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Due to its negligible capacity with respect to sodium intercalation, graphite is not suited as anode
DOI:00.0000/000000000x material for sodium ion batteries. Hard carbon materials, on the other hand, provide reasonably
high capacities at low insertion potential, making them a promising anode materials for sodium (and
potassium) ion batteries. The particular nanostructure of these functionalized carbon-based materials +
has been found to be crucially linked to the material performance. However, there is still a lack of
understanding with respect to the functional role of structural units, such as defects, for intercalation
and storage. To overcome these problems, the intercalation of Li, Na, and K in graphitic model
structures with distinct defect configurations has been investigated by density functional theory. The
calculations confirm that defects are able to stabilize intercalation of larger alkali metal contents. At
the same time, it is shown that a combination of phonon and band structure calculations are able to
explain characteristic Raman features typically observed for alkali metal intercalation in hard carbon,

furthermore allowing for the quantification of the alkali metal intercalation inbetween the layers of

hard carbon anodes.

1 Introduction

Lithium-ion batteries (LIBs) are essential for storing electrical en-
ergy, extending from portable electronic devices to e—-mobility ™.
Due to the foreseeable scarcity of lithium, however, alternative so-
lutions based on more abundant materials have become the sub-
ject of contemporary research and investigation. Here, sodium®
and potassium ion batteries®® (SIBs and KIBs), frequently catego-
rized as post-Li ion batteries, are the most appealing candidates at
the moment. Generally, it has to be pointed out that, with respect
to their potential as drop-in replacements for LIBs, there are sig-
nificant differences in the physicochemical properties of sodium
and potassium as compared to lithium. These range from dif-
ferent coordination preferences in compounds to largely varying
desolvation energies?78. Hence, finding suitable electrode ma-
terials for post-Li ion batteries and understanding their physical
and chemical properties is of utmost importance to advance these
technologies.

Graphite based materials are still the anode of choice for Li-
ion batteries. However, while the lithiation process of graphite
results in a succession of binary graphite intercalation compounds
(GICs) with a theoretically maxium capacity of 372 mAhg~! for
the final LiCq stoichiometry, no binary intercalation compounds
of graphite with significant sodium content do exist, and hence
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graphite shows only negligible sodium storage capacity@. It has
to be noted that this is not simply originating from the larger ionic
radius of Na as the even larger K ions have been shown to form
GICs.10HI5) 1y fact, according to theoretical results across all alkali
metals (AM), sodium has the weakest chemical binding to a given
substrate, indicating that this variation in behavior is not unique
to graphite.

Consequently, different alternative anode materials have to be
considered for NIBs, resulting in hard carbons as promising can-
didates in particular for Na- and K- ion batteries. The struc-
ture of HC is typically described as being composed of differently
sized micro- and nano-pores framed by randomly oriented, often
curved graphitic domains with large defect concentrations and in-
creased interlayer spacing7*29, Carbon atoms within a graphitic
layer (of such a domain) are linked by strong covalent bonds,
while van der Waals forces are responsible for the interaction be-
tween neighbouring layers. Topological defects, which result in
the presence of non-hexagonal arrangements of carbon atoms in
the graphitic layers, play a crucial role for the diverse morphology
and characteristic properties of HCs, as e.g. curved geometries
may be explained by their presence2!. Unlike graphite, which has
a d-spacing of 335 pm, the inter-layer spacing of HCs is enhanced
and can amount to more than 400 pm which has been proposed to
facilitate ion insertion. Especially, synthesis temperature and raw
material composition have significant impact on the electrochem-
ical performance of HCs, resulting in a large variation of exper-
imentally observed capacities. For Li-insertion in HC reversible
capacities ranging from 210 to 675 mAhg 2223 are reported ,
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Fig. 1: Different kinds of defects present in graphite. (a) pristine graphite (b) mono-vacancy (MV) (c) Stone-wales defect (SW) (d) double rotation
(DR) (&) mono-vacancy + Stone-wales (MSW) (f) add atom (AA) and (g) side view of the structure used for defect creation.

while in case of Na and K, values from 260 to 640 mAhg~!24 and
250 to 336 mAhg—!22H27 have been observed. For instance, when
phenolic resin-derived HC is prepared at different temperatures,
1100 °C, 1300 °C, and 1500 °C, the initial reversible capacities
for Na intercalation are 337, 358, and 386 mAhg~!, with initial
Coulombic efficiencies of 82%, 81%, and 85% , respectively. Sim-
ilar scenario have been observed for Li and K as well28,

With respect to the insertion mechanism and structure of the
HC, the largely accepted card house model (and modifications
thereof) allows for a qualitative description of the processes
that underly the observed voltage profil in a charge-discharge
curve.22%52 This model assumes that alkali metal ions are inserted
between the layers of graphitic domains in the sloping poten-
tial region of the charge-discharge curve,®3°3> whereas the flat
low potential region corresponds to the adsorption in micro- and
nano-pores, with the potential actually being close to that one of
metal deposition.

