of the kinetics of intercalation on the
initial stage. All of the results discussed above were obtained with the initial
stage being - (i.e., pristine graphite). To investigate the dependence on the
initial stage, we have performed surface profilometry during Br 2 intercalation
from stage 4 to stage 2. Figure 6 shows the evolution of half of the surface
profile during this intercalation. The sample was initially intercalated with the
Br2 vapor pressure at 120 mmHg. X-ray diffraction showed that the compound
formed was stage 4, together with a small amount of stage 3. At this vapor pres-
sure, the intercalate front moved at a speed of v1 = 9 X 10 - 8 cm s- 1. After a
certain time period, the Br 2 vapor pressure was changed from 130 mmHg to
200 mmHg, because the compound formed at 200 mmHg is stage 2. A stage 2
compound has a thickness increase of 55% over the pristine graphite, whereas

E 200 mm HQ
4 180mrm Hg
: -120mm Hg

-3

2- 0
2

- 0
oo

50 100 50 200
Tme (hours)

Fig. 5. Plot of the Br2 front contour diameter vs. time for intercalation at different inter-
calate vapor pressures.
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Fig. 6. Schematic diagram showing the evolution of half of the surface profile during two-
step intercalation. The first step was vapor phase intercalation at a Br 2 vapor pressure of
130 mmHg, giving stage 4 in the intercalated region. The second step was vapor phase
intercalation at a Br 2 vapor pressure of 200 mmHg, giving stage 2 near the edge of the
profile. (a) Shows the profile during the first step; (b), (c) and (d) show the second step.

= 9 x 10-a cm s- 1 ;v 2 - 2.5 x 10
- 7 

cm s- I.

a stage 4 compound has a thickness increase of only 27%. Because of this dif-
ference in thickness expansion, the movement of the intercalate fronts of both
stage 4 and stage 2 components in the sample could be observed, as shown in
Fig. 6(c). The intercalate front of the stage 2 component was found to move at
a speed of v2 - 2.5 X 10- 7 cm s-1 , while that of the stage 4 component still
moved at a speed of v1 . Since V2 > ul, the stage 2 intercalate front finally caught
up with the stage 4 intercalate front and the two fronts became one.

1.3.2. Edge expansion
Figure 7 shows the typical expansion versus time curves during the

intercalation of the three intercalate species in samples of approximately the
same size. In the case of Br 2 intercalation, the expansion approaches a limit-
ing value of 55%, which is indicated by an asterisk in Fig. 8 and is equal to
the calculated value, based on X-ray diffraction data, of the lattice expan-
sion. In the cases of ICI and HNO intercalation, the expansion curves
exceed the theoretical limits. In particular, nitration caused expansion
several times larger than the theoretical limit. This behavior was due to
cracks which gradually became visible. In addition, in the case of ICI inter-
calation, a sharp decrease in the expansion rate characteristically occurred at
an expansion corresponding to the theoretical value for a first stage com-
pound. Given a sufficiently thick sample, bromination also causes cracks.
Thus, apart from showing the expansion behavior with and without cracks,
the comparison of the three curves in Fig. 7 demonstrates that the minimum
thickness for cracking, in the presence of saturated intercalate vapor at a
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Fig. 7. Variation of epenexpansion with time during Brt intercalation of samples of various
initial thicknesses, indicated in units of mn in parentheses. The theoretical limits in expan-
sion are indicated by *.

given temperature, decreases in the order Br2, ICI and HN03, as will be ex-
pected from comparison of their respective layer spacing expansions d'.

The expansion curves for Br2 and ICI are rather similar to each other in
shape, as expected. For each intercalate, the curve below the theoretical
limit, marked by an asterisk in Fig. 7, exhibits two dominant linear portions
distinguished by different slopes. This is illustrted in Pips. 8 and 9 with data
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for various initial thicknesses. This feature has not been previously reported.
The initial slope is always greater than the later one; the ratio seems to in-
crease with the initial thickness in the case of bromination. In fact, the ex-
pansion curve for the thinnest sample used (0.088 mm thick) for bromina-
tion appeared to be a single, straight line within the experimental uncertain-
ties. Interestingly, the expansion at which the change of slope occurred was
neither constant nor a definite fraction of the sample thickness.

The expansion curves for nitration are dominated by an initial linear
portion followed by a nonlinear expansion of generally lower expansion rate
(Fig. 7). The expansion curve provides no obvious indication of changes in
stage during intercalation. Expansion during HNOs intercalation differs from
that during Br 2 or ICI intercalation by the presence of an "induction period"
of about 2 min during which there was no expansion. Previous studies [6,
10] have found that no mass uptake occurred in similar induction periods,
though the periods were longer.

On the basis of Hooley's results [1, i.e., that intercalation starts at the
c-face surfaces and proceeds to the middle of the edge, one would expect the
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absolute expansion rate to be independent of sample thickness. As shown in
Fig. 10, we observed that the absolute expansion rate increased with sample
thickness for all three intercalate species. Furthermore, the surface cracks
which appeared at early stages of ICI and HNO intercalation showed no
spacial preference and were distributed uniformly over the graphite surface.
Both of these observations suggest that intercalation is initiated uniformly
over the graphite surface. The disagreement with Hooley's results probably
is due to the much thicker specimens used by Hooley than those examined
in this work.

1.4. Model of interface-controlled intercalation
The proposed model is based on a mechanism of nucleation and sub-

sequent growth, considered for simplicity in a perfect graphite structure.
According to the mechanism suggested by Hooley [11 for the inter-

calation of bromine in graphite, we assume that intercalation starts at the
interlayer spaces at the two ends and proceeds toward the inner region in
such a way that there are n graphite layers between two successive, nucleated
intercalate layers for an eventual n-th stage intercalation compound*. We
further assume that the nucleation of an intercalate layer occurs at the edge
of the layer, and that once nucleated, the intercalate layer grows toward the
inside at a velocity, v, which is, in general, a function of time. The structure
of the resulting intercalate layer corresponds to that of an n-th stage com-
pound. As the first intercalate layer grows, nucleation occurs at the inter-
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Fig. 10. Dependence of the absolute expansion rate on the initial thicknes.

01%hs assumption implies that the system does not progressivly go through different
stages on the way to a given stag*.
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layer space separated by n graphite layers from the first intercalate layer. In
this way, the nucleation and growth of an intercalate layer eventually take
place at every interlayer space appropriate for the n-th stage compound. Let
the time gap between the nucleation of two successive intercalate layers be
AT, which we assume to be constant at a given pressure and temperature.

A schematic diagram of a sample at an instant of time during intercala-
tion to a stage 2 compound is shown in Fig. 11. When the intercalate enters
an interlayer space, it forces the spacing between the bounding graphite
layers to expand. Thus, the thickness profile as well as the weight of the sam-
ple change as intercalation proceeds. On the basis of the above model, these
changes can be expressed analytically as functions of the time of intercala-
tion. For simplicity, we have restricted our consideration to cylindrical sam-
ples with the thickness along the c-direction, though the analysis can be ex-
tended to samples of other shapes. Let the radius of the cylinder be Ro; let
there be Nn graphite layers in the cylinder, where n is the stage of the com-
pound that eventually forms. This means that the number of intercalate
layers in the cylinder after the completion of intercalation is N. The thick-
ness of the cylinder before intercalation is Nnd, where d is the interlayer
spacing in pure graphite.

The proposed model indicates the existence of several time lengths that
are of importance. Let the time taken for the nucleation of all intercalate
layers be tN, which is given by

t N 1 -- A T - -- T ( 1 )2

-

CARBON LAYER
-- INTERCALATE LAYER

Fig. 11. Schematic diagram of a sample at an instant of time during intercalation to a
stage 2 compound.
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The above approximation is used in the rest of this model.
Let r(t) - Ro g(vt/R 0 ) denote the radius of the advancing (inner) front

of an intercalate layer at time t after its formation. If the layer grows at a
steady velocity, v, g is simply given by

Vt (2)

In what follows, each intercalate layer is assumed to grow with the
same velocity, v, in the manner described by eqn. (2). The radius of the
intercalate front contour for the j.th intercalate layer at time t is given by

rj - Ro - v(t -jAT). (3)

Clearly, the time of completion of growth of the outermost layers is tG =

Ro/v. The time when intercalation is finished corresponds to the time at
which the N/2-th intercalate layer (the middle intercalate layer) completes
its growth. This occurs at a time tl = tN + tG after the start of intercalation.

Depending on the ratio of the thickness to the radius of the cylindrical
sample at a given pressure and temperature, one of two cases occurs during
intercalation.

Case 1: tN < tG•

This means that the nucleation of all intercalate layers is completed before
the growth of the outermost layers is completed.

Case 2: tN > tG.

This means that the nucleation of intercalate layers continues after the
growth of the outermost layers is completed.

1.4.1. Surface profile
To follow the variation in the surface profile during intercalation for

Case 1, consider, separately, three time intervals: (a) 0 < t < tN, (b) tN <
t < tG and (c) tG < t < t1.

Consider first the interval 0 < t tN. Let h(r, t) be the increase in thick-
ness at a distance r from the center and at a time t from the start of inter-
calation. Note that, for a cylindrical sample, the intercalate front is circular,
so that h is radially symmetrical.

Let us assume that the increase in the separation of two consecutive
graphite layers at r is proportional to the concentration at r of the inter-
calate layer in between them. In interface-controlled intercalation, there is
no intercalate concentration gradient in the intercalated region. Thus, half
of the total increase in thickness is given by

h(rt) - d j, (4)

where 2j is the number of intercalate layers that have progressed up to point
r at time t, and d' is the change in the spacing between two adjacent graphite
layers due to the insertion of an intercalate layer in between (3.7 A for Br2

7
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intercalation). Putting eqn. (4) iii eqn. (3) yields the equation for the thick.
ness at r for t 4 N

( hAT
r - Ro -v- d# (5)

The intercalate front corresponds to h 0 i eqn. (5) and its position
r =r, is given by:

P,-R - ut. (6)

Rearrangement of eqn. (4) gives

hT (r-(R t))1r~

(7)

Before intercalation begins (t < 0), the profile is flat, as shown by curve
0 in Case 1 of Fig. 12. As time progresses, the profile corresponding to eqn.
(8) on one of the c-faces becomes bucket-shaped, as indicated by the line
abcd (curve 1) in Case 1 of Fig. 12. The slanted linear portions (ab, cd) have
a slope equal to d'fv T and the intercalate front (b, c) moves with a cons-
tant velocity equal to v. As intercalation proceeds further, the straight lines
ab or cd translate parallel to themselves toward the center.

The edge thickness increases to the maximum value, h- = Nd', at a time
t N. After time t =tthe lines ab and cd continue to translate parallel to

CASE

Nd

LSlop* - d'/ -AT

CASE 2

5

Fig. 12. Schematic diagram of the sequence of surfae profiles as interface-clontrolled
intercalation promeeit with tivne.
Cuae I(tN <tG). Curve 0: t -O; 1: t<tN; 2: t -tw;

3:t- to; 4: t > t; 5: ttf;
Cm.2 (tM ;PtG). Curve0: t - ; 1: t< to; 2: t -to;

3: t -tN; 4: t >tN; 5: t-t.
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themselves until time t = tG, when these lines meet at the center of the sam-
ple and result in a V-shaped profile, as shown by curve 3 in Case I of Fig. 12.
At this time, the formation of the first intercalate layers is completed. After
this, the V-shaped part of the profile becomes smaller as more intercalate
layers are completely formed, as shown by curve 4 in Case 1 of Fig. 12.
When intercalation is completed (t = ti), the V-shaped part of the profile
vanishes, leaving a flat surface, as shown by the line pq (curve 5) in Case 1 of
Fig. 12. This line is parallel to line bc and is at a height of Nd'/2 from line bc.

Similar arguments give the evolution of the surface profile for Case 2
(t > tG), as illustrated in Fig. 12.

The evolution of surface profiles as predicted for Case 1 of the model
of interface-controlled intercalation is in excellent qualitative agreement
with the experimental results in Fig. 1. In particular, the change of a
"bucket" shape to a "V" shape, as discussed in the model, is well confirmed.
All experimental results belong to Case 1, in which the time of nucleation of
all layers (tN) is less than the time of completion of the outermost layers.
This is not unexpected in view of the fact that the samples used had the
thickness much less than the diameter.

As indicated already in Figs. 2 - 4, the slope of the profiles and the
velocity of the intercalate front remain constant for the most part of the
growth period, as was assumed in the model. However, the initial period is
apparently marked by changing slope and velocity. This can possibly be at-
tributed to an edge effect for the following reasons. The fact that the
velocity decreases from a large value at the edge to a smaller, steady value
after the intercalate layers have moved a certain distance inside the sample
is consistent with a smaller resistance to deformation at the edge than inside.
Moreover, the distance the intercalate front moves inside until the steady
state is reached is independent of the sample diameter. This means that
steady state can be considered to correspond to an infinite sample.

