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The market quest for fast-charging, safe, long-lasting, and performant batteries drives the exploration
of new energy storage materials, but also promotes fundamental investigations of materials already widely
used. Presently, renewed interest in anode materials is observed—jprimarily graphite electrodes for lithium-
ion batteries. Here, we focus on the upper limit of lithium intercalation in the morphologically quasi-ideal
highly oriented pyrolytic graphite, with a LiCg stoichiometry corresponding to nominally 100% state of
charge. We prepare a sample by immersion in liquid lithium at ambient pressure and investigate it by
static "Li nuclear magnetic resonance (NMR). We resolve unexpected signatures of superdense intercala-
tion compounds, LiCe_,. These have been ruled out for decades, since the highest geometrically accessible
composition, LiC,, can only be prepared under high pressure. We thus challenge the widespread notion
that any additional intercalation beyond LiCg is insignificant under ambient conditions. We monitor the
sample upon calendaric ageing and employ ab initio calculations to rationalize the NMR results. Com-
puted relative stabilities of different superdense configurations reveal that non-negligible overintercalation
does proceed spontaneously beyond the currently accepted capacity limit. The associated capacity gain
is not worth pushing graphitic battery anodes beyond the LiC¢ limit in practical applications; rather
these findings carry more fundamental implications. Neglecting overintercalation may hinder the cor-
rect interpretation of experimental observations, as well as the correct design of computational models,
in investigations of performance-critical phenomena, as it is likely to play a crucial role in the onset

mechanism of lithium plating and dendrite formation in real battery materials.

DOI: 10.1103/PRXEnergy.2.013003

I. INTRODUCTION

Mass market penetration of electric vehicles is a key
element to achieve a nearly CO,-free transportation sec-
tor [1]. Powerful, durable, and safe lithium-ion bat-
teries (LIBs) are crucial for consumer acceptance of
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electromobility on a larger scale. In particular, the fast-
charging capability is regarded as a pivotal selling point.
The necessity of fast-charging batteries brought some
intrinsic limitations of the materials back into the spot-
light, which historically did not matter in commonplace
applications of LIBs, such as portable electronics [2]. Pri-
marily for the negative electrode, notable issues are still
largely unaddressed to this day, including increasing the
active site density, earlier detection of dendrite formation,
or a quantitative description of mass and charge trans-
port [3—6]. An extensive amount of work is ongoing to
identify alternatives to the carbon-based anode materi-
als [7]. Even within the class of carbonaceous materi-
als, different options were screened for usage as negative
electrodes, from soft to hard carbon, carbon foam, carbon

Published by the American Physical Society
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nanotubes, graphene sheets, artificial graphite, or mesocar-
bon microbeads graphite (MCMB) [8].

Nonetheless, with its intrinsic capacity and wide avail-
ability, graphite is still the most employed anode mate-
rial. Its working principle is based on the intercalation of
lithium ions. Upon electrochemical lithium intercalation
during charging, graphite reaches its maximum reversible
Li storage capacity at a lithium-to-carbon ratio of 1:6
(LiCg). Theoretically, this compound yields a capacity of
372 mAh/g, commonly defining 100% state of charge
(SOC) [8—10]. However, the highest geometrically accessi-
ble composition—not considering lithium carbide (Li,C,)
but only the family of graphite intercalation compounds
(GICs)—is not LiCg, but LiC,, with a capacity 3 times
higher. However, the latter is metastable at ambient con-
ditions and its nonelectrochemical preparation was only
reported under high pressure, with superdense decomposi-
tion products, LiCe_, with x > 0, stable over an extended
time period [11,12].

Despite extensive experimental efforts, in-depth
understanding of in operando battery processes is still
incomplete [13—16]. One major problem is that the inter-
connection of many relevant electrochemical processes
renders the analysis of experimental data difficult and
complicates the understanding of actual limits and causes
of battery cell failure [5]. Furthermore, theoretical inves-
tigations over large compositional Li:C ratios, and on
time scales relevant for Li dynamics in graphite with-
out unrealistic simplifications have only become possible
recently. Therefore, concomitant theoretical and experi-
mental research is scarce.

One particularly problematic aspect is the very large
scatter in reported values for diffusion coefficients of
lithium ions in graphitic hosts, ranging from approximately
4 x 107% cm?/s [17] to approximately 8 x 10~!! cm?/s
[18] for in-plane motion (see, e.g., Ref. [8]).

Here, we use highly oriented pyrolytic graphite (HOPG)
as a model system to investigate lithium ion intercalation,
providing nuclear-magnetic-resonance (NMR) reference
data from a system as well defined as possible for further
in operando studies of the lithium diffusion dynamics in
LIBs. To exclude any external influence on the interca-
lation process, we opt for an infiltration technique under
ambient pressure [19-21]. Figure 1 shows a sketch of
the synthesis workflow, using lithium metal and HOPG
as precursors. More details on the preparation are pro-
vided in Sec. II and in the Supplemental Material [22]
[see Figs. S1(a) and S1(b)]. Using this slow intercala-
tion route, we obtain a sample that, repeatedly analyzed
in detail, showed unexpected spectroscopic evidence of
superdense structures. We assess the plausibility of such
an assignment of spectral features by ab initio calcula-
tions. Eventually, we analyze the long-term evolution of
the sample over several months, concluded by heating it
up to 60 °C.

L'| metal HOPG

{
Kk - '

LiCe/LiCy6.y
220 °C

ca. 2 months

FIG. 1. Schematic representation of the conducted synthesis.
First, metallic lithium is melted and kept at 220 °C. Subsequently,
a HOPG sample with dimensions 10.0 x (4.9) x 2.0 mm® is
added. Tweezers are used to keep the HOPG in contact with
molten lithium for a few minutes to start the intercalation. The
system is then held for approximately ten weeks at constant
conditions to ensure full intercalation into the HOPG.