For the characterization of graphitic materials, often Raman
scattering is applied.2! The main Raman peak that is typically ob-
served is the so-called G-band, which normally appears at about
1580 cm~! and is related to the in-plane motion of the carbon
atoms in the graphitic planes. Interestingly, the presence of de-
fects results in the additional observation of the so-called D-band
at around 1360 cm~!. However, the D-band does not correspond
to a '—point phonon, as is the case for normal Raman modes.
Instead, it results from a more intricate inter-valley phenomenon
known as double resonance and contains indirect information on
the electronic band structure3057,

For a knowledge based design of hard carbon anodes, the im-
pact of structural factors such as porosity, carbon binding motifs,
and even heteroatom concentration on the functionality of the
material must be understood=8*4%, While there have been several
theoretical studies regarding defects’ role in graphitic systems, de-
fect types, and their functionality have not been thoroughly con-
sidered in these investigations.*1"43 Therefore, by investigating
the impact of defects on the alkali metal storage mechanisms, we
have made a first step towards such an understanding. In this
work, the impact of different types of carbon defects on inter-
calation sites and voltages, vibrational properties and electronic
band structure was studied with respect to the intercalation of Li,
Na and K. Defects are known to be abundant in HC1720, Fyr-
thermore, they strongly interact with metal atoms. Hence the
fraction of ions that can be intercalated, especially in the case of
Na, increases significantly in the presence of defects. This makes
the consideration in the intercalation/adsorption process at de-
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fect sites necessary due to their significant role in the AM-ion
storage mechanism. While defects obviously do affect the local
atomic configuration, it will be demonstrated that the basic fea-
tures of the band structure and the phonon dispersion curves re-
main unaffected.

2 Computational Methods

To investigate the impact of different structural motives on the
properties of hard carbon, model systems have been studied by
density functional theory (DFT). A periodic setup, based on a
stacking of two graphitic layers has been chosen to represent the
graphitic domains of HC.

Different defect types and the resulting intercalation sites have
been investigated in supercells of AMCjpg_, and AMCj44_, Stoi-
chiometry. Furthermore, to mimic the Li, Na, and K intercalation
process, defect containing GIC model structures with increasing
AM content — derived from supercells with AMCg, AMCg, AMC;5,
AMGC,4 and AMCyg stoichiometry — have been investigated. All
simulations were performed with the Vienna Ab Initio Simulation
Package (VASP)44 using the Projector Augmented Wave(PAW)
approach®, Exchange and correlation were described via the
optPBE functional, which includes a non-local correction scheme
to account for van der Waals interactions®®. Each structure,
was optimized with respect to lattice constant and atomic po-
sitions, applying a plane wave cutoff of 600 eV. The structures
based on the Cjog supercell was computed with a 4x4x4 k-point
mesh, while the other system sizes under investigation were op-
timized with similar k-point resolution. For the determination
of the electronic band structure the number of k-points was dou-
bled. The phonopy code and the finite displacement method were
used to determine the vibrational properties. Finally, the result-
ing phonon dispersion curves and electronic band structures were
back-folded to the first BZ of graphite, allowing for a direct com-
parison along the high-symmetry directions F (I'— K —M —TI). For
the backfolding of the phonon dispersion curves the Phonon Un-
folding code has been used, whereas the bandup code has been
applied for the backfolding of the electronic band structure#Z+0,

3 Results

3.1 Defect structure

To gain a basic understanding of the morphology and storage
mechanism in hard carbon, the impact of different defect mo-
tives on the alkali metal insertion has been investigated. For this
purpose, defect motives comprising mono-vacancy (MV), Stone-
Wales defect (SW), double rotation (DR), add atom (AA), and



a combination of monovacancy and Stone-Wales defect (MSW)
have been introduced in the simulation cell. Fig. |1| depicts the
defect containing layer of the two layer simulation cell as well as
a defect-free graphite sheet for comparison.

The most simple defects in graphitic materials are mono-
vacancies, which are obtained by the removal of a carbon atom.
This results in three undercoordinated carbon atoms that are tri-
angularly arranged (see Fig. )) and typically bend out of the
graphitic plane. The Stone-Wales (SW) defect is considered to be
one of the most important topological defects in graphitic mate-
rials. It is created by turning four hexagons into two heptagons
and two pentagons, which is achieved by the so-called SW trans-
formation, the rotation of one C-C bond by an angle of 90°, as
depicted in Fig. [Ic). Furthermore, our model configurations also
contain a double rotation (DR) which consists in the transforma-
tion of eight hexagons into four heptagons, two pentagons and
one tetragon as a result of a 90° rotation of two neighboring C-C
bonds. This defect usually causes the bending of the graphene
sheets, perpendicular to the line that connects the two pentagons
(see Fig. ). Moreover, the combination of a MV and SW defect
has been constructed (see Fig. )). Joining the structural mo-
tivs of these two defects yields a new defect type, consisting of a
tetragon, a pentagon, a heptagon, and a decagon. Finally, a car-
bon adatom placed close to one of the graphitic layers was inves-
tigated, and has been found to preferentially adsorb on a bridge
site, while adsorption in the center of a hexagon and directly on
top of a carbon atom is less favorable. The carbon adatoms thus
results in a triangular configuration on top of the graphitic plane,
showing a slightly increased C-C bond length of 1.55 A as com-
pared to the in plane bond length of 1.5 A

