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ABSTRACT: Graphite intercalation compounds continue to be central to technologies for electrochemical energy storage, from
anodes in established Li-ion batteries to cathodes in beyond Li-ion concepts paired with multivalent anodes. When used as a cathode,
graphite intercalates a variety of anions, with PFs” being among the most common. Paired with Li intercalation at the anode, the
corresponding dual carbon battery yields high energy and power densities. Given the available choice of anions as intercalants, it is
important to elucidate how the graphite structure accommodates them in order to tailor the molecular species to maximize charge and
reversibility. Yet the changes in electronic structure of the host graphite lattice upon anion intercalation are poorly understood com-
pared to cations, which represent a fundamentally different reaction. In this work PFs-intercalated graphite has been studied using
techniques sensitive to electronic structure, namely x-ray Raman spectroscopy (XRS), x-ray absorption near-edge spectroscopy
(XANES), and x-ray emission spectroscopy (XES). Complementary full-potential, all-electron density functional theory calculations
yielded excellent agreement with the spectra, thus providing insight into charge compensation in the graphite lattice. In particular, a
pre-z* feature emerged in XRS/XANES which is direct evidence of removal of charge from the host lattice to compensate the inter-
calated anions, leading to an overall lowering of the Fermi energy level. This is expected to be characteristic of many intercalants in
anion-intercalated graphite. The unambiguous identification of the origin of the pre- z* spectral feature, which is frequently seen in
graphitic systems, is of broad interest to the spectroscopy of graphitic systems, beyond the practical implications of anion-induced
changes in the electronic properties for real devices.

ode.® Anions that have been demonstrated for this purpose in-
clude CIO4, BF4, PFs, AICI;, CF:S0O3, and (CFgSOz)zNi,
amongst others.®*2 This reactivity is not unique to Li batteries,
as AlCls-intercalated graphite has attracted considerable inter-

INTRODUCTION

The electronic properties of graphite! can be tuned by per-

turbing the host lattice, including via functionalization,? substi-
tutional doping,®* intercalation,>® and changing the dimensions
to the nanoscopic regime.” Since 1841, graphite intercalated
compounds (GICs) have been extensively studied leading to
their use in thermal and electrical conductors, catalysis, and en-
ergy storage.® In particular, the Li GIC is extensively used today
as the anode in Li-ion batteries,® which have pervasive applica-
tions in modern mobile electronics, and are increasingly em-
ployed for electric transportation, and grid storage. In the quest
for low cost while preserving high energy density and minimiz-
ing environmental impact, graphite also emerges as the alterna-
tive intercalation host to the current transition-metal based cath-
odes. In such a dual-carbon battery, anions are intercalated into
the graphite cathode during charging, generating a positive
charge that can compensate the intercalation of Li* into the an-

est in next-generation non-aqueous Al batteries, where it is
paired with the deposition of the trivalent metal on the an-
ode.**** Among all possible anion choices, PFs has been stud-
ied extensively®™>2* because it produces a dual carbon battery
with high storage capacity and favorable rate performance®
with measured chemical diffusivity that compared well with
lithium in cathodes such as LiFePO, or LiCoO,. However, in
comparison with the Li GIC, the fundamental processes under-
pinning reactivity remain poorly understood, particularly as it
refers to the changes in crystal and electronic structure that
graphite undergoes to accommodate the large molecular anion.
The perturbation of the electronic structure, and the bonding in-
teractions between host and guest species, determine the ability
of charge carriers to conduct within the electrode structure,
which, in turn, macroscopically determines energy utilization at
high power density.
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X-ray spectroscopy provides an established family of tools
to probe the electronic structure of chemical compounds. Both
x-ray absorption near-edge spectroscopy (XANES) and x-ray
Raman spectroscopy (XRS) evaluate transitions from core to
unoccupied states above the Fermi level characteristic of an el-
ement of interest, whereas occupied electronic states can be de-
tected with x-ray emission spectroscopy (XES).? However, as
it has been demonstrated for functionalized graphene oxide, the
assignment of spectral features from XANES in extended sys-
tems cannot be simply decomposed by considering the coinci-
dence of peaks from spectra in related compounds; rather, the
electronic structure of the overall graphitic system must be con-
sidered.? Therefore, coupling measurements with computational
modeling of the specific systems provides the highest and most
detailed level of insight.