A. What do we know about superdense LiC, and
LiCg_,?

Superdense realizations of lithium GICs were reported
at high pressure and temperature conditions since the
1980s [11,23-29]. Figure 2 schematically shows possi-
ble high-symmetry structures for some intermediate stoi-
chiometries between LiCg and LiC,.

The occurrence of LiC, was excluded a priori from
any working battery for a long time. Since its nonelectro-
chemical synthesis was always performed at high pressure
and temperature, it is considered unlikely to be found
in secondary batteries [12,24,30]. Alternatively to high-
pressure synthesis, ball milling also allows LiC, to be pre-
pared using artificial graphite, MCMB, and carbon foam
[28,30,31]. However, one may argue that ball milling pro-
duces high pressure and temperature locally [32]. Once
the pressure is released, the LiC, composition becomes
unstable and approaches LiCy5_5734 [24,33]. Neverthe-
less, LiC; 7 and LiC; 4 as decomposition products of LiC,
were reported to be stable enough to allow measurements
at ambient conditions [25,26]. Bindra et al. [25] stabi-
lized superdense GICs using boron doping, in an attempt
to enable higher capacity electrode materials, yet they still
used high-pressure synthesis.

For electrochemical intercalation, Conard et al. [34]
reported that the electric field actuates only as far as the
gallery entrance, and therefore is not sufficiently attrac-
tive to drive the intercalation up to LiC,. Notwithstand-
ing, superdense phases were observed for electrochemi-
cal systems using different carbon-based matrices, lead-
ing to the concept of overcharged LIBs [35-37]. In the
latter works, lithium ions appeared to continue interca-
lating after LiCq was formally reached, yet before being
plated as lithium metal. Unfortunately, such overcharged
anodes show irreversible capacity loss after the first
deintercalation cycle [36]. More recently Paronyan et al.
[38] successfully used carbon foam as anode material to
investigate overlithiation.
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FIG. 2. Schematic single-layer representation of some super-
dense LiCq_, high-symmetry structural motifs and respective
(local) states of charge relative to LiCg¢. The gray honeycomb
represents the graphitic host lattice assumed to be AA stacked,
and purple circles represent lithium atoms. Excess lithium with
respect to LiCq is represented in lighter purple. The dotted cir-
cle in LiCs 4 marks how at least one Li atom must move from its
original position in order to achieve the Li; cluster motif. Black
diamonds represent the smallest supercell commensurate to all
the lithiated stoichiometries. For LiCq and LiC,, the (smaller)
primitive cell is also shown. Highlighted in red and cyan (for
clarity, only shown in LiC4g and LiCs4) are structural motifs
that can give rise to high-ppm NMR signals, which appear as
soon as any additional Li is inserted, and are recurring in any
stoichiometry beyond LiCg.

A systematic investigation of the relative stability of
overlithiated compounds, especially the intermediate sto-
ichiometries between LiCq and LiC,, is currently missing,
both from the experimental and the computational stand-
points. On the experimental side, there is widespread
consensus [39—42] that the free energy of intercalation
of LiCg¢ falls in the range of —6 to —14 kJ/mol (—0.06
to —0.14 eV). Yet little is known about the free ener-
gies of overintercalation, except that the formation of
LiC, is assumed endergonic at ambient conditions. On
the computational side, previous studies based on density
functional theory (DFT) only report total energy calcu-
lations of LiCg and—Iless often—LiC, [12,43—45]. Two
main limitations are recurring among these. First, disper-
sion interactions, which are crucial in intercalation chem-
istry, were not included in all the studies. Second, total
energies only provide a “virtual” zero-temperature picture,
while finite temperature and pressure require a description
in terms of free energies. Despite these limitations, the
reported total energies are compatible with the measured
thermochemistry. However, no coherent body of literature
exists that addresses the energetics of the entire LiCq_,
range on the same footing.

II. MATERIALS AND METHODS

A. Experiment
1. Synthesis and sample preparation

The LiCe sample is prepared using an infiltration tech-
nique. Metallic lithium with 99.9% purity (Sigma-Aldrich)
is intercalated into highly oriented pyrolytic graphite
HOPG (Goodfellow purchased by Sigma-Aldrich). The
lithium metal is heated after the melting point up to
220°C. The lithium’s self-cleaning properties ensure a
higher purity of the molten lithium metal. Afterwards the
HOPG is added. In order to ensure complete lithium inter-
calation, the intercalation process is allowed to take place
for a period of over 2 months. This long infiltration time
is necessary due to the dimension of the host material
[preintercalation size of 10.0 x (4.9) x 2.0 mm?] [19-21].
The ageing process is performed in a closed container in
a glove box under argon atmosphere. The sample is left
to age for 5 months initially, followed by an additional
period of 2 months. For the 5-month aged sample, a series
of temperature dependency spectra of Li static NMR are
recorded.

2. NMR measurements and data analysis

All 'Li NMR spectra are acquired using a Bruker
BioSpin spectrometer Avance III HD 600 MHz XWB
at By = 14.1 T ("Li Larmor frequency of 233.3 MHz),
equipped with a Bruker DiffBB 5-mm BBO-H/F-Z gradi-
ent diffusion probe. A single 90° pulse excitation of 11 us
with recovery delays of 10 s on "Li is employed. The raw
data are analyzed using MATLAB®. An exponential window
function is employed before a fast Fourier transform. The
spectra are zero- and first-order phase corrected as well as
background corrected.

