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Using synchrotron radiation we measured the x-ray absorption (XAS) near the Ci; edge for powdered
graphite, boron substituted graphite, and a disordered graphitic carbon. The chemical potential of Li in-
tercalated into the same carbons has also been measured as a function of x in LixCe. When Li is inter-
calated, the 2s electron is transferred to the C host, filling the same levels as probed by XAS. In XAS,
final-state energies contain a contribution from the electron—core-hole interaction which mimics the situ-
ation in Li intercalation where Li* interacts with conduction electrons. We show that XAS results
correlate well with chemical potential measurements of intercalated Li made on the same materials.

PACS numbers: 78.70.Dm, 71.20.—b, 82.45.+z, 82.60.—s

Intercalation occurs when an intercalant can lower its
free energy by entering a solid and forming chemical
bonds. The chemical potential u of an intercalated Li
atom measured with respect to Li metal is the difference
in Gibbs free energy of the Li atom in the two environ-
ments and hence is a measure of the bonding between the
intercalant and the host. This bonding arises when the Li
2s electron is transferred to unoccupied one-electron lev-
els in the host. In the rigid-band model one assumes that
the shape of the bands is unchanged by the intercalation
and that one-electron levels are sequentially filled as more
intercalant is added. Thus, in the dilute limit where the
intercalated species do not interact, one might expect the
variation of the chemical potential with intercalant con-
centration, x, to match the movement of the Fermi level
with respect to the rigid bands. However, the conduction
electrons react to the presence of the Li* ion and move to
screen it. This many-body effect changes the energies of
the one-electron eigenstates and hence first-principles cal-
culations of u(x) have not yet been made for any materi-
al.

A similar screening occurs in near-edge x-ray absorp-
tion (XAS) spectroscopy. Here, a photon is used to ex-
cite a core electron into an unoccupied conduction-band
state. The absorption versus photon energy then is a
probe of the local density of unoccupied states in the
solid. However, the final-state energies for the electron
are perturbed by the presence of the core hole [1]. Al-
though the core hole is short lived, Mahan [1] has argued
that its lifetime is long enough for the static screening ap-

proximation to be used to describe its effects. Although
the core hole and the intercalated Li* ion are located at
different sites in the lattice, we expect the screening
around each to involve electrons near the Fermi level in &
bands. Because the screening length in graphite is several
lattice spacings, the response of the electrons to each of
these charged objects should be similar. Thus, the core
hole mimics the effect of the Li* ion in the intercalation
experiment. A schematic diagram to show the correspon-
dence between XAS and Li intercalation is given in Fig.
1. In this paper we examine experimentally the cor-
respondence between the XAS and intercalation experi-
ments and obtain new insights into the physical processes
that determine the chemical potential of intercalated
atoms.

Applications for graphite intercalation compounds have
been proposed for many years [2-4], and now a commer-
cial application for Li,C¢ as an electrode in advanced re-
chargeable batteries [5,6] is emerging. A better under-
standing of the variation of u as a function of x is also
important for these applications.

Three powdered carbons which can be electrochemical-
ly intercalated with lithium were chosen for study. Crys-
talline synthetic graphite designated KS-44 from Lonza
Corporation and petroleum needle coke designated XP
from Conoco Corporation were used. Cokes are graphitic
carbons with random rotations between and translations
parallel to neighboring layers (“turbostratic” disorder)
[7]. A natural synthetic graphite substitutionally doped
with 2.5-at. % boron using the methods of Lowell [8] (No.

© 1992 The American Physical Society 835



VOLUME 68, NUMBER 6

PHYSICAL REVIEW LETTERS

10 FEBRUARY 1992

X-Ray Absorption Li Intercalation

DOS
; E

DOS
= Liog Level

—

=~ Electrons

> Derived
5 Y hv 5 ﬁ From L|2S
2 27
w | w7
hv
/Core Level
Cis

L CarEJon Layers —___

jra

=
= Z ] ZZz
=z 2@777 7 [
[ces

va) v, 7 CLLrIESTIA)

& Core Hole @& Lilon

@ Screening Charge

FIG. I. Schematic diagram showing the relation between Li
intercalation and x-ray absorption in carbon samples.

4900 graphite doped with 2.5% boron from Superior
Graphite) was also used. Li/Li,Cs electrochemical cells
were constructed and tested as described elsewhere
[9,10]. The voltage V of these cells is given by V' = —pu/e,
where e is the magnitude of the electron charge [11].

Figure 2 shows ¥ (x) for Li/Li,Cg cells containing each
of the three carbons. Both petroleum coke and the boron
substituted graphite show significant regions at low x
where Li atoms are more tightly bound (the cell voltage
is higher) than in graphite. The composition limit, x =1,
for Li intercalated graphite is caused by the filling of all
possible crystallographic sites in the interlayer spaces, not
by a filling of the available electronic states [12]. At
small x, electronic screening and wide separation ensure
that the Li atoms do not interact strongly with one anoth-
er and it is here that we expect agreement with the XAS
results to be best. At higher concentrations, Li-Li in-
teractions lead to the well-known staged phases in graph-
ite and in boron doped graphite [2,3] which are sup-
pressed by the disorder in coke [9].