Here, we study PFe-intercalated graphite electrodes using
the full suite of XRS, XANES and XES. These spectra are sub-
sequently interpreted by employing theoretical spectra calcu-
lated with density functional theory (DFT), using structural in-
puts from x-ray diffraction. Taken together, these techniques al-
low the structural and electronic properties of this material to be
evaluated and discussed in the context of the expected function-
ality of the electrode. The spectra show that new unoccupied
states are introduced above the Fermi level, in the form of a pre-
m* feature. While similar spectral weight before the z* states has
been observed in several instances, including irradiated graph-
ite,?® nanographite,” FeCls intercalated graphite,?” nanotubes,?
and boron-doped graphite,* its origin remains elusive. For the
irradiated and nanocarbon cases, it was attributed to sp? bond
breaking and graphite edge states, emphasizing that the assign-
ment of spectral features in the pre-z* region cannot simply be
done by considering their energetic position as spectral features
at common energies may have differing origins. Our work un-
ambiguously clarifies the underpinnings of this pre-z* feature
on the electronic structure upon intercalation, and suggests this
is common to many anion-intercalated systems adding broad in-
terest beyond the implications that affect the use of this material
in real battery devices.

EXPERIMENTAL SECTION

Two forms of graphite electrodes were studied for this
work. First, highly ordered pyrolytic graphite (HOPG) crystals
(20 mm x 10 mm x 2 mm) from SPI Supplies were cleaved us-
ing a razor blade to approximately 0.2 mm thick. Subsequently,
the crystals were made thinner by repeatedly peeling off single
layers of graphite using adhesive tape until the total desired
sample thickness was approximately 125 um. Crystals of de-
sired thickness were then individually weighed to determine
galvanostatic cycling rate, and all crystals weighed between 10-
15mg. HOPG crystals were used for XANES and XRS experi-
ments. Additionally, mesocarbon microbeads (MCMB) type G-
15 graphite powder was used to make electrode laminates. The
electrode composite was generated using an N-methylpyrroli-
dine (NMP) based slurry. MCMB powder was combined with
a polyvinylidene fluoride (PVDF) in NMP solution (6 wt.%)
and carbon black in an 8:1:1 wt.% and cast onto an Al foil with
a thickness of 6.0 mil using an adjustable film applicator. Lam-
inates were dried for 30 min under a heat lamp, and then dried
overnight in a vacuum oven at 100 “C. The dried laminates were
subsequently punched to 0.5-inch diameter for use in electro-
chemical cells.

For electrochemical cycling, punched MCMB electrodes
and cleaved HOPG electrodes were placed in the center of stain-
less steel CR2032 electrochemical cells, assembled, and sealed
in an Ar-filled glovebox. Cells containing HOPG had a Pt con-
tact welded to the bottom can to prevent stainless steel oxidation
during electrochemical charging. Lithium metal was used as the
counter and pseudo-reference electrode. The electrolyte solu-
tion was 2 M LiPFs in a 1:1 wt/wt mixture of fluoroethylene
carbonate and ethylmethyl carbonate. A Celgard 2400 separator
was placed between the working and counter-electrodes. Elec-
trochemical cycling was performed galvanostatically at a rate
of 0.05C, assuming a full charge capacity of 85 mAh/g, which
corresponds to the intercalation of 0.23 PFg ions per Cs unit.
Cells were halted at 5.2 V vs. Li*/Li at the end of the first
charge cycle. After cycling, the cells were opened in a glovebox
under argon and washed in anhydrous DMC to remove excess
electrolyte. The electrodes were shipped to the beamline for
measurement in an Ar-filled case rated for vacuum applications
to minimize any contact with air or moisture.