B. Computation
1. DFT calculations and ab initio thermodynamics

All the DFT calculations are performed using the
plane-wave code VASP [47] v.5.4.4, with the Perdew-
Burke-Ernzerhof functional [48] and the projector
augmented-wave pseudopotentials [49]. Dispersion inter-
actions are taken into account with the D3 method [50].
To ensure well-converged total energies, a basis-set cut-
off of 599 eV is chosen. All the calculated geometries are
represented in appropriate periodic supercells and the Bril-

louin zone is sampled at a fixed k-point density of 0.1 A
The vibrational densities of states are calculated using
PHONOPY [51] at the harmonic approximation level. The
chemical potential of lithium is mapped to a temperature
in the 0—600 K range using JANAF thermochemical tables
[52] up to the fusion temperature (453.69 K) and employ-
ing a linear approximation for higher temperatures (cf.
Sec. 2 within the Supplemental Material [22]). Ab initio
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molecular dynamics simulations are performed by means
of the density-functional tight-binding (DFTB) [53] code
DFTB+ [54] v.19.1 using the parametrization developed in
our group [55,56]. Trajectories of variable length are prop-
agated with a time step of 1 fs in the canonical ensemble
at 500, 750, and 1000 K, using a Nosé-Hoover thermostat
[57] with a coupling strength of 41 THz, corresponding
to the highest vibrational mode of LiCs as calculated with
PHONOPY.

I11. RESULTS AND DISCUSSION

A. Static ’Li NMR of the lithium-intercalated HOPG
sample after preparation

Static "Li NMR spectroscopy is a valuable tool to dis-
tinguish different degrees of lithiation in carbonaceous
materials [13]. The 7Li nucleus possesses spin 3/2, making
observations of central transitions and quadrupolar satel-
lite transitions possible. Satellite transitions allow con-
clusions on ordered structures with low Li-ion mobility
[20,34], whereas their absence may indicate a lack of per-
fectly ordered motifs and/or a motional averaging of the
quadrupolar interaction [34].

Figure 3(a) shows a photograph of the fully intercalated
HOPG sample. The golden color is characteristic of LiCg.
However, overlithiated compounds were also reported to
appear golden [25,30]. Figure 3(b) represents the static
"Li solid-state NMR spectrum of the polished sample.
All chemical shifts are reported against an external refer-
ence of a 1.0-M solution of LiCl in D,O. We assign the
isotropic chemical shift at 45 parts per million (ppm) with

quadrupolar satellites to LiCg, compatibly with previous
works [15,58,59]. Additionally, an asymmetric signal with
a sharp peak at 274 ppm and a shoulder at approximately
256 ppm is present. We also observe a broad spectral
feature around 100200 ppm that is not background dis-
tortion (cf. Sec. 1 within the Supplemental Material [22]).
At first, the high-ppm signals may be attributed to plated
lithium on the sample. Signals in this ppm region are
consistently present in all NMR experiments at the upper
limit of lithium capacity, regardless of the specific form
of carbonaceous host material [14,15,34,35,37,60,61]. For
comparison, we also prepare a sample using graphite pow-
der, mechanically intercalated using pestle and mortar in
excess lithium, and we observe a similar signature (see
Sec. I.B. within the Supplemental Material [22]).

The HOPG surface is polished using sand paper [see
Supplementary Figs. S1(c) and S1(d) [22]], but residual
metallic Li may persist. However, the intensity of the high-
ppm 'Li NMR signal is too high for only trace amounts
of lithium metal on the surface that are not detectable by
visual inspection. Moreover, HOPG can be considered a
defect-free single crystal, thus lacking internal pores that
could accommodate pockets of metallic lithium [62].

At this point, the possibility for these high-ppm signa-
tures to be generated by superdense phases must be consid-
ered. Superdense Li GICs have not been reported without
harsh pressure conditions. However, the uncertainty raised
in our sample reflects the ambiguity of assignments present
in the literature. Azais et al. [37] assigned a 259-ppm ’Li
NMR resonance to lithium metal, despite using the exact
ratio of Li/C to form LiC, with a ball-milling synthesis.
Interestingly, they found no Li metal signal in the x-ray
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FIG. 3. Static ’Li NMR and initial sample in the NMR tube. Inset (a) shows the golden color of lithium-intercalated HOPG, nomi-

nally corresponding to LiC¢ [9,20]. Schematics in overlay show the orientation of the graphite layers, the crystallographic ¢ axis, and
the direction of By. (b) Static "Li spectrum of lithium intercalated in HOPG. The isotropic chemical shift at 45 ppm is assigned to LiCs.
The quadrupolar satellites are compatible with a single-crystal pattern [20,34] (see Sec. I.C. within the Supplemental Material [22]
for a brief discussion on quadrupolar satellites, which includes Ref. [46]). The quadrupolar coupling constant Cy for LiCg is 46 kHz.
The peak at 274 ppm and the shoulder at 256 ppm show the presence of superdense LiCs_, compositions [28].
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spectrum, which is explained by intensive milling applied
to the sample. Conversely, Conard et al. [11] assigned a
peak at 259 ppm to LiC,. Since the spectrum is recorded
after releasing the pressure, the stoichiometry of the GIC
may not be LiC, anymore, and the true LiC, chemical
shift might be closer to the Li metal shift. The observed
259-ppm peak, on the other hand, could alternatively be
attributed to LiCy,_54 [11,24,33].

As shown in Fig. 2, two local structural motifs are recur-
ring in superdense compositions: a Lis pattern in the shape
of a three-pronged “star” (highlighted in cyan) and a denser
Li; pattern in the shape of a flat cluster, or “flower” (high-
lighted in red). The central Li atom is coordinated by
three or six nearest Li neighbors, respectively. It is there-
fore expected to exhibit pseudometallic character. This
was already suggested to explain the high-ppm signals
associated with LiC, decomposition products [24,30,34].

