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Three new layered compounds were synthesised by immers-
ing a pyrographite platelet in a molten Ca−Li alloy creating
a new graphite intercalation compound family. The samples
were studied by X-ray and neutron diffraction, revealing that
the intercalated sheets are polylayered. The study of the 00l
reflections allowed us to establish the c-axis stacking of these
three phases. The α-phase exhibits a five-layered intercal-
ated sheet which has something in common with a
Li−Ca−Li−Ca−Li slice cut in the CaLi2 structure (ThMn2

Laves phase type). The β-phase, which is richer in metallic
elements and with a greater repeat distance, possesses

Introduction

Graphite exhibits a lamellar structure containing two-
dimensional Van der Waals gaps, and it therefore acts as a
host lattice for numerous reagents. It turns out that the
alkali metals are excellent electron donors in order to in-
tercalate into graphite. The intercalation of the pure alkali
metal was reported a long time ago;[1] it leads to binary
compounds whose stage varies with metal content. Indeed,
when potassium, rubidium and caesium react with graphite,
it is very easy to prepare the pure first-stage MC8 (M � K,
Rb, Cs) compounds, which contain a monoatomic metal
layer in each interlayer space. On the other hand, the behav-
iour of graphite changes radically when a less electroposi-
tive element is added to the reactive alkali metal. For ex-
ample, when a graphite sample is immersed in liquid potass-
ium containing a small amount of sulfur, a ternary com-
pound is formed whose intercalated sheets are poly-layered
with potassium atoms in contact with graphene planes.[2]

Moreover, these potassium-rich compounds are very stable
in air.

In the case of lithium, the binary first-stage compound is
rather different from the previous ones:[3] its metal content
is higher, since its chemical formula is LiC6. This compound
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seven-layered intercalated sheets due to the splitting of the
middle lithium plane in three. The third phase is a pseudo-
binary compound, containing monolayered sheets and with
a formula close to CaC6. Electron microdiffraction allowed us
to determine the 2D unit cell for each compound, all of which
were commensurate with that of graphite. Charge transfer
from the intercalate to the host lattice was evaluated for the
three phases from hk0 data, leading to high values.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

is of great interest, due to its widespread use as the negative
electrode material in Li-ion batteries.[4] One way to improve
the batteries’ capacity could be to increase the lithium con-
tent of the negative electrode, although the co-intercalation
of lithium with another element seems to be very difficult.
The data concerning the structure and the properties of the
LiC6 compound, in comparison with those of the heavy alk-
ali metal compounds, are unfavourable to this co-intercal-
ation because the repeat distance would be increased and
part of the strong Li�Li interactions along the c-axis would
be destroyed. Moreover, the synthesis of a ternary alkali
metal compound requires the melting of the M�E mixture
(M � alkali metal, E � co-intercalated element) or the par-
tial solubility of M�E in the liquid metal. The melting
points of most M�E mixtures are very high and the attack
of graphite by lithium is very fast above 600 °C, with forma-
tion of lithium acetylide (Li2C2) and, of course, destruction
of the graphene planes. Numerous experiments have been
carried out associating lithium with various elements but
generally only binary compounds are obtained.[5] Conse-
quently, we tried to co-intercalate lithium with some ele-
ments that are able to intercalate into graphite by them-
selves. We chose the alkaline earth metals because their in-
tercalation into graphite leads to first-stage MC6 com-
pounds (M � Ca, Sr, Ba)[6] rather close to LiC6, despite the
fact that the reaction is markedly more difficult, especially
with calcium. These experiments led to the isolation of the
first ternary graphite�lithium�third-element compounds,
that were obtained associating lithium and calcium.[7] We
report three new intercalation compounds, called α, β and
γ, and their description is given below.
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Results and Discussion

Structure of the α Compound

The 00l diffraction diagram of this compound (Figure 1)
gives a c-axis repeat distance of 776 pm. According to the
dilatometric measurements, which give values of around
157%, it belongs to the first stage thus confirming the crys-
tallographic data (the theoretical calculation leads to
132%). This difference is almost certainly due to the non-
uniformity of the sample’s faces. The repeat distance is quite
characteristic of a poly-layered intercalated sheet. Indeed,
the repeat distances are only 370 pm and 455 pm for both
the binary compounds LiC6 and CaC6, respectively.[3,6]

Figure 1. 00l X-ray diagram of the α compound

The study of lithium by X-ray diffraction is particularly
difficult due to the presence of very few electrons in these
atoms, therefore neutron diffraction experiments are often
necessary in order to complete the data and allow us to
calculate the c-axis atomic stacking.

