Electronic structure changes upon lithium intercalation into graphite
— Insights from ex situ and operando x-ray Raman spectroscopy
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ABSTRACT

This study probes the electrochemical intercalation mechanism of Li into graphitic carbon using x-ray
Raman spectroscopy (XRS), an inelastic x-ray scattering technique. Operando and high resolution spectra
of electrochemically lithiated composite graphitic electrodes at discrete states of Li uptake (stages III, II
and I) show gradually changing spectral features with Li intercalation, the end state agreeing well with
chemically fully lithiated LiCs highly oriented pyrolytic graphite (HOPG). The two most dominant
changes in the XRS spectrum of the C-K edge are the reduced intensity of the 7* peak and shift the onset
of the ¢* states to lower energies upon full lithiation. The excellent instrumental energy resolution
uncovered novel spectral features and, thus, electronic changes with varying lithium content. The general
spectral changes with progressing Li intercalation agree well with our accompanying DFT calculations.

1. Introduction

Graphite intercalation compounds (GIC) and especially Li-GIC
have been studied extensively over the past decades [1]. The
main driver for this intense scrutiny is the canonical application of
carbonaceous (graphite-like) materials in the negative electrodes of
modern Li-ion batteries, which are based on the reversible inter-
calation of Li during electrochemical cycling [2]. Graphite has a
highly oriented layered structure formed by a regular network of
carbon hexagons, which results in anisotropic physico-chemical
properties. Li is intercalated between these layers to form Li-Cg-
Li-Cg— strings parallel to the c-axis and cause a 10% increase of the
interlayer spacing in the final stage. The staging phenomena that
accompany the formation of Li-GICs, where Li is preferentially
intercalated in distinct layers in alternating patterns (stacking) [3]
rather than at random sites [4], giving rise to a variety of discrete
LixCg compositions, also attracts fundamental interest in the solid
state chemistry field. Another intriguing aspect is the complex

bonding behavior as the bulk material changes from semimetallic
in pristine graphite to metallic in the fully lithiated compound, LiCg.
In the past, many descriptions of the state of Li in LiCg, from ionic to
metallic, have been considered [5—9] and experimentally sup-
ported [10—15]. However, despite extensive studies, the charge
transfer and diffusion of Li within the different Li-GICs that can
form through the staging process are still unclear [8,14,16]. Detailed
understanding of the associated basic processes may provide
important insight when identifying rules of design that apply
across materials, especially in a broader context of intercalation
materials for Li-ion battery electrodes.

Spectroscopic techniques such as electron energy loss spec-
troscopy (EELS), x-ray absorption spectroscopy (XAS) and x-ray
emission spectroscopy (XES) can directly probe the density of
occupied/unoccupied states in graphite intercalation compounds
(GICs). However, direct experimental evaluations of GICs are chal-
lenging because of their high reactivity and sensitivity to oxygen
and moisture, which leads to rapid material degradation, especially
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at the surface, and produces inaccurate experimental results. Some
fundamental studies of GICs combine experimental and theoretical
approaches to facilitate the interpretation of the experimental re-
sults [14,15,17].

EELS studies in a transmission electron microscope (TEM),
using “fingerprinting” methods and comparison to theoretical
calculations to interpret the results have been reported [11,14,18]
ranging from Li-metal-alike [18] to ionic character in line with LiCl
or LiF [ 14]. On the other hand, x-rays are generally known for their
large penetration depth and ability to measure in situ under a
controlled environment. However, the excitation energy of the Li
K-edge is only about 56 eV [19] and the x-ray penetration depth is
very shallow (10—20 nm) and hence suitable for probing surfaces
or thin model samples, such as electrode-electrolyte interfaces
and interphases in batteries [20]. At the C K-edge the x-rays
penetration depth is about 100 nm and XAS and resonant inelastic
x-ray scattering (RIXS) measurements have been performed for
HOPG and LiCg [21]. When lithiation of graphite is performed
electrochemically, thick surface layers are prevalent due to side
reactions with organic electrolyte compromising the interpreta-
tion of C K-edge XAS spectra. For bulk-sensitive measurements,
inelastic x-ray scattering methods such as x-ray Raman spec-
troscopy (XRS) are better suited [22,23]. The excitation mecha-
nism in XRS involves a hard x-ray incident photon with energy
much higher than the binding energy of the core electron, which
can excite a core electron into an unoccupied state while the
remaining energy is released in the form of an inelastically scat-
tered photon. The absolute energy transfer (energy loss) corre-
sponds to the absorbed x-ray photon energy in conventional x-ray
absorption spectroscopy XAS. Depending on the atomic number of
the sample and incident angle of the beam, probing depths can
reach from few micrometer to the millimeter range and therefore
also probe bulk material. However, the probability of x-ray in-
elastic Raman scattering process is very small (~107%¥m?).
Therefore high throughput detection systems with energy reso-
lution comparable to lifetime broadening of involved core levels
are required to enable such studies [24,25].