Since, in the model, the slope is equal to d'/vA T, where d' is the ex-
pansion of the graphite layer spacing and AT is the time gap between the
formation of two successive intercalate layers, it might seem that the initial
decrease in slope may be explained by an increase in AT with time. How-
ever, the explanation might be applied only up to time tN, which is also the
time required for completing the edge expansion. For the HOPG samples
used in the present work, tN is of the order of a few minutes, as determined
by edge expansion measurement (Section 2.4.2), whereas the slope continues
to decrease for a much longer time (-44 h). Alternatively, the simple as-
sumption of constant A T, with the velocity of growth of the intercalate
layers decreasing with increasing distances from the surfaces, can explain the
decrease in slope. Indeed, it is quite reasonable to assume that the further
away from the c-face surface an interLalate layer is, the smaller is the veloc-
ity due to the increasing rigidity until the steady state is reached. Since the
time of the first measurement is a few hours after the start of intercalation, a
rigorous determination of the parameter A T used in the model cannot be
made. This is because the determination of A T requires the evaluation of the

A " -- II~ N 1. . . . . ..| ...

I
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slope by extrapolation to zero time. Due to the scatter in the data, this
extrapolation is quite rough. However, this difficulty does not necessarily
exist in the case of samples which have large values of tN. It must be noted
that using the value of the steady slope yields only a redefined value of a T,
which is about 3 s, as compared with the value of 10-1 s obtained from edge
expansion results.

1.4.2. Edge expansion
It follows from eqn. (7) that at the edge, where r - Ro the total expan-

sion hE - 2h is given by

A2d'-- 0 t I/2(NAT)

hEft) - (8)
|Nd' , t < 1/2(NAT).

Edge expansion is finished when all the intercalate layers are nucleated, i.e.,
at a time equal to 1/2(NAT). Thus the model predicts that the expansion is
linear in time and that A T is inversely proportional to the rate of expansion.

The edge expansion results obtained during Br 2 and ICI intercalation
can be described fairly well by the model if the quantity A T is allowed to
increase to a larger value after some expansion. This appears plausible because
the middle layers may be constrained in such a way as to cause a change in
the rate of nucleation. Let A T be the value of A T corresponding to the
first slope; let AT 2 be the value of AT corresponding to the second slope.
The ratio of AT 2 to AT 1 is always equal to, or greater than, unity, as men-
tioned earlier. Considered in the light of the model, the graphite (natural
flakes)-FeCl8 -nitromethane system investigated in detail by Hooley [3]
seems to provide an interesting example of a situation in which A T2 is infi-
nite; i.e., there is no further expansion. The data indicate that the edge ex-
pansion of the flakes is initially quite linear in time and then it stops at an
expansion which is generally less than the maximum possible. However,
there is a difference between the FeCl5 intercalation of Hooley and our Br2
and ICI intercalation in that the initial rate of expansion appears to decrease
with increasing initial thickness in the case of the former, whereas the op-
posite is true for the latter. For comparable thicknesses, A T for FeC13 inter-
calation is of the order of 0.1 s, which is about two orders of magnitude
greater than the corresponding value for Br2 or ICI intercalation. This is not
surprising in view of the low molarity of FeC8 in the FeCls-nitromethane
solution used.

The sensitivity of AT, to the partial pressure of an intercalate at a
fixed temperature can be seen in Fig. 13, when log AT, is plotted against
PA/(P -p), where P. is the vapor pressure of Br 2 at the fixed temperature,
p is the Br2 pressure and pt, is the threshold pressure. The A T values were
calculated using eqn. (8) from the data obtained by Saunders et al. [5] with

q" ' ' "" Ill Illr . .... .. . . . . . ., ." . uqj t .. r. ._ " .
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Fig. 13 Log AT 1 vs. poI(p -pt,), wherepo is the vapor pressure of Br 2 at the fixed tem-
perature, p is the Br2 pressure and pth is the threshold pressure.

an uniaxial load on the sample at 20 *C. On the basis of the linearity of the
plot, which is based on limited data points, the dependence of A T on Br2
pressure, p, may be written in the following empirical form:

A T, - A exp [BI(p -pgh)] (p > pto), (9)

where A and B are functions of temperature. In Fig. 13, p,.corresponding to a
certain mole fraction of Br 2 in the Br2 -CCI 4 solution, was obtained from the
table in ref. 6. At p - pt1 , A T2 is infinite, indicating that no intercalation
takes place. For the case of pure bromine, Fig. 13 shows that AT1 - 1.2 s,
which is very large compared with the first value given in Table 1. This is due
to the fact that a load of 95 kg/cm2 was applied to the sample in the work of
Saunders et al. [5].

The perfection of the graphite material also has a large influence on the
rate of expansion or AT 1 , as shown in Table 1, where the samples are listed
in order of increasing perfection of the graphite material. In particular, the
results of Hooley et a1. [5] on samples of equal thickness clearly show the
trend that the higher is the perfection of the graphite material, the smaller is
a T or the higher is the rate of expansion. A similar trend applies to the
electrical resistivity and threshold pressure [11 ]. In the absence of sufficient
relevant data, it is difficult to establish an absolute correspondence between
AT, and the variables mentioned above. However, AT might prove to be
equally as good as resistivity or threshold pressure In determining the per-

A

o .
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TABLE I

Values of AT 1 for intercalation of different types of graphite at a Br 2
pressure of 145 mmHg at 20 °C

Source Sample Dimensions * AT 1
(cm) (a)

Saunders etal. [5) A 0.4 x 0.4 x 0.1 7 X 10 - 2 e e

Hooley et al. (1] PG1 0.26 (dia.) x 0.6 1.9 x 10 - 2 * *

PG3 0.26 (dia.) x 0.6 4.2 x 10 - 4 * *

PG6 0.45 x 0.45 x 0.6 1.5 x 10 - 4 * * *

Present work HOPG 0.7 x 0.7 x 0.03 6.8 x 10- 4

*The last dimension listed is the thickness.
* * This value is obtained by extrapolating the curve of AT1 vs. load at

20 C, to zero load.
S***These values are based on the data given in Table 1 of ref. 1; they are

rougt estimates only. Disc production tends to underestimate the values
by enhancing the rate of expansion.

fection of the graphite material, especially since A T has the advantage of
being easily measurable. However, AT, has the disadvantage of being de-
pendent on the size, particularly the thickness, as shown by comparison of

the data in the last two lines in Table 1. A TI for HOPG is expected to be
smaller than that for PG6, but, due to a difference in thickness, it is not.

The stage of an intercalation compound is best determined by X-ray
diffraction. The stage number as well as the layer spacing expansion should
ideally agree with the macroscopic expansion along the c-axis. Conversely,
the stage number can ideally be ascertained from the macroscopic expansion
[12] with the help of only the knowledge of the layer spacing expansion.
From eqn. (8), the theoretical maximum macroscopic expansion is Nd'. The
initial thickness can be written as Nnd, where n is the stage number and d is
the pure graphite layer spacing (3.35 A). Thus, the theoretical fractional ex-
pansion is d'/nd. For the first stage (n - 1) graphite-ICl compound, d' -
3.89 A, so that the theoretical fractional expansion is 116%, as indicated by
asterisks in Fig. 9. It is clear that the presence of cracks will lead to mis-
leading results, as is evident in the review of different previous results for ICI
intercalation [131. Therefore, measurement of the final expansion is not as
revealing as that of the expansion during the whole course of intercalation.

The model is applied to nitration by assuming that AT, is an overall
rate determining quantity, since an initial linear portion is obtained in the
experimental data of expansion us. time (Fig. 6). We further assume that the
time at which the lattice expansion is finished corresponds to the time when
the curve deviates from linearity in Fig. 6. In this context, the dashed line
in Fig. 6 represents the true lattice expansion. It should be mentioned that
the concentration of fuming nitric acid used in this work was such that a
third stage graphite nitrate resulted, as verified by X-ray diffraction. Accord-
ingly, A T, for nitration is 8.0 x 10- s.
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There has not been much experimental data which can yield clues to
the relationship between A T, and temperature. From the data of Saunders
et al. [5], it is evident that the rate of expansion falls with increasing tem-
perature. This is consistent with the fact that the velocity of the intercalate
front decreases with temperature (Section 2.3.1) and with the interpretation
of AT given in terms of the velocity (Section 2.4). If the distance an inter-
calate layer has to move inward before the next layer is nucleated does not
vary much with temperature, the decrease in velocity means a longer time gap
(AT1 ) between successive nucleation events. The threshold pressure also in.
creases with temperature [4, 51. This is not unexpected if we assume that
the threshold pressure represents the pressure for the initiation of nucleation.

The decrease in the expansion rate during Br 2 intercalation is consistent
with the discrepancy found in the later period of expansion between the
model prediction and the experimental curve of fractional expansion vs.
fractional mass uptake (Section 2.4.3). The calculated curve based on a
single A T rises faster than the data beyond 80% of the expansion. Taking
into account a slower rate of expansion will obviously reduce the discrep-
ancy. It may be noted that the stage number n need not be an integer as
has been tacitly implied in the model. In fact, n can be defined just as the
ratio of the number of graphite layers to the number of intercalate layers.
This is in accordance with the finding that the equilibrium expansion under a
certain pressure is proportional to the mass uptake [4, 51. A similar view has
also been adopted in connection with the interpretation of X-ray diffraction
patterns [14]. This, of course, means that AT should be considered as an
average time gap between two successive nucleation events.

2. Kinetics of desorption

Desorption is due to the thermodynamic instability of lamellar com-
pounds. This instability results from the relatively weak bonding between
carbon and the intercalate and between adjacent intercalate atoms or mole-
cules, as evident in graphite-Br2. Surface profilometry, described in Section
2.1, has been performed to study the kinetics of desorption, with further
information obtained through isothermal and scanning thermogravimetry,
as well as detecting the effluent gas during desorption.

2.1. Experimental techniques

2.1.1. Gas detection
The detection of desorbed intercalate from a sample upon heating was

achieved by using an effluent gas analyzer incorporated in a differential
scanning calorimeter (Perking-Elmer DSC-1B). The analyzer consisted of a
two-thermistor bridge circuit which monitored the thermal conductivity of
the DSC sample holder purge gas relative to the gas which bypassed the
sample holder. The system was purged at 30 cm3/min with dry nitrogen. A
weighed graphite-Br2 sample was placed in a platinum pan and mounted in
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the DSC sample holder which was purged for about 10 min at room tem-
perature. The sample temperature was increased at either 5 or 10 'C/min. A
Columbia Scientific Industries integrator was used to record the effluent
analyzer output; the acquisition rate was 5 or 10 per min.

2.1.2. Thermogravimetry
The thermal gravimetric measurement was performed by using a Perkin-

Elmer electronic microbalance (Autobalance Model AD-2Z), which has a
maximum sensitivity of 0.1 Mg. The sample was placed on a pyrex pan which
was suspended by a pyrex hangwire. A 19 mm i.d. pyrex tube enclosed the
hangwire and the sample pan. During the measurement, the tube was slowly
purged with argon at approximately 20 cm 3 /min. A low mass furnace sur-
rounded the sample pan and was controlled by a Theall Engineering Model
TP-2000 temperature programmer, which was capable of either isothermal or
scanning temperature control. The sample temperature was measured by
placing a chromel-alumel thermocouple immediately below (within 2 mm)
the sample pan. During isothermal measurements, the controller kept the
sample temperature within 1 °C from the programmed temperature. All
temperature scans were performed at a heating rate of 2 tC/min.

2.2. Experimental results

2.2.1. Gas detection
Typical effluent gas analyzer response is shown in Figs. 14 and 15. A

graphite-Br2 sample, which had been allowed to desorb at room temperature
from 83 to 43.3 wt.% Br 2 , was heated from room temperature to 107 9C at
10 *C/min, as shown in Fig. 14. Little evolved bromine was detected until
101 1C. At this point a considerable amount of intercalate was detected and
is interpreted as being an effect of intralayer intercalate position disordering
at 100 OC.

W
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Fig. 14. Effluent gas detector response as function of temperature, showing desorption
commencing at the intralayer order-disorder transformation temperature in graphite- 2Bra
(100 C). The sample contained 43.3 wt.% Br2 before heating.
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Fig. 15. Effluent gas detector response as a function of temperature, showing desorption
associated with exfoliation near 177 TC. The sample contained 21.5 wt.% Br2 before
heating.

Figure 15 shows the effluent gas analyzer response for a less concen-
trated graphite-Br 2 sample at a higher temperature range and sensitivity. The
sample was originally a saturated lamellar compound (83 wt.% Br2 ); prior to
this temperature scan, it had been desorbed at room temperature and by

q heating to about 117 tC, and it contained 21.5 wt.% Br2. The temperature of
the sample was scanned from room temperature to 187 IC at 5 /min. In
Fig. 15, the analyzer trace increases slowly (probably due to baseline drift at
this high sensitivity) until about 177 9C, where the amount of desorbed inter-
calate increased sharply. This increase is attributed to extensive exfoliation,
which was visually confirmed at 176 VC for this sample.

The amount of vapor desorbed near 101 'C has been found to increase
significantly with increasing intercalate concentration. At low intercalate
concentration, as for the sample of Fig. 15, this increase at -102 1C was too
small to be observed, By contrast, at relatively high intercalate concentra-
tions, as for the sample of Fig. 14, a large increase was observed at - 102 *C.