Firstly, however, we will consider only the results ob-
tained from the X-ray experiments. The Fourier transform
of the 00l structure factors allowed us to produce the c-axis
electronic density profile in the direct space. From a c-axis
atomic stacking model, without taking the lithium atoms
into account, we then plotted a second electronic density
profile, which was compared to the previous one. When the
best agreement had been obtained between both profiles
(Figure 2), the atomic stacking model was considered to be
a good description of the carbon and calcium positions
along the c-axis. This model presents two superimposed
symmetrical calcium layers in the graphitic interval, with a
graphene—calcium layer distance of 238 pm, such that the
calcium layer—calcium layer distance in the same graphitic
interval reaches 300 pm. Moreover, the C/Ca ratio is equal
to 2.3, in accordance with the results of the analyses.

Secondly, we used the neutron-diffraction data in order
to take the lithium atoms into account. Using the same
method, we obtained a final model with three additional
lithium layers: one of them is placed at the centre of the
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Figure 2. Electronic density profiles along the c axis of the α com-
pound; black line: experimental data; grey line: calculated data;
seven reflections are taken into account (residual factor RF00l �
8.35%)

graphitic interval with two symmetrical layers between the
graphene plane and the calcium layer. The graphite—lith-
ium layer distance is estimated to be 160 pm. This result,
nevertheless, remains qualitative, because it has been shown
by nuclear microprobe analysis[8] that lithium distribution
inside the compound is not really homogeneous. Conse-
quently, it is not possible to attribute a well-defined metal
content for each lithium layer. The lithium content is, how-
ever, higher in both of the symmetrical external layers.

Finally, the intercalated sheet appears as a five-layer, ac-
cording to the Li�Ca�Li�Ca�Li sequence and we can
clearly see that there are lithium atoms in contact with the
graphene planes. Indeed, as is usual in these ternary com-
pounds, the more electropositive element is localised close
to the more electronegative one, in this case the carbon
atoms.

The intercalation reaction into graphite is always an ox-
ido-reduction. With electron donor species, graphite is re-
duced and the electron concentration of the graphene
planes increases; the carbon�carbon distance simul-
taneously increases. The hk0 X-ray diagram allows us to
determine this charge transfer between the intercalated
species and the graphene layers, since measuring the angu-
lar position of the 110 reflection generated by the graphene
planes very precisely is enough to be able to calculate this
distance. Its value was compared to that of pristine graph-
ite, and the increase of the carbon�carbon distance was
deduced. For these measurements, diamond was used as an
internal standard (the 220 reflection of the CFC diamond
for our calculations). The d-spacing of the 110 reflection is
equal to 125.2 pm for the ternary compound, whereas it
only reaches 123 pm in pristine graphite. The corresponding
increase of the C�C distance is of the order of 1.8%.
Pietronero and Strässler[10] have established the following
equation between this parameter and the charge transfer
(fc):

∆dC-C � 0.157fc � 0.146fc
3/2 � 0.236fc

2
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According to this relation, the electronic transfer reaches

0.111 electrons per carbon atom for the compound. In com-
parison, the corresponding value is only 0.07 electrons per
carbon atom in the LiC6 compound. In spite of the very
large amount of intercalated metal, the charge transfer re-
mains moderate, so that it is probable that there are metallic
bonds within the intercalated sheets. These bonds could ex-
plain the unusual hardness of the samples.