Angle resolved x-ray emission spectroscopy (ARXES) and XRS
measurements performed by Schiilke et al. [12,13] on highly ori-
ented pyrolytic graphite (HOPG) and fully lithiated HOPG (LiCg)
probed the occupied and unoccupied states of carbon and Li, and
effectively illustrate the power of these tools. Given the highly
anisotropic nature of graphite, both interplanar (7) as well as
intraplanar (o) contributions were selectively measured by ori-
enting the sample accordingly. The experimental results showed
good agreement with the corresponding theoretical studies [7]. The
high throughput XRS instruments such as SSRL, Stanford, USA [25],
APS, Argonne, USA [26], PETRA III, DESY, Germany [27] or ESRF,
Grenoble France [28] allow data acquisition in a much shorter
period of time and with higher energy resolution than in the
measurements previously reported in the literature. This also en-
ables systematic in situ and in operando studies of functional ma-
terials such as composite battery electrodes [23,29].

This work aims at providing new insights on the staging and
mechanism of Li intercalation process in GICs using high resolution
XRS coupled with electrochemical methods to precisely control the
content of the alkali metal ions in the graphite host and thus also
investigate intermediate states. An operando study tracked dy-
namic changes in electronic structure with the degree of Li inter-
calation into a battery standard graphite composite electrode. We
subsequently expand previous ex situ work on the end-state LiCg by
comparing powder and HOPG samples, and by also isolating in-
termediate stages of Li-intercalation into electrode powders. The
experimental data is interpreted with the support of DFT compu-
tations of the electronic structure of the different Li-GICs.

2. Experimental
2.1. Sample preparation

Bulk LiCg samples were prepared chemically from highly ori-
ented pyrolytic graphite (HOPG) by infiltration. In a hermetically
sealed vial, slabs of ca. 3—5 mm? HOPG and metallic Li were heated
to 400°C for 12 h. Graphite composite electrodes were doctor
bladed on a Cu foil current collector from a slurry of 88% CPG-8
graphite (Conoco Phillips), 3% carbon black (Denka) and 9% Poly-
vinyldifluoride (PVdF) binder [30]. The resulting graphite com-
posite layer was approximately 40 um thick. Electrodes were
punched in the form of circles 9.5 mm in diameter. 2032 coin cells
with Li-foil counter electrode, Celgard 2400 separator filled with
1M LiPFg, EC:DEC (45:55 wt%) electrolyte were assembled in an Ar-
filled glove box with levels of HO < 0.1 ppm and O, < 0.1 ppm. The
cells were cycled galvanostatically between 1.0 and 0.0V vs. Li*/Li°
at C/n rate, where C is defined as the charge required to achieve full
theoretical capacity (372 mAh/g) in n hours, using a VMP3 galva-
nostat/potentiostat (Bio-Logic USA, LLC). The open circuit voltage of
the freshly prepared cells is typically around 3 V. But since the
equilibrium potential corresponding to the intercalation of lithium
into graphite is close to 0V vs. Li*/Li% the deintercalation reaction
is essentially complete at 1V, which was set as the cut-off for cell
charging. Ex situ measurements were performed on samples har-
vested from the two-electrode coin cells at LixCg stages III, Il and I
with x equal to 0.22, 0.5 and 1, respectively. Prior to XRS mea-
surements the electrodes were washed in dimethyl carbonate
(DMC) and stored in the glove box. All electrical potential values
discussed in this paper are referred to the Li*/Li® couple
(E® = —3.04 V vs. normal hydrogen electrode).