Interestingly, the introduction of the defects in our model sys-
tem has been found to result in a stabilization of the AB stacking,
such that for the cases of SW, MSW and MV even an AA-stacked
starting configuration is not preserved. The defect containing sys-
tems transform to an AB stacking, whereas a defect-free system
retains the meta-stable AA-stacking. Finally, it has to be noted
that the defects result in slight changes in the C-C bond lengths,
however, the effect decreases with increasing distance from the
defect center. In the case of the adatom, the layers also prefer to
be shifted against each other, however, not a full AB stacking is
reached. Instead the layers shift such that the adatom is in the
center of a hexagon in one layer, while it is covalently bound to
two carbon atoms in the other (on top of a C-C bond).

3.1.1 Energetic stability

The probability of finding a certain defect, is largely determined
by the energetic penalty going along with the defect formation.
Therefore, we have calculated the defect formation energies for
the above introduced defect types (see Fig.[2). A defect’s forma-
tion energy is defined as

Ef=E;—E,+un 1)

where E; and E, are the total energy of the defective and defect-
free system, respectively. u is the chemical potential of carbon,
which is estimated by the total energy per atom in graphite, mul-

tiplied by the number of removed atoms n.
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Fig. 2 : Formation energy for the different kinds of defects present in
graphite, (a) Stone Wales defect (SW), adatom (AA), mono- vacany
(MV), double rotation (DR) and MSW.

The resulting formation energies for MV, SW and AA defect
amount to 6.9, 4.0 and 6.2 €V, which is in reasonable agreement
with literature (7.3-7.5, 4.5-5.3, and 6.3-8.5 eV for MV, SW and
AA respectively)®1%23 The fact that the here obtained values are
slightly lower is likely to be a consequence of different exchange-
correlation functionals. While the obtained formation energies
clearly show that the SW defect is the most stable of the inves-
tigated defect types, the AA is found to be more stable than the
MV and the DR (see Fig. [2). Finally, the MSW defect is found to
be almost 1.8 eV more stable than the sum of a SW and a MV de-
fect, thus pointing to the reciprocal affinitiy of defects>#. This is
well known for the case of graphite where defect clusters develop
during the early stages of melting at elevated temperatures.

Despite the rather high costs for defect formation, precursors
and preparation conditions of hard carbon at temperatures typ-
ically above 1200K result in large defect concentrations. More-
over, it has to be noted that defects are often suggested to be one
of the reason for the rumpled texture of graphite that is some-
times observed experimentally>>.To elucidate the impact of de-
fects with respect to the use of carbon derivatives as anode ma-
terial, we have investigated the most favorable intercalation sites
for Li, Na, and K in the presence of the simplest defects — MV,
SW and AA defect as well as for the case of a MSW defect — and
compare it to the intercalation in the defect-free case. For these
systems, the energetic stability of a single alkali metal atom at dif-
ferent characteristic positions of the defect structures (see Fig. [4)
was investigated by calculating the intercalation energy with re-
spect to the AM—free system:

Eint = Edef'+ion - (Edef +Eion) 2

Here, Eg.r4ion is the total energy of the graphitic (defect contain-
ing) system after the insertion of one AM atom, and E,, is the
energy of the AM-free layers, wheras E,,, is the energy of the AM
in the bulk metal phase.