Chang et al. [61] showed that variable shifts at high ppm
can arise from different microstructures of lithium metal
in electrochemical systems. Since no current or poten-
tial is applied during sample preparation, the formation
of dendrites or mossy-type microstructures is not expected
here. Trease et al. [63] showed that lithium metal in non-
spherical shapes is also sensitive to the direction of the
magnetic field, with resonances shifting between about 245
and 270 ppm if a planar sample is placed perpendicular or
parallel to By, respectively. This is known as orientation-
dependent shift due to the bulk magnetic susceptibility
effect. All our comparative measurements are performed
using the same sample orientation, with the ¢ axis perpen-
dicular to By (Fig. 3). In a control experiment, we also
cut part of the sample to measure at parallel orientation.
The high-ppm signature only moved to 264 ppm (Supple-
mentary Fig. S3 [22]) within the limits set by the original
274 and 256 ppm signals. This also indicates a susceptibil-
ity effect for the quasimetallic superdense species, as has
previously been observed for Li metal.

B. Calendar ageing and postageing
temperature-dependent static ’Li NMR

We age the sample to investigate the long-term
(meta)stability as well as changes in the composition of
LiCs_, over time. In addition, more invasive temperature-
dependent NMR experiments are performed after 5
months, followed by another 2 months of ageing.

We record static 'Li NMR spectra after 12 days (dark
blue curve in Fig. 4) and after 5 months (light blue
curve Fig. 4). The sample is thoroughly cleaned before
each measurement, exposing golden shiny faces on each
side of the HOPG crystal. We observe a decrease in
the high-ppm peak intensities, suggesting a partial degra-
dation of the corresponding structures. The degradation
process appeared incomplete, with a residual broad signal
that appears as the overlap of both shifts (i.e., the sharp

LiC, ,

\

5 months

12 days

as prepared

1 1 1 1 1 1 1 1
500 400 300 200 100 0 -100 —200

7Li chemical shift (ppm)

FIG. 4. Evolution of the static 'Li NMR spectrum during
ageing of Li-intercalated HOPG. The black curve shows the
spectrum recorded after preparation. The dark blue curve shows
the spectrum of the same sample aged for 12 days and the light
blue curve after ageing for 5 months. The signal appearing at
10—13 ppm overlaps with the quadrupole satellite of LiC¢ and
appears more pronounced after 5 months compared to 12 days.

274-ppm feature and the broader 256-ppm shoulder)
present in the fresh sample spectrum. The stability of
the structures associated with these signals over several
months is compatible with Nalimova et al. [24]. The 274-
ppm signal intensity seems to decrease most during this
timeframe but cannot be fully disentangled from the 256
ppm (light blue versus black curve Fig. 4). A new Li
environment with a chemical shift of 10—13 ppm forms
concomitantly. Signatures in this region are commonly
associated with lower SOC and generically identified as
LiCg, [15], or, in other works, attributed to Li—Li dimers
[64].

After 5 months the sample decomposed visibly, as
shown in Fig. 5. The observed drastic delamination is only
compatible with the expulsion of lithium from inside the
sample; thus, it would not have occurred if the high-ppm
signal was caused by surface metal only. Residual metal-
lic lithium would only be present on the surface of the
crystal and thus cannot be the cause of the sudden volume
increase at the edges of the sample. Delamination shows
more prominently on the side that is cut for the perpendic-
ular control experiment (see Sec. III A). This is due to the
fact that the cut created defects at the surface, which are
likely to facilitate expulsion of lithium from within, as it is
generally known that ion mobility in graphite is enhanced
in the presence of defects (as reported, for example, in Ref.
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ca. 5 months
Ar atmosphere

5 months 5 months sanded

as prepared

FIG. 5. Representation of the sample. (a) Image of Li interca-
lated in HOPG after polishing. The golden color indicates LiCg
or LiC4_, compounds. The dashed black line indicates the cut for
orthogonal measurement (cf. Supplementary Fig. S3). (b) The
sample after approximately 5 months of calendar ageing in an
inert atmosphere. The delamination shows the partial decompo-
sition of the superdense compound and is accentuated along the
cut. (c)—(h) Schematic cuts through the overlithiated HOPG sam-
ple. Horizontal black lines in (f)~(h) represent graphene layers,
and violet dots are Li nuclei. Golden shaded regions represent
well-ordered LiCq domains, giving rise to the 45-ppm NMR sig-
nal (cf. Fig. 3). The blue interdomain region is overlithiated. Note
that the dimensions are not drawn to scale. Upon ageing, the sur-
face of the lithiated HOPG crystal delaminates (gray shading),
with disordered carbon forming that pulls Li from disordered
regions, yet maintaining the LiC¢ domains and the overlithiated
interdomain region. Sanding only affects the surface, leaving the
inner regions unchanged.

[62]). The opening of the graphite sheets was also previ-
ously associated with pressure release from within the bulk
material [24,30,33]. This is a further indicator towards the
degradation of a superdense structure. Figure 5 also shows
a schematic model of possible microscopic configurations
of the ageing sample [panels (c) and (f)], with ordered LiCg
domains and overlithiated interdomain regions. Panels (d)
and (g) show the schematic delamination after 5 months.
Panels (e) and (h) represent the sample after cleaning.

In the temperature-dependent measurements (Fig. 6
and Supplementary Fig. S4 [22]), the residual high-
ppm peak disappears after mild heating to 310-330 K,
while the (10-13)-ppm signal becomes more evident

LiC,

aged 7 months

aged 5 months: postheating

aged 5 months: preheating A\C&X

500 400 300 200 100 0 -100 —200
7Li chemical shift (ppm)

FIG. 6. Static ’Li NMR spectra taken after the decomposition
process and pre- and postheating to accelerate the equilibration
of the residual superdense phases. All the shown curves corre-
spond to measurements at 25°C before (blue) and after (red)
heating; during the heating process the sample is treated and mea-
sured from —10°C to 60 °C, as shown in Supplementary Fig. S4
[22]. The violet curve shows the sample aged for two additional
months. The peak at 10—13 ppm remains stable.