2.2. X-ray Raman spectroscopy measurements

X-ray Raman spectroscopy (XRS) was performed at the 6-2b
end-station at the Stanford Synchrotron Radiation Lightsource
(SSRL). The end-station includes a Johann type multicrystal
spectrometer arranged in a Rowland circle of 1 m with 40 spher-
ically bent and diced Si(110) crystals 100 mm in diameter. Using
the beamline Si(311) monochromator and the spectrometer
Si(440) reflection, an overall energy resolution of 0.3eV was
achieved at 6462.2 eV. Details concerning the instrumental setup
can be found in Ref. [25]. All measurements were performed in
reflection geometry. Reference XRS Li K-edge spectra of com-
mercial Li-metal (Sigma Aldrich, 99.9% purity) and LiF powder
samples, and ex situ C K-edge spectra of HOPG and lithiated HOPG
were collected with an beam incident angle of 12°, whereas ex situ
and in operando C K-edge spectra of the composite graphite
electrodes and all Li K-edge spectra were collected at incident
angle of 8°.

The spectrometer covers a wide angular range in the forward
scattering direction (~16°-71°) and thus a broad range of mo-
mentum transfers (0.85—3.9 A~1). For Li 1s XRS we used only the 3
most forward columns of the spectrometer (15 analyzers); in this
way we maintained a low momentum transfer (0.85—1.65A"") in
order to ensure dominance of dipole transitions and to suppress the
Compton/Plasmon distribution at the lowest possible energies as
this consists the most important background signal for the Li 1s XRS
signal [25]. At least three scans were recorded for each sample,
which were then processed with standard data analysis proced-
ures, such as normalization to the intensity of the incoming beam,
averaging over multiple scans, background subtraction as well as
normalization to the edge jump.



2.3. Sample mounting for XRS measurements

For optimizing the counting statistics, all measurements were
performed in a reflection geometry and hence sample holders had
to allow data collection at incident angles as low as 8°. To ensure
oxygen- and moisture-free environment air-free during x-ray
measurements a special sample holder was designed (Fig. 1a). The
samples were placed inside of a modified Swagelok®-type
container. Hermetic sealing was obtained by tightening the frame
against a viton o-ring/cell body using altered Swagelok VCR® con-
nections. The cavity of the cell body can contain a powder sample or
a cycled electrode, which can be pressed against the window-frame
using a small spring. To minimize photon attenuation losses at low
angles a 1 pm thick SizN4 membrane (Silson, Inc.) with a window
size of 5 x 5 mm? was used. The SizN4 membrane was glued onto
the stainless steel frame of the holder. The cell was air-tight and no
deterioration of highly sensitive LiCg or metallic Li was observed
over three days.

The cell design was modified to enable in operando measure-
ments under electrochemical control conditions, as illustrated in
Fig. 1b. To obtain the largest possible scattering signal and prevent
any shadowing effects in the shallow angle reflection geometry,
graphite active material was cast directly onto the Si3sN4 membrane.
The SizN4 membrane itself was coated with a 20 nm layer of copper
by AC sputtering, then placed in electric contact with the frame that
leads to the working electrode connection by sputtering a thicker
copper layer (250 nm). During this process, the central region of the
x-ray window was masked to keep the copper layer thin, thereby
maximizing transmittance. The cell body was made out of electri-
cally insulating polymer PEEK with feedthroughs for electrical
contacts for the Li metal counter electrode. The space between the
working and counter electrode was filled up with glass-fiber

separator (GF/D, Whatman) soaked in the electrolyte.