X-ray diffraction measurements were performed on pristine
and cycled MCMB electrodes to confirm the formation of the
expected structure and evaluate phase purity. Patterns were col-
lected between 10°-80°, 26, utilizing a step size of 0.02°, at a
rate of 0.1°/min 26, in a custom air-free sample holder, using a
Bruker D8 Advance diffractometer using Cu K radiation (1 =
1.5418 A). Patterns were refined using the Pawley refinement
method using GSAS-11. 2%

X-ray absorption near-edge spectroscopy (XANES) and x-
ray emission spectroscopy (XES) are performed by promoting
core electrons to the conduction band and monitoring their sub-
sequent decay. Following excitation, electrons with sufficient
energy may be ejected from the material, which can be moni-
tored by measuring the ground current to the sample, yielding a
total electron yield (TEY) measurement. XES measurements
are performed by monitoring the core-hole decay using an en-
ergy-dispersive x-ray fluorescence spectrometer. In all cases,
samples were loaded into the UHV sample chamber using an
Ar-filled glove bag to avoid contamination due to their sensitiv-
ity to the laboratory atmosphere. XANES was performed at the
C K-Edge at beamline 8-2 at the Stanford Synchrotron Light
Source (SSRL, Menlo Park, CA). Two scans were performed
on each sample, and scans were averaged to increase the signal
to noise ratio. Energy references were collected using Fe simul-
taneously with the XANES for accurate energy alignment. C K-
edge XES measurements were performed at beamline 8.0.1.1 of
the Advanced Light Source (ALS, Lawrence Berkeley National
Laboratory, CA). Non-resonant emission spectra were collected
by exciting the sample at energies well above the excitation
threshold. All measurements were performed with the sample
mounted 45 ° to the incident beam. XES spectra were collected
with the x-ray fluorescence spectrometer in a Rowland circle
geometry oriented at a 90° angle to the incident radiation. The
incident photon energy was calibrated using HOPG with an C
K TEY XANES z* peak value of 285.4 eV,2 while the spec-
trometer energy was calibrated using elastic scattering features.
The resolving power of the spectrometer (E/AE) is 800.

X-ray Raman spectroscopy (XRS) was performed at Beam-
line 20-1D-B at the Advanced Photon Source. XRS is a tech-
nique that utilizes hard x-rays with a photon energy around 10
keV that penetrate approximately 2 mm into the sample. During
the interaction with the sample, a fraction of the incident pho-
tons are inelastically scattered by exciting core electrons to the
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valence band. The incident photon energy is varied and the in-
tensity of inelastically scattered photons at a fixed energy is
measured, so that the loss spectrum provides information simi-
lar to XANES to be collected. Since the origin of the signal is
from inelastic scattering of hard x-rays, this technique is sensi-
tive to the bulk properties of the material under observation. For
each measurement, four HOPG electrodes, each cleaved to a
sample thickness of 125 microns, were stacked in a glovebox
with the H,O and O, concentrations maintained at <1 ppm. Four
electrodes were measured in order to have a sufficient interac-
tion volume with the x-ray beam. Stacked electrodes were
placed in the sample chamber that was filled with He gas, trans-
ported to the beamline under inert atmosphere. A Silicon (311)
monochromator was used to scan the incident energy while an-
alyzers near the backscatter (555) diffraction condition were
used to resolve the scattered x-rays.3* A series of scans at the
elastic energy of 9890.4 eV were performed in order to optimize
the signal attained at each detector prior to scanning the C K-
edge with a step size of 2 eV in the pre-edge region, 0.1 eV
close to the edge, and 3 eV in the fine structure region. A q
range of 0.6-8 A was measured, and the resulting spectra were
averaged across the different detectors. Five scans were meas-
ured for each sample, calibrated to the energy loss scale, and
averaged. Data were processed by fitting the edges with an
arctangent function and Gaussian function, optimized using a
least squares regression algorithm. Background was subtracted
by removing the resulting Gaussian function.

