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(P, T) phase boundary in Li-intercalated graphite: Theory and experiment
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A simultaneous stage change and in-plane order-disorder transition is observed in dilute stage-2 Li-

intercalated graphite either at low temperature or high pressure.

Classical thermodynamics correctly

predicts the observed slope of the equilibrium line in the (P, T) plane, justifying the Bragg-Williams ap-

proximation for the configurational entropy.

Despite the recent success! of the simplest microscopic
staging model> for graphite intercalation compounds
(GIC’s), it is not clear that it is adequate for describing
phase transitions which occur at high pressure. For exam-
ple, we have found® that KCg transforms to a fractional
stage-—;— compound at 15 kbar and 300 K. In this as well as

in other pressure phase transitions (e.g., KCaq, RbCyg) (Ref.
4) a change of stage is found to be initimately associated
with a change of in-plane intercalant density. The applica-
bility of the mean-field theory to this phenomenon has not
been previously investigated.

In this Rapid Communication we report the experimental
observation of a pair of phase transitions which shed new
light on the problem of extending the mean-field description
of intercalation compounds to include pressure-induced
transitions. We find that dilute stage-2 Li-intercalated gra-
phite undergoes simultaneous changes in stage and in-plane
density at high pressure, similar to KCs, KCy, and RbCys.
In addition, this compound also exhibits the same phase
transformation at zero P and low T. This suggests an inti-
mate connection between the P =0 phase diagram (whose
features can be accurately reproduced by a mean-field model
in Li-intercalated graphite’) and P > 0 phase transforma-
tions. We have constructed a simple thermodynamic argu-
ment within the mean-field theory which explains the rela-
tionship between T and P phase transitions in a physically
appealing way. This theory gives a quantitatively accurate
prediction of the observed stage-2 Li-intercalated graphite
phase boundary, and suggests that the mean-field model
should be appropriate for unifying the previously unrelated
T and P experiments on an entire clsss of intercalation com-
pounds.

Stage-2 Li-intercalated graphite is unique among GIC’s in
that it occurs in two forms, dense and dilute.® The dense
LiC,, is three-dimensionally (3D) ordered and exhibits the
same /3 x~/3 in-plane superlattice as stage-1 LiCs. The di-
lute compound is disordered at 300 K;® its stoichiometry
was estimated as LiCjg+; from x-ray photoemission spec-
troscopy (XPS) core-level intensities.” We observe structur-
al phase transitions at low T or high P in the dilute but not
the dense variety, consistent with the combined staging and
in-plane ordering transition originally discovered in KCj4 at
7 kbar.* Figure 1 shows the relative c-axis resistivity versus
T for heating and cooling of the dilute sample at P =1 atm.
Cooling from the high-T phase initially gives a weakly
nonmetallic behavior terminated by an abrupt threefold in-
crease at 250 K. Below this temperature p. is weakly metal-
lic and can be cycled repeatedly with no hysteresis. Warm-
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ing above 250 K, we find the first evidence of a correspond-
ing p. decreased at 272 K; waiting for equilibrium at 287 K
(which requires 3 days) still leaves 80% of the p. increase to
be recovered at yet higher temperatures. Leaving a sample
at 296 K for an additional 3 days returns p. to its initial
value; thus the upper critical temperature is between 287
and 296 K.

The large abrupt p. increase at low T is suggestive of a
staging transition, by analogy to our previous studies of K-
intercalated graphite at high pressure.>® The 300-K (00/)
x-ray diffractogram shows single phase stage 2 with no
detectable staging disorder.> The inset to Fig. 1 shows the
240-K equilibrium diffractogram recorded 200 h after cool-
ing from room temperature. New reflections from a stage-3
sequence emerge at the expense of the strength of the
stage-2 (00/)’s. Once again we find no evidence for staging
disorder in either of the low-T phases. Whereas the Li in
the 300-K stage-2 phase is disordered, both constituents of
the low-T phase are fully 3D ordered. Interlayer scans
along (V3 x V3) and carbon rows show that the stage-2 frac-
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FIG. 1. Temperature-dependent c-axis resistivity (normalized to
300 K) for dilute stage-2 Li-intercalated graphite. Solid lines con-
nect closely spaced equilibrium data points, a few of which are em-
phasized to bring out the hysteresis. The dashed line is a guide to
the eye. The transition occurs discontinuously at 248 +1 K upon
cooling; the upper T, is close to ambient and was not studied in de-
tail. Inset: x-ray diffractogram at 240 K, showing emergence of
stage 3 as one component of the low-T phase.
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tion which persists at low T is LiCi; (44dadA« - - - ) and
the new stage-3 phase is LiC;g with most probable stacking
sequence 4BAaABAo - --.° With these identifications of
the low-T phase, we can estimate the molar fractions of
stage 2 and stage 3 as 0.31 and 0.69, respectively. Further,
since the transition is completely reversible, we can infer
that the 300-K Li density corresponds to LiCi¢ rather than
LiCys.