By using the gas detection technique, we have found that the intralayer
p order-disorder transformation and exfoliation greatly affect the rate of inter-

calate desorption. However, the effect of the order-disorder transformation
on desorption is small at low intercalate concentrations. In order to study
these effects more precisely and to obtain information on the kinetics of
intercalate desorption, we have used thermogravimetry, as described in Sec-
tion 2.2.2.

p

2.2.2. 7thermogravime try

2.2.2. 1. Isothermal desorption. Isothermal desorption was studied on
graphite-Br 2 prepared by exposing pristine, highly-oriented pyrolytic graph-
ite (HOPG) to bromine vapor at room temperature for a sufficient amount
of time to produce saturated stage 2 graphite-Brs (83 wt.% Bra).- The sam-

OI-.
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ples were approximately 4 X 4 X 0.5 mm in size and weighed between 9 and
18 mg before intercalation. The uncertainty in sample weight was ± 10 pg.

Figure 16 shows the intercalate concentration (in wt.% Br 2 ) as a func-
tion of time for samples desorbed at 50, 60, 70, 80 and 90 1C. During the
early part of the desorption process, the desorption rate increases as the tem-
perature increases. However, complete desorption does not occur, as a signif-
icant portion of the original intercalate (-19 wt.% of parent graphite) is
retained by the parent graphite even after a long desorption time. This
behavior is clearly shown by the 90 IC desorption curve. In a similar manner,
samples desorbed at lower temperatures also approached this minimum con-
centration, given sufficient time. Since -19 wt.% Br2 is strongly retained by
the graphite at these temperatures (for desorption below 100°C), this
amount is subtracted from the total amount intercalated to yield the "des-
orbable" portion of the intercalate. The weight fraction of desorbable inter-
calate remaining is thus defined as

M M-M..M M--- ' (10)

where M0 is the mass of intercalate before desorption, M. is the mass of
intercalate after an infinitely long desorption time, and M is the instantaneous
mass of intercalate.

Desorption curves for desorption at temperatures above the intralayer
order-disorder transformation temperature are shown in Fig. 17. Due to the
anomalously high desorption rate at the intralayer order-disorder transfor-
mation temperature, it was impossible to maintain a high intercalate concen-
tration above the order-disorder transformation temperature. As a result,
measurements above the order-disorder transformation temperature could
only be performed on relatively dilute compounds. The temperatures chosen
for the isothermal measurements were 110, 120, 130 and 140 C. As shown
in Fig. 17, desorption at these temperatures led to intercalate concentrations
less than 18 wt.% Br 2 . However, the minimum concentration has not been
determined and the effect of the order-disorder transformation on the con-

90
80o
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Fig. 16. Isothermal desorption curves of initially saturated IPhitO-Br2 at temperatures
below the intrasyer order-disorder transformation temperature.
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Fig. 17. Isothermal desorption curves of relatively dilute graphite-Br 2 at temperatures
above the intralayer order-disorder transformation temperature.

centration has not been quantitatively studied. Nevertheless, like desorption
below the order-disorder transformation temperature, the desorption rate
above the order-disorder transformation temperature increases as the tem-
perature increases.

2.2.2.2. Scanning thermogravimetry. Because the desorption rate is very
high at high temperatures for high concentration samples, measurement
during temperature scanning was performed on samples of starting concen-
tration less than 30 wt.% Br2 . The uncertainty in the sample weight was ± 10
,g at low temperatures and increased as the temperature increased, since dis-
turbance caused by violent desorption or exfoliation occurred at high tem-
perature,.

Figure 18 is a plot of intercalate concentration vs. temperature for
three samples which were obtained by desorbing saturated graphite-bromine
compounds at various temperatures, to the starting concentration. The sam-
ples were heated at 2 'C/min, and held isothermally at 120, 130, or 140 'C
for 50 min before being heated to higher temperatures. The sample associated
with curve I was initially desorbed at 60 *C and was held at 120 *C. The
samples yielding curves 2 and 3 were desorbed at 50 and 70 *C, respectively,
and were held at 130 and 140 1C, respectively.

As shown in Fig. 18, the sample weight decreases sharply at two dis-
tinct temperatures. The first decrease occurs at approximately 98 'C and cor-
responds closely to the temperature associated with the intralayer intercalate
position order-disorder transformation. The desorption rate below this tem.
perature is negligible compared with that above this temperature. The second
decrease occurs at -165 170 'C and is associated with exfoliation. The des-
orpton rate and the equilibrium intercalate concentration above the exfolia-
tion temperature have not been determined in this work. However, it was ob-
served that the sample weight did not decrease smoothly but jumped, indi-
cating perhaps that desorption above the exfoliation temperature occurred in
spurts. Moreover, the exfoliation temperature appeared to depend on the
desorption temperature prior to the temperature scan, such that the lower
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Fig. 18. Scanning thermogravimetric curves taken at 2 C/min for three relatively dilute
graphite-Br 2 samples. The scan was interrupted for 50 min at 120 °C for Sample No 1, at
130 °C for Sample No. 2, and at 140 °C for Sample No. 3.

the initial desorption temperature, the higher the exfoliation temperature.
These observations on exfoliation are consistent with our thermal mechanical
analysis results 1151.

2.3. Discussion

2.3.1. Model of desorption
We propose to model the desorption process as out.diffusion of the in-

tercalate. The intercalate concentration C(x,t) is assumed to be uniform
throughout the sample prior to desorption (t < 0). Let

C(x,O) = Co, (11)

i.e., Co is the initial intercalate concentration. The out~diffusion process is
governed by the continuity equation

ac P'C
D --- •(12)at ax

To simplify the solution, the sample is assumed to be infinitely large
along the x-axis. This gives the boundary condition

C(-, t) - CO. (13)

If D is assumed to be constant, eqn. (12) can be solved to give

C(x, t) erf' x -)-(14)
Co "

F-x-



b

.-113-

18
82

Equation (14), in turn, can be used to determine the weight fraction of
desorbing species remaining as ref. 16

M ( Dt ) 1/2

M" " 

(115))

where t is the desorption time, D is the diffusion coefficient and I is the
width of the sample [16] .The sample is of finite size, so the boundary condi-
tion expressed in eqn. (13) does not hold exactly. However, this boundary con-

# dition can be assumed in the beginning of the desorption process and eqns.
(14) and (15) are applicable.

Since the thickness of an intercalation compound is proportional to the
concentration, eqn. (14) also indicates the c-face surface profile during
desorption. Figure 19 shows the evolution of the concentration profile along
the c-face according to eqn. (14). The experimental c-face surface profiles
shown in Fig. 20, obtained during room temperature desorption in air of
C1 sBr2 based on HOPO, are in qualitative agreement with those predicted in
Fig. 19. In contrast to intercalation, no sharp intercalate front was observed
during desorption.

Figure 21 is a plot of In D vs. l/T, where D is determined by the initial
slope of the MIM. vs. (t/12) 1/2 curves shown in Figs. 22 and 23. If the dif-
fusion coefficient is written as

D -Do exp (- E_), (16)

where ED is the activation energy (per mol) for diffusion, the slope of a plot
of In D vs. I/T is equal to - EDIR. By this relation the activation energy for
diffusion is found to be 17 kcal/mol below 100 C, the order-disorder trans-
formation temperature, and 4 kcal/mol above the order-disorder transforma-
tion temperature. The value of 17 kcal/mol is in agreement with the 11 - 14
kcal/mol activation energy determined by Aronson [17] for the self-dif-
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Fig. 19. Evolution of the concentration profile Wlong the c-face according to the proposed
model of desorption.
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Fig. 20. Experimental c-face surface profiles obtained at different times during room tem-
perature desorption in air of CI6Br 2 base on HOPG.
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Fig. 23. A plot of MIM. us. (t/1 2 )112 
for desorption at temperatures above the intralayer

order-disorder transformation temperature.

fusion of bromine within an intercalate layer in the temperature range 30 -
50 V. The lower activation energy above the order-disorder transformation
temperature is consistent with the intuitive notion that diffusion should be
easier in a disordered material. For example, the activation energy for dif-
fusion in a liquid is lower than in a solid. In the case of 1-brass [181, the
activation energy for diffusion is lower in the high temperature P than in the
ordered 0'.

As the concentration of bromine within a layer is apparently indepen-
dent of stage, a bulk concentration gradient indicates a succession of stages.
As the diffusion coefficient within a layer is likely to be constant, and inter-
layer diffusion is unlikely, the flux through a given area should be related to
the stage in that area, that is, the bulk diffusion coefficient should be con-
centration dependent, perhaps inversely proportional to the stage number.
While MIM. would still be proportional to t 112 at short times, such a 6on-
centration dependence would cause increasing deviation from proportion-
ality as desorption progresses, as is evident in Fig. 22. Such a dependence is
also indicated by the diffusion coefficients measured above the order-dis-
order transformation temperature. To avoid exfoliation the high temperature
samples were desorbed to a nominal concentration of 28 wt.% Br2 at room
temperature before being heated and weighed at high temperatures. Con-
sequently, the diffusion coefficient can be smaller at high temperatures
though the activation energy is less at these temperatures.

3. Conclusion

The kinetics of intercalation and desorption have been studied by fol-
lowing the physiochemical changes during these processes. In particular,
surface profile measurement was used for the first time to study these
processes. In addition, thermogravimetric analysis was performed to study
the kinetics of desorption. Phenomenological models have been formulated
to describe the kinetics of intercalation and desorption. The model of inter-
calation describes interface-controlled intercalation and allows for the first
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time a coherent explanation of the various physiochtemical changes that
accompany intercalation. The model of desorption considers the out-dif-
fusion of the intercalate and gives the first quantitative description of the
desorption process. The activation energy for desorption was determined to
be 17 kcal/mol below the intralayer order -disorder transformation temper-
ature and 4 kcal/mol above this temperature.
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Abstract

By x-ray diffraction, exfoliated graphite-Br, was found to exhibit the same in-plane

superlattice ordering as intercalated graphite prior to exfoliation. This ordering persisted even

after heating for an hour at 17000C. Furthermore, an intercalated single crystal flake retained

its orientation throughout exfoliation and collapse. By dilatometry, a single exfoliation event

was found to consist of multiple expansion spurts, which occurred at .15 0 *C and ,240*C for

first exfoliation, and ,100C and ,.240*C for subsequent cycles. The amount of expansion

was found to increase with decreasing intercalate activity during intercalation. With exfoliation

cycles to higher temperatures or longer times, the amount of residual expansion after the

collapse on cooling increased until no second exfoliation was observed on reheating. Due to

intercalate desorption, the amount of expansion for concentrated samples increased with

increasing sample width: desorbed samples showed little width dependence. Acoustic emission

was observed before appreciable expansion during the first exfoliation cycle: it was not

observed during the collapse or subsequent exfoliation cycles. A model of exfoliation involving

intercalate islands is proposed.
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Introduction

When intercalated graphite is heated past a critical temperature. a large expansion along the

c-direction occurs, giving the compound a puffed-up appearance. This phenomenon is known

as cxfoliation.

Brocklchurst [1 ] observed by dilatometry that desorbed graphite-Br, based on

polycrystalline artificial extruded graphite began exfoliation at ~300*C upon heating, resulting

in an expansion of up to -2.1 % at 500*C. By similar dilatometric measurement on desorbed

graphite-Br, based on pyrolytic graphite. Martin and Brocklehurst [2] found that

1. first exfoliation occurred at -170 0C upon first heating.

2. subsequent exfoliation occurred at ~,120*C in subsequent heating cycles,

3. collapse occurred at -110 0C upon cooling.

4. second and subsequent exfoliation cycles were reversible,

5. the expansion was up to 380 % at 5000C.

6. the exfoliation temperature increased linearly with increasing load.

In contrast to the relatively small amount of expansion observed by Martin and Brocklehurst,

Ubbelohde [3] observed an expansion of .1000 % at 350 0C for graphite-'Br, based on well-

oriented graphite. By using differential thermal analysis, optical microscopy and gaseous

pycnometry, Mazieres et al. [4] found that desorbed graphite-Br based on pyrocarbons

underwent first exfoliation at 160-2000C on heating, second exfoliation at 100-1200C on

heating. and collapse at 70-100C on cooling. Furthermore, they found that thermal cycling

decreased the exfoliation tendency progressively and that this effect was more pronounced when

the heating was carried out in air. Mazieres et al. [5] observed irreversible exfoliation after

heating desorbed graphite-Br2 based on pyrocarbons to 10000C and cooling in an arson

atmosphere. In addition, they demonstrated that it was possible to intercalate the irreversibly

exfoliated material

Other than graphite-Br, exfoliation had also been observed in graphite-ferric chloride [63.

2--
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graphite-aluminum chloride [7]. and graphite intercalated with a mixture of nitric and sulfuric

acids [7].

The tendency for exfoliation depends on the extent of stacking order of the graphite basal

planes [8). Dowell [9] showed that possession of a basal plane stack height, L. greater than
O

,450 A was necessary for exfoliation.

The exfoliation phenomenon is of technological importance as well as scientific interest.