2.4. Theory

Analysis of the experimental data was carried out with calcu-
lations of the electronic structure for graphite, LiC1, and LiCg. These
calculations were performed in the framework of density-
functional theory, full-potential (linearized) augmented plane-
wave method, as implemented in Wien2k [31]. In all calculations
we use experimental structure parameters from ICSD [32,33]. For
the self-consistent field (SCF) calculation of electronic density, as
well as for calculations of electronic density of states (DOS), we use
the smallest unit cell containing two inequivalent atoms. The basis
set parameters used were identical to those from Ref. [8]. For the
SCF calculations for all systems we use k mesh containing up to
1800 k-points in the full Brillouin zone (up to 135 k-points in
irreducible Brillouin zone (IBZ)), and for the DOS calculation the
more dense mesh have been used: up to 5832 k-points in full
Brillouin zone (up to 370 k-points in IBZ). In order to calculate
carbon K-edge XAS, taking into account the core-hole effect,
supercells containing up to 189 inequivalent atoms were con-
structed, giving a possibility to get the fraction of core-holes in
carbon as low as 0.6%. The core-hole effect was taken into account
by reducing the occupation of the 1s core state of the carbon atom,
used for calculation of XAS, by one, while the occupation of the
band was increased by one electron, maintaining the charge
neutrality of the system. The core-hole concentration was thus
brought down to 0.6%, however, already 8% concentration of core-
holes gave qualitative agreement with the results for lower core-
hole concentration. This concentration corresponds to relatively
small unit cells, containing 12 inequivalent carbon atoms.

Fig. 1. Schematics of the custom-designed XRS cell for a) ex situ and b) in operando measurements. 1: Si3N4 membrane, 2: composite electrode, 3: O-ring to seal the cell, 4: cavity to
be filled with separator and electrolyte, 5: connection for the Li-counter electrode, 6: tubing to fill electrolyte. (A colour version of this figure can be viewed online.)



3. Results

The Li K-edge spectra of chemically lithiated HOPG (LiCg),
metallic Li and LiF are shown in Fig. 2a. The cartoon insert in Fig. 2
illustrates the beam geometry with respect to the crystallographic
orientation (offset of approximately 8°). The LiCg spectrum shows a
pre-edge, which is shifted by about 2 eV in comparison to the edge
of metallic Li, whereas the LiF edge is shifted by about 4 eV with
respect to metallic Li. LiCg exhibited a bright golden color and
showed no signs of deterioration after the measurements. These
results are in agreement with XRS measurements reported by
Nagasawa et al. [34], Schiilke et al. [13], Balasubramanian el al. [15],
Stutz et al. [17] and their corresponding DFT calculations.

Fig. 2b) shows bulk data collected for pristine and chemically
lithiated HOPG (LiCg), at the C K-edge with energy resolution that
was a factor 3 to 5 better than previously recorded, the spectral
changes due to lithiation are highlighted by black arrows. At an
energy loss of 285.5 eV, both samples showed a strong absorption
peak, corresponding to the * resonance of sp? hybridized carbon.
For LiCg this ™ resonance peak was shifted by 0.2 eV to lower
energy values and its onset was slightly shifted to higher energy
values (by about 0.2 eV) compared to HOPG. The overall signal for
the w*-resonance for LiCg was significantly reduced and a broad
shoulder about 2 eV wide appeared on the high-energy side of the
peak. Given that this peak arises from unoccupied states closest to
the Fermi level, the decrease in intensity is consistent with the
injection of electrons into the compound during reduction. The
onset of the ¢* resonance of the carbon electronic structure was
detected at 291.7 eV and 290.6 eV energy loss for HOPG and LiCg,
respectively. Overall, similar trends (reduction of the w*-resonance
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Fig. 2. a) XRS measurements at the Li-K edge of Li-metal (black), LiF (blue) and LiCg
(red). b) XRS spectrum of the C-K edge of pristine (black) and chemically lithiated
HOPG LiCg (red) for an incident angle of 12° in relation to the basal plane for the C-K
edge spectra and 8° for Li-K edge spectra, as illustrated in the sketch. The spectral
changes between HOPG and LiCg are highlighted by black arrows. (A colour version of
this figure can be viewed online.)

and red-shift of the ¢* resonance) were reported by others using
the same technique [12,13,15,17,35], but the subtle changes in the
m* and ¢* resonances (i.e. shift of the ©* resonance peak and its
onset) were not detected in earlier studies.

Changes in electronic structures at intermediate stages between
graphite and LiCg can be probed by gradual intercalation of Li into
graphite in composite electrodes in an electrochemical cell by
controlling the electrode potential [36,37]. These compositional
states are indicated in a representative potential profile of the
graphite electrode during the first galvanostatic scan (Fig. 3). Pla-
teaus of potential signify coexistence of two Li-GICs at different
stages, where Li is periodically intercalated in-between graphene
layers in alternating patterns up to full occupancy in LiCg.