COMPUTATIONAL METHODS

The electronic structure of intercalated graphite was mod-
eled using density functional theory (DFT) with WIEN2k (ver-
sion 17.1), an all-electron, full-potential commercially available
software package, which uses linearized plane waves with local
orbitals in a Kohn-Sham scheme.®? The calculations were per-
formed using the Perdew, Burke and Ernzerhof generalized gra-
dient approximation (PBE-GGA) exchange-correlation func-
tional.® An Rur Kmax= 8.0 was used in all calculations, and the
k-mesh was selected so that the total energy per unit cell was
stable to within 10° Ry. For graphite, this corresponds to a
25x25x7 k-mesh. For supercells correspondingly smaller k-
meshes were used.

Graphite, with and without intercalants, was modeled using
DFT and three models were considered. First, pure graphite
with its preferred AB stacking was considered. This was com-
pared to a second model, an identical structure but with PFs
added between every two layers of graphite (henceforth referred
to as stage 2 intercalated graphite. The graphite interlayer sepa-
ration was taken from literature values,® and the PFs gallery
height of 4.47 A was taken from previously reported values in
the literature,® which were confirmed by XRD here (Figure
S1). The PFs molecule was oriented so that three fluorine atoms
are centered in the carbon rings below the P atom, and three
above the P atom. To model this, a 4x2x1 supercell of AB
graphite was used, and the c-axis of the crystal was extended to
accommodate the PFs molecules. A packing of 1 PFs molecule
per 32 atoms was considered, close to the experimental value of
0.23 PFg ions per Cg unit observed from coulometry after gal-
vanostatic charging of the graphite cathode to 5.2 V vs. Li*/Li°
(Figure S2). After allowing the structure to relax, a final crystal
structure was obtained. Finally, to distinguish changes to the

electronic properties of the system due structural changes in-
duced by the intercalant from additional changes due to interac-
tion between the graphite host lattice and the intercalant, a third
system was considered in which PFs molecules were removed
from the intercalated lattice, but the interlayer spacing of the
charged state was preserved.

The DFT calculations were used to calculate both the den-
sity of states as well as the predicted C K XANES and XES
spectra, allowing for a direct, detailed comparison with experi-
ment. The spectra were calculated by multiplying the partial
density of states by a dipole transition matrix and a radial tran-
sition probability.>* The calculated spectra were broadened us-
ing a combination of Lorentzian and Gaussian lineshapes re-
flecting lifetime and instrumentation-related broadening, re-
spectively. The XANES and XES spectra depend on the final
state of the system for that measurement. In XANES, it corre-
sponds to a crystal perturbed by the presence of a core hole,®%
which tends to shift spectral weight to lower energies. To ac-
count for this perturbation, a XANES spectrum was calculated
for each unique carbon atom by adding half a core hole to that
site. For the case of graphite a 4x2x1 supercell was used so that
adjacent fractional core holes are separated by at least 4.9 A.

RESULTS AND DISCUSSION

The representative electrochemical response of graphite
when used as a cathode for PFs intercalation (Figure S2), and
the corresponding changes in XRD (Figure S1), were consistent
with the literature, indicating that the desired compositions
were achieved. The different plateaus that form during cycling
of these compounds have been attributed to the formation of
different stages of graphite as higher concentrations of inter-
calant are introduced. Further details on the structural transfor-
mations involved in these steps, the reader is referred to existing
studies the literature.’>'® There was no significant difference
between HOPG and MCMB electrodes. To explore the effect of
intercalation of PFs" in the bulk of graphite without interference
from surface species, C K-edge XRS spectra were collected of
pristine HOPG and HOPG after charging to 5.2 V vs. Li*/Li
shown in Figure 1, panels (a) and (c). In these spectra, four fea-
tures have been labeled 1-4, as shown. The pristine HOPG
showed two principal features, the z* (at 285.4 eV) and o* peaks
(at 292.0 eV), labeled as 2 and 4, respectively. Their position
and relative intensity were consistent with literature reports.%
Upon anion intercalation, two significant changes were ob-
served. First, a pre-n™ feature emerged, labeled as 1. Second,
the n* feature shifted to a higher energy by 0.2 eV, labeled as
feature 3. The o* peak remained largely unchanged.
MCMB powders are more relevant to the ultimate application
in a battery, as HOPG is not suitable for processing following
industry standards. However, MCMB electrodes could not be
measured by XRS because optimal XRS signal is attained when
the sample thickness is greater than the penetration length of the
incident x-rays. For carbon at 10 keV, this length is
approximately 2 mm, 25 times thicker than an MCMB
electrode, rendering the measurement unfeasible. Instead, the C
K-edge XANES of pristine and charged HOPG were compared
to MCMB electrodes in the right panel of Figure 2. These
spectra were collected using a TEY detector, which probes ~10
nm into the surface of the material,*® and, therefore, requires
small amounts of sample, but also leads to convolution of
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species resulting from interfacial interactions with the
environment inside the battery. Comparing the XANES data in
the right panel of Figure 2 to the XRS data in Figure 1, the same

