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In situ observation of staging in potassium-graphite intercalation compounds
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Stage transformations in the potassium-graphite intercalation compound have been studied by
in situ x-ray diffraction. A precise phase diagram has been determined for the stages up to 7.
The stage dependence of hp, (n), the stable range of a given stage n in chemical potential, is

evaluated from the phase diagram and compared with the theoretical results for the eletrostatic
model for staging. Time-dependent observation of the stage transformation reveals that only
two phases of adjacent stages coexist throughout the process of the stage transformation so that
the c-axis disorder is insignificant even in the transition region. The kinetics of the stage
transformation is also discussed.

INTRODUCTION

The most remarkable property of graphite inter-
calation compounds (GIC's) is the stage structure,
namely, the c-axis long-range order of intercalant
layers. While many efforts have been made to inves-
tigate the stage and also the in-plane structures, as
well as the electronic structure, '~ the fundamental
problems associated with staging have not been suffi-
ciently clarified; one is the origin of the long-range
order, and the other is the dynamics of the stage-
stage transformation. Recently Safran, and Safran
and Hamman have calculated a phase diagram for
stages of GIC's assuming the electrostatic interlayer
interaction, ' and Millman and Kirczenow have ob-
tained an extended result by taking into account the
separation energy to admit the intercalant into gra-
phite layers. Many experimental studies of the
phase diagram have been described in the litera-
tures"' "for alkaline-metal GIC's, the typical com-
pounds of stage structure; but a detailed phase dia-
gram up to higher stages has not been investigated,
which can be compared with the recent theories. On
the other hand, while the stage transformation has
been interpreted on the basis of the Daumas-Herold
model'4 [cf. Fig. 5(a)], the structural study of the
dynamic process has not been investigated, except for
a few cases such as Cs GIC' and Br2 GIC. '" "

The purpose of this Communication is twofold:
one, to determine a precise phase diagram for stages
of the potassium (K) GIC's by in situ x-ray diffrac-
tion to elucidate the origin of staging; and, two, to in-
vestigate the time dependence of the stage transfor-
mation to discuss its dynamic process.

EXPERIMENTAL

The in situ x-ray diffraction measurements were
carried out by setting a two-zone furnace with two

small windows for x ray on a goniometer. Graphite
samples [highly oriented pyrolytic graphite (HOPG):-4 && 4 x 0.5 mm'] and potassium metals were sealed
in a Pyrex glass ampoule. X-ray diffraction through
the ampoule was observed by the energy-dispersive
method at a fixed diffraction angle. For this purpose
were used an intensive white x-ray source with a ro-
tating target (Cu) and a solid-state detector (SSD)
with the energy resolution of 2GO eV. A signal from
the detector was stored in a microcomputer system
through a multichannel pulse-height analyzer. This
energy-dispersive method enables us not only to use
a small aperture for the furnace, but also to get a
time-dependent diffraction pattern in a short time.

RESULTS AND DISCUSSIONS

The stage transformation in the potassium GIC's
was controlled by changing the temperature of potas-
sium TK, that is, the corresponding metal vapor pres-
sure, while the graphite temperature Tg was held con-
stant. Figure I shows the (00i) diffraction patterns
obtained thus, which correspond to stages 1 to 7.
Figure 2 shows phase diagrams for three different
graphite temperatures, 541, 485, and 387.5'C. The
figure demonstrates clearly some discrete steps in
each of which a stage is stable. We have observed
stable temperature (Ttt) regions for stages up to 7 in
the present study. However, it is difficult to obtain
any stable temperature region for stages higher than
8 although we can distinguish the stages up to 13.
The TK width of the transition from stage n to n +1
is not wider than 6'C for n ~7. The stage transfor-
mation can be achieved reversibly with the hysteresis
of about 8'C except for the initial intercalation of a
pristine graphite sample.

From the TK region of stabilizing a stage, we can
evaluate the stability of a stage n as the range of
chemical potential hp(n). This is an important ex-

27 6572 O1983 The American Physical Society



q f~ ~~~i 'Qj/( i i i . I

657327 IN SITUOBSERVATION OF STAGING IN POTASSIUM. . .

K-GIG (OQl)scan
TG=387 5 C

1.0

0.8—

y ~

K-GI C
~ TG=3S7 5 C
& TG =485
»6= 54t

0.6—
Ql

Tg '. variable

LU

L
04—

0.2—

15 16 I

4 5
k (F')

ta e 1 toFIG. 1. X-ray (00l) diffraction patterns for stage
ium- raphite intercalation compound.stage 7 in the potassi -g

The graphite temperature waswas held at T =
metal T are 295, 264, 19,temperatures of potassium me a

171, 168, and o166'C f r stages 1 to 7, respectively.

t 1 arameter which yields information about
the interaction responsible for staging.

es for b, (n) are compared in Table Imental values or p, n

d in the electro-
'

h the theoretical ones" calculated in e e
static interaction model for staging.
values Ap, (n) are ar y ej h rdl dependent on TK within the
temperature region of the present study. They are in

'
h th theoretical result calculatedgood agreement wit e

~ ~ ~of = —.However, this result is inyo f=
trast to many electronic studies w ic in icacon ras

line-metal GIC's isthat the ionicity for heavy alkaline-
The reason for this discrepancyvery close to unity. e

~

1t If we calculate the theoreticais not clear at presen . w

I I I I I I I I I I I I I I I IIIIIIIIII IIIIIIIII
100 200 300

TG
— Tj( ('C )

m- ra hite intercalationFIG. 2. Phase diagram of potassium-g p
mined by in situ x-ray diffraction. The datapo sd e

were taken at the graphite temperatures of
541'C.