First, the intercalation of an AM ion in defect-free AA and AB
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type layers with enforced stacking sequence was investigated for
the Cjog supercell. While the AB stacking (i.e. pristine graphite)
is more stable for the ion-free system (by about ~7 meV/at), the
intercalation of one AM ion — corresponding to a AMCjog stoi-
chiometry — does result in different scenarios. The intercalation
of one Li ion is energetically favorable (see Table. [2)), with the
AB stacking remaining the more stable configuration. Li is sitting
above the center of a hexagon in one layer, while being ontop of
a carbon atom for the other. However, already by intercalating
one Li atom, the difference in energy between the AA and the
AB stacking is reduced to ~ 4 meV/at. This indicates that fur-
ther Li intercalation can be expected to result in a stabilization
of the AA stacking. For the intercalation of one Na ion, the most
stable configuration also corresponds to an AB stacking, however,
the Na intercalation is indeed energetically unfavorable, as can
be inferred from the positive insertion energy in Table |2} While
an AA stacking is found to be less stable, an intermediate stack-
ing involving both AA and AB stacking with the energy almost
identical to the AB stacked case was also observed. Finally, for
the insertion of one K ion, again the AB stacking is found to be
energetically most stable, however, the AA stacking (and an in-
termediate stacking sequence) is found to be energetically almost
degenerate (all within 1 meV/at). Yet, surprisingly, the K inter-
calation is also found to be energetically largely unfavorable (see
Table [2). In contrast to the case of Na, the K intercalation, how-
ever, becomes energetically favorable at larger K contents as can
be infered from Table |2| for the case of AMCyg. Interestingly, for
all cases the AB stacking is preserved for low AM concentrations.
The reason is that the van der Waals forces between two adjacent
layers prevail over the energy gain obtained by the insertion of a
low AM fraction. However, the decreasing energy differences be-
tween the different stackings already indicate that for larger AM
fractions a transition to an AA stacking with the AMs above and
below a carbon hexagon can be expected - as is indeed already
observed for the case of AMyg (see Table[2)). This alkali metal con-
centration is just on the verge of favoring an AA stacking. In fact,
in the case of Na and K, the AA stacked configuration is already
the more stable one, while for Li the AB stacking is still slightly
favored. The observed trend towards an AA stacking corresponds
to the sequence of the typical intercalation compounds with in-
creased carbon content, as discussed in literature®. Regarding
the equivalent situation for the corresponding defect containing
systems, clearly shows that the presence of defects can stabilize
the insertion of AMs in graphite derivatives, however, the inser-
tion energy strongly depends on the respective intercalation site
(see Table[I). Furthermore, as already mentioned above, MV, SW
and MSW defects stabilize the AB type stacking, which is then to
a large extent also preserved for the low AM contents discussed
in the following.

In the case of the MV, the intercalation of a Li ion in one of
the three hexagons that get connected by the creation of the MV
defect (see Fig. [3p), results in the Li ion moving towards the de-
fect center (position 3), which, as one may have expected, is the
energetically most stable site. On the other hand, if a Li atom
is placed inside an intact hexagon (position 1, 2, 4, 5 and 6), the
atom remains at the center of this site, however, with significantly
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less energy gain (see Table . For Na ions the situation is similar,
however, due to their size an off-center position in the hexago-
nal sites is more favorable due to the interaction with the second
layer. As in the case of Li, the site at the defect center is energet-
ically most stable, yielding negative intercalation energies. Here,
it has to be noted that two slightly different positions are observed
(position 3 and 4), with the Na ion either moving towards an un-
dercoordinated carbon atom or between two such atoms —i.e. the
Na ion moves either to a corner or to a side of the indicated tri-
angle. The observed negative intercalation energy clearly shows
the stablizing effect of the MV defect for Na intercalation as com-
pared to pristine graphite. Thus, close to the MV defect center,
the intercalation of Li and Na is strongly favored, while with in-
creasing distance to this site the insertion energy approaches the
situation for defect—free graphitic layers.

For the SW defect, Li atoms move to the center of the cre-
ated heptagon if they are placed inside the latter one (position
3), whereas placing them on a pentagonal site or a neighboring
hexagon results in a shift towards the edges of the pentagon (po-
sition 2). Li atoms on hexagonal sites far away from the defect
remain centered at these sites (position 1 and 4). Here, again the
intercalation in the vicinity of the defect (positions 2 and 3) is
found to be the energetically most favorable one (see table [2).
Again, for Na the situation is similar, however, the Na intercala-
tion is stable close to the defect (positions 2 and 3), whereas it
becomes unfavorable further away. Furthermore, the tendency
of the larger Na atoms to shift towards an off-center position re-
mains. The stabilizing impact of the SW defect is found to be
smaller than in the case of the MV. This can be attributed to the
fact that the graphitic layers do not contain undercoordinated car-
bon atoms and thus no dangling bonds with unbound electrons
that need to be saturated. Instead, in the case of SW defects only
the topology is changed, thus having less significant impact on
the intercalation process.

The MSW defect is found to result in significant stabilization of
Li at the dodecahedral site (positions 1). The heptagonal and the
slightly off-centered pentagonal site (positions 2 and 3) are also
found to be more stable than the hexagonal site further away from
the defect (position 4). For Na the same trend is observed with
the dodecahedral site being strongly stabilized. For the above dis-
cussed scenarios, the layers keep the AB—stacking sequence after
the Li/Na intercalation, meaning that one AM is not enough to
induce the transition to an AA stacking in case of a defect being
present. While the defect containing layers show no curvature
(except DR), they get slightly bent when Li or Na is intercalated.
Finally, for the adatom case an intercalated Li moves away from
the additional C-C bond. Here, the Li then typically sits close to
the center of a top layer hexagon, either on a C-C bond or on top
of a C atom (positions 1 and 2), also keeping the AB type stack-
ing. The other situation with Li close to the center of a hexagon
and below a carbon atom of the top layer is also possible (position
3), however, energetically significantly less favorable. For Na, the
situation is slightly changed. The stacking deviates from AB type
with the Na atoms therefore showing a different off-centering.
Energetically, however, the Na intercalation remains favorable for
these scenarios as well. Due to the large size of K, the inter-



Fig. 3 : Schematic representation of possible Li-intercalation sites for the different model systems (a) MV defect (b) SW defect (c) AA (d) MSW
defect. Atoms that have moved to a neighboring site are shown in faint color with an arrow indicating the site they have moved to.