principal  features and changes were  observed.
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Figure 1. XRS and calculated XRS spectra for (a) stage 2 PFs
intercalated graphite, (b) stage 2 intercalated graphite without
intercalant, and (c) AB-stacked graphite. For (a) and (c) the XRS
spectra are shown in a thick red line. For each case the overall

calculated spectrum is shown, as well as the out-of-plane (_L) and

in-plane (II) contributions, are shown using narrow lines as

indicated in the legend. Spectra are vertically offset for visual
clarity.

Electrochemical charging resulted in the growth of feature
1, a pre-n* feature, a shift of the n* feature to a higher energy,
and a relatively unchanged o* peak. Therefore, it is key to note
that the redistribution of spectral weight reflects a characteristic
change of the electronic properties throughout this system
induced by anion intercalation, irrespective of crystal
morphology or size. Furthermore, the fact that similar spectral
weight redistribution is present in both HOPG and MCMB
suggests that this change is insensitive to changes in graphite
disorder, the principal difference between these materials. The
subtle differences in relative intensities of these peaks measured
in XANES and XRS spectra do not necessarily reflect intrinsic
changes in the material, but rather the different sensitivity of the
XANES and XRS spectra in this work to in-plane and out-of-
plane C 2p states due to subtle differences in sample-beam
geometry in the measurement combined with the dichroism of
graphite. Here we used an experimental geometry of incident
radiation 35° from the surface for XANES in order to get a
strong contribution from both n* and c* peaks, but similar
control over XRS geometry is more difficult to attain. In XRS,
the incident radiation comes at a low angle (approximately 10°
from the surface) and the energy loss spectra are collected from
all 19 detectors located at different angles and averaged. A
subtle difference between the XANES and XRS occurs with the
o* splitting at 292.7 eV. This splitting, which is characteristic

of graphite in TEY XANES spectra, is not reproduced in the
XRS measurements. Other
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Figure 2. C K x-ray emission and TEY absorption spectra are
shown in the left and right panels, respectively. Measured spectra
are shown for HOPG and MCMB, as indicated, together with DFT
calculated spectra. For each type of graphite, pristine and maxi-
mally intercalated spectra are shown in black and red, respectively.
For the calculated spectra, black, magenta and red lines correspond
to pristine, stage 2 no intercalant and stage 2 intercalated graphite,
respectively.

studies suggest that the absence of these features is
characteristic of this technique.3®4° The DFT calculations repro-
duce well the XRS spectra, but the prominence of the splitting
in the XANES spectra is not reproduced. The agreement of the
DFT with the XRS spectra and disagreement of the DFT with
the XANES spectra suggests that the prominence of this feature
is exaggerated in the XANES spectra. Examining the calculated
in-plane and out-of-plane contributions to the overall spectral
shape suggests that sample orientation effects cannot explain
this discrepancy. Lastly, the only meaningful difference
between XANES and XRS lied in the region between n* and *
peaks, in which charging induced a growth of a new peak at 288
eV, accompanied by a smaller feature at 290 eV. Peaks at this
energy have been associated with carbon species with oxygen
functional groups (e.g., -COO") at electrode surfaces, which can
form due to side-reactions with the electrolyte at high redox
potentials.® This notion is supported by the presence of these
peaks in TEY and not XRS, given their very different probing
depths, and further supported by the fact that DFT does not
predict such substantial peak intensity between the n* and ¢*
regions (see below).