(cf. Supplementary Fig. S4 [22]). The broad spectral
feature between about 100-200 ppm, which temporarily
vanishes at elevated temperature during the heating cycle
(cf. Supplementary Fig. S4 [22] at 40 °C and 60 °C), reap-
pears postheating and only vanishes permanently after two
more months of ageing.

C. Ab initio thermodynamics and dynamics of
superdense GICs

A basic modeling approach is to initially consider peri-
odic high-symmetry structures as shown in Fig. 2, and
calculate the formation free energies of these extended
“pure” phases. To this end, we adopt an ab initio ther-
modynamics approach [65]. A detailed derivation of the
formalism adapted to our system is provided in Sec. II
within the Supplemental Material [22]. Within this frame-
work we calculate the free energy of intercalation AG™e™
for the stoichiometries reported in Fig. 2 at 300 and 500 K
and ambient pressure. Based on these, we estimate rel-
ative populations N (LiC¢_,)/N (LiCg) at equilibrium as
Boltzmann ratios with respect to LiCg. The results are
reported in Table I. The effect of configurational entropy
is neglected, which would further favor overlithiated com-
pounds (except LiCy; cf. Sec. 2 within the Supplemental
Material [22]). As such, the relative populations are to be
considered a lower estimate.
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With LiC, at +1.09 eV (105.17 kJ/mol) at 500 K,
we exclude its presence in the sample. However, LiCs 4
and LiC4g have only mildly positive AG™ at 500
K, which even becomes negative at room temperature
for LiC4 5. Correspondingly, their relative populations are
nonvanishing.

Further insights can be given by considering, e.g., the
insertion of an additional Li atom in a 3 x 3 LiCg super-
cell. This corresponds to a Li:C ratio of 1.11%. Such
a stoichiometry, in its simplest configuration, has only
one additional Li atom in any of the empty C¢ hexago-
nal sites, forming a three-pronged star. The corresponding
AG of formation is negative in the entire range of con-
sidered temperatures, indicating that at least some excess
of lithium enters spontaneously, corresponding to already
over 10% beyond the theoretical capacity. Already for this
stoichiometry, one may construct an alternative configura-
tion which includes a Li; cluster—this would correspond
to neighboring Li atoms, from the LiCg lattice in the
immediate surroundings of the excess Li, “aggregating”
around the latter. The corresponding AG of formation is
hereby positive, albeit less than for an extended LiCj;4
phase and thus even more thermally accessible.

Based on this simplified energetics, we can conclude
that, whereas the formation of an extended LiC;4 phase
appears unlikely, the formation of scattered Lis and Li;
islands cannot at all be excluded.

Regardless of the precise assignment of the high-ppm
signal (vide infra), we stress at this point that the energet-
ics above, albeit simplified, confirms that a certain amount
of excess lithium does indeed enter spontaneously. In other
words, the common conception that LiCg corresponds to
100% SOC is not entirely accurate thermodynamically.
The exact upper limit of overlithiation accessible beyond
LiCq and its dependence on external conditions can only
be determined by means of computationally expensive sta-
tistical sampling, which goes beyond the scope of this
work.

The observed high-ppm signal may indeed arise from
Li; “flowers” and/or Lis “stars” present not only in siz-
able domains of exact LiC;4 and LiC4g compositions,
but also diluted in a LiC4 environment. Considering that,
starting from a LiCq environment, every additional lithium
will form at least a Lig “star”; this can happen at any
LiC¢_, stoichiometry. Additionally, a “flower” may form if
three neighboring Li atoms from the immediate surround-
ings aggregate around the center of a “star”. We estimate
the cost of such aggregation as approximately 0.11 eV,
thus also thermally accessible. Subsequently, “star” and
“flower” motifs are in equilibrium with each other, and
thus both can contribute to the high-ppm signals.

The relative populations at 300 K (cf. Table 1) confirm
the metastability of superdense patterns at room tempera-
ture. However, the relative concentrations of these patterns
in the fresh sample must be closer to those at 500 K than

those at 300 K, as the calendaric ageing showed a slow
equilibration towards degradation.

Assuming that the decomposition is diffusion controlled,
we estimate the effective diffusion barrier and thus the
relative degradation rate at 300 versus 500 K. We per-
form ab initio molecular dynamics (AIMD) simulations,
based on DFTB [53], to evaluate Li mobility in a slightly
oversaturated LiCq_, supercell with two Li; motifs in a
LiCg-like environment. The resulting diffusion coefficients
(Supplementary Fig. S5 [22]) show Arrhenius behavior
with an effective barrier of 0.35 eV, which slows down the
delithiation about 225 times at room temperature compared
to 500 K (see Sec. III within the Supplemental Mate-
rial [22] for a brief discussion on diffusion coefficients in
Li GICs, which includes Refs. [8,17,18,59,66—71]).

We note in passing that the AIMD trajectories exhib-
ited frequent occurrences of directly connected Li dimers
and trimers in an isosceles triangular configuration as tran-
sient byproducts of the decomposition of the Li; clusters
(Supplementary Fig. S6 [22]). This nicely ties in with the
appearance of the low-ppm shoulder upon ageing, if this
were to be attributed to Li—Li dimers rather than low-SOC
patterns.

D. Discussion

Without the option (see Sec. VI within the Supple-
mental Material [22]) to explicitly compute sufficiently
converged Knight shifts (see, e.g., Refs. [72—75]), we can-
not unambiguously assign each 'Li NMR resonance. We
can experimentally exclude the possibility that high-ppm
features are generated primarily by lithium metal. On ener-
getic grounds, we also exclude full LiC,. Thus, we infer
the presence of some form of intermediately overlithiated
phase containing Liy (“flowers”) and/or Li4 (“star’’) motifs,
and associate the high-ppm shift with the pseudometal-
lic character of the central atoms. While one may argue
whether the Liy stars are “dense” enough to produce high-
ppm shifts, their formation is more energetically accessible
than that of Li; flowers; therefore, a spectroscopic sig-
nature is to be expected. In the light of this, we put
forward the following scenario, qualitatively combining
experimental observations and simulations. The asymmet-
ric high-ppm signal corresponds to sizable domains of
at least LiCy4g stoichiometry, possibly mixed with LiCs 4,
and domains of variable LiC,. 34 stoichiometries with Li;
and/or Lis motifs diluted in LiC¢-like surroundings.