The 2D organisation of the compound was observed by
several techniques, including TEM (transmission electron
microscopy) and XRD (hk0 reflections). The TEM study
was carried out in a single-crystalline area of the sample. In
order to be sure that this area is well representative of the
compound, it was systematically observed by EDS (electron
dispersive spectroscopy) measurements. The electron micro-
diffraction images gave the symmetry and the parameters
of the 2D unit cell: it is rectangular with a � 2000 pm and
b � 430 pm, and it is commensurate with the graphitic one
after taking the charge transfer into account. The 110 gra-
phitic reflection becomes the 830 one in this unit cell. Fur-
thermore, the a and b parameters can be respectively writ-
ten as 8aG and √3·aG. Of course, in these expressions the
value of aG is not that corresponding to pristine graphite,
but that obtained from the expanded graphene planes pre-
sent in the ternary compound. The particular values of
these parameters lead to a 2D unit cell that contains exactly
32 carbon atoms (Figure 3).

Figure 3. 2D unit cells of the α, β and γ compounds; dotted lines
represent the 2D graphite unit cell

A rotating crystal image (Figure 4) allowed us to deter-
mine the value of the third parameter, which is twice the
repeat distance, that is to say: c � 1552 pm. Consequently,
the 3D unit cell of the compound is orthorhombic with the
three previous parameters.
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Figure 4. Rotating crystal image of the α compound; both dotted
lines symbolise the equatorial stratum and stratum 2

It is interesting to compare the c-axis atomic stacking of
the α ternary compound with the structure of the CaLi2
binary solid alloy. CaLi2 appears in the Ca�Li phase dia-
gram[11,12] as the only definite compound. Its structure, first
studied by Hellner and Laves[13] and later by Carfagno,[11]

is hexagonal and isomorphic with the Laves’s ThMn2 phase
with the following parameters: a � 631.3 pm and c � 1028
pm. Its space group is P63/mmc, with calcium atoms occu-
pying the 4f sites and lithium atoms the 2a and 6h ones,
such that each unit cell contains four CaLi2 units. Along
the c-axis, the structural arrangement of CaLi2 can be de-
scribed by a perfectly alternating sequence of calcium and
lithium layers, in accordance with a Li�Ca�Li�Ca�Li
five-layered intercalated sheet. As is shown in Figure 5, two
possibilities exist in order to allow the formation of a c-axis
five-layered sequence in the CaLi2 solid alloy. The first slice
(denoted A) seems to be more likely than the second one
(denoted B) for two reasons. Firstly, in the A-slice the out-

Figure 5. CaLi2 structure and both possible slices
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side lithium layers contain a larger number of atoms than
the internal lithium plane — an identical distribution was
observed in the intercalated sheet, according to the neutron-
diffraction data — whereas in the B-slice the metal content
of the internal lithium layer is particularly high. Secondly,
the calcium atoms are exactly superimposed in the B-slice,
while they are shifted in the A-slice, therefore it is likely
that this second arrangement is more stable for a 2D slice
intercalated between graphene planes.

These comments present a great interest because we can
observe that the intercalation into graphite of binary species
often allows a comparison between the sequence of the in-
tercalated sheets and the structure of the free binary species.
In spite of the stress applied by the graphene planes, the
atomic stacking in the intercalation compound could be
identical to a slice judiciously cut off in the structure. Simi-
lar results were previously observed in several cases, for ex-
ample potassium sulfide,[14] potassium amalgam[15] and so-
dium peroxide.[16,17]

A mixture containing the second stage compound (α
type) and CaC6 was also obtained but it was not possible
to isolate this ternary phase. The value of its repeat distance
is 1100 pm, that is to say approximately (776 � 335) pm.
Therefore, this compound exhibits alternating occupied gra-
phitic intervals (with the same atomic stacking as in the
first stage α phase) and empty ones along the c-axis.

Structure of the β Compound

As described above, the 00l X-ray diffraction diagram
(Figure 6) gives the repeat distance of this first-stage com-
pound. It is much higher for this phase, since it reaches 970
pm (instead of 776 pm for α compound). There is an obvi-
ous connection between this high value and the very large
lithium content of the phase, which possesses a C/Li ratio
slightly lower than 2.