Fig. 4 : Schematic representation of possible Na-intercalation sites for the different model systems (a) MV defect (b) SW defect (c) AA (d) MSW
defect. Atoms that have moved to a neighboring site are shown in faint color with an arrow indicating the site they have moved to.

calation process in the defect containing structures is somewhat
different. While the presence of defects in principle favors an
AB stacking, the K intercalation goes along with a significant in-
crease of the layer spacing and hence reduces the van der Waals
interaction between the layers. The structure tries to compen-
sate this by getting more strongly curved in the vicinity of the
K ion. Hence, we observe a competition between the attractive
van der Waals interaction between the layers and the K inser-
tion. This competition is also present in the case of Na, yet to a
much smaller extent, whereas it can almost be neglected for the
case of Li. For the MV defect K ions that are further away from
the defect move to off-center positions (position 1 and 4), such
that they are slighthly off-centered in both the defect containing
layer and the defect-free layer sandwiching the ion. Interestingly,
these sites are energetically unfavorable as in fact expected from
the results for K ions in the defect free system. In the vicinity
of the MV defect, the K ion can again occupy the two energet-
ically slightly different sites, either close to the corner or close
to the edge of the indicated triangular shape (position 2 and 3).
For the SW defect, the K ion in the defect layer prefers either to
be close to the heptagon center (position 2) or on top of a C-C
bond connecting a penatgon to a hexagon (position 1). In both
cases, the K-ion, lies only slightly off-centered with respect to a
hexagon in the defect-free layer on top. Energetically, both sce-
narios result in a slight stabilization of the intercalation process

as compared to sites far from the defect. Moreover, it is worth
noting that a K ion on the heptagonal site, results in a reduced
curvature of the layers. For the MSW case the K ion is found on
the sides of the decagon shaped defect (positions 1 and 2), close
to an undercoordinated carbon atom. Again the K ion prefers a
slightly off-centered position with respect to a hexagon center in
the adjacent defect-free layer. This results in a stabilization of the
intercalation as compared to the defect free case, with position 1
being energetically more favorable. Finally, the K-intercalation in
the vicinity of the adatom results in the K-ion moving away from
the C-C bond. This clearly indicates the impact of the ion size.
Energetically, positions 1 and 2 become more favorable, whereas
an intercalation on position 3 is observed to result in a positive
intercalation energy.

In addition, the AM insertion in the larger, Cy44 based, super-
cells was investigated. The resulting insertion energies showed
qualitatively the same trends as for the Cjog based calculations.
In particular, the most stable sites were typically found to differ
only slightly in position and energy, which can be understood as
a consequence of the small differences in AM and defect concen-
tration (see Table S1 in the SI).

To summarize, the comparsion with the defect-free system (Ta-
ble [2) makes it clear that only defects are able to stabilize the
intercalation of Na and K in the Ciog based system, whereas Li
can stablely be intercalated in AB stacked defect-free graphite. It
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Fig. 5 : Schematic representation of possible K-intercalation sites for the different model systems (a) MV defect (b) SW defect (c) AA (d) MSW
defect. Atoms that have moved to a neighboring site are shown in faint color with an arrow indicating the site they have moved to.

Table 1 : Intercalation energy E;;; (in V) for Li, Na and K ions at the
different sites indicated in Fig.[3] [4and [5] obtained for the Cjgs_, model
system. Note that empty fields (-) indicate that an atom placed at this
position moved to a nearby site.

Sites 1 2 3 4 5 6
Liyny -0.48 -0.53 -1.45 -0.53 -0.53 -0.53
Na,,, 0.23 0.18 -0.54 -0.54 0.18 -
Koy 0.38 -0.29 -0.33 0.35 - -
Lig,, -0.34 -0.56 -0.59 -0.40 - -
Nay,, 0.30 -0.00 -0.00 0.17 - -
Ky -0.06 -0.00 - - - -
Liyngw -1.63 -0.79 -0.66 -0.52 - -
Na,u5 -0.79 -0.17 0.08 0.25 - -
Konsw -0.26 -0.19 - - - -
Lig, -1.01 -1.02 -0.51 - - -
Nag, -0.45 -0.49 -0.30 - - -
Kaa -0.29 -0.34 0.03 - - -

Table 2 : Intercalation energy E;;; (in €V) for Li, Na and K ions regarding
AA and AB stacked graphite, for the Cjog and C4g model systems. The
energy difference between AA and AB stacked graphite corresponds to
Eap-Eaa=-0.79 and -0.35 eV for Cjo3 and Cyg, respectively.