To interpret the x-ray spectra, this system was modeled us-
ing DFT, shown in Figure 1. The theoretical XANES/XRS
spectra of pristine graphite was compared with an artificial
graphite state with an interlayer distance corresponding to stage
11, but no intercalant, as well as AB-stacked graphite forming
stage Il as a result of the presence of PFs. In the latter case, a
composition (PFs)o.1875Cs (Or [PFs]C32) was chosen based on the
capacity measured from the electrochemical cell after charging
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of the graphite cathode to 5.2 V vs. Li*/Li° equivalent to 0.18-
0.2 mol PFs per Ce unit (Figure S2). A stage Il structure was
chosen following analysis of this and similar anion GICs in the
literature,>*! which assumes that only the anion, without sol-
vent molecules, is present in the interlayer spacing. The ratio of
the out-of-plane and in-plane spectral weight was weighted to
reflect the experimental conditions. These spectra reflect a sys-
tem perturbed by a core-hole, as discussed in the modeling sec-
tion. Considering the pristine HOPG spectrum, it is clear that
the z* and o* features are due to core transitions with out-of-
plane and in-plane C p states, respectively. The presence of a
core hole has the effect of redistributing spectral weight to
lower energies (shown in Figure S3), resulting in a sharpening
of the z* feature, but not the emergence of any pre-z* features.

The important observation is that when comparing the cal-
culated system with PFs intercalant and the corresponding XRS
spectrum, the same two principal changes seen in experiment
are reproduced: a new pre-z* feature emerges and the z* feature
shifts upward by 0.2 eV, with all major features appearing at the
correct position and with the correct intensity. After decompos-
ing the in-plane and out-of-plane contributions to the calculated
spectrum (see blue versus green lines in Figure 1), it is clear that
the pre-z* feature is due to out-of-plane C 2p states. This finding
is supported by the momentum transfer dependence of the XRS
spectra (Figure 1), where this feature had a similar momentum
transfer sensitivity as the z* feature. Considering a system with
the same carbon structural arrangement and spacing as stage 2,
but without intercalant molecules (Figure 1(b)), there are two
points of note. First, the distortion of the graphite lattice is in-
sufficient to introduce a pre-z* feature, which requires the elec-
tronic effects introduced by the presence of the negatively
charged intercalant. This observation suggests that the co-inter-
calation of neutral molecules, such as from the solvent,*? would
not have a strong effect on these electronic signatures because
they would only affect interlayer spacing. Second, the position
of the z* feature is between the same features in the computed
spectra of pristine and intercalated graphite.

To evaluate the changes of the occupied density of states as
a function of anion intercalation, the XES spectra were col-
lected, shown in the left panel of Figure 2 In the spectra of
HOPG increasing spectral weight is seen at the highest energy
features at 279.6 eV and 281.7 eV, labeled as a and b, respec-
tively upon charging. Similar changes are seen in intercalated
MCMB, although upon intercalation this sample appears to be-
come more atomically disordered because the signals (and as-
sociated electronic states) became more washed out than in
HOPG.

To better understand the origin of the pre-z* feature, as well
as the changes in the XES spectral weight, we consider the DFT
calculation in more detail. As described in the calculation
details section, to model stage 2 intercalated graphite, PFg
molecules were introduced between graphite layers with a
spacing corresponding to known experimental values.'>1®

Figure 3. A diagram showing the relaxed structure of stage 2, PFs-
intercalated AB-graphite, with carbon, fluorine and phosphorous
atoms shown as brown, grey and pink spheres, respectively. A
surface of constant charge density of the valence band in this
material is shown in yellow.