Figure 6. 00l X-ray diagram of the β compound; • α phase, � CaC6

Using the previous method, it is possible to draw the ex-
perimental c-axis electronic density profile. This model then
allows us to draw a second profile, and the comparison be-
tween both profiles leads to an improvement of this model
until a better agreement was obtained. However, since this
compound contains a lot of lithium, it is necessary in this
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case to take the lithium atoms into account. Indeed, their
presence is clearly evident in Figure 7. The c-axis atomic
stacking model contains seven layers, according to the
Li�Ca�Li�Li�Li�Ca�Li sequence. The central lithium
layer is very rich in metal (1.5 lithium atoms for every six
carbon atoms), whereas the outer lithium planes (130 pm
above and below) contain only 0.6 lithium atoms for every
six carbon atoms. For this reason it is not easy to confirm
the presence of these latter lithium layers by XRD, although
the inter-calcium layer distance of 510 pm means that the
calcium layers cannot surround only one lithium plane.
This large value therefore confirms the presence of three
central lithium layers. Both calcium planes contain 2.1 cal-
cium atoms for every six carbons. Moreover, this very thick
sheet is sandwiched between two lithium layers 650 pm
away from one another, which contain one lithium atom for
every six carbon atoms.

Figure 7. Electron-density profiles along the c axis of the β com-
pound; black line: experimental data; grey line: calculated data;
eight reflections are taken into account (residual factor RF00l �
6.6%)

This intercalated sheet is extremely rich in metal and is
consequently very thick. A similar phenomenon was ob-
served previously in another system when we carried out
the intercalation reaction of potassium�thallium alloys
into graphite.[18] The amount of intercalated metal was also
very high, as was the repeat distance, and the core of the
intercalated sheet was also constituted by three metal layers,
although with Tl�Tl�Tl stacking instead of Li�Li�Li
stacking. In these cases it is generally not possible to estab-
lish a connection between the structure of the binary alloy
and that of the poly-layered intercalated sheet.

The charge transfer between the graphene layers and in-
tercalated species can also be measured by XRD using the
positions of the hk0 reflections. In the graphene plane, the
internal C�C distance reaches in this case 143.5 pm, in-
stead of 142 pm in pristine graphite, meaning that the
charge transfer is close to 0.07 electrons per carbon atom,
which is about the same value as in LiC6. This β ternary
compound contains approximately five times as much metal
as the binary compound, but nevertheless the electron
transfer remains essentially unaltered. As above, this inter-
esting result clearly emphasises the difficulty in correlating
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both phenomena: a high metal content does not inevitably
lead to a sizeable charge transfer, because there are auto-
matically metallic bonds in the intercalated sheet in order
to maintain its cohesion. These latter, of course, strongly
reduce this transfer.

The 2D unit cell of the compound was obtained by TEM
and XRD (hk0 reflections) techniques. Both methods give
the same results: Figure 8 shows the hk0 diffraction dia-
gram, for which all the reflections can be easily indexed
in a hexagonal two-dimensional unit cell identical to the
graphitic one. Indeed, the value of its parameter is 745 pm,
that is to say 3aG. From this value, one can see that this
unit cell contains 18 carbon atoms (Figure 3).

Figure 8. hk0 X-ray diagram of the β compound

Structure of the γ Compound

This first-stage compound exhibits a repeat distance that
is much smaller than that of the previous ones (Figure 9).
It has a value of only 454 pm, which is exactly the same as
that of the CaC6 binary intercalation compound. As ex-
pected, the study of the 00l reflections intensities (Fourier
transform) shows unambiguously the presence of mono-lay-
ered intercalated sheets (Figure 10). This intercalated layer
contains calcium atoms and its metal content corresponds
accurately to a C/Ca ratio of six. It is basically the same
compound as the CaC6 binary, although it nevertheless
contains a very small amount of lithium (1 atom-% of
lithium), as was shown by nuclear microprobe measure-

Figure 9. 00l X-ray diagram of the γ compound
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ments. This lithium amount is, of course, strictly invisible
by XRD measurements. It is possible to consider this com-
pound as a quasi-binary CaC6 phase.