The exfoliation of graphite-ferric chloride has been used to manufacture Grafoil [10]. a high

temperature thread sealant tape. The exfoliation of graphite-HNO3 H,SO4 has been used for

making a thermal insulator for molten metals [11]. The exfoliation of graphite-FeCl 3NH

has been used for making blankets for the extinction of metal fires [12). In addition.

exfoliated graphite is being investigated by the U.S. Army for use as a battlefield

obscurant [13). The surface area increase resulting from irreversible exfoliation is attractive

for catalytic applications of graphite intercalation compounds [141. In addition, exfoliation is

a phenomenon that affects the thermal stability of graphite intercalation compounds, so

understanding of this phenomenon is necessary for the use of graphite intercalation compounds

at elevated temperatures.

We have reported that the exfoliation behavior depends more strongly on the parent initial
stage than on the intercalate concentration in graphite-Br 2 [151. This paper supports this

contention and offers further insight into the exfoliation process. The key issues which are

addressed include the following. Is exfoliated graphite intercalated? How does exfoliation

affect the structure of the parent graphite or the intercalation compound? How reversible is

exfoliation? How can the reversibility or irreversibility of exfoliation be controlled? What is

the mechanism of exfoliation?

In this work. we have used dilatometry to investigate the dependence of multiple

exfoliation and collapse on

1. the stage,

MOP'



-121-

4

2. the intercaiate concentration.

3. the intercalation temperature.

4. the annealing time and temperature after the first exfoliation.

5. the sample size.

6. the intercalate species.

Particular attention was given to the reversibility of exfoliation. In addition, acoustic emission

was used to investigate the nature of the exfoliation process and x-ray diffraction was used to

study the crystal structure of the exfoliated material.

The main findings of this work are the following.

1. Exfoliated graphite exhibits the same in-plane superlattice ordering as intercalated
graphite prior to exfoliation. This ordering persists even after heating for an hour
at 1700 0 C.

2. Intercalated single crystal graphite exhibits the same orientation before and after
exfoliation, with well defined (hkO) directions in both the graphite and the
intercalate layers.

3. Acoustic emission was observed before appreciable expansion during the first
exfoliation cycle. It was not observed during the collapse or subsequent exfoliation
cycles.

4. A single exfoliation event consists of multiple expansion spurts, which occur at
~.15 0 "C and ~24O0 C for first exfoliation, and at ~100'C and -. 240 0C for
subsequent cycles.

5. The expansion was found to increase with decreasing intercalate activity during
intercalation, such that it increased with decreasing Br2 concentration in the Br,-CCI4
solution and with increasing intercalation temperature. "

6. With exfoliation cycles to higher temperatures or longer annealing times, the amount
of residual expansion after the collapse on cooling increased until no second
exfoliation was observed on reheating, i.e.. exfoliation became irreversible.

7. Due to intercalate desorption. concentrated intercalated graphite shows more
expansion after first exfoliation than after second exfoliation. However. desorbed
intercalated graphite shows less expansion after first exfoliation than after second
exfoliation.

8. On repeated exfoliation cycles, concentrated samples show a decrease in the amoint
of expansion due to desorption during exfoliation, while desorbed samples show little
decrease in the amount of exfoliation.

"4
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9. Due to intercalate desorption. the amount of expansion for concentrated samples
increases with increasing sample width. However, desorbed samples show little width
dependence.

Experimental Techniques

Samples were prepared from highly oriented pyrolytic graphite (HOPG) kindly provided by

Union Carbide Corporation. Most samples were cut to a size of 4mm x 4mm x 0.5mm and

then placed in liquid bromine for intercalation. Samples which were intercalated above room

temperature were placed in a constant temperature bath. Times of the order of a minute were

required to place a sample in a sample holder, add bromine, seal the sample holder and place

it in the water bath. A similar amount of time was necessary to remove the sample from the

bath. quench it to room temperature, and remove the sample from the bromine. Fourth stage

samples were prepared by placing the samples in a 15 mol% Br, bromine-carbon tetrachloride

solution. A 12mm x 12mm x lmm sample of graphite was intercalated in pure bromine for

intercalation to second stage and was then cleaved and cut to produce 7mm x 7mm. 5mm x

5mm and 2mm x 2mm samples. Desorption of the lamellar compounds was allowed to occur

in air or nitrogen. Stage 1 graphite-ICI was prepared by immersion of HOPG in ICI liquid at

room temperature. The stage was characterized by x-ray diffractometry using Cu Ka

radiation.

The effect of exfoliation on the intercalate in-plane superlattice was investigated by x-ray
diffraction. For HOPG, the Transmission Laue Method was used. with Mo K radiation and a

specimen-to-film distance of 6 cm. The HOPG samples were oriented to yield mainly the
0 a

(hkO) in-plane diffraction lines. The set-up allowed d-values ranging from 0.8 A to ,.6 A to

be measured. The exposure time was .12 hr for every sample. For single crystal graphite,

the Precession Method was used. with Mo K radiation and a precession angle of 100.

Exfoliation expansion was followed with a probe connected to a linear variable differential

transducer (LVDT). The sample was heated by a furnace around the support extending an inch

above the sample. As a consequence of active cooling of the support, the air surrounding the

.4 sample was hotter than the support surface. This had the result that when exfoliation started,

.+
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the sample temperature increased toward the ambient air temperature due to enhanced

insulation from the cooler support. The sample temperature was measured by a Pt-Pt 10% Rh

thermocouple bead in contact with the sample. A heating and cooling rate of 200 C/min was

used in the exfoliation cycles. The weight of the probe on the sample was 28 grams. The

samples were purged with nitrogen gas in the presence of air during the measurements.

Acoustic emission during exfoliation was detected by using an ultrasonic transducer

(Aerotech Gamma. 1.6 MHz narrow band or 0.5MHz wideband) equipped with a high

temperature delay line. The transducer signal was amplified and the acoustic emission pulses

were counted by using a frequency counter.

Experimental Results

Figure 1 shows x-ray diffraction patterns obtained on graphite-Br, (i)after desorption from

saturation and before exfoliation, and (ii) after exfoliation carried out at ,,300 °C. The

indexing of the diffraction lines are shown in Table 1 for these samples as well as pristine

graphite and graphite-Br, exfoliated at 1700°C. The in-plane superlattice was the same as that

of stage 2 graphite-Br, based on single crystal graphite, as determined by Ghosh and

Chung [16]. The unit cell is monoclinic and commensurate with the graphite lattice, with in-
0 0

plane lattice constants a=4.26 A. b=8.87 A. and the angles a=,8=90 0 and y=103.9*. Due to the

mechanical deformation resulting from exfoliation, the diffraction pattern was closer to a

powder pattern after exfoliation, as indicated by the complete diffraction rings obtained after

exfoliation (Fig.1). For the same reason, certain (hkl) lines not observed before exfoliation

were observed afterward.

A single crystal flake was intercalated to a second stage graphite-bromine compound.

desorbed, and then heated to 300*C with exfoliation occurring at ,-180 0 C. Figure 2 shows a

room temperature precession photograph taken after exfoliation and collapse. It can be

observed from the graphitic spots that the material remained a fairly good single crystal.

although the graphitic spots had been slightly broadened. Moreover. the graphite-Br, (hk0)

diffraction spots were clearly present. These results suggest that exfoliation has little effect on

I-
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a microscopic scale other than a small amount of local bending of the graphite planes. It

appears that the deformation which takes place during exfoliation does not appreciably affect

the in-plane orientation of the superlattice in the single crystal, even though the c-axis in

exfoliated HOPG shows a considerable increase in the mosaic spread (9].

Thornel P-100 fibers were intercalated by immersion in nitric acid and IC. Evidence of

intercalation was obtained by x-ray diffraction. The main diffraction peak was shifted to

lower angles than that of the pristine fiber (002) diffraction peak. though too few (00/) lines

were observed to determine the stage. The fibers were heated in three ways: in a flame in

air. in a vacuum furnace, and by passing a current through them until they broke.

Examination of the fibers by optical microscopy did not indicate any of the expansion

characteristic of exfoliation in HOPG nor the rupture observed by Endo et al. [17". The

FWHM of the diffraction peaks observed in our fiber indicate crystallite stack heights (LC) on

0 0

the order of 150 A. much less than the 450 A suggested by Dowell [9] as a minimum for

exfoliation. Consequently one may expect that exfoliation will not occur in most fibers.

Vapor-grown graphite fibers, on the other hand, tend toward higher perfection: Koyama et
0

al. (1S] reported L greater than 1000 A in these fibers.

Figure 3 illustrates the general features of exfoliation which we observed in graphite-Br,

(HOPG) by dilatometry. The sample (5 x 5 mm) was initially intercalated to 3.2 mol% Br,

(stage 4). desorbed to 1.3 mol% Br, reintercalated to 6.3 mol% Br2 (stage 2). and desorbed to

1.6 mol% Br. During the initial part of the first heating cycle, expansion occurred very

slightly though with a thermal expansion coefficient several times that of graphite. Eventually

the sample exfoliated within a relatively narrow temperature range. We have determined a

first onset temperature (T, for the first exfoliation cycle,T 2 for the second cycle) by

extrapolating the line of exfoliation expansion and taking its intersection with the horizontal

base line. The expansion rate diminished to form a shoulder (first shoulder) in the curve, and

then increased again to form a second shoulder, as shown in Fig. 3, where the second shoulder

of the first exfoliation cycle is labeled. No shoulders were observed at higher temperatures up
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to 600 0C in graphite-Br,. We designate the fractional expansion at the first shoulder as E

for the first cycle and E, for the second cycle, as determined by the intersection of the line

of exfoliation expansion and the expansion line at the shoulder. The second onset temperature

and the fractional expansion at the second shoulder are illustrated in Fig. 3 for the first

cxfoliation cycle. On cooling, a large degree of hysteresis was evident, with contraction of the

exfoliated structure occurring predominantly within a narrow temperature range, resulting in a

small residual fractional expansion. E. We designate the collapse temperature T as the€ C

tcmperature determined by the intersection of lines extrapolated from the contraction region

and the linear region of the curve on cooling prior to collapse. On reheating, second

exfoliation occurred at about the same temperature at which collapse occurred during cooling.

i.e.. T,=T¢. It is interesting to note that while T, and T, were quite separate, the second

shoulder was observed at about the same temperature in any exfoliation cycle. The collapse

behavior was largely the same for any exfoliation cycle.

Shown in Fig. 4 is the exfoliation behavior of single crystal graphite-bromine. The

graphite single crystal was a flake obtained from a New York mine, ~5 mm in diameter,

- which was intercalated to saturation in liquid bromine, then desorbed at 900C in air for a day.*
at frst C~ w~ 4

e

The fractional expansion at 3000 CAwas 31 times for this single crystal graphite-bromine,

- whereas it was only 21 times for a similarly prepared HOPG samples with similar width (see,

for example, the HOPG data in Figs. 9 and 10). The collapse temperature T was 210±100 C

for single crystal graphite-bromine, and was 100±100C for HOPG graphite-bromine. As a

result, the hysteresis was relatively small between the collapse and the next expansion for single

crystal graphite. The shoulders which were quite evident in HOPG were difficult to discern in

the single crystal curves.

The exfoliation behavior of a first stage graphite-ICI (HOPG, 4 x 4 mm) is shown in Fig.

S. In general the exfoliation curve is much like that observed for graphite-Br2. The main

difference is that the exfoliation onset temperature T, of graphite-ICI is approximately the

same as the collapse temperature T and the second exfoliation temperatures T whereas in

sae teclas° tmeaueT2
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graphite-Br,, T, is generally higher than T,. It may also by pointed out that T, in graphite-

ICI is about 1000C higher than that of graphite-Br,

In comparing Figures 3 and 5. it can be seen that the amount of expansion which occurred

during second exfoliation of graphite-ICQ was considerably less than that which occurred in

graphite-Br,. This is probably not an attribute of the intercalate species. but rather a

consequence of the amount of desorption which had occurred during first exfoliation. While

the graphite-ICl sample was a saturated (first stage) compound just before exfoliation was

begun. the graphite-Br, sample was a desorbed sample prior to exfoliation. Therefore.

desorption was much more significant during first exfoliation of the graphite-ICI sample than

the graphite-Br, sample. The dependence of exfoliation on desorption is given later in this

paper.

Figure 6 illustrates the dependence of expansion on the number. N. of exfoliation cycles

for 5mm x 5mm graphite-Br, samples which were, in one case (open circles), allowed to desorb

from a second stage parent compound to 1.5 mol% Br, before exfoliation and. in the other

case (closed circles), not allowed to desorb before exfoliation (i.e., the second stage parent

compound). The fractional expansion at the first shoulder (i.e..EN, where N is the number of

exfoliation cycles) was plotted against N. At the end of five exfoliation cycles, each carried out

to 290 0C. the partially desorbed sample had further desorbed to 0.7 mol% Br2. For the

desorbed sample, E, was greater than EV, and there was only a slight decrease from E2 to E..