After an initial structural input, the system was allowed to relax,
resulting in the structure shown in Figure 3. Owing to the
relatively low gallery height of PFe, the spacing between carbon
layers near the PFs molecule diminishes, resulting in a stretch-
ing of the C-C nearest neighbor distances, and a less ordered
graphite layer. This effect reduces crystallographic order, espe-
cially on the ab crystallographic plane, thus being consistent
with the loss of intensity in the XRD patterns upon anion inter-
calation during charging, as can be seen in Figure S1.

The electronic band structure diagram for AB graphite,
expanded (stage 2-like) graphite without intercalant, and stage
2 graphite with PFs anions can be seen in Figure 4. The
agreement between computed and experimental spectra support
the changes in the diagram observed upon intercalation.
Comparing the AB graphite and its expanded counterpart
without intercalant, despite the general similarity, a slight redis-
tribution of states was observed in the latter crystal, reflecting
perturbations to the lattice (An example of these changes can be
seen by considering states near the Gamma point in the vicinity
of -8 eV). Introducing the intercalant results in two notable ad-
ditional changes. First, compared to AB graphite, the Fermi en-
ergy level is lowered by 0.60 eV, as can be seen by considering
the band crossing at the K-point at the Fermi level in the case
of AB graphite. Qualitatively, this lowering of the Fermi level
suggests that charge is removed from the carbon host lattice
upon intercalation, resulting in oxidized carbon layers. Quanti-
tatively, a Bader analysis of charge in this system shows that on
average each carbon atom has a net charge of 0.030Je|, an aver-
age fluorine atom has a net charge of —0.811|e|, and a phospho-
rous atom has a net charge of 3.933|e|. Taken together, the cal-
culations produce an overall net charge for each PFg molecule
of —0.932|e|, close to the formal chemical charge state of —1[e|,
and reflect the expected covalence in the P-F bond. The fact that
the formal charge of PFs is preserved after intercalation is con-
sistent with the similarity between P K- and F K-edge XANES
collected from the charged electrode and a standard of LiPFs,
which has a strong ionic character (Figure S4, S5). Further, the
net charge in each carbon atom matches well with the expected
charge distribution in (PFs)02(Ce)*?*, the final state after cath-
ode charging, according to coulometry (Figure S2). Putting this
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together, the origin of the pre-n* feature in the XRS and
XANES spectra upon anion intercalation is due to the removal
of electronic charge from the graphite host to compensate the
intercalation of an anion. The result is an effective lowering of
the Fermi energy level or, put differently, an emptying of pre-
viously occupied states. These newly empty states, being unoc-
cupied, can therefore be detected using XRS and XANES, lead-
ing to the pre-n* feature. Although these calculations were on
PFgintercalated graphite, this effective lowering of the Fermi
energy level is a general result which is expected to occur for
other anions intercalated into graphite, provided that the host
lattice remains graphitic. Since the XRS and XANES measure-
ments are sensitive to changes in the Fermi energy level, which
depend on the degree of transfer of electronic charge from the
host lattice, this result is expected to be independent of the for-
mal stage index. This effective lowering of the Fermi energy
level has been observed in our calculations involving other an-
ions (BF4 and ClOy, not shown). The shift of the n* feature by
0.2 eV upon intercalation can be understood qualitatively from
a simple effective nuclear charge electrostatic model. Since the
carbon atoms are oxidized upon intercalation, the effective nu-
clear charge increases, increasing the energy required to excite
a core electron to the n* energy level.

Stage 2 - Int.

AB Graphite Stage 2 - No Int.

A M

Energy (eV)

210 -

r K M
Crystal Momentum

Figure 4. (left) An electronic band structure diagram of AB-
graphite of a path through the Brillouin zone. (middle, right) An
energy-crystal momentum diagram of the Bloch spectral weight of
the stage 2 intercalated without intercalant and stage 2 intercalated
models, respectively for a path which matches the one shown in the
left panel. The point size corresponds to the Bloch weight.