Figure 10. Electron-density profiles along the c axis of the γ
compound; black line: experimental data; grey line: calculated data;
five reflections are taken into account (residual factor RF00l �
7.5%)

All its characteristics are exactly identical to that of the
real binary.[6] The internal C�C distance of the graphene
planes is equal to 125 pm, so that the charge transfer be-
tween the graphene and intercalated layers is close to 0.102
electrons per carbon atom. One can explain this high value
for a binary compound as follows. Firstly, contrary to the
alkali metals, calcium is divalent so that it is more easily
able to release two electrons instead of one. Secondly, in a
binary compound the intercalated sheet is mono-layered.
Consequently the delocalised electrons, which are partially
used in the ternaries in order to supply the internal co-
hesion of the poly-layered intercalated sheet by the means
of metallic bonds, can in this case be wholly ‘‘absorbed’’ by
the graphene layers. Indeed, the intercalated mono-layer
does not need any internal cohesion, since it appears as a
cation plane sandwiched between two macro-anionic
planes: this situation is exactly the same as that observed in
ionic salts, such as NaCl.

Figure 11. Electron-microdiffraction pattern of the γ compound;
hexale lattice: a � 431 pm; the 110 reflection corresponds to the
100 reflection of graphite; the 300 reflection corresponds to the 110
reflection of graphite
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Figure 11 shows the reciprocal lattice observed using a

TEM technique. The two-dimensional unit cell of the com-
pound is hexagonal with a parameter of 431 pm (Figure 3).
It is the same as the graphitic one, since a � 3dC�C � √3·aG.
This classic 2D arrangement is known as the ‘‘hexal struc-
ture’’.[3]

As has been mentioned above, this compound is essen-
tially the CaC6 binary compound, since the lithium content
is exceedingly low. However, this is the first time that the
binary has been isolated. Its synthesis makes use of the re-
action between graphite and calcium vapour at high tem-
perature, so that the vapour pressure is sufficient, but never-
theless not so high as to allow the attack of the metal on
graphite, leading to acetylides. The reaction is strongly lim-
ited by this range of temperatures, so that the formation of
CaC6 in that case is just superficial. But using a calcium-
lithium liquid alloy, we have prepared this compound in the
bulk of the sample.

Two hypotheses can explain this phenomenon. Firstly,
the interstitial lithium (even though its content is extremely
low) is necessary in order to carry out the intercalation
right through to the core, so that thermodynamically its role
is very significant. Secondly, this novel method is able to
give a bulk CaC6 sample and makes use of a liquid, and
not a vapour, as reagent, so that the reaction can be under-
taken at low temperatures (350 °C) with a very concentrated
reagent. In these conditions, the carburisation by lithium or
calcium is completely avoided and the intercalation reaction
becomes total. The interstitial lithium is dragged towards
the graphitic intervals by calcium during its intercalation,
and after reaction it is trapped inside the intercalated sheet,
but it does not play a role in the stability of the compound.
This second explanation is probably the most likely.

This interesting synthesis technique has been used pre-
viously with another binary system: the reaction between
graphite and lithium�sodium liquid alloys leads to the
quasi-pure LiC6 compound.[19] This latter, however, was
isolated using the vapour method, although its preparation
is much easier by this second method. On the contrary, for
CaC6, the liquid method is absolutely essential in order to
isolate this compound.

Conclusion

It has been shown that the co-intercalation of lithium and
another element into graphite is very difficult since the
thermodynamic parameters are not favourable for such a
reaction. However, the first ternary graphite intercalation
compounds containing lithium and a second metal were
prepared from lithium�calcium alloys.

Two novel first-stage graphite�lithium�calcium com-
pounds were isolated and a structural study was carried out
with samples prepared from pyrolytic graphite platelets.
They are very rich in metal and one of them particularly
in lithium. Both ternaries possess poly-layered intercalated
sheets, with roughly an alternate sequence of lithium and
calcium. Lithium, the more electropositive, builds two lay-
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ers in contact with graphene planes, the more electronega-
tive. Between these lithium layers are sandwiched two
monoatomic calcium layers, which surround a central lith-
ium sheet (mono- or three-layered according to the com-
pound). This atomic stacking is typical for such ternary in-
tercalation compounds. The charge transfer caused by the
oxido-reducing character of the reaction takes place in the
interfaces of the host structure and the intercalated species,
that is to say between the graphene planes and adjacent lith-
ium.