Types Li Na K

Cag—an -0.14 0.39 0.17
Cus-aB -0.15 0.40 0.15
Cro8—44 0.23 0.89 1.33
Cio8—-48 -0.23 0.59 1.11

has to be pointed out that neither Na nor K can stablely be interca-
lated at low concentrations when no defects are present. This is at
first glance suprising as K is known to form K-GICs up to at least
KCg stoichiometry. This can, however, again be understood as
consequence of the competition between interlayer van der Waals
interactions and colvalent AM-C bonds. Therefore K-intercalation
is only stable at higher K-concentrations within one layer, since
then the gain in energy due to the K-C bonds overcomes the en-
ergy penalty of reducing the van der Waals interaction due to
an increased layer spacing. This is also the reason why Li-GiCs
and K-GICs follow different intercalation schemes for dilute AM
concentrations.© On the other hand, this actually indicates that
defects may reduce the overpotential needed to intercalate K in
carbon based materials. With respect to the most stable interca-
lation sites at low AM concentrations, it can be concluded that
the exact position and insertion energy depend on an interplay
between defect concentration, interlayer interaction and AM ion

type.

6
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Finally, it has to noticed that putting the intercalant in the vicin-

ity of a defect site typically results in changes of the C-C bond
lengths in the neighbourhood. The observed changes depend on
the ion size, such that the strongest curvature and the largest C-C
bond change are observed for K-ion intercalation.
After assessing the impact of defects on the intercalation strength
with respect to single ions, intercalation compounds with larger
fractions of AMs have been investigated. For this purpose, the in-
tercalation process of Li, Na and K in pristine graphite, and two
defect-containing systems (MV and SW defect) have been stud-
ied. To understand the impact of the different defects on the
whole intercalation process and the potential use as anode ma-
terial the corresponding discharge curves have been determined
for a series of AMC, stoichiometries. The selected systems were
filled with increasing AM contents and analyzed with respect to
their respective stability. For the phases that were found to be sta-
ble at a given AM concentration, the open circuit voltages (OCV)
with respect to the pure metal anodes have been determined via
the following equation®Z:

Vocv = Ext1— (Ex+Eam)/z €)

where x is the ion content and z corresponds to the elementary
charges that are transferred during the intercalation process. The
obtained voltages for the defect-free system as well as for MV and
SW defects for Li, Na and K intercalation are depicted in Fig. [6]
While the voltage for Li and K remains positive in the presence
of the defect for all considered stoichiometries, it becomes neg-
ative for Na at higher stoichiometry, indicating that the system
has become unstable, i.e. meaning that the intercalation limit is
reached. However, unlike in a defect-free system, where Na in-
tercalation is unfavorable already for tiny amounts of Na, in the
defective system it becomes at least stable for low ion concentra-
tions.

With respect to the intercalation process, it has to be noted that
the interlayer spacing is strongly changed when different AMs
are intercalated. This is best seen when comparing (hypotheti-
cal) defect—free KCq, NaCg, and LiCq model structures. The layer
spacing for KCg amounts to =~ 5.06 A which is about 13 % larger
than for the case of Na and even more than 38 % larger as com-
pared to the interclation of Li. Due to the large differences in ionic
radii (Li* (0.76 A) < Na* (1.02 A) < K* (1.38A)), the increased
volume for Na and K intercalation compounds is, however, not
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Fig. 6 : Charge/Discharge curves for Li, Na and K intercalation with respect to defect free graphite (G), as well as for model systems containing
MV and SW defects calculated in the Cjas_, model systems. X denotes the concentration of intercalated ions in the investigated model systems (X
corresponds to the number of intercalated ions devided by the total number of atoms). The shaded area illustrates that in this part intercalation is

energetically unfavorable.

surprising.®. As already discussed, for the defect-free system at
AM contents close to AMCyg stoichiometry a change from AB to
AA stacked layers is becoming more favorable. Note that in the
following discussion the denoted stoichiometries in case of the
MV defect neglect the removed carbon atom. For the MV defect,
the AB layer stacking is observed to be favorable up to an AMCy4
stoichiometry. For AM concentrations corresponding to LiC, and
NaCj, an AA layer stacking is observed, while for the case of KCj,
a configuration with intermediate stacking (between AA and AB
stacking) is found to be the most stable arrangement. Finally,
for the case of AMCg Li and Na remain AA stacked and also the
K-intercalation comnpounds are approaching this ordering. The
situation is similar for the SW defect. As the AM ion concentration
increases to AMG,4, the AB stacking shifts towards an AA stack-
ing, adapting intermediate configurations. However, when the
AM concentration rises to AMC,;, and higher, the AA stacking be-
comes more favorable for all ions, while the exact concentration
at which the transition takes place is expected to be ion specific.
In comparison to the case of a MV defect, the transition to an AA
stacking starts earlier in the case of the SW defect. This can be
understood with the SW defect system being structurally closer
to pristine defect-free graphite, where the transition was already
found close to AMCyg.