The signal is split into a sharp 274-ppm feature and a
broad 256 feature due to susceptibility effects analogously
to metallic lithium, but of smaller magnitude. As such, the
more intensive 274-ppm peak would correspond to sample
faces with normal vectors perpendicular to B, while the
256 ppm corresponds to face normals parallel to By. It is
reasonable to assume that overlithiation mainly occurs in
the proximity of the HOPG surface, while the inner bulk
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TABLE L

Formation energies of selected LiCg4_, intercalation compounds. We calculate AE from DFT total energies (cf. Sec. II),

not including the zero-point energies nor any finite temperature contribution. The values of AG at different temperatures and ambient
pressure are calculated using the ab initio thermodynamics approach. Our experimental conditions are 7 = 500 K and P = 1 atm.

Non-negligible populations at 300 and 500 K are indicated in bold.

L1C6 LiC4.8 LiC3A4 L1C3 LiCzj LICZ
AE™ (DFT-D3) (V) —0.10 —0.01 0.14 0.27 0.46 1.08
AG™e (300 K) (V) —0.12 —0.03 0.09 0.24 0.40 1.00
AG™er (500 K) (eV) —0.09 0.02 0.12 0.28 0.4 1.09
N(LiCs_)/N (LiCs) (300 K) . 0.03 0.00 0.00 0.00 0.00
N(LiCs_y)/N (LiCs) (500 K) 0.08 0.01 0.00 0.00 0.00

is predominantly LiCg. Then, the relative magnitude of the
two peaks reflects the dimensions of the sample (longer
surface along By). Moreover, as the core of the sample
may be shielded to a fair degree, surface species may be
weighted more strongly and therefore show a higher rela-
tive amplitude with respect to the LiCg bulk than relative
energetics would suggest [76].

Considering the inherent metastability of Liy clusters,
an additional significant population of imperfect Li, clus-
ters (with 3 <n < 7) can be expected (“broken flow-
ers”). The lithium atoms belonging to these clusters are
undercoordinated with respect to the Li; central atom but
still occupying adjacent Cq rings. Therefore, they can be
expected to produce a signal at a higher shift than the
lithium atoms in LiCg. Li; motifs can analogously appear
as “broken stars.” Additionally, both the crown atoms of
the Li; and the prongs of the Li; motifs have lower coor-
dination than the respective central atoms. As such, there
are many possible realizations of microstructures with
a wide range of coordinations. Thus, we may attribute
the broad spectral feature at 100200 ppm to a super-
position of resonances corresponding to all of the above
species.

The decrease of both the high-ppm peaks and the broad
(100-200)-ppm spectral feature are correlated with the
increase of the (10—13)-ppm feature. This is a strong
indication that the degradation of superdense structures
directly corresponds to the appearance of a new Li envi-
ronment. In line with previous assignments of the low-ppm
feature in the literature [15], this can correspond to either
Li—Li dimers occurring as the smallest possible decom-
position product before LiCg-like Li, or to the formation
of locally Li-depleted LiCq,, regions following the ejec-
tion of Li at the surface. Of note, these two patterns can
coexist as a result of decomposition (cf. Supplementary
Fig. S6 [22]) or, in an electrochemical context, due to
deintercalation.

Without attempting a quantitative estimation of the
excess capacity, we can roughly place it in the order of
1% to 10% based on the relative populations in Table I
and a qualitative inspection of the relative magnitude of the
observed peaks. Clearly, this is not a huge number; as such,

we are not claiming that graphitic battery anodes should be
pushed beyond the currently accepted limit of 100% SOC
in commercial applications, only to obtain a negligible gain
in capacity. The primary implications of these findings do
not lie in the practically achievable capacity limit. Instead,
performance-critical phenomena, such as lithium plating
and dendrite formation, often occur at the upper limit of
intercalation, and details of the involved mechanisms are
still unclear.

For a mechanistic understanding and knowledge-based
engineering, a comprehensive picture of structural motifs
and processes occurring at the atomistic level when
approaching this limit is essential. In our view, the com-
mon assumption that LiCg represents a well-defined upper
limit for Li intercalation poses the danger of misinter-
preting the conditions at which these phenomena occur
and, thereby, mistake correlation for causality. In addi-
tion, experimental evidence may at least be partially
misinterpreted, or potential explanations could easily be
overlooked [77,78].

It is reasonable to expect that overlithiation occurs just
as well under electrochemical conditions. The applied
potential provides an additional driving force towards
(over)intercalation, which becomes substantially stronger
than high temperature—the sole driving force in the
presented results—at increasing C rates. For example,
although not for HOPG but for microcrystalline graphite,
Sole et al. [79] did observe the consumption of a larger
amount of lithium during the first charge cycle, which
“disappeared” after the first cycle. They attributed the phe-
nomenon to solid electrolyte interface formation. In the
light of our findings, the possibility of overintercalation
and its potential impact should also be considered as a
possible influencing factor.