Considering the metastable nature of LiCg, for instance, with
respect to a/f LioC [38], and possible sample relaxation effects
when electrodes are harvested from cycled cells, the spectroscopic
trends upon Li intercalation during galvanostatic polarization of the
graphite electrode were first evaluated under operando conditions,
in a custom cell designed for simultaneous electrochemical and
XRS measurements (see Experimental section). Selected XRS scans
during lithiation are shown in Fig. 4a, whereas the corresponding
voltage profile is shown in Fig. 4b. Additional peaks at 289 and
290.5 eV energy loss were observed. They were assigned to the
electrolyte (see blank electrolyte spectrum in Fig. 5a), in good
agreement with the literature [20,39]. As lithiation proceeded, the
7* peak intensity rapidly decreased to about 50% at 0.0V. A slight
shift in the onset energy of the ¢* peak towards lower energies was
observed at 0 V. The shift was accompanied by broadening of the ¢*
peak most notable by the loss of the sharp peak at the onset of the
¢* resonance around 292 eV. The changes are consistent with the
similar observations for chemically lithiated HOPG; they are
consistent with the band structure of the compound undergoing
reorganization during the reaction. However, relatively low signal-
to-noise ratio and interference from spectral contributions of the
electrolyte and electrolyte decomposition products (both electro-
chemical and due to radiation damage) impeded a detailed and
meaningful analysis of the electronic states in LixC.

To improve energy resolution and signal selectivity and to gain
better insights into the nature of the observed changes in electronic
structure upon formation of discrete Li-GICs, a series of ex situ C K-
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Fig. 3. Voltage profile of the graphite electrode during first cycle of galvanostatic Li
intercalation-deintercalation, at a C/24 rate (1mol Li inserted in 24h). (A colour
version of this figure can be viewed online.)
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Fig. 5. C-K-edge XRS spectra for the different stages corresponding to the voltages in
Fig. 3. (A colour version of this figure can be viewed online.)

edge XRS measurements of electrochemically formed LixC samples
was carried out. The experiments were carried out slowly to ensure
homogeneous Li diffusion throughout the electrode, samples at the
end of these plateaus correspond to pure LixCs phases (Fig. 3). A
small irreversible capacity (about 0.1 equivalent mol Li) after the
first cycle is attributed to the electrolyte reduction and formation of
solid electrolyte interface (SEI) layer on graphite surface at poten-
tials below 0.75V [2,36]. Based on the electrochemical curves,
samples at x = 0.22, 0.5 and 1 which correspond to stage IlI, Il and I,
respectively were harvested at the end of each distinct voltage
plateau 0.154, 0.096 and 0.015V, respectively [2]. Fig. 5 shows the
corresponding ex situ XRS data at the C K-edge. The graphite par-
ticles are distributed randomly in the composite electrodes,
therefore the measurements represent an orientational average
orientation. At early stages of lithiation (stage III, or 0.22 equivalent
mol Li transferred), which corresponds to LiCy4, only subtle changes
in comparison to the pristine graphite were detected. Firstly, the
onset of the 7w* slightly shifted to higher values by about 0.2 eV (see
inset i). The peak height was, within experimental uncertainty,
equivalent to what was observed for the pristine graphite electrode.
At stage Il i.e,, LiCy, more pronounced changes consistent with
those observed for HOPG and LiCg were noticed. The onset of the t*
resonance remained blue-shifted by about 0.2 eV, but the intensity
of the peak notably decreased. In turn, a broad shoulder (0.2 eV) at
the 7* resonance started to evolve (see inset ii). A small redshift in
the onset of the ¢* resonance by about 0.3eV also developed (see
inset iii). The spectrum measured for the fully lithiated sample,

stage I (LiCg or 0.5 equivalent Mol Li transferred) was very similar to
chemically lithiated HOPG (see Fig. 1), with a significantly reduced
and slightly red-shifted * resonance with a high-energy shoulder,
as well as a red-shifted 6* resonance with no sharp features. The
changes are consistent with the most reduced state in the operando
data set, confirming that the final state in the latter was lithiated.
The extent of the spectral changes was the largest between stages Il
and [, consistent with the fact that they involve the larger change in
number of electrons going from LiCq, to LiCg compared to similar
transitions between more diluted LixC, x < 0.5, stages. The elec-
trochemical intercalation/deintercalation was fully reversible; the
atomic and electronic structure probed by XRS after one full Li
intercalation-deintercalation cycle was the same as the pristine
electrode.