For the second stage parent compound, the bromine concentration varied from 6.3 mol% Br,

before the first exfoliation run to 0.6 mol% Br, after the fifth exfoliation cycle, each carried

out to 340 0 C. In this case, the expansion behaved as might be expected, i.e.,E >E,>E>E4>E s.

In general, we observed E>E., when samples were exfoliated without prior desorption, and

E1<E2 when samples were allowed to desorb to an approximately constant weight before

exfoliation.

The extent of desorption during each exfoliation cycle was measured by gravimetry. The

. .. . .__ _ _ _ __ _ |
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results are shown in Fig. 7. where the intercalate concentration (in mol% Br;) was plotted

against the square root of the number. N. of exfoliation cycles. The sample (2 x 2 mm) had

been desorbed from second stage to 1.4 mol% Br, prior to exfoliation. The greatest weight

loss occurred during the first and second exfoliation cycles, with the concentration decreased

from 1.4 to 1.2 mol% Br, after the first exfoliation and from 1.2 to 0.9 mol% Br, after the

second exfoliation. A similar loss. from 0.9 to 0.7 mol% Br, required seventeen additional

exfoliation cycles. It is this region from N=2 to N=19 which is shown in Fig. 7. The

concentrations after cycles 0 and 1 are not shown because they are too far from the succeeding

concentrations. The line drawn is a least square fit of the data with a correlation coefficient

of -0.96. The dependence on /N suggests that the weight loss may be treated as a diffusion

process with an exfoliation cycle being analogous to a unit of desorption time. The effective

overall diffusion coefficient during an exfoliation cycle is probably an average of the diffusion

coefficients within the temperature range covered by the exfoliation cycle.

Figure 8 shows the dependence of E on the sample width (the dimension perpendicular to

the c-axis) for samples which were initially second stage. The filled circles correspond to

samples which were not desorbed prior to exfoliation, and the open circles correspond to

samples which were allowed to desorb to ,,1.5 mol% Br 2 before the exfoliation cycles. The

samples were all square and of approximately the same thickness. For samples which were not

allowed to desorb. E increased as the width of the sample increased. The samples which were

allowed to desorb did not show this size dependence. Consequently we attribute the apparent

width dependence to be actually a concentration dependence, which is appearing as a

consequence of desorption during the previous exfoliation cycles. This point is discussed in the

next section.

Figure 9 illustrates the effect of the maximum temperature on the exfoliation behavior.

The samples were HOPG (4 x 4 mm) intercalated to 6.3 mol% Br 2 (stage 2), but not allowed to

desorb before heating. Plot A in Fig. 9 shows dilatometric results obtained during two

K) exfoliation cycles carried out to ~200 C; Plot B was obtained during two cycles carried out to

p
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-,400 °C: Plot C was obtained during two cycles carried out to ,,600*C. The main trend

indicated in Fig. 9 is that E (the residual fractional expansion) increased as the maximum

temperature increased. Figure 10 shows similar effects due to isothermal annealing at the

maximum temperature during the first heating. Contraction was observcd during annealing.

After annealing for 0.5 hr at ~600 *C, the fractional expansion was only 90 % of the initial

600 0C expansion; after a one-hour anneal, the fractional expansion was 80 % of the initial

600"C expansion: after a 3-hour anneal, the fractional expansion was 70 % of the initial 600 0 C

expansion. However. no contraction was observed in samples annealed at 200 0C or 400 0C. It

should be noted that a second exfoliation was not observed in the samples annealed at 600"C.

The results of annealing at different temperatures for various lengths of time are summarized

in Table 2. where EC and E, are listed relative to E to lower the effect of the error in

measuring the initial sample thickness. Whereas E/E, is affected by annealing, E,/E, appears

independent of annealing. While most of the data were obtained at heating rates of

20*C/min, several runs were made at 10*C/min and 40*C/min. Within this range of heating

rates, little or no effects were observed which could be attributed to the change in heating

rate. This is most likely due to the fact that even at 40 0 C/min. the time spent in heating to

the exfoliation temperature is long compared to the time needed for desorption.

We have previously reported that the initial stage determines the exfoliation behavior [15].

We have further evidence that the initial intercalating conditions determine the exfoliation

behavior. Table 3 illustrates the effect of the initial stage on the subsequent exfoliation

behavior. Some samples were allowed to be intercalated. desorbed and reintercalated.
Irrespective of the stage after the second intercalation, the samples which were first

intercalated to fourth stage in a Br2--CCI 4 solution of 15 mol% Br, had a lower T , larger E,.

and larger E2 than those which were first intercalated to second stage. Within a group of the

same initial stage, the sample intercalated twice had a greater E, and E, than the sample

f intercalated once. though neither TV, TC nor T2 were affected by reintercalation.

IC
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Table 4 is a list of E, for samples intercalated in pure bromine at different temperatures

(80 - 110C) to produce third stage compounds. Though all the compounds had the same

initial stage, E, increased with increasing intercalation temperature. Thus, the initial stage is

not the sole factor that determines the exfoliation behavior.

For all the intercalate species studied (Br, in HOPG and single crystals, ICI in HOPG. and

HNO 3 in HOPG). acoustic emission occurred before appreciable exfoliation took place. Figure

11 shows the acoustic emission and expansion of graphite-bromine (HOPG, 4 x 4 mm). which

had been intercalated to 3.2 mol% Br, (stage 4). The acoustic emission events were observed as

a large number of pulses within a short period of time. Very few events were observed once

marked expansion had begun. While it may certainly have been the case that once a cellular

structure began to form the acoustic pulses were attenuated beyond detection, a gradual

reduction in the number of pulses was not observed. Instead. emission was observed at

generally one or two distinct temperatures which were separate from the exfoliation onset

temperature. In the case of graphite-Br,, acoustic emission happened to occur during heating

in the first exfoliation cycle at about the temperature of the second exfoliation.

Discussion

Exfoliation is commonly considered to be due to the formation of gas bubbles within an

anisotropic matrix. The phenomenon is used to produce expanded graphite products such as

Grafoil [10] for gaskets, valve packing and insulation, and expanded mica in the form of

vermiculite. Martin and Brocklehurst [2]. and Aoki et al. [19] both modeled the exfoliation

of graphite-bromine by considering the expansion of gaseous bubbles as Griffiths cracks,

though Aoki et al. [19] treated intercalated bromine at room temperature as a solid which

vaporized at the breakaway temperature. Both assumed the bubbles to be trapped at defects

within the crystal. Setton [4] also modeled the exfoliation of graphite-bromine as the

vaporization of a condensed phase, after the migration of bromine to defects. Olsen et

al. [20], in a study of the exfoliation of graphite-bisulfate compounds, proposed that a

bisulfate compound existed as pockets at grain boundaries, with much of the graphite remaining

... , 4 " I . . . . -- . . .. . . .
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unaffectcd. They proposed that the intercalate vaporized on heating, in effect causing the

pockets to explode, leaving a low density, "isotropic" material between planar arrays of

pyrolytic graphite and voids. Similarly, Stevens et al. [6] viewed exfoliation of graphite-ferric

chloride as the forcible rupture of sealed or partially sealed spaces within graphite due to the

fact that ferric chloride decomposed to iron and chlorine gas. Dowell [7]. in discussing the

structures of exfoliated graphite-bisulfate and graphite-aluminum chloride compounds, agreed

that the intercalate should diffuse to defects to form three-dimensional aggregates which could

vaporize, expanding the structure. He also suggested channels through which the vapor escaped

from the sample. We would like to propose the following model for the exfoliation of

graphite intercalation compounds, as motivated by the experimental results obtained.

We assume that the precursor of bubbles are intercalate filled penny-shaped cracks

distributed within a graphite crystal. If the crystal is heated, the pressure within the cracks

will increase as the intercalate takes on a more gaseous character. Higashida and Kamada [21J

analyzed the stress distribution around pressurized penny-shaped cracks in graphite near a free

surface and concluded that two fracture modes are available. One fracture mode is brittle

fracture as a Griffiths crack. i.e.. the crack diameter increases when the tensile stress in the c-

direction exceeds the fracture strength. The other fracture mode is the buckling of the walls

of the crack. i.e., when large bending moments exist at the crack tip, the flat crack may open

to form a bubble. We propose that the latter fracture mode is responsible for the expansion

observed in exfoliation. Higashida and Kamada found that the internal pressure necessary for

fracture by either mode increased as the crack diameter decreased. Furthermore, the internal

pressure necessary for buckling was very sensitive to the depth of the crack below a free

surface due to the mechanical constraints involved in bending a thick layer. -The parameter

h/a, where h is the depth of the crack below a free surface and a is the crack radius, was

found to be much less than one when buckling was favored over Griffiths cracking. (It may

be of interest to note that, unlike in glass, where brittle fracture is typically catastrophic, the

c-direction fracture stress in graphite is low enough that the strain energy is rapidly dissipated

into the formation of surfaces, so that the crack growth stops rather than propagating

- ,- 1 T v .
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catastrophically to the crystal edge.) Although the analysis of Higashida and Kamada was

developed for cracks near a surface, it is reasonable to assume that. due to the interaction of

stress fields, an array of cracks can buckle throughout the material. That is, while buckling

may initiate near a free surface, another crack a similar depth below it can also buckle.

Consequently h may be restated as an average c-direction separation of cracks. In short.

heating an intercalated sample increases the pressure in penny-shaped cracks. Gri ffiths

cracking is likely to occur at a critical pressure: this will reduce both the internal pressure

within the cracks and the pressure necessary to cause buckling. Eventually the internal pressure

and crack diameter will be such that buckling occurs, producing the sudden large expansion

characteristic of exfoliation. Our observation of acoustic emission before exfoliation is in

agreement with the concept of both fracture modes being active.

If cracks buckle to form an exfoliated structure, one problem is in determining the source

of the penny-shaped cracks. One possibility may be defects either pre-existing in the graphite

or caused by the intercalating conditions. If pre-existing defects serve as sites for penny-

shaped cracks, one might expect the exfoliation behavior to be affected mainly by differences

in defect distribution due to the graphitizing process. Once the defects have become saturated

with intercalate. there should be little dependence of exfoliation on stage or intercalate

concentration. If the defects are not saturated, there should be an intercalate concentration

dependence, i.e., with less intercalate, less expansion. If defects produced during intercalation

serve as crack sites, one would expect that more severe intercalating conditions should produce

more defects, hence more exfoliation. Consequently one would expect a low stage compound

to be associated with more defects and a greater degree of exfoliation. Otherwise, for

saturated defects only a weak dependence on concentration should be expected.

Unfortunately, none of these arguments for exfoliation from either pre-existing or induced

defects is supported by what we have observed in intercalated graphite. If pre-existing defects

aid exfoliation, one might expect more exfoliation in a more defective graphite. In fact,

j fibers, which may be expected to have the greatest density of pores and defects, appear to

i7
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exfoliate the least, while single crystal flakes, which may be considered more perfect than

HOPG, exfoliate the mosL On the other hand, if the defect sites are the result of the

intercalation process, one might expect that a more vigorous intercalation process should

produce a greater degree of exfoliation. Again, what is observed is that graphite-IC! and

graphite-HNO3  exfoliate on heating to a lesser degree than graphite-Br, though both

intercalate to first stage and are known to cause cracking and exfoliation during intercalation.

Even considering just the graphite-Br, system. third and fourth stage samples exfoliate to a

greater degree than second stage though intercalation to either third or fourth stage may be

considered milder than to second stage and certainly are slower.

We propose that the intercalate islands.suggested by Daumas and Herold [22]. determine

the size of the penny-shaped cracks. (The crack size is not necessarily Cqual to the island size:

instead we expect a positive correlation between the island size and the subsequent crack size.)

In turn, the size of the intercalate islands is determined by the intercalating conditions. In

accordance with nucleation theory, as the reactant activity increases, competition between

nucleation sites increases and the subsequent microstructure is finer. Hence, as the intercalate

activity is decreased, by dilution or by heating, the intercalate island size is expected to

increase. For a compound of a given concentration, increased island size means that

exfoliation can occur more easily and to a greater extent. Observation of intercalate islands by

electron microscopy [23, 24] shows that the intercalate islands can be treated as interstitial

dislocation loops and as such are susceptible to pinning at defect sites. Nonetheless, the islands

are mobile and can coalesce. Single crystal diffraction results on the incommensurate room
@

temperature graphite-Br, phase indicated an island size of ,2.500 A [16).

The events leading to exfoliation can be summarized as follows. On intercalation, the

intercalate island size is determined by the intercalation conditions. In cases where the

reaction is limited by the rate of transfer of intercalate from the surface into the bulk. as

may be the case in vapor-phase intercalation, the island size may be small as the large change

4 in chemical energy can support a high interface energy between the intercalate island and the

7!
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graphite matrix. In the case where intercalation is limited by transport within the graphite, the

island size may be relatively large as a consequence of a small chemical energy change with

respect to the interfacial energy. In either case a range of island sizes exist, distributed about

some average size. On heating, though there may or may not be a change in island size. the

effective pressure of the intercalate within the islands increases. At some point, the pressure is

large enough to cause fracture to occur. On the evidence of the presence of acoustic emission

before appreciable expansion, it appears that the preferred fracture mode is propagation of the

island as a crack between the basal planes. With further heating, and the possibility of

desorption of intercalate from the bulk into the crack, the pressure within the crack increases

until further fracture occurs either as further crack propagation, or as becomes more likely

with larger diameter cracks, buckling of the penny-shaped crack to form bubbles and

consequent bulk expansion. As a continuous initial size distribution of the islands exists, it

may be expected that islands of different size would undergo fracture at different temperatures

giving rise to a smooth expansion until the bulk of the intercalate is trapped within a bubble.