The relative sharpness of the pre-z* feature, distinct from
the rest of the conduction band, in the XANES and XRS spec-
tra, can also be understood from the band structure diagram of
the intercalated system. For a two-dimensional system with a
linear band dispersion and Fermi energy crossing at a high sym-
metry point in the Brillouin zone, such as graphene, the density
of states has a linear dependence on energy, with zero states at
the Fermi energy level. For the intercalated graphite case, we
see that in the vicinity of the band crossing at the K point at 0.60
eV, the band dispersion is approximately linear. This results in
a minimum in the density of states at this crossing point, and a
related reduction in XANES/XRS spectral weight. Although the
XANES and XRS spectra are perturbed by the presence of a

core hole, the pre-z* feature remains clearly distinguishable. A
comparison of XANES/XRS spectra with and without a core
hole is shown in Figure S3. The minimum in density of states
of the intercalated system is now well above the Fermi energy
level, resulting in a density of occupied states near the Fermi
level which is greater than in AB graphite. This leads to an in-
crease in spectral weight at the high energy region of the XES
spectra for the intercalated in this region.

The second change in the electronic band structure of graph-
ite upon intercalation of PFs is the appearance of many addi-
tional dispersive bands. Their dispersive nature suggests that
these states are relatively localized, consistent with their molec-
ular origin. An isocontour of the valence band charge is shown
in Figure 3, which shows that although the graphite charge den-
sity of the carbon atoms all overlap, the PFs charge density is
localized around the molecule. Finally, since the Fermi energy
level occurs at an energy with continuous bands, the interca-
lated graphite remains metallic, a favorable physical property in
view of its used as an electrode, where electrons must flow
within the bulk of the active material.

The emergence of pre-z* XANES spectral weight in graph-
ite has been previously observed in FeCls intercalated graphite?
and substitutional boron doped graphite.* What these cases have
in common is that the intercalant or dopant acts as an electron
acceptor, which results in an effective lowering of the Fermi
energy level since electrons are removed from the host lattice.
The same phenomenon has been observed in intercalated nano-
tubes.?® In these prior works, the pre-z* feature was interpreted
as a lowering of the Fermi energy level, and this phenomenon
has been previously predicted in DFT studies,* but this work
unambiguously demonstrates this phenomenon. When graphite
is intercalated with an electron donor, such as Li, a reduction in
spectral weight at the onset of the z* feature is observed.®

CONCLUSIONS

The changes in electronic structure of graphite upon elec-
trochemical intercalation of PFs in a battery have been studied
using techniques sensitive to the occupied and unoccupied par-
tial density of states, together with complementary DFT calcu-
lations. This work reveals the emergence of a pre-z* feature,
experimentally observed by XRS/XANES, due to the genera-
tion of new unoccupied states upon oxidation of the carbon lat-
tice, resulting in a lowering of the Fermi energy level of 0.60
eV. A similar lowering of the Fermi energy has been calculated
for other intercalant anions (BFs and ClO4). The match be-
tween experimental and computational observations reveals im-
portant aspects of bonding and electron distribution after inter-
calation. The analysis reveals an ionic interaction between the
graphite structure and interlayer PFq™ ions, with the charge com-
pensation in the electrode reaction occurring primarily at C at-
oms. However, the band structure of the graphite intercalation
compound remains free of a band gap, indicating that it remains
metallic. These observations indicate that the flow of electrons
should remain facile along the stacked graphene sheets. The
ionic interaction occurs and a large negative charge (PFs’) and
a highly delocalized positive charge are formed in the carbon
network, which could lead to weak electrostatic interactions
that favor the mobility of the anion to move within the lattice at
room temperature, consistent with recent measurements of elec-
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trochemical reaction kinetics. These aspects have important im-
plications for the functionality of this reaction as the storage
mechanism in the cathode of a dual carbon battery and it is
likely to translate to other anions of interest in multivalent elec-
trochemical devices, such as BF, and CIO4. They broadly in-
crease our understanding of how the physics of carbonaceous
materials can be manipulated by intercalation.
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