The calculated DOS for graphite, LiC12 and LiCg and their derived
XAS spectra are plotted in Fig. 6a) and b), respectively. The exper-
imentally acquired XRS spectra are expected to reproduce the
calculated XAS spectra under the given experimental conditions.
Our calculations of the DOS are in excellent agreement with pre-
vious results [8]. A continuous shift of the calculated XAS spectra
with their ©* (partially becoming occupied 7 states) and ¢* states
towards lower energies is observed upon Li intercalation while the
overall shape changed little, in line with a rigid band model. The ©*
levels, which are unoccupied in pure graphite, are partially filled
during the Li intercalation. The integrated area under the 7* states
increases as Li intercalates but due to the shift to below Fermi-level
upon occupation, the measured signal from the 7* resonance is
reduced. In addition, the change in the electronic structure causes
the m* states to broaden over a larger energy range in the XAS
calculations for LiCg. The shift of the ¢* states to lower energies
with progressive Li intercalation is well observed in both experi-
ments and theory. The ¢* states correspond to the unoccupied
intraplanar graphite bonds and energy shifts are typically associ-
ated with changes in the bond length. Since the crystal structure
data is the base of our DFT calculations and only minor changes in
the intraplanar bond length are recorded there, we assume this to
be caused by a screening effect of the Li 2s orbitals around the C
atoms [8]; this effect is further discussed below. Our measured XRS
data reproduces well the trends predicted from the calculations,
but, in the experiment, the intensity loss of the ©* peak and the
shift of the o* levels are much weaker than predicted. This
discrepancy is likely due to a weaker charge transfer than predicted
by theory [17]. If this is caused by natural imperfections in the
samples, e.g. grain boundaries, in contrast to perfect crystals used
in the simulations of the present work needs to be investigated in
further studies.

4. Discussion

The acquired high resolution XRS spectra at the Li K— and C K-
edge for (lithiated) HOPG as well as operando and ex situ graphite
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Fig. 6. Calculated DOS for graphite, LiC;, and LiCg in a) and calculated C-K-edge XAS
spectra in b). (A colour version of this figure can be viewed online.)



composite electrodes at several distinct points of Li intercalation
reveal a rich fine structure. Due to the similarity of spectral changes
observed in HOPG samples, composite electrodes and operando
states, we believe that the high spectral resolution of features in the
experiments were representative of the situation in a functional
graphite electrode.

In agreement with some previous measurements we observe an
additional pre-edge in the Li K-edge spectra of lithiated HOPG and a
shift of the main Li K-edge edge vs. Li-metal by about 4 eV, which is
in excellent agreement with previously collected XRS data
[13,15,17]. The edge shift to higher energies has been generally
considered as evidence for the charge transfer from the Li 2s or-
bitals to bands with dominant contribution of C orbitals [15,40].
However, recent XRS studies and DFT calculations [8,13,22] indicate
that the interpretation of the spectral features at the Li-K edge is
more complex i.e., the edge shift is not only correlated to charge
transfer.

The two major changes observed in the C 1s spectra upon Li
intercalation with respect to graphite, namely i) suppression of the
m* feature and ii) shift of the ¢* onset to lower energies, are
consistent with previously collected inelastic XRS data on Li-GICs
[12,13,15,17,35] and with the theoretical predictions [8]. Further-
more, the observed shift of the ©* peak to slightly lower energies
and distinct shoulder on the high energy side of the w* peak can be
identified referring to the calculations of the carbon 1s ELNES
spectra by Titantah et al. [8]. Despite the extensive theoretical and
experimental work, the deconvolution of the acquired spectra with
assignment of features is not yet completely resolved. Since these
spectral characteristics show in thermally lithiated HOPG as well as
in the composite electrodes after electrochemical cycling, impurity
effects on the spectrum due to electrolyte, binder and black carbon
in the composite electrodes can be neglected.