In the first exfoliation cycle this was observed for single crystal graphite-bromine (Fig. 4) and

for HOPG graphite-ICl (Fig. 5). The shoulders evident in HOPG graphite-bromine may be

due to a coincidental interaction between the crack size and the graphite crystallite dimensions.

Without a high temperature anneal, graphite-Br 2 and graphite-IC exhibit cyclic exfoliation.

On cooling the structure collapses at a low temperature and re-exfoliates when heated above

that temperature. The collapse is attributed to capillary forces due to the condensed

intercalate, which returns the gas bubbles to a nearly penny-shaped crack configuration. On

reheating, exfoliation occurs again as the intercalate vaporizes, buckling the largest set of cracks

at about the same temperature that collapse occurs on cooling. The smaller set of cracks

exfoliates at higher temperatures for the same reason as before, i.e., a smaller radius requires a

higher pressure. On the other hand, collapse of all cracks is concurrent as condensation occurs

at only one temperature; small cracks are forced shut by the larger cracks but must re-open

on their own.

The extent and reversibility of single-crystal exfoliation indicates that, as with intercalation.

..... ~~~ ~~ W".") -*~)T.
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the presence of defects hinders exfoliation and subsequent collapse. In single crystal graphite-

bromine as compared to HOPG graphite-bromine, the increased collapse temperature (Tr) results

in shrinkage of the hysteresis loop formed between heating and cooling cycles, indicating less

work is involved in the expansion and contraction of the single crystal derived compound. In

particular the remnants of a turbostratic structure or claw defects [25] may hinder expansion

or contraction by constraining a nearby crystallite which otherwise could either crack or buckle.

This probably explains the lack of exfoliation in fibers. In a pitch- or PAN-based graphite

fiber the small crystallite size and the large number of pores may result in the absence of

intercalate islands which are large enough to cause exfoliation to occur. In the more graphitic

vapor grown fiber, the islands may be large enough that exfoliation could occur, but with

concentric basal planes around the fiber axis exfoliation may occur only if in plane bonds

rupture. Such rupture would consume much of the available strain energy and vent the

contents of the gas cells, which produce the strain energy for either rupture or exfoliation.

Hence the rupture observed by Endo [17J may in fact be the counterpart of exfoliation in

graphite fibers. While basal rupture was observed along the edges of HOPG samples and

single crystal flakes, it typically was associated with a rther large degree of exfoliation.

The discussion thus far tacitly assumes that the cracks are gas tight, with no net flux in or

out. This is not necessarily the case. A pathological example is a crack which propagates to

the ambient atmosphere. In that case, the internal pressure does not increase and the walls of

such a crack can only buckle due to the buckling of surrounding cracks. A less extreme

example would be the diffusion of intercalate between basal planes. If the intercalate mobility

and solubility are high, the intercalate species may diffuse out of the gas bubbles and into the

matrix in a short time in comparison with the length of time required for the exfoliation

cycle. For exfoliation at normal pressures, the loss of intercalate from the gas bubbles may

even result in the collapse of the exfoliated structure. Subsequent heating and cooling will

then cause negligible expansion. Such collapse during heating in the first exfoliation cycle was

observed in graphite-nitric acid, which was prepared by immersion of HOPO (4 x 4 mm) in

red fuming nitric acid (Fig. 12). When diffusion is slower, as in the case of bromine, long
rntc i2. h dfsn
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periods of time and high temperatures are necessary before appreciable collapse occurs (Fig.

10).

When the intercalating activity was reduced by dilution, as in the initially fourth stage

samples listed in Table 3, we observed that the amount of cxfoliation was greater than that of

an initially second stage sample, even though the actual concentration was approximately the

same for various samples. Similarly, if the activity is decreased by heating, the amount of

exfoliation was observed to increase with temperature for a given stage (Table 4).

Let us consider the effect of desorption on exfoliation. Bardhan et al. [26] showed that a

pronounced weight loss occurred on desorbing graphite-Br,. This is only to be expected given

the exponential temperature dependence of the diffusion coefficient. Until exfoliation occurs.

bromine diffuses more and more rapidly as the temperature is increased. Isothermal

gravimetric results [26) indicate that desorption reduces the concentration to a limiting value

of -1.0 - 1.5 mol% Br,, up to the temperature where exfoliation occurs. The mass fraction of

bromine lost depends on /(Dt//"). where D is the diffusion coefficient and / is half the

sample width. Profilometry [26] and X-ray absorption studies [27) indicate that the

concentration in a desorbing graphite-Br, compound decreases at the edge initially while the
1

center retains the semblance of the undesorbed sample. By the time the apparent residue

compound has been achieved, the concentration profile across the sample is nearly flat, with

little difference in the concentration at the edge or the center. The length of time needed for

this to occur can be considered as roughly proportional to 12/D. Hence.for the same

concentration, a sample half as wide as a given sample will require roughly a quarter of the

time to desorb to an equivalent concentration.

The above argument applies to exfoliation in the following manner. During exfoliation the

temperature is steadily rising rather than being isothermal. Consequently the diffusion

coefficient should be considered as a composite diffusion coefficient weighted by the mass loss

rate at each temperature. In effect, small samples may desorb to a low or even residue'I
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concentration during the heating cycle though they may have been concentrated or even

saturated prior to heating. In this case the exfoliation behavior will be the same for an

initially desorbed sample as for an initially saturated sample. Experimentally this was observed.

as shown by the 3 mm sample shown in Fig. 8. For wider samples, a more and more

significant amount of intercalate remains in the center of the sample by the time the

exfoliation temperature is reached, with the result that the amount of exfoliation increases as

the sample width increases. This is the situation described by the solid circles in Fig. 8. On

the other hand, if the samples have been desorbed to a low or residue composition prior to

exfoliation, this width dependence becomes negligible, as shown by the open circles in Fig. 8.

For the same heating rate, as was the case for all the samples in Fig. 8. the effective (Dt)

term is the same for all the samples, so that the intercalate concentration remaining in a large

sample at the exfoliation temperature is greater than that in a small sample for the case of an

initially concentrated samples. Therefore the amount of exfoliation increases with sample width

for initially concentrated samples, as we have observed.

The mobility of the intercalate is quite high at the exfoliation temperatures, and the

solubility of the intercalate appears to be quite low. Diffusion of the intercalate out of the

sample through the matrix is one mechanism for the loss of excess intercalate and is suggested

by the least square fit of the data in Fig. 7. However, it is not necessarily the only

mechanism. The gas cells themselves may serve as sinks for the excess intercalate. Under such

circumstances, the matrix would lose intercalate while the sample as a whole would not. On

subsequent exfoliation cycles the enriched cells should expand to a greater degree. The latter

possibility is consistent with the observation of E2 >EI for samples which are initially desorbed.

The diffusion of the intercalate out of the sample is not the only means of losing intercalate.

It shoula be born in mind that the weight losses during the first two exfoliation cycles in Fig.

7 do not fit the least square line. There is considerably more desorption during these two

cycles than can be explained by using the same diffusion coefficient which can be applied to

the later cycles. It seems far more likely that a certain number of the gas bubbles present are

) bursting, or are forming an interconnected network which in turn opens to the outside of the

p
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sample. The channels suggested by Dowell (7] may be such a network. If so, one would

expect that a greater initial concentration would tend to rupture and/or interconnect more of

the cells, as a greater concentration would serve as a source of a greater gas volume.

Consequently a greater proportion of the initial concentration would be lost on the first

exfoliation cycle of an initially concentrated sample than in one which had been desorbed prior

to exfoliation. With such a loss of intercalate. less is available on subsequent cycles so that

the amount of exfoliation is decreased as shown by the solid circles in Fig. 6.

Table 5 shows the comparison of the exfoliation temperatures (first onset temperatures) of

graphite-HNO 3. graphite-Br, and graphite-ICI with the respective intercalate melting

temperatures and the respective melting and boiling points of bulk HNO , Br. and IC. For

graphite-Br, the collapse temperature (which is the same as the second exfoliation temperature)

is approximately the same as the intercalate melting temperature. Other than this match, the

exfoliation and collapse temperatures are different from any of the corresponding critical

temperatures listed. Comparison of the trends down the various columns in Table 5 shows a

possible relationship between the exfoliation temperature and the bulk melting temperature.

Conclusion

The amount of exfoliation of graphite-Br, was found to be determined by the intercalation

conditions, namely the Br, concentration in the Br,_-CCI solution and the temperature, such

that the expansion increased with increasing initial stage number and with increasing

temperature. Due to intercalate desorption during heating, annealing was found to increase the

amount of residual expansion until exfoliation became irreversible. Desorption also resulted in

the increase of the exfoliation expansion with increasing sample width for concentrated samples

and the decrease in the expansion with repeated exfoliation cycles for these samples. A single

exfoliation event was found to consist of multiple expansion spurts, which occurred at .10 C

and ,,240*C for first exfoliation, and at v100*C and ,.,240*C for subsequent cycles. Acoustic

emission was observed before appreciable expansion during the first exfoliation cycle.

4 In-plane intercalate ordering was observed by x-ray diffraction in exfoliated graphite-Br2.

W I-MI
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Furthermore. for single crystal graphite, the single crystal nature was retained after exfoliation

and collapse, without noticeable bending or twisting of the intercalate layers, but with slight

bending of the graphite layers. A model of exfoliation involving intercalate islands [22] is

proposed.
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FIGURE CAPTIONS

Fig.1 Transmission Laue x-ray diffraction patterns of graphite-Br, (HOPG) (a) after
desorption from saturation and before exfoliation, and (6) after exfoliation
carried out at -300 0C.

Fig.2 Precession camera photograph of graphite single crystal after intercalation with
P Br, and exfoliation.

Fig.3 Fractional expansion versus temperature during the first two exfoliation-
collapse cycles for graphite-Br, (HOPG) which had been desorbed form 3.2
mol% Br, to 1.3 mol% Br,, then reintercalated to 6.3 mol% Br, and desorbed
to 1.6 mol% Br, prior to hieating.

p
Fig.4 Fractional expansion versus temperature during the first two exfoliation-

collapse cycles for single crystal graphite-Br,, which had been desorbed from
saturation prior to heating.

Fig.5 Fractional expansion versus temperature during the first one and a half
exfoliation-collapse cycles for graphite-ICl (HOPG) which was saturated (stage
1) prior to heating.

Fig.6 Fractional expansion at the first shoulder (E ) versus the number of exfoliation
cycles (N) for graphite-Br, (HOPG) which (i) were not desorbed prior to
heating and (ii) were desorbtd prior to heating.

Fig.7 Gravimetric determination of the intercalate (Br,) concentration in (HOPG) as
a function of /N. where N is the number of eifoliation cycles.

Fig.8 Fractional expansion at the first shoulder during first exfoliation (E,) versus
P the sample width perpendicular to the c-axis for graphite-Br, (HOPG).

Fig.9 Fractional expansion versus temperature during the first one and a half
exfoliation-collapse cycles carried out to three different maximum temperatures
for graphite-Br2 (HOPG).

Fig.10 Fractional expansion of graphite-Br, (HOPG) versus temperature during the
first one and a half exfoliation-collapse cycles in which isothermal annealing at
the maximum temperature (-600 0C) during the first heating cycle was carried

•. out for various lengths of time.

Fig.11 Acoustic emission versus temperature superimposed on a curve of fractional
expansion versus temperature for one exfoliation-collapse cycle of graphite-Br 2
(HOPG). which had been intercalated to 3.2 mol% Br2.

Fig.12 Fractional expansion versus temperature during the first two exfoliation-
collapse cycles of graphite-nitric acid (HOPO).

It
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Table 2 Effect of annealing on exfoliation behavior

Annealing Annealing Contraction
Temperature Time E /E1  E2 /E1  at T

( 0 C) (hr.) max

200 0 0.09 0.60 0
0.5 0.14 0.42 0
1 0.20 0.54 0

400 0 0.16 0.51 0
0.5 0.20 0.61 0
1 0.31 0.49 0

600 0 0.44 0.58 0
0.5 0.59 0.59 10%
1 0.67 0.67 20%
3 0.74 0.74 30%

*

kP

4
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Table 3 Effect of staging on exfoliation behavior

Stage after ist intercalation 4 4 2 2

Stage after 2nd intercalation 2 4

Mole % Br 2  1.60 1.39 1.55 1.53

First Exfoliation

Temperature T1 (0 C)

9l

ist Onset 161 145 185 185

2nd Onset 239 230 230 223

Fractional Expansion (6L/L)

ist Shoulder (E1) 28 18 8 5

9i

2nd Shoulder 39 23 20 14

First Collapse

Temperature T c (C) 101 89 104 105

Residual Fractional

Expansion (Ec)  2.3 1-1 ? I

Second Exfoliation

Temperature T2 (C) 100 99 99 108

Fractional Expansion (E.,) 30 16 15 11

p
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Table 4

Exfoliation behavior of parent 3rd stage graphite-Br2

prepared at various temperatures

Intercalation Fractional
Temperature Expansion

(CC) (E l1 ) (AL/L)

80 16± 5

90 24 5

100 29 6

110 38± 6

71
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APPENDIX 7

Ext. Abstr. Program - Bienn. Conf.
Carbon 16 (1983).