The α compound can be considered as a slice of CaLi2
crystal alloy. Indeed, this latter consists of an alternating c-
axis lithium�calcium stacking, exactly similar to that pre-
sent inside the intercalated sheet of the ternary compound.

The two-dimensional unit cells of these ternaries were es-
tablished: they are both identical to the graphitic one, with
rectangular or hexagonal symmetry according to the com-
pound. The 3D unit cell of one of them was found.

The third compound contains a very low amount of lith-
ium, such that it appears as a quasi-binary phase, which
could be identified as CaC6. The liquid-solid reaction used
for this synthesis appears to be a better method for the
preparation and isolation of bulk CaC6.

Experimental Section

Synthesis: The synthesis of these novel ternary graphite�lithium�

calcium intercalation compounds requires a rigorous experimental
process, including several successive steps: purification of the re-
agents, formation of the reactive alloy, reaction and sample recov-
ery. All the steps must be done in a glove box, under a very pure
argon atmosphere. The purity of the reagents is one of the
main factors influencing the synthesis of the ternary
graphite�lithium�calcium compounds. The dendritic calcium
used was distilled and exhibited a purity of 99.99%. The lithium,
with an initial purity of 99.95%, required a further purification
step, which was carried out in the glove box, after melting of the
metal. The formation of the alloy is tricky, because its good homo-
geneity is absolutely essential for the preparation of the ternary
compounds. In order to obtain pure ternary phases, we use Ca�Li
alloys whose composition is well defined and varies according to
the nature of the ternary compound. Both metals were mixed care-
fully in order to obtain a molten alloy that is as homogeneous as
possible (the binary phase diagram shows a complete miscibility in
the liquid state). Then, the pyrographite platelet was immersed in
this liquid mixture in a tightly closed reactor. Lastly, the tempera-
ture of the reagents was raised to the appropriate value for several
days: 350 °C for ten days when using an equimolar Ca�Li alloy
(α compound); 350 °C for ten days when using a CaLi2 alloy
(β compound); and 350 °C for ten days when using an alloy whose
composition is included between Ca3Li and Ca4Li (γ compound).
After reaction, the sample obtained after removal of the alloy was
introduced into a Pyrex or a Lindemann capillary tube (according
to the size of the sample), which was sealed for characterisation of
the sample by X-ray diffraction (XRD). The chemical formulae of
these compounds were established by nuclear microprobe measure-
ments,[8] because it is difficult to determine lithium concentration
and distribution by classical methods such as Castaing microprobe,
SEM and TEM. The formulae, which represent the composition of
the bulk samples, are Li0.4Ca2.7C6 for the α compound, Li3.1Ca2.1C6
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for the β compound, and Li0.07CaC6 for the γ compound. It should
be emphasised that the third compound (γ) has a very low lithium
content, and it is so low that it appears to be almost a binary
compound, close to the well-known CaC6 phase.[6] On the other
hand, the metal contents of the α and β compounds are much
higher. The β compound in particular exhibits a very large lithium
content (eight times richer than the α compound). It is probably
the most metal-rich phase amongst the graphite intercalation com-
pounds.

Structural Study: The compounds were studied by X-ray diffrac-
tion, using a specific technique because the samples are partially
oriented. The host graphite sample used for the intercalation reac-
tion is a platelet of highly oriented pyrolytic graphite (HOPG from
Union Carbide). The c-axes of all elemental graphite crystals are
mutually parallel but, within the graphene sheets, their a and b axes
are randomly distributed. This structural particularity confers the
properties of a single crystal along the c axis and the properties of
a powder in the perpendicular plane. Consequently, it is very easy
to observe the 00l, hk0 and hkl reflections with a device perfected
in our laboratory.[9]
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[3] D. Guérard, A. Hérold, Carbon 1975, 13, 337�345.
[4] J.-M. Tarascon, D. Guyomard, Electrochim. Acta 1993, 38,

1221�1231.
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