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Phase diagram of Li„C6
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Using lithium/graphite electrochemical cells and in situ x-ray diffraction, we have determined the
phase diagram of Li C6 for 0&x & 1 and O'C & T &70 C. We find several differences between our re-
sults and previous work. For x & 0.04, the intercalated Li is randomly distributed throughout the graph-
ite host in a dilute stage-1 phase. As x increases past 0.04, a clear coexistence between this phase and a
stage-4 phase is observed. As x increases further at 21 C, transitions to stage 3, to a "liquidlike" stage-2
phase (denoted 2L), to stage 2, and finally to filled stage 1 occur sequentially as expected on the basis of
previous work. We have been able to accurately determine the ranges in x and in T of the single-phase
and the coexisting-phase regions. Clear coexisting-phase regions are observed (indicating first-order
transitions) for all the transitions except for the stage-4 to -3 transition. We discuss the difference be-
tween this transition and the others. The average layer spacing of Li C6 has been measured as a function
of x.

INTRODUCTION

The intercalation of lithium in graphite and studies of
the staged phases which form have been extensively stud-
ied both theoretically and experimentally. ' More re-
cently, experiments have focused on the determination of
the phase diagram of the staged phases ' using samples
prepared chemically having fixed overall composition.
The sample temperature is varied and the structure is
probed using diffraction methods to determine the phases
present. The phase diagram is determined by combining
the phase-temperature results from numerous samples
having different Li concentration x in Li„C6.

Phase diagrams of Li intercalation compounds are well
probed using electrochemical methods and in situ x-ray
diffraction. "' Electrochemical cells are used to inter-
calate Li into graphite at a fixed temperature and the
voltage of these cells is used to measure the chemical po-
tential of the intercalated Li. ' Because the chemical po-
tential of Li in coexisting phases is equal, coexisting
phase regions appear as plateaus in plots of the voltage
V(x, T) of Li/Li„Cs cells versus x at fixed temperature T.
The derivative, —(dx/d V)T, shows peaks at the voltages
and compositions where coexisting phases occur.
Structural information is simultaneously acquired using
cells with Be x-ray windows. ' Phase diagrams are deter-
mined by combing the results obtained during a number
of fixed temperature intercalations.

Early attempts to intercalate Li into graphite using
electrochemical cells' ' have been plagued with side re-
actions (caused by electrolyte decomposition) and there-
fore are not reliable measurements of the chemical poten-
tial variation. Recently, we learned how to overcome
these experimental difhculties' ' and studied the inter-
calation of Li within disordered carbons. In Ref. 20 we
reported preliminary studies on Li intercalated graphite
which showed that the coexisting phase regions between

the staged phases in Li C6 were easily observed in
V(x, T) and —(dx/dV)z. Here we concentrate entirely
on an accurate determination of the phase diagram of Li
intercalated graphite in the temperature range (0 C
& T & 70 C) accessible to our electrochemical cells.

EXPERIMENT

Crystalline synthetic graphite powder (99.9% pure),
designated KS-44, was obtained from Lonza Corporation.
The mean particle size of this powder is 44 pm and the
spacing between (002) planes, d(002), is 3.355 A indicative
of well-graphitized material. ' Electrodes were prepared
from this powder as described previously. In some elec-
trodes we added 7% by weight of Super S Battery Black
(Chemetals Inc. Baltimore Md. , USA) a carbon black
which ensures good electrical contact between particles
in the electrode. Super S black reversibly intercalates
about b,x =

—,
' in Li„Cs. For the Li/(Super S Battery

Black) cells described in Ref. 22, V(x, T) varies almost
linearly from x =0 at V=1.4 V to x =0.5 at V=0.01 V.
Thus, for cells containing Super S Battery Black, we must
remember that a sma11 fraction of the total Li
(0.5 X0.07/( 1 X 0.93 ) =0.037) is intercalating into the
Super S Battery Black, not into the graphite.

Two electrode electrochemical cells were constructed
using the electrodes described above, Li foil (Lithium
Corporation of America), porous polypropylene separa-
tors (Celgard 2502 from Celanese Corp. ), and a nonaque-
ous electrolyte containing a dissolved Li salt and a
sequestering agent which prevents the cointercalation of
the electrolyte solvent along with the Li atom. ' The
electrolyte was a 1M solution of LiN(CF3SOz)z (3M Cor-
poration) and 12-crown-4 ether (Aldrich Chemical Co.)

dissolved in a 50:50 volume mixture of propylene car-
bonate and ethylene carbonate (Texaco). The salt was
vacuum dried at 140'C and the solvents were vacuum
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70 mV during discharge) corresponds to the stage-
2—stage-1 coexistence region. The discharge of the cell
took longer than the subsequent charge because the elec-
trolyte decomposition associated with the formation of
the passivating film consumes Li which has been
transferred to the graphite electrode. Although this pro-
cess is clearly evident at 0.85 V, it occurs slowly
throughout the rest of the first discharge.