In particular, we speculate that the drastic mobility
drop may play a significant role in the onset of lithium
plating and dendrite formation, due to the transport bottle-
neck emerging at the interface and subsequently triggering
an overshoot in the Li chemical potential [80,81]. The
detailed understanding of this mechanism cannot neglect
the occurrence of overlithiation, as variations in ion mobil-
ity are expected to occur before, at, and beyond LiCg.
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The exact quantitative variation of mobility versus SOC
at the upper limit has yet to be investigated, e.g., by
means of kinetic Monte Carlo simulations, specifically
targeted to battery materials with a correct description of
the electrostatic interaction between charge carriers [82—
85], and one- and two-dimensional continuum models for
mass and charge transport [86], and is expected to be
nontrivial given the highly ordered nature of LiCs and
the disordered nature of any composition shortly below
and beyond. To complicate things further, from the mod-
eling point of view, slow or frustrated dynamics favors
the occurrence of nonequilibrium phenomena, which are
scarcely modeled in the field. All the above considerations
are particularly important under fast-charging conditions,
where nonequilibrium effects become predominant [87].

Moreover, there is a fundamental difference in the chem-
ical nature of lithium ion local environments between
LiCg-like (or lower) and “superdense” patterns—the latter
being essentially metallic nanoclusters with shorter Li-Li
distances. As such, negating their presence at the interface
at the upper limit of intercalation simply means neglecting
possible nucleation precursors [88]. As an additional con-
sideration, our calculations show that the energy penalty
associated with two lithium atoms occupying nearest-
neighbor positions is not insurmountably large, meaning
that these moieties may already occur locally before reach-
ing bulk LiCg stoichiometry, especially considering the
slow nonequilibrium insertion dynamics. Under electro-
chemical drive, the charging process is faster than the slow
infiltration we observe. Thus, overlithiation is likely to
remain confined at the charging interface, due to the afore-
mentioned mobility drop, and even occur at the interface
before full lithiation is achieved globally. There is evi-
dence of inhomogeneity in charging processes, leading to
gradients in Li concentration across anode particles. This
phenomenon is largely accentuated under fast-charging
conditions, as reported, for example, in Ref. [77], where
the effect of increasing the C rate causing inhomogeneous
lithium concentrations is apparent. While it is difficult to
disentangle the effect of diffusion in the electrolyte around
the graphite grains from the diffusion into the grains in
a complex sample under electrochemical conditions, it is
still clear that the Li chemical potential in the golden region
must be higher in the fast-charging case due to the limited
macroscopic mass transport.

Finally, the consideration of local superdense motifs can
shed additional light on carbonaceous materials for which
the possibility to reach higher capacity is already known.
So-called high specific charge carbons are known to incor-
porate higher than 1:6 ratios of lithium under electrochem-
ical conditions (see, e.g., Ref. [62]). Although these are
nongraphitic forms of carbon, several of the models pro-
posed refer to graphitic or graphene structural C motifs
(e.g., Sato et al. [64], who also included NMR data). In
the light of our findings, an additional angle when looking

at these high specific charge carbons could be provided by
considering the access of Li to the graphitic layers, rather
than only in amorphous or defect-rich regions, i.e., that car-
bon could, and would, accommodate additional Li, but that
the potential for insertion becomes lower than for metallic
Li after a certain loading threshold.

However, we can only acknowledge all these implica-
tions once we accept the notion of spontaneous overinter-
calation, which itself defies the assumption that lithium
ions can only occupy nearest-neighbor positions under
high pressure, or as a metastable result of decomposition
of high-pressure superdense compounds. This assumption
was previously identified as the reason for the instability
of the latter, and it is not supported by energetics.

Given that the reported results were beyond the initial
objectives of our study (to recall, producing well-defined
reference data to facilitate the interpretation of more com-
plex in operando experiments), a quantitative character-
ization was not attempted and cannot be performed as
postprocessing analysis of our data due to the loss of an
unknown amount of mass after mechanical polishing at
every measurement. In the perspective of reproducibility,
such a quantitative interpretation necessitates the con-
sideration of ordered and disordered structural features
in combination with dynamic processes that cover time
constants from picoseconds (see Sec. I1I within the Supple-
mental Material [22]) to months (duration over which the
presented experiments were conducted). In addition, quan-
titativity would have to be established first for this type
of sample for most of the commonly employed analytical
techniques. Also, there are not many techniques that would
be able to unambiguously distinguish between a LiCg-
LiC¢y, sample and a LiC4-LiCq_, sample—which we, in
passing, identify as one of the main reasons why spon-
taneous overintercalation remained overlooked for such a
long time.

X-ray diffraction is problematic due to the close sim-
ilarity of the ¢ parameter of all stage-I compounds. Our
calculations do not find a significant variation of the inter-
layer distance, except an observed contraction for LiC,,
which is not energetically plausible anyway. Previous
works [24,25,30] report the same interlayer distance even
up to LiC,, with the caveat that the exact composition of
the sample was unknown after releasing the pressure. To
complicate things further, even if, for example, theoreti-
cal calculations would have shown a significant change in
interlayer distance, that would have been referred to a pure,
extended phase corresponding to standard periodic bound-
ary condition DFT calculations, and would likely not apply
to overlithiated islands in an otherwise LiCg-like matrix.

Neutron diffraction, on the other hand, detects lithium
directly and has been employed to investigate lithium
plating [89], and thus would be suitable in principle,
but the expected variations in the spectra are below
the detection limit. We made preliminary calculations of
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diffraction patterns for neutron radiation diffraction (as
well as x-ray diffraction) in order to test the feasibility of
tackling proper phase identification unambiguously with
these well-established methods. The simulation results are
available online [90]. However, these calculations (see
Sec. IV within the Supplemental Material [22]) made clear
that it is nearly impossible to obtain the desired unambi-
guity with this method. The calculations even reveal that
one should critically rethink diffraction results published
so far, especially if they are based on the interpretation
of just a few or even just the single strongest peak (the 0
0 1 reflections). A more detailed analysis of the diffraction
ambiguity of GICs will be published elsewhere.