EXFOLIATION OF SINGLE CRYSTAL GRAPHITE-BRONINE*
S. H. Anderson and D.D.L. Chung

Department of Metallurgical Engineering and Materials Science
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213

Introduction dontact with the sample. A heating and cooling

The exfoliation phenomenon is of technolog- rate of 20C/min was used in the exfoliation
ical importance as well as scientific interest. qycles. The weight of the probe on the sample
The exfoliation of graphite-ferric chloride has- tas 28 grams. The samples were purged with
been used to manufacture Grafoil (1), a flexible nitrogen gas in the presence of air during the
gasket and packing material. The exfoliation measurements.
of graphite-HN 3-H2SO4 has been used for making Acoustic emission during exfoliation was
a thermal insulator for molten metals (2). The detected by using an ultrasonic transducer
exfoliation of graphite-FeCl3-oH3 has been used (Aerotech GCma, 0.5 MHz wideband) equipped with
for making blankets for the extinction of metal
fires (3). In addition, exfoliated graphite is a high temperature delay line. The transducer
beingsignal was amplified and the acoustic emission

a battlefield obscurant (4). The surface area pulses were counted by using a frequency counter.

increase resulting from irreversible exfoliation Single crystal diffraction was performed at
is attractive for catalytic applications of eoom temperature by the Precession Method before
graphite intercalation compounds (5). In ad- intercalation and after exfoliation. MoKa radia-
dition, exfoliation is a phenomenon that affects tion and a precession angle of 10" were used.
the thermal stability of graphite intercalation
compounds, so understanding of this phenomenon Results and Discussion
is necessary for the use of graphite intercala- Figure 1(a) shows the fractional expansion
tion compounds at elevated temperatures. versus temperature during the first two exfolia-

tion-collapse cycles of the single crystal graph-
The large expansion characteristic of exf2 ite-bromine sample. Figure l(b) shows such a

iation had been investigated by a number of plot for an HOPG graphite-bromine sample (7 x
workers using dilatometry (6,7,8), gaseous 8 nm) which had been similarly prepared. Several
pycnometry (9), optical microscopy (9), and dif- differences can be noted between single crystal
ferential thermal analysis (9). However, the and HOPG exfoliation.
fundamental question of how exfoliation affects
the crystal structure of the intercalation com-
pound has not been previously addressed. To
address this question, we have used x-ray dif-
fraction to probe the Jn-plane structure of
single crystal graphite-bromine before and after
exfoliation. We found that the single crystal g ---------- --
nature was retained after exfoliation and col- 2
lapse, without noticeable bending or twisting
of the intercalate layers, but with slight -

bending of the graphite layers. This observa- I .- ,-
tion suggests that the mechanism of exfoliation
is intimately tied to the intrinsic structure
of intercalated graphite, in contrast to the
widely accepted notion (7,9-12) that it involves I V . " 4 *
the migration of the intercalate to defects 4. ,,
where gas bubbles form. Additional support for
this contention was obtained by dilatometry, IN

which showed that single crystal graphite- Rig. 1 Fractional expansion vs. temperature
bromine exfoliated as much as its highly orien- during the first two exfoliation-collapse cycles
ted pyrolytic graphite (HOPG) counterpart, and of graphite-bromine based on (a) single crystal
that single crystal graphite-bromine exhibit graphite, and (b) HOPC.
less hvsterests than HOPC. Thus, the presence
of defects hinders exfoliation.

1. The fractional expansion In first exfoliation
Experimental Techniques was larger in single crystal graphite than

A single crystal graphite flake (^5 mm in HOPC. Consider, for example, the fractional
diameter, from a New York mine) was intercalated expansion at 300C during the first exfolia-
to a saturated graphite-bromine compound by ex- tion-collapse cycle. Its value was 31 for
posure to liquid bromine at room temperature for the single crystal graphite and was 24 for
* day. Then it was allowed to desorb at 90*C in the IOPG.
air for a day.

Exfoliation expansion was followed with a . The collapse temperature 
T
c was 210+10*C for

probe connected to a linear variable differential sinle crystal graphite-bromine, and was
transducer (LVDT). The sample was heated by a 10O10C for HOPG graphite-bromine. As a
furnace around the support extending an inch result, the hysteresis was relatively small
above the sample. The sample temperature was between the collapse and the next expansion
measured by a Pt-Pt 10% Rh thermocouple bead in for single crystal graphite.

I1- •
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The shoulders which were quite clear in the Conclusion
HOPC expansion characteristic were difficult The tn-plane superlattice and the twinned

cteritexpansion domain structure were found by single crystal
characteristic, x-ray diffraction to be preserved after exfol-

The extent and reversibility of single- iation and collapse. The main deformation was

crystal exfoliation compared to HOPG exfoliation a small amount of bending of the graphite

indicate that, as with intercalation, the pre- planes. The fractional expansion due to exfol-

sence of defects hinders exfoliation. In parti- iation was found to be comparable for single

cular, the remnants of a turbostratic structure crystals and HOPG, except that the fractional

or claw defects (15) may hinder expansion by expansion in first exfoliation was larger for

constraining a nearby crystallite which other- single crystals than HOPG. Moreover, the

Wise could either crack or buckle. This probably degree of hysteresis was less for single crys-

explains the lack of exfoliation in graphite tals than HOPG.

fibers (16,17).
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ABSTRACT

By using x-ray diffraction, a 3-fold or 6-fold twinned monoclinic f301 x 2

(-3.30 , 00) superlattice (a=4.Q2 R, b= 42.68 R, c=7.0 R, Y =93.30) was

observed in stage-1 graphite-IC1 single crystals intercalated in IC1 vapor.

This in-plane superlattice was also observed in stage-1 and stage-2 graphite-ICl,

which were based on Thornel P-100 graphite fibers and prepared by the

two-bulb method, in which liquid ICI was at 95 C while graphite was at 100°C

for stage 1 and 1300 C for stage 2. This work provides the first observation

of in-plane intercalate ordering in intercalated graphite fibers and the first

x-ray diffraction evidence of ICI intercalation in graphite fibers. A different

in-nlane superlattice was observed in stage-I graphite-ICi single crystals

intercalated in ICI liquid.
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INTRODUCTION

The in-plane superlattice in stage-I graphite-IC1 single crystals

prepared by exposure to iodine monochloride (ICl) vapor at 20-300C was

reported to have a six-fold twinned monoclinic unit cell with pseudo-cell

dimensions of a=4.92 R, b=19.2 , and y=93.5 ° , as derived from x-ray

1oscillation photographs. In this work, we obtained the same diffraction

pattern by the precession method, but a three-fold or six-"old twinned

monoclinic unit cell with a= 4.92 R, b= 42.68 R ard y= 93.30 was found

to fit the diffraction pattern better. Furthermore, this same in-plane

unit cell was observed in ICl-intercalated fibers by the Transmission Laue

method, and hence provided the first observation of in-plane intercalate

ordering in intercalated graphite fibers.

Intercalated graphite fibers have recently received considerable

attention because of their use in polymer-matrix composites for high
I2
electrical conductivity applications. The intercalation of graphite

fibers with HSO3F, AsF5 or SbF5 gave an up to 50 times increase in the
3

electrical conductivity. X-ray diffraction showed the formation of

stage 2 graphite-AsFS in high modulus ex-PAN graphite fibers (e.g. Union

Carbide TP 4104B). . Formation of stage 1 graphite-K in fibers was

shown by x-ray diffraction and the appearance of the gold color 5'6 ; the

formation of mixed stages of graphite-K, graphite-Rb and graphite-Cs was

also indicated by x-ray diffraction (Debye-Scherrer method).7 Absorption
of Br2 and ICl in graphite fibers was indicated by weight uptake measurement8 '9

but confirmation of intercalation by using x-ray diffraction had not been

reported. Warner et al. 8 interpreted the absorption as not being intercalation,

but rather plasticization, whereas Hooley and Deitz 9 interpreted the absorption

oi
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as intercalation, Desorption of brominated graphite fibers resulted in

a stable material having an electrical conductivity higher than that of

pristine graphite fibers. 5 '1 0 Similar treatment with ICI gave an even

higher value of the electrical conductivity.5 In this work, we have

obtained the first x-ray diffraction evidence of intercalation of ICl in

graphite fibers.

Although the in-plane superlattice pattern of stage-1 graphite-ICl

prepared in IC vapor at room temperature (Type A) was the same as that of

Ref. 1, the pattern of stage-I graphite-IC1 prepared in IC liquid (Type B)

was dranatically different and was observed for the first time in this work.

4
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EXPERIMENTAL TECHNIQUES

The graphite single crystals used in this work were typically 0.5-1.0 mm

in diameter and -O.OS mm thick. Intercalation to stage 1 was performed at

room temperature by exposure to IC1 vapor (Type A) or ICI liquid (Type B).

The samples were sealed in glass capillaries while they were in contact with

either ICI vapor (Type A) or ICl liquid (Type B). Single crystal x-ray diffraction

was performed at room temperature by using a precession camera, with Zr

filtered MoKa radiation. All diffraction patterns were generated by S0

screenless precession, except that Type B photographs were generated using

layer screens.

The graphite fibers used in this work are listed in Table 1. Inter-

calation was carried out by exposure of the fibers to ICI vapor in equilibrium

with IC1 liquid at 950 C; this temperature was chosen for the IC liquid

because IM boils at 97.40C. The purity of ICl was 95+%, as supplied by

Alfa Products. While the ICl liquid was held at 95 0C, the fibers (typically

-1.0 cm long) were held at a temperature ranging from 1000C to 1350 C. The

reaction vessel was made of Pyrex glass and was sealed without evacuation.

The intercalation time investigated ranged from 8 hours to 24 hours.

X-ray diffraction was used to characterize the crystal structural

effects of intercalation of the fibers. The Transmission Laue method was

used, with MoKa radiation and a specimen-to-film distance of 6 cm.1 The accurac,

of visual measurement of the diameter of an observed ring on the film was +_ 0.5 mm,

so that the maximum error in the measured d-spacing was _ 1.7%. The set-up allowed

d-values ranging from 0.8 A to % 6 A to be measured. The intercalated fibers

were removed from the reaction vessel, cut to a typical length of "12 mm, and

then sealed in a glass capillary of 1 mm I.D. and 0.01 mm wall thickness; this

procedure took typically N 1 min. The fiber axes thus had a preferred orientation

along the capillary axis. The exposure time was 6 hr for every sample.

ii I . .. . .
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Ref. 1 could not explain the observed diffraction pattern as well as the

one reported here, which we found to be the smallest unit cell with the

maximum symmetry, although it could be a pseudo-cell with the real cell

being larger. In addition to their pseudo-cell, Turnbull and Eeles

mentioned about a real cell which is larger. However, in our diffraction

pattern, we could not identify this larger unit cell.

0 0The monoclinic in-plane unit cell of Type A is hence V/T x 2 (-3.3 ,0°).

This convention is adapted for non-hexagonal cells. The graphite in-plane

unit cell is 1 x 1 (300, 0 ). The angles are described by two in-plane

orthogonal axes.

One important feature of the hkO diffraction pattern is that some spots

in Fig. 1 (denoted by circled dots) constitute a pattern identical to that

of pure graphite. In other words, only the superlattice reflections exhibit

the "twinning" effect. Thus, the effect is produced by the intercalate layers.
11

Similar twinning was also noted in graphite-bromine.

Type B single crystals

Figure 3 shows the hkO and hOZ diffraction patterns (precession

photographs) of Type B, which was intercalated in liquid IC and photographed

in contact with the liquid. The complicated hkO pattern, characterized by

sharp reflection spots, probably arises from two different orthorhombic

systems. It is yet to be fully analyzed. The hOt diffraction pattern

showed the diffraction spots along the c* direction and gave an intercalate-

carbon-intercalate sandwich thickness of 7.17 R; the axial repeat distance

along this direction was either 7.17 R or 14.34 R. This photograph does not

show any streak at h# 0 positions, while a similar photograph for Type A

*exhibits streaks parallel to c* at those positions (Fig. 4). This suggests

that the Type B superlattice is more three-dimensionally ordered than that of

Type A.

* 4 * t
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EXPERIMENTAL RESULTS

Type A single crystals

The hkO diffraction pattern (precession photograph) of Type A (single

crystal) represented in Fig. 1 appears to be the same as Fig. 2 and Fig. 4

of Ref. 1. This pseudo-hexagonal pattern in Fig. 1 is the result of diff-

raction spots from a three-fold (or six-fold) twinned monoclinic lattice,

having three (or six) possible in-plane orientations, rotated with respect

to one another by 1200 (or 600) about the c-direction of the graphite

lattice (Fig. 1 in reciprocal space, Fig. 2 in real space).