es at high temperatures, we could obtain thevalues at ig
Table I, and a larger ion-values smaller than those in a e

icity than 2.
ave ob-In the case oof the potassium GIC, we have o-

serve nd no evidence of a microscopic mixture o
sta es 0; all the (00l) diffraction peaks in the pthe resent

to one or two diffraction series
in to one or two stages, respective y. c-

screened potential of intercalant layers, such as t e
one may a ow11 the formation of the micro-

while it cannot be allowedscopic mixtures of stages, w i e i ca
hfor the strongly screened potential.tial. Therefore t e

t that the screened electrostaticpresent results sugges a

ta e. b, values given in eV.TABLE I. Range of stability of a stage. p,

ap, (2) Ap, (3) b, p, (5) -~p, (6)

.150+0.005 0.070+0.005 0.038+0.005 0.02+0.005Experiment 0.150 +0.005
0.069 0.(Present work) 0.162

0.040 0.020.168 0.070

Tg =387.5'C
0 01 +0 005 Tg 485 C
0.018 Tg =541 'C

1
Theory' f=

4
1f=—
2

f=1

0.029

0.069
0.176

0.019

0.036

0.072

0.007

0.024

0.044

'Reference 18. The calculation is made for T =or T=O K.



6574 R. NISHITANI, Y. UNO, AND H. SUEMATSU

2nd stage[
5

3rd stage
I

~ ~
C

C

896 Channel

l (00l )
8

To=485'C
TK=295 C

Time
(min)
291
23S
207
190
155
134
99
82
61

26
8
1920

001 diffraction pattern in the stage transformation from s gsta e 3 to stage 2. The patterns are
T fo th il'bi o ditio of t 3tothshown as a unc ion of t' f time after changing the potassium temperature y, rom e e

condition of stage 2.

interaction has an important role in the stage struc-
ture of potassium GIC's.

Th results are in contrast to the cases of Br2 andese
FeC13 GIC's in which the stable AIM, region o a s g
is very nanarrow or disappears and the nonstaging or
microscopic mixture can be observed. a i

into account their small charge-transfer ra e, ' we
can imagine a ith t in these acceptor GIC's the elastic
'

t tion is important for staging, rat er than the
r K)electrostatic one. Thus those two cases of donor (

cases in staging mechanism.
Fi ure 3 shows the time dependence of the,,Ool

diffraction pattern taken during the transition
stage 3 to stage 2 for Tg =485'C. Starting from
the pure stage 3, which is in equilibrium at

—T = 195 'C, we have observed the growth of
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In the transition region, we can see two sets o re ec-
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5 h. In the whole region of transition we have
not observed any appreciable broadening o a
tion peak nor diffuse scattering along the c axis
within the experimental accuracy. This fact indicates
that a stage structure is kept undestroyed and two
distinct stages coexist throughout the process of stage
transformation [Fig. 5(c)].
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FIG. 4. Time dependences of the intensity of (006) re-
flection for stage 2 in the stage transformation from stage 3
to stage 2 (closed circles, Tg =387.5'C; open circles,
T =485'C) and in the stage transformation from stage 1 to

0stage 2 (triangles, Tg =387.5 C).

region from stage 3 to stage 2 closed circles,
Tg =387.5 'C; open circles, Tg =485 'C), and in the
transition region from stage 1 to stage 2 (triangles,
Tg = 387.5 'C). The reflection of the growing stage
seems to increase linearly with time after the start of
the stage transformation until about 50% of a com-
plete transformation. This behavior is suggestive of
two-dimensional diffusion of potassium atoms in in-
tercalant layers.

%e can imagine a stage transformation by consid-
ering intercalant diffusion on the basis of the
Daumas-Herold model. A stage-n structure has n

different domains [Fig. 5(a)]. For instance, a stage-
structure can transform into a stage-2 structure by in-
tercalant diffusion indicated by arrows in Fig. 5(a).
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FIG. 5. (a) Dauman-Herold model for stage 3. (b) Possi-
ble intermediate structure in the stage transformation from
stage 3 to stage 2. (c) Two-stage separation in the transition

region from stage 3 to stage 2.

Therefore we can say that in the stage transformation
the phase boundary region should be small compared
with the remaining well-staged regions, or otherwise
the diffusion or intercalants be very rapid in the
boundary region compared with their dwelling period
at the proper domains.

SUMMARY

The stage transformations in the potassium GIC
have been investigated by in situ x-ray diffraction.
The precise phase diagrams for stages up to 7 have
been determined for various graphite temperatures.
Only pure stage structures have been observed. The
stage dependence of hp(n) evaluated from the
phase diagrams and the disappearance of the micro-
scopic stage mixture are consistent with the theoreti-
cal results for the screened electrostatic interaction
model. In the transition region from stage n to
n +1, only two phases of two stages n and n —1 (or
n +1) coexist without c-axis disorder. This shows
that the disordered region associated with the stage
transformation should be very small compared with
the well-staged region. The region of a growing stage
seems to increase in proportion to time in the initial
period of the stage transformation, which is sugges-
tive of two-dimensional diffusion of potassium atoms.

In this transformation, we are forced to consider an
intermediate state [Fig. 5(b)] in which intercalants
are passing through the phase boundary region to set-
tle the proper domains so that the c-axis disorder
should occur more or less. However, the fact is that
no appreciable evidence of the intermediate state has
been observed during the stage transformation.
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