Thus, as already expected from the single ion intercalation, de-
fects enable the intercalation of larger fractions of AMs. However,
this comes also along with higher intercalation voltages as can
best be seen when comparing the MV and graphite system. While
defects thus result in additional capacity in the graphitic layers it
also becomes clear that a large part of the AMs that are stored
at low potential in hard carbon are not intercalated in the layers
but fill micro and nanopores, in agreement with the current pic-
ture of AM insertion in hard carbon 213257 On the other hand
it has to be pointed out that the intercalation increases the layer
spacing and thus allows for better diffusion through the struc-
ture. Therefore, while the additional capacity may partially be
due to strongly bound AMs that are responsible for the typically
observed irreversible capacity loss during the first charge, the in-
creased number of intercalated AM ions can still be expected to
positively affect the kinetics of the material.

3.1.2 Phonon dispersion curves — the G-band shift.

Raman scattering is a frequently used tool for characterizing
graphitic structures, yielding a prominent peak at a frequency of
~ 1580 cm™!, typically referred to as G-band. This peak corre-
sponds to the creation/annihilation of a optical phonon with zero
wave vector. Recent works have shown that the alkali metal in-
tercalation in graphitic systems results in a frequency shift of this
G-band to lower frequencies®132, Before investigating the impact
of the intercalation process, the effect of structural changes in the
ion-free system has been studied. For this purpose the dispersion
curves of pristine and curved graphite as well as for the case of
MV and SW defects have been determined and were backfolded
on the high-symmetry directions of graphite — following the re-
ciprocal space direction I'— K — M —T (see Fig.[7). From a quali-
tative point of view, the dispersion curves of these four system do
not show significant differences, thus pointing to a rather small
impact of these structural modifications. This interpretation is
confirmed when the G-band positions are extracted. Indeed, here
only small variations with a maxium difference of 15 cm~! are
observed (see Fig. ). Nevertheless, this indicates that increased
defect concentrations are expected to result in a slightly increased
G-band shift.

As a next step, the vibrational properties of MV and SW defect
have been investigated with respect to different AM contents. For
this purpose the dispersion curves have again been backfolded
on the high-symmetry direction I'— K — M — T as depicted in (see
Fig. [8| as well as Fig. S1 and Fig. S2 in the SI). In addition, the
G-band position for the two defect-containing systems has been
extracted and compared to the defect-free case. Indeed, for both
defect types, as well as for the defect-free system, the phonon dis-
persion curves show a clear red shift of the G-band for AM inter-
calation. This means that while defects affect the structure locally,
the characteristics of the inplane carbon-carbon bonds, as probed
by Raman scattering, are only slightly affected. Furthermore, for
low intercalation contents Li, Na and K exhibit only slight differ-
ences in G-band position for all scenarios (see Fig. 8| also Fig. S1
and Fig. S2 in the SI). However, by increasing the intercalation
content, differences between the ion types are observed, result-
ing in the strongest G-band shift for Na and the weakest for Li at
high AM concentration. This trend is observed for MV and SW
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Fig. 7 : Back-folded phonon dispersion curves for Li, Na, and K ions
regarding MV defect, as determined by DFT, are shown on the left,
center, and right, respectively. Orange circles, represent the predicted
positions of phonons that contribute to the G-band

defect as well as for the defect-free system. Surprisingly, the ob-
served order does not correlate with the AM ionic radii and the
corresponding lattice spacing. In fact, the G-band vibrations cor-
respond to the inplane motion of the carbon atoms with the akali
metal ions not participating in these motions. The different ion
sizes and corresponding lattice spacings as well as their electronic
structure result in differences in the charge transfer between the
alkali metal species and the graphitic planes. These in turn are
responsible for differences in the in-plane force constants, which
cause the G-band shift.

On a qualitative level, the amount of intercalated alkali metal
ions is found to correlate with a decrease of the G-band frequency.
In fact, the absolute G-band shift may even be utilized to deter-
mine the total number of intercalated ions, with distinct interca-
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lation limits and G-band minima for Li, Na, and K, thus offering a
simple and effective way to quantify the degree of intercalation.