Designating the unique axis of the monoclinic cell as c (which is

parallel to the c-axis of graphite), one can easily express the reciprocal

lattice vectors a and b in terms of the graphite reciprocal lattices 5

vectors a and b (thereby ensuring the commensurability of the superlattice
g g

s') by the following simple relations:

* = (1/2)a (9/40)b (1)as  g g

b = (1/20)b (2)s g(2

With Ia' I = *1= 0.4694 -1, Eq. (1) and (2) yield the superlattice
g g

lattice parameters

I a I = (F /4o)1 a = 4.92 R
s g

I.b I = (1/20) I b * = 42.68 R5. g

and Y - 93.3

where Y is the angle in real space between the a and axes. The c-axis
s s s

length was determined from a hOt photograph yielding c= 7.0 R, which agrees

with the published c-axis periodicity of stage-I graphite-IC1 compound.
1

This cell is approximately double the size of the monoclinic cell given in

Ref. 1, which has a- 4.92 , b: 19.2 and y = 93.50 . The smaller cell in

"-III IIl l iI-l
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Figure S shows the x-ray diffraction photographs of the three types

of pristine graphite fibers listed in Table.l. The Thornel P-100 fibers

gave the largest number of diffraction lines, as listed in Table 2. The

Celion GY-70 fibers gave fewer lines, but they are as sharp as those of

Thornel P-100. On the other hand, the Panex 30 fibers gave only a few

relatively diffused lines. Hence, the crystalline perfection of the

graphite fibers decreased in the order (1) Thornel P-100, (2) Celion GY-70,

and (3) Panex 30

Figure 6 shows the x-ray diffraction photographs of (a) HOPG, (b) Thornel

P-100, (c) Celion GY-70, and (d) Panex 30 after exposure to IC1. The HOPG

sample was intercalated by exposure to IC vapor at room temperature for 1

day, and resulted in a stage 1 compound (Fig. 6 (a)); the indexing of the

diffraction lines is shown in Table 3. All three types of fibers were

treated identically by holding the fibers at 130 C and the IC liquid at

950C for 8 hr. After the treatment, the Thornel P-100 fibers (Fig. 6(b))

showed superlattice diffraction lines, which were absent in Fig. 5 (a).

Indexing of the pattern in Fig. 6 (b) showed that the intercalated Thornel

P-100 fibers were predominantly stage 2. (The indexing of the pattern for

stage 2 Thornel P-100 fibers is given later in this paper). The same

treatment for Celion GY-70 and Panex 30 fibers did not yield any superlattice

lines. It should be mentioned that room temperature exposure of any type

of fibers to IC1 did not yield any superlattice lines, although such treatment

of HOPG resulted in stage 1. Thus, Fig. 6 shows that the ease of intercalation

of the various graphite materials decreased in the order (1) HOPC, (2) Thornel

P-100, (3) Celion GY-70, and (4) Panex 30. In fact, no diffraction evidence

of ICl intercalation was obtained for Celion GY-70 nor Panex 30 fibers,

although intercalation was clearly shown for Thornel P-100.

#
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Figure 7 shows x-ray diffraction patterns of intercalated Thornel P-100

fibers after various lengths of desorption time (0 min, 10 min, 2 hr, 1 week).

Intercalation was performed by holding the fibers at 1300 C and the IC liquid

at 950 C for 24 hr. Desorption was allowed to occur in air at room temperature.

Fig. 7 (a) shows the pattern obtained after a negligible length of desorption

time (0 min); the indexing of this pattern is shown in Table 4. Note that

the second stage (OOL) type lines were observed for Z= 2,3,5,6,8,9. The (001)

line was not observed because its large d value caused it to be blocked by

the beam stop. The absence of (00) lines for Z=4,7 is probably systematic

due to the space group, which is presently not known since the positions of

the intercalate molecules within a unit cell has not been determined. In

addition to the (00) lines, (hkO), (hOk) and (Okk) lines were observed.

The in-plane superlattice was thus found to be the same as that of Type A

single crystals. Desorption resulted in a gradual decrease of the intensities

of the superlattice lines without shifting any line. This means that the

initial stage (stage 2) was maintained during desorption. The presence of

superlattice diffraction lines even after a week of desorption indicates

I that (1) desorption of intercalated fibers results in a material which is still

intercalated, and (ii) desorption of intercalated fibers occurs over an

appreciable long time.

By lowering the sample temperature to 100°C, with the IC liquid

maintained at 950 C, stage I graphite-ICl (mixed with small quantities of

stages 2 and 3) was obtained in Thornel P-100 graphite fibers. Although we

P Iwere able to obtain relatively pure stage 2, we have not been able to obtain

pure stage 1. The in-plane superlattice of stage 1 was also found to be the

same as that of Type A single crystals.1'
-~ L ~ .
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DISCUSSION

The large size of the in-plane unit cell makes it difficult to

deterrine the positions of all the atoms in the unit cell. As guided by

weight-gain results 2 and the in-plane atomic arrangement proposed by

1Turnbull and Eeles , one might assume that there are 9 ICl units in our

in-plane unit cell, so that the stoichior.etry of Type A is C.9 IC1, which

is close to the previously reported stage-I stoichiometries of C 9CI1 and
C8 1I12, 13

C c8.5

The ICI chains in the model of Turnbull and Eeles are appro.-inrte]y

4.26 R apart in the b-diccticn. Since our unit cell is 42.68 R lorg in

the b-dirccticr, it may te p(ssiblc fer c:u " ,:,I'L ccll tc. ccntnin J0 chains,

wHich cerrespords to 10 ICl units in our unit cell and a stoichiometry of
C 8Cl. As weight measurement does not give an accurate determination of the

stoichicmetry, z:n intensity analysis us.r.E four-circle diffractoreter

results is needed to Getermire the stoichiometry, which cculd be CsICl

(10 ICI units per cell), C8.91C1 (9 ICl unit! per cell) or C,0IC1 (lC ICI

units per cell).

The diffraction patterns from graphite-ICl, though seemingly indicative

of more ordered structures than graphite-bromine, are complicated and difficult

to interpret. This might stem from the fact that ICl has tu-o possible forms,

a and 8 , both with r.elting points near root, ter..Terature. It might be noted

that the Type A unit cell resembles that of B-IM, which is monoclinic but

pseudo-crthorhcmbic, with the angle being 910 21'. 14 Furthermore, B-ICM

consists of nearly planar atomic layers, whereas a-ICl does not.
14

The IC] intercalation method used in this work is based on the two-bulb

15method developed for potassium intercalation. In contrast, previous work

on intercalation of ICl in fibers involved exposure to IC1 vapor at room

temperature.8 ,9 We have found that the two-bulb rethod used in this work
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gave graphite-ICl of specific stages, whereas room temperature exposure

to ICI did not lead to superlattice formation.

The ease of intercalation was found to 4nc-!-Fusc with .:.lr'nsir cr ' .r

perfection of the graphite material, such that the cryst-l perfection decreases

in the order (1) HOPG, (2) Thornel P-1OO, (3) Celior CY-70, and (4) Panex 30.

:n fact, Thornel P-1O0 was the only type cf fibers which could be intercalated

using our method, as indicatee by the superlattice formation. Note that we

consider supe- .vttice formation to be coniusive evidence for intercalation.

In this work, the first such evidcnce was obtained for the intercalation of

ICI in graphite fibers.

Of significance is that we have observed for the first time in-plane

intercalate ordering in intercalated graphite fibers. Moreover, we have

found that the in-plane unit cell of stage 1 and stage 2 ICl-interc.!1atee

fibers is the same as that of stage 1 graphite-ICl single crystal graphite

and that of stage 1 graphite-WCl HCG. In addition to the in-plarc super-

lattice, staging was observed.

The Transmission Laue method used in this work was found to be more

suitable for fiber material compared to the Debye-Scherrer method and the

diffractometer nethod. This is because the prefer red orientation of the

fibers results in incomplete Deb},e rings, which right be missed by the film

in the Debye-Scherrer method. Moreover, the need of a small sample quantity,

the availability of thin-walled capillaries for sealed sa.ples, and the

possibility of a long exposure time make the Transmission Laue method more

attractive then the diffractometer method.

7
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Table 1 Specifications of Graphite Fibers Used

Table I

Manufacturer Union Carbide Corp. Stackpole Fiber Co. Celanese Corp.
Grade Thornel P-100 Panex 30 Celion GY-70

Grade VS-0054
Precursor Pitch PAN PAN
Tensile modulus (100%psi) 100 32 75
Tensile strenith (10 psi) 0.325 0.375 0.27
Density (g/cm ) 2.16 1.74 1.97
Electrical resistivity (10-42-cm) 2.5 6.5

--T
C
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Table 2 X-ray diffraction lines obtained from pristine graphite fibers
(Thornel P-100)

Table 2

Line No. d (A) d ca (A) h k z Strength

1 3.38 3.35 0 0 2 S

2 2.11 2.13 1 0 0 M

3 1.69 1.68 0 0 4 S

4 1.23 1.23 1 1 0 Diffuse

5 1.17 1.15 1 1 2 Diffuse

6 1.13 1.12 0 0 6 M

I
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Table 3 X-ray diffraction lines obtained from stage 1 graphite-ICl based
on HOPG flakes.

Line No. d (A) dca ) (Stage 1) hkI (Stage 1) Strength

h1
1 5.32 5.33 0 0 W

2 4.86 4.89 1 0 0 VS

3 4.35 4.35 1 4 0 W

4 4.07 4.02 1 0 1 W

5 3.54 3.53 0 0 2 VS

6 3.38 3.42 0 3 2 W

7 3.19 3.16 0 6 2 W

8 3.09 .... .. .. VW

9 2.95 2.86 1 0 2 M

10* 2.62 2.62 1 6 2 M

11 2.49 2.45 2 0 0 H

12 2.33 2.35 0 0 3 S

13 2.18 2.18 2 8 i 0 W

14 2.12 2.13 0 20 0 M

15* 2.03 2.04 2 1 1 W

16 * 1.93 1.94 2 5 2 VW

17 * 1.87 1.82 2 1 2 W

18 1.78 1.76 0 0 4 W

p 19 1.65 1.63 3 0 0 M

20* 1.56 1.58 2 1 3 Diffuse

21 1.47 1.48 3 0 2 W

22 * 1.36 1.36 2 1 4 Diffuse

23 1.32 1.34 3 0 3 W
24 1.18 1.18 0 0 6 S

25 1.14 1.14 1 0 6 M

• Tentative hkX assignment, since the streaks due to the two-dimensional character

were not observed.

4
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Table 4 X-ray diffractions lines obtained from graphite fibers intercalated

with ICI by holding the fibers at 1300C

Table 4

hkZ (Stage 2)

Line No. dob s (A) dcal (A) (Stage 2) h k Strength

1 5.30 5.20 0 0 W

2 4.80 4.89 1 0 0 W

3 4.25 4.26 0 10 0 W

4 3.89 3.92 0 10 1 W

5 3.43 3.46 0 0 3 WS

6 2.86 2.83 1 0 3 W

7 2.13 2.13 0 20 0 S

8 2.07 2.07 i 0 0 5 M

9 1.84 1.82 0 20 3 Diffuse

10 1.73 1.73 0 0 6 W

11* 1.70 1.70 .10 5 6 W

12 1.63 1.63 3 0 0 W

13 i.31 1.30 0 0 8 W

14* 1.26 1.26 2 1 8 VW

15 1.23 1.23 4 2 0 S

16 1.16 1.16 0 0 9 W

17" 1.12 1.11 '2 1 4 W

18 0.99 0.99 4 0...w

• Tentative hk£ assignment, since the streaks due to the two-dimensional character

were not observed.
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FIGURE CAPTIONS

Fig. I The hkO x-ray diffraction pattern (schematic) of a Type A graphite-

ICI single crystal.

Fig. 2 In-plane unit cell of Type A graphite-ICJ

Fig. 3 The hkO and hOZ x-ray diffraction patterns of a Type B graphite-ICl

single crystal.

Fig. 4 The hWE x-ray diffraction pattern of a Type A graphite-ICl single

crystal.

Fig. 5 X-ray diffraction patterns of pristine graphite fibers: (a)

Thornel P-1O0, (b) Celion GY-70, (c) Panex 30.

Fig. 6 X-ray diffraction patterns of (a) HOPG, (b) Thornel P-100,

(c) Celion GY-70, and (d) Panex 30 after exposure to IC1.

Fig. 7 X-ray diffraction patterns of intercalated Thornel P-1O0 fibers

after various lengths of desorption time: (a) 0 min, (b) 10 min,

(c) 2 hr, d) I week. Every other line in (a) is labeled by its

Line No., which is defined in Table 4.
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(a) Thornel P-1O0

(b) Celion GY-70

(c) Panex 30
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(a) HOPG '(b) Thornel P-100

(c) Celion GY-70 (d) Panex 30
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0 min (b) 10 min

(c) 2 hr (d) I week
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