Figure 2 shows the second discharge-charge cycle of a
Li/graphite cell at 30'C using currents corresponding to
an 800-h rate. The cell was discharged only to 0.1 V,
which corresponds to x =0.5, and then charged. Had
the cell been allowed to discharge further, to 0.02 V,
another plateau extending from x =

—,
' to 1 would have

been observed. Figure 2(b) clearly shows the plateaus20

which mark coexisting phase regions. We have labeled
the plateaus on discharge based on the x-ray work to be
presented - below. The offset between the charge and
discharge is due to the IR drop from the internal resis-
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tance of the cell. If the cell could be measured under tru-
ly equilibrium conditions, V(x, T) would lie midway be-
tween the charge and discharge data shown.

Figure 3 shows —(dx /d V) z calculated from the data
of Fig. 2. The derivative is obtained simply by taking
Ax/hV for adjacent data points. The peaks labeled 2,
C, and D in Fig. 3 correspond to the coexistence ranges:
dilute stage-1 —stage-4; stage-3 —stage-21. ; and stage-
2I.—stage-2, respectively, as seen by comparing to F' 2

20
ig.

In a previous work the voltage resolution (0.01 V in
Ref. 20) was 10 times poorer than in the present work
and we did not observe C. The peaks labeled 8 are not
understood and will be discussed further later.

Using I,n situ x-ray diffraction, we examined the
structural changes taking place in different regions of th e

i/graphite voltage curve. The experiments reported
here were done while Li was being inserted into the car-
bon; similar results were obtained during deintercalation.
Figure 4 shows portions of x-ray scans in the region of
the graphite (002) peak taken for V) 0.230 V, above the
first plateau in Fig. 2. The (002) peak corresponds to the
average spacing between carbon layers. For V) 0.230 V,
this peaks shifts smoothly to lower angle as the cell volt-
age decreases (as Li intercalates within the carbon) Th
hs ift corresponds to an increase of the (002) plane spacing

due to the presence of Li between the layers. All the
Bragg peaks arising from the intercalated graphite can be
indexed assuming that it is a single phase at each voltage
(Li concentration), but whose x axis varies smoothly with
voltage. No evidence of superlattice peaks indicative of
staged phases were observed for V) 0.230 V. This evi-
dence, coupled with the smooth variation of V(x) for
V)0.230 V proves that Li is intercalated uniforml

w i00000

6—

I

SOLID — D ISCHARGE
DASH — CHARGE

I

j

)

t

80000—

~ 60000-
M

40000—

80000-

/

0.10
I

0. 15
l

0.20 0.25
VOLTAGE (V)

FIG. 3. —(dx/dV)T vs Vfor the data of Fig. 2. The data in
(b) is the same as in (a) except plotted on an expanded vertical
scale. The peaks labeled A, 8, C, and D in (a) are described in
the text.
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FICz. 4.. X-ray intensity vs scattering angle (Cu Ea radiation)

for the (002) region of Li C6 in the dilute stage-1 phase mea-
sured by in situ diffraction at 21'C. From the right, the scans
were measured at the following cell voltages: 2.00 (fresh cell),
0.400, 0.295, 0.257, 0.257, and 0.230 V. One of the scans at
0.257 V was measured as the cell voltage was stepped down, and
the other while the cell voltage was stepped up.
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plotted versus V measured at 30, 40, 55, and 65'C for the
discharge of a Li/graphite cell using a current where a
change, Ax =1 in Li C6 occurs in 200 h. The separation
between the peaks in —(dx/dV)z, corresponding to the
stage-3 —stage-2L and the stage-2L —stage-2 transitions,
decreases as the temperature decreases. Once these peaks
merge into a single peak, as the temperature is further
lowered, then a transition directly from stage 3 to stage 2
will occur. Figure 9 shows the separation between the
peaks plotted versus temperature. Assuming that the
separation varies linearly with temperature, we expect
that the 2L phase will disappear below 10 +2'C. Mea-
surements at 10'C confirm the absence of the stage-
3 —stage-21. peak in —(dx /d V) z .

The peaks labeled 8 in Fig. 3(a) are still a mystery. Our
experiments show that this peak is located in a range
where Li C6 is in the stage-3 phase. Perhaps this peak is
associated with some ordering of the intercalated Li
within each occupied layer. Our di6'raction experiments
do not probe the (hk0) reflections well because the
graphite electrodes in our cells have been compressed'
causing (00l) reflections to be preferentially favored.

Finally, we constructed some cells using electrodes
without Super S Battery Black to probe the width of the
dilute stage-1 region. Figure 10 shows V(x, T) for such a
cell in the dilute stage-1 region, measured using a current
corresponding to hx =1 in Li C6 in 400 h. The single-
phase region extends from x =0 to 0.04+0.005 at 30 C.
The results in Fig. 10 agree well with those in Fig. 2 if
the contributions of the Super S Battery Black present in
the cell of Fig. 2 are taken into consideration. The data
of Fig. 2 suggest the single-phase region has a width of
Ax =0.07. The Super S Battery Black has a total capaci-
ty which corresponds to Ax =0.037 between 1.4 and 0.01
V. Assuming this capacity to be distributed uniformly
over this voltage range, the capacity of the graphite
above 0.23 V in the data of Fig. 2 is

bx =0.07—0.037X1.2/1. 4=0.039,

25
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C3~ 0.4—
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x in Li„Cs
0.04 0.05

FIG. 10. Voltage vs x for a Li/Li C6 cell at 30 C without
Super S Battery Black in the electrode for x in the dilute stage-1
region. The current corresponds to a change hx = 1 in 400 h.
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in good agreement with Fig. 10.
To construct the Li C6 phase diagram shown in Fig.