Figure 2 shows the 7 =300 K, high-pressure complement
of Fig. 1. Initially, p. of dilute stage-2 Li-intercalated gra-
phite is constant up to 1.5 kbar. We then find a slow p. in-
crease which is evidently a precursor to a transition at 2.9
kbar at which p. increases by a factor of 2. In the high-P
phase p. is stable and continuous in the range 0.5-4.5 kbar,
exhibiting a small negative dp./dP consistent with deforma-
tion effects. Reversal of the transition requires removing
the sample from the cell, since the minimum pressure to
maintain the seal exceeds the lower critical pressure. At 1
atm, three days are required for p, to relax to its initial
value. This permitted us to remove the sample, remount it
for x rays, and record a (00/) diffractogram within 1 h of
beginning the descent from the high-P phase; this is shown
as the inset to Fig. 2. Again we see a mixture of stages 2
and 3 with approximately the same intensity ratios as in the
low-T experiment. The similarity of Figs. 1 and 2 strongly
suggest that the high-P and low-T phases are entirely
equivalent.

Pressure can be very simply included in a mean-field
theory, as we now show. Structural degrees of freedom are
included? in parameters {o;} which represent the average
concentration in the jth intercalant layer, o;=1 represent-
ing a saturated, fully ordered layer and o,;=0 an empty
layer. The zero-pressure free energy at temperature T is?

F(T)=E¢({o)) —n ZO’]“F/(T Z[(l——a-,)ln(l—a,)
’ ’ +(rj1norj] . (1)
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FIG. 2. High-pressure (300 K) analog of Fig. 1. The short ar-
rows represent slow kinetic effects observed after each P increment;
at 2.9 kbar, dp./dt increases by at least a factor of 10 and the end
point is reached in 16 h. The 2.9-kbar discontinuity is analogous to
the 250-K, l-atm anomaly in Fig. 1 as evidenced by the nearly
identical diffractograms in high-P (inset) and low-7T (Fig. 1 inset)
mixed phases.

difficult to estimate.’

Here the last term represents the Bragg-Williams entropy S
of the system, w is the external chemical potential, and
Eo({o;}) is the energy of the system at 7=0. To include
finite pressure in this model, we propose a simple modifica-
tion to Eq. (1):

F(P,T)=F(T)+P 3 (o)) , (2)
J

where Q (o) is the volume per intercalant site (i.e., per six
C atoms) of layer j. A first approximation for Q (o) in
graphite intercalation compounds which is known to be
reasonable! 10 is Q(a;)=Q if a;=0, or
Q(o)=0¢+AQ if o;>0; in Li-intercalated graphite,
AQ =55 A% The essential assumptions are that pressure
enters only through the PV term and does not affect the
fundamental interactions among the constituents as
represented by Ey, and that the entropy is 7 and P indepen-
dent, having the mean-field form. It is also assumed that
the in-plane energy term Eo({o;}) possesses two local mini-
ma, one for in-plane coverage oj'=1 per V3 x+/3 lattice gas
site, the other near of=0.75 per site. This structure is
consistent with the experimental observation of only two
discrete in-plane concentrations and is likely to originate
from the combined effects of the host ‘‘corrugation’ poten-
tial and the intrinsic alkali-alkali interaction.!! In the
analysis below we assume that the system chooses between
the discrete layer concentrations o' and o2 Despite this
imposed discreteness, it is still appropriate to use the mean-
field entropy. In a dense V3 x+/3 ordered layer, S =0 is
correctly predicted by Eq. (1). A dilute layer, while it also
has a low total energy E(, has no anomaly in its entropy
since it is experimentally disordered. Thus no more error is
made by evaluating the entropy with reference to the
+/3x+/3 sites than in the original model.> (Note also that
since § is the logarithm of the configurational degeneracy,
only its order of magnitude need be estimated correctly.)
On the other hand, if both the dense and dilute phases were
ordered (as in KCjs at high pressure®), the present analysis
would require modification.