3.1.3 Electronic structure.

Apart from the just discussed G-band there is an addtional and
rather unique feature in the Raman spectra of graphitic materials,
the D-band. This Raman peak is, however, not a I'-point phonon
but is caused by a so-called double resonance Raman (DRR) pro-
cess.*? The availability of empty states in the band structure, par-
ticularly in the vicinity of the high symmetry points K and K ,
is a requirement for the occurrence of a DRR process and, con-
sequently, the D-band. In such a process, an excited electron, a
non-I'-point phonon, and a structural defect are involved. First,
the wave length of the Raman laser needs to be able to excit an
electron to an empty state in the conduction band (see Fig. [10).
Before being backscattered by a lattice defect, the excited electron
interacts with the crystal lattice resulting in the creation (annhi-
lation) of a phonon. The electron then recombines with the hole
it created in the valence band and releases a photon with a longer
(shorter) wavelength as a result of energy transfer to (from) the
created (annihilated) phonon. It has to be noted that the graphite
band structure displays the well-known Dirac cones at the high
symmetry points of the Brillouin zone (at K and K), thus enabling
the occurence of the DRR process. In conclusion, DRR processes
allow probing phonons distant from the center of the Brillouin
zone, whereas first order Raman scattering is a technique for the
research of phonons close to the G-point. As a result, DRR events
provide insight beyond what is accessible by conventional Raman
processes, even allowing to extract information on the electronic
band structure.

To investigate correlations between AM intercalation and D-
band occurence, the electronic band structure was determined
and also back-folded on the high-symmetry directions of the first
Brillouin zone of graphite. This allows an analysis of our model
compounds in a comparative manner. The obtained band struc-
tures nicely show the effect of alkali metal intercalation in pristine
graphite and for both defect type, as depicted for the case of Na
in Fig.[11] (for Li and K see Fig. S3 and Fig. S4 in the SI).

As can be inferred from the band structure, the alkali metal
atoms contribute their valence electrons to the system, essen-
tially filling free states of the graphitic band structure (corre-
sponding to a rigid band model like picture). The filling of these
states then cause an upshift of the Fermi level. Thus, when the
amount of alkali metals increases, the Fermi level continuously
shifts upwards, which leads to a lack of free states in the con-
duction band, thus finally hindering the occurence of a double
resonance, corresponding to the experimentally observed disap-
pearing D-band®132, This is indicated by the red arrows in Fig.
(see also Fig. S3 and Fig. S4 in the SI), which show the states
in the vicinity of the K—point that could be reached by a typi-
cal Raman laser of wavelength 633 nm. Note that the length of
the arrow corresponds to the energy of such a laser. The anal-
ysis of the back-folded band structures reveals that for sodium
and potassium compounds with AM contents beyond AMCj, no
states are accessible above the Fermi, whereas the lithium com-
pounds still offer free states beyond that concentration. This in-
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for the Cjog_y system and therefore correspond to a slightly higher defect concentration.

dicates that while DRR processes are no longer permitted for Na
and K, they are still possible for Li. Hence, the D-band is ex-
pected to disappear for lower AM concentrations in the case of
Na and K. This trend is similar for the MV and the SW defect as
well as for the defect-free system, with the Fermi level shifting a
bit slower for the MV case, which is due to the filling of missing
electrons in the defect site. The overall rather small differencea,
however, indicate that the band structure is only slightly affected
by the presence of defects. Observable changes with respect to

electron-phonon scattering

w

) Epit
EZL

Fig. 10 : A double resonance process is illustrated schematically with
respect to the electronic band structure near the highsymmetry points.
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the ion types on the other hand again emphasize differences in
the charge transfer. To better quantify the differences in the band
structure, the shift in Fermi level as a function of the number of
intercalated ions was extracted and depicted in Fig. For all
three cases (pristine, MV and SW) the graphs show two distinct
regimes for the Fermi level shift. First there is an almost per-
fectly linear shift of the Fermi level with respect to the number
of intercalated ions. This behaviour is observed as long as the in-
tercalation corresponds to the filling of one layer, with the other
one remaining empty. This indeed corresponds to a rigid-band
like model with the band structure being gradually filled by the
additional electrons. Interestingly, the different slopes for Li, Na
and K also point to differences in the charge transfer mechanism.
When the AM content increases and the second layer is filled the
band structure is, in particular for Na and K intercalation, more
significantly changed, thus not fulfilling the same linear scaling
any more. In fact, for all Li contents, we detect degenerate bands
for the Dirac cone at the K-point, whereas for Na and K ions, ex-
cept for high contents, a splitting is shown. This splitting is a
consequence of the increased ion size of Na and K, which results
in different layer spacings between empty and ion-containing lay-
ers. This can nicely be shown by investigating ion-free structures
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Fig. 11 : Electronic band structure of MV defect back-folded to the Brillouin zone of graphite for Na ions regarding different stoichiometry. The red
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Fig. 12 : Fermi-energy shift for different stoichiometry regarding (a) pristine graphite, (b) MV, and (b) SW defects, (X corresponds to the number

of ions divided by the total number of atoms)

that show different layer spacings e.g. corrsponding to those of a
KC, intercalation compound (see Fig. 5 in the SI). In principle,
this splitting is a consequence of