Raman spectroscopy is to some extent a promising
means to identify signatures of overintercalation. Previ-
ous work identifies a peak at 1850 cm~! as a signature
of high lithium content [91]; however, that peak is con-
fidently assigned to the stretching of the triple C—C bond
in lithium acetylide Li,C,. We have no indication of the
presence of the latter in our sample, as we do not see
any characteristic NMR signature as reported in, e.g., Ref.
[92]. Interestingly, this work also reports a resonance at
261 ppm, which is usually attributed to residual lithium
metal. However, the formation of acetylidelike intermedi-
ates may occur at the graphite surface during the interca-
lation process as part of the insertion mechanism. Most
likely, these become quantitatively detectable only once
the uptake slows down critically when approaching (and
then exceeding) LiCg, which explains the appearance of
the signal just before plating and its disappearance after.
On the other hand, there is no previous literature reporting
Raman spectra of intermediate compositions between LiCg
and LiC,. However, a simple inspection of the phonon
densities of states (see Sec. V within the Supplemental
Material [22]) suggests that the most prominent varia-
tions due to overintercalation manifest at frequencies lower
than 500 cm~!, which can be difficult to detect (although
recent in operando Raman spectroscopy work on lithium
intercalation in graphite shows that the detection of low-
frequency features is not out of grasp [93]), while above
500 cm~! the differences in phonon densities of state
are small enough to expect Raman experiments directly
targeted at LiCg_, to be fairly inconclusive.

Complementary to spectroscopy, gravimetric analysis
may also be considered. With the preparation technique
used herein, an obvious, immediate complication is the
necessity to polish the sample after intercalation in order
to ensure that no metallic lithium is present. This hinders a
simple weighing experiment before and after intercalation
due to loss of mass of unknown amount and composi-
tion. Therefore, any attempt at gravimetric analysis has to
be performed taking the intercalated, polished sample as
a reference and operating in discharge—regardless of the
chosen gravimetric technique. While this is in principle
possible, we have to remark that complete discharge is

not an easy task, and quantifying the residual interca-
lated lithium, whose amount may be comparable to that of
overintercalated lithium, creates a chicken-and-egg
problem [41].

In summary, solid-state NMR is likely the most suitable
investigation technique due to its high sensitivity to local
environment and noninvasivity. In further experiments, it
may be considered to also record spectra during the infil-
tration period. We would not expect the peak to appear
immediately, but only towards the end. Alternatively, sim-
ilar patterns may be searched for using electrochemical
intercalation. However, in the latter case, even for NMR
it is experimentally difficult to clearly disambiguate differ-
ent overlithiated phases in the LiC, to LiCg region due to
the potential signal overlap of Li metal with the resonances
of different LiC, (2 < x < 6) species. Chemical shift sim-
ulations [94] may be able to help with such an assignment,
but will require establishing the necessary methodology for
this type of sample first.

Nonetheless, other experimental techniques may also
provide signatures for local Li intercalation in graphite
beyond LiCg, and systematic investigations for their iden-
tification appear worthwhile.

IV. CONCLUSIONS

While preparing a reference sample of fully lithium-
intercalated HOPG for 7Li NMR spectroscopy, we
observed unexpected high-ppm resonances. Confidently
ruling out that these signatures arise from residual metallic
lithium, we attribute them to superdense LiCq_, contri-
butions formed under ambient pressure. We investigate
the evolution of the signal under calendaric ageing and
rationalize the observations with ab initio simulations. We
infer that the signal arises from sizable domains contain-
ing Liy (“flowers”) and/or Lis (“stars”) motifs in sufficient
amounts, and we estimate their long-term (meta)stability.
Ab initio thermodynamics confirms that a non-negligible
excess of lithium enters spontaneously, which, to the best
of our knowledge, had never been considered before in
graphitic carbon. These findings challenge the currently
accepted hypothesis that, since LiC, can only be prepared
under high pressure [24,30,34], any additional intercala-
tion beyond LiCg is implausible.

In hindsight, the simple consideration that the range of
stoichiometries between LiCg and LiC, spans 200% states
of charge beyond the commonly accepted 100% SOC Li
loading of graphite should suggest prudence in such an
assumption. Yet, it was never rigorously verified. In our
view, multiple previous works on electrochemical cells
contain indications compatible with at least a sparkle of
doubt [35,36,38]. In addition, the question of assessing
the true capacity of ordered graphitic hosts was explicitly
addressed for bilayer or multilayer graphene [95,96]. How-
ever, the evidence of overlithiation in the latter did not
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reopen the question of analogous occurrence in extended
graphite—which is the material actually used in work-
ing batteries. For decades, superdense graphite intercala-
tion compounds have been considered only accessible as
decomposition products of LiC, under high-pressure syn-
thesis (“from above”) [24,30,34]. Here we confirm that
superdense compositions are also accessible directly as
overintercalation products of LiCg at ambient pressure
(“from below”). If this is possible under the synthesis
conditions employed here, it is reasonable to expect that
overlithiation is further favored under an applied potential.
Particularly in fast-charging conditions, lithium plating is
also increasingly favored [77]. Hence, the most intriguing
aspect is the interplay of partially reversible plating, over-
lithiation, and reintercalation. On this account, a recon-
sideration of the role of overlithiation, so far excluded
from the picture with graphite as a host, is warranted.
We suggest that the drastic mobility drop associated with
the upper limit of intercalation could cause ion clogging
at the interface, thus contributing to the onset of lithium
plating [80,81]. Under fast-charging conditions, in partic-
ular, the inhomogeneity of the intercalation process may
play an additional role, as oversaturated regions likely
appear already before 100% state of charge is formally
reached [77]. Taking overlithiation into consideration may
also shed light on other hitherto unexplained phenom-
ena, such as the apparent “disappearance” of some amount
of available lithium between cycles, the latter commonly
attributed solely to the formation of solid electrolyte inter-
faces and “dead” lithium [79]. Finally, with regards to
the use of NMR for the detection of plating and dendrite
formation, our results also suggest that caution is indi-
cated with assigning high-ppm signals nonspecifically to
the emergence of metallic lithium deposits.
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