11, we used the data of Figs. 2, 3, and 8—10 as well as the
x-ray information presented above. For 0.5(x (1.0, a
coexistence between the stage-2 and stage-1 phases is ob-
served. The single-phase stage-2L and stage-2 phases are
narrow, of maximum width Ax =0.03; these have been
denoted as line phases in Fig. 11. There is little tempera-
ture dependence in the phase diagram apart from the
disappearance of the 2L phase below 10'C. We have la-

0
0 8020 40 60

TEMPERATURE ('C)
FIG. 9. Separation between peaks in —(dx/dV)T corre-

sponding to the 3+2J and 2L +2 transitions vs temperature.

FIG. 11. The phase diagram of Li„C6 in the range O'C
(T(70'C. The phase designations are described in the text.
Data points are plotted where the error in x and T of the phase
boundary is less than +0.015 and +2'C, respectively. Else-
where, the errors in x at a given T are estimated to be less than
+0.03.
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FIG. 12. Variation of the average layer between carbon
planes as a function of x in Li C6 measured at 21'C. The phase
diagram information from Fig. 11 for 21'C is superimposed.

beled the region of the phase diagram corresponding to
stages 3 and 4 as "3,4." At the extreme left of the "3,4"
phase, Li „C6 is pure stage 4 while at the right it is pure
stage 3. In the discussion regarding Fig. 6, we showed
that distinct coexisting phases were not observed during
the stage-3 —stage-4 transition and that the transition ap-
peared to be continuous. This is in disagreement with the
results reported in Ref. 8 (see Fig. 14 in that reference)
where a clear two-phase coexistence region is observed
between stage 3 and stage 4 LiC62 (Lio Q97C6) as the tem-
perature is increased, although the temperatures are not
given in that reference. We emphasize that further work
is needed to fully understand the stage-3 —stage-4 transi-
tion.

The major differences between our Li C6 phase dia-
gram and those previously determined (for example, see
Fig. 3.6 in Ref. 24) are now summarized. First, the dilute
stage-1 phase, labeled 1' in Fig. 11, extends to from x =0
to 0.04 at 300 K, and does not have zero width as implied
by previous work. Second, the width of the two-phase
coexistence region between the stage-2L phase and the
stage-2 phase is much larger than implied by previous
work. Third, the stage-3 —stage-4 transition has marked-
ly different behavior than the other transitions which are
all clearly first-order transitions. Finally, there is no evi-
dence for the stability of phases with a stage index
greater than 4 above 10 C.

The lattice expansion induced by the intercalant can be
used to probe the elastic energies associated with inter-

calation. ' Furthermore, phenomenological models
used to predict the lattice expansion of Li C6 have
suffered in that precision data for comparison has not
been available. Figure 12 shows the average spacing be-
tween carbon layers plotted as a function of x from our in
situ experiments. The regions of the phase diagram for
21'C from Fig. 11 have been indicated in Fig. 12. In the
two-phase regions, two sets of Bragg peaks are observed
except in the 2I.+2 region where we cannot resolve the
Bragg peaks from each phase. The layer spacing for
stage-1 LiC6 from in situ experiments has been reported
previously.

DISCUSSIQN

The qualitative features of our phase diagram and that
determined for Li C6 previously (e.g., see Ref. 8) are
similar. Theories for the phase diagram of Li„C6 require
accurate experimental data for comparison. We have
now provided an accurate phase diagram determination,
although only within a narrow temperature range.
Equally important are the measurements of the voltage of
Li/Li„C6 cells which we have presented. These are a
direct measure of the variation of the chemical potential
of the intercalated Li within the graphite as a function of
x. ' Any theory for the phase diagram of Li C6 based on
lattice-gas models allows for the calculation of this chem-
ical potential variation. Clearly, if a theory is to be con-
sidered reasonable, it must reproduce not only the phase
diagram, but also the chemical potential variation. It is
our opinion that the current theories ' are unable to
do both. We are now exploring methods to improve the
theoretical description of intercalation in Li„C6.

The electrochemical methods outlined here are very
powerful methods for obtaining phase diagram informa-
tion. However, the use of liquid electrolytes in Li/Li„C6
cells limits the temperature range we can probe. It is our
opinion that experiments using solid polymer electrolytes
are warranted because the range of cell operation can be
extended up to at least 1SO'C. The stage-3 —stage-4 tran-
sition in Li C6 could then be studied under conditions
where the Li diffusion is much faster. If kinetics play a
role in the apparent complexity of this phase transition,
then this approach may allow the separation of the kinet-
ic effects from the equilibrium thermodynamics.
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