The reduced intensity of the most prominent feature, the ©*
peak, upon Li intercalation is typically explained by the transfer of
electrons from Li 2s states to the previously unoccupied 7* states of
the carbon, thereby decreasing their density and smearing over a
larger range [8,35]. The broad shoulder at high energy observed on
the m* peak was only addressed by Grunes et al. [11] previously.
Using EELS, they reported splitting of the ©* resonance, with a new
distinct peak about 0.7 eV above the absorption edge in MCg
compounds, such as KCg, RbCg and CsCg, yet only a weak shoulder
for LiCg, very similar to our data. No assignment to a specific elec-
tronic transition was made. We further report that this peak
asymmetry develops rather early in the reaction, becoming most
prominent in the fully lithiated state. C K-edge x-ray microscopy
experiments on natural graphite demonstrated that w* peak
broadening is due to fractionation and formation of smaller gra-
phene sheets [41], which, in this context, could be understood as
originated by features near atomic or stacking defects induced by
lithiation. Since we register very similar spectral changes in com-
posite electrodes with relatively small LiCg electrode particles and
lithiated HOPG, it is possible that other factors contribute to the
change. However, our calculations of the DOS indicate unoccupied
states around 2.5 eV above the Fermi level, which could originate
from hybridization between C and Li (see Fig. 6a). The observed
shoulder could thus be due to a dipole transition from C-1s to this
orbital, which would be Li-originated with m-character.

The o™ states correspond to the unoccupied states intraplanar in
the graphite layers. A significant shift to lower energies of about
1.1 eV was found in the onset of the spectral feature between
graphite and fully intercalated LiCg. This spectral contribution is
easily influenced by changes in the intraplanar C-C bond length,
however, a shift by 1eV is predicted to roughly correspond to a
change in bond length of about 0.1 A [42]. In contrast, crystallo-
graphic databases, which are the base of our DFT calculations,

report changes in the intraplanar bond length upon Li intercalation
of less than 0.01 A [32,33].

In addition to the general shift of the DOS due to charge transfer,
our calculations show a small (about 0.6 eV) shift of the ¢* edge to
have contributions of both in- and out of plane C orbitals. Titantah
et al. [8] propose that the onset-shift of the ¢* peak corresponds
mainly to a screening effect from the Li 2s conduction electrons
accumulating around the carbon atoms. Their interpretation is
supported by a change in C core level energies, which are larger for
C atoms near to Li atoms than for those further away. We note that
the core level shifts and associated interpretation is discussed by
Wertheim et al. already in 1980 [43], reporting high resolution XPS
and band level measurements, interpreted as a combination of
fermi level shift due to 7* filling in addition to final state IP shift due
to the metallic character of the lithiated carbon, providing more
efficient screening. Moreover, very similar effects in C K-edge
spectra both for the ¢* and w* features were observed for the
interaction of graphene with metallic substrates, e.g. Ni. There,
these changes are assigned to a strong interfacial bonding and
orbital hybridization between the C- states with Ni 3d states as
well as partial charge transfer [44]. Overall, more detailed and
dedicated calculations are necessary to clarify the effect of Li
intercalation in graphite on the electronic structure in detail which
can then be compared to high resolution XRS spectra resolving
detailed spectral features in bulk samples, thus uncompromised by
surface effects.

5. Conclusions

This study provides new insights into the electrochemical
intercalation mechanism of Li into graphitic carbon. Operando
measurements of the Li intercalation in a graphitic electrode were
carried out to investigate the metastable nature of the Li interca-
lation in graphite process. Additional high resolution XRS spectra of
graphitic electrodes at intermediate states of discharge and after
one full cycle as well as bulk (lithiated) graphite reproduced well
the operando observations, validating them as representative of the
situation in an active battery and providing additional insight into
the changes in electronic structure upon formation of discrete Li-
GICs. High resolution spectra of electrochemically prepared
discrete Li-GICs in graphitic electrodes at discrete states of Li uptake
(stages III, II and I) show gradually changing spectral features with
Li intercalation, the two most dominant being the reduced intensity
of the * peak and shift the onset of the ¢* states to lower energies.
This first is caused by the charge transfer from Li 2s states to the
previously unoccupied 7* states of carbon and the latter is mainly
explained as a screening effect of the Li 2s conduction electrons.
The general spectral changes with progressing Li intercalation
agree well with our accompanying DFT calculations.
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