Figure 3 shows XAS spectra collected for the three
unintercalated carbon samples measured using a total
electron yield detector at beam line Ul at National Syn-
chrotron Light Source. The estimated experimental reso-
lution is about 0.35 eV [13]. The details of the beam line
have been published elsewhere [13]. The carbon powders
were pressed onto the surface of indium foils and the
three samples were mounted together on a copper holder.
The powders are substantially oriented after pressing so
we took care to measure the absorption at the same angle
of incidence (45°) for all three. This is because transi-
tions to unfilled # bands in graphite depend strongly on
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FIG. 2. Voltage vs x for Li/LiCs cells measured during con-
stant current discharge and charge. For each sample, the lower
curve was measured as the lithium was intercalated (discharge)
and the upper curve while the lithium was deintercalated
(charge). The offset between charge and discharge is due to the
“IR” drop in the internal resistance of the cell.

the incident angle of the electric field vector to the graph-
ite basal planes [14]. To obtain reliable XAS spectra of
the carbon K edge, one must accurately measure the vari-
ation of the synchrotron beam intensity /¢ with photon
energy because carbon contamination of the beam-line
optics leads to intensity variations in the region of in-
terest. We made three independent measurements of the
I variation: (1) the current flow from a gold grid placed
in the beam prior to the sample, (2) the signal from a
channel-plate detector placed opposite to the last mirror
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FIG. 3. X-ray absorption vs photon energy for graphite,
petroleum coke, and graphite doped with 2.5-at. % boron.
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in the beam-line path prior to the sample, and (3) the ab-
sorption from a freshly sputtered gold sample. The first
two measurements were made during the carbon mea-
surement and the third was done independently. The
data in Fig. 3 are the electron yield from the carbon di-
vided by the I, signal from the channel plate [(2) abovel.
Using the other I, signals gave identical results. The
data for the three samples have been scaled to give the
same absorption at 281 eV and at 297 eV. The data for
graphite agree well with previous measurements [15], al-
though they do not show strong evidence for the peak at
289 eV recently associated with graphite interlayer states
[14]. We interpret the absorption in terms of the density
of empty states above the Fermi level [16]. For example,
the large peak near 286 eV, observed in previous mea-
surements [14,15], arises from transitions to the peak in
the n-band density of states about 2 eV above the Fermi
level.

The number of sites available for intercalated Li atoms
per unit chemical potential interval is proportional to the
derivative —dx/dV. Therefore, —dx/dV as a function
of ¥ can be thought of as a “density of sites” per unit en-
ergy for Li. Since each intercalated Li atom transfers an
electron to the carbon host, the energy to intercalate a Li
atom is determined by the energy of the Li ions, the ener-
gy of the donated electrons, and the energy of interaction
between the ions and the electrons. At small x, the in-
teractions between the ions should be unimportant, so the
ionic energy should be approximately constant. Then the
density of sites is determined by the changes in the other
two energies. Hence —dx/dV should be proportional to
the density of states for electrons, taking into account the
interactions of the electrons with the compensating posi-
tive charges. This is just what XAS measures; the only
difference is that the compensating positive charge in
XAS is in the core of the carbon atom instead of between
the layers as Fig. 1 indicates. If this change in location of
the positive charge does not strongly influence the screen-
ing energy, then a plot of —dx/dV vs u should resemble
the XAS spectrum. The photon energy in the XAS spec-
trum plays the role of the chemical potential in the elec-
trochemical experiment.

Figure 4 compares —dx/dV vs u to the XAS spectra
for the three samples. To make a meaningful compar-
ison, we have convoluted the electrochemical data (reso-
lution of 0.005 eV [10]) with a 0.35-eV Gaussian to
match the resolution of the XAS experiment. The data
show remarkable agreement, especially at low photon en-
ergies and chemical potentials which corresponds to small
x in LiyC¢. The Fermi level moves by roughly 1.3 eV in
graphite as Li is intercalated to the composition limit
[17,18] so we expect the area of agreement between the
XAS and electrochemical experiments to be within a volt
or so of the edge. In boron doped graphite, there are
valence-band holes [19] which must first be filled by the
transferred electrons as Li as added. The effect of these
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FIG. 4. Comparison of (a) x-ray absorption as a function of
photon energy with (b) —dx/dV as a function of Li chemical
potential. Solid and dashed lines have been used to connect the
data points which were measured every 0.1 eV in (a) and every
0.005 eV in (b).

holes is clearly seen as the “foot” at low energy in both
the XAS data and the electrochemical data. Petroleum
coke also has sites available for electrons at higher bind-
ing energies than graphite does, as both the XAS and
electrochemical results show. These states must result
from the disorder in the petroleum coke, but we cannot
distinguish whether they arise from differences in the
one-electron density of states or differences in screening.
We emphasize that the phase transitions between staged
phases which form during the intercalation of Li in
graphite and in the boron doped graphite are easily ob-
served as plateaus in u(x) and sharp peaks in —dx/dV vs
i [9,10]. These features have been broadened into a sin-
gle peak near u=—0.2 eV in Fig. 4 by the convolution
with the Gaussian.
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From photoelectron spectroscopy measurements of the
C,; core level, we determined that the C,; binding ener-
gies for coke and graphite were 284.9 and 284.6 eV in
good agreement with previous work [20]. This allows us
to locate the Fermi-level positions in the XAS spectra in
the absence of a core hole, as shown in Fig. 4. The small
shift (0.3 eV) in the Fermi levels is presumably caused by
structural differences in the materials. The nonzero ab-
sorption below the Fermi level gives an indication of the
electron-core-hole correlation energy (about 1eV). The
XAS spectra in Fig. 4 could be shifted so the Fermi levels
align, but our conclusions are not affected.

To summarize, the interaction between an intercalated
Li ion in graphite and its donated electron is very similar
to the interaction between the core hole and an electron
photoexcited at the threshold of the carbon K edge. The
similarity between the basic physics of these two effects
allows a connection between two superficially unrelated
phenomena; electrochemical measurements of the chemi-
cal potential of intercalated Li and x-ray absorption spec-
tra. This provides a new method for understanding the
basic interactions involved in intercalation processes.
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