We now use the free-energy model of Eq. (2) to study the
experiments described above. The actual position of the
phase equilibrium line in the (P, T) plane, given by the
condition F;(P,T)=F;(P,T)(i=initial, dilute; f =/final,
dense), is strongly dependent on all the basic energetic
parameters contained in £, These parameters are rather
By contrast, the slope of the phase
equilibrium line as given by the Clausius-Clapeyron equa-
tion'? dP/dT = (S;—S))/(Q;— Q) is easy to compute in
the mean-field model. In the initial dilute stage-2 phase
(T;=296 K, P=0), the layer sequence is {¢? 0,c% 0, ...},
the entropy per site is

= --;—k[0'31n0"8+(1~0’B)ln(l——03)] ,

and the volume per site is Q;=%(2.QO+AQ). The final
state, either at low T (240 K, P=0) or high P (295 K, 3
kbar) consists of a mixed phase with proportion x of or-
dered dense stage 2 {¢%,0,0%0,...}] and proportion
(1—x) of ordered dense stage 3 {c?,0,0,540,0,...}.
The final-state free energy is obtained by a Maxwell con-
struction: Fy=xF,+ (1—-x)F;. The final entropy Sy is
zero, and

Qr=x(200+A0)/24+(1-x)(30,+AQ)/3
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Reversibility implies constant Li concentration whence
x =308 0%—2. The final result, dP/dT =0.057 kbar/K, is
given by the dashed line in Fig. 3. Since the transition is
strongly first order and hysteretic (see Figs. 1 and 2), the
actual phase boundary is not directly accessible. The edges
of this loop are known at four places in the (P,T) plane, as
indicated by solid dots and error bars in Fig. 3. The solid
lines are drawn with the theoretical slope and they pass
through the experimental points perfectly. It is thus reason-
able to infer that our model provides an accurate description
of the true phase boundary; while further rigorous justifica-
tion is needed, it appears that our assumptions are justified
in the Li-graphite system.

The above model provides a simple explanation of the
fundamental relationship between low-T and high-P phase
transitions. The key to linking the two lies in the fact that
in the ambient state the intercalant layers are not maximally
dense. Increased density affects the free energy in two
ways: the intercalant takes on an ordered commensurate in-
plane superlattice, reducing S to zero, and the overall
volume decreases as some or all of the sites go from o to
4. Low T favors low S while high P favors low V, thus ei-
ther low T or high P can induce the transition. This picture
supports the point of view that the staging transition is
driven by the change in in-plane density rather than the
converse.

It is now easy to see why this phase transformation is
manifested most dramatically by the Li-graphite system.
The slope of the phase equilibrium line is inversely propor-
tional to AQ, the change of volume upon intercalation.
AQ is smaller in Li-intercalated graphite than in any other
GIC and therefore dP/dT is greatest in this system. The
transition® KCyx12— KCjxs at 7 kbar involves a AQ ten
times larger than in the present case;, we predict that this
transition will not extrapolate to positive T at P =0,
although the critical pressure would decrease to 5 kbar at
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FIG. 3. (P,T) phase diagram for LiC;4. Dots and error bars are
the extremities of the p.(T,P) hysteresis loops in Figs. 1 and 2.
The dashed line shows the predicted slope of the equilibrium phase
line. Solid lines drawn parallel to the dashed line can be displaced
so as to lie on the data points. The stable phases are dilute 2 (lower
right) and mixed dense 2+ 3 (upper left); in the hatched region ei-
ther phase is stable depending on past history.

T =0. Still, the Clausius-Claperyon relationship should be
of great value in guiding future experiments in the (P, T)
plane, and in further establishing the connection between
theory and experiment. An excellent candidate would be
Li,TiS,; which is stage 1 for all x at 300 K and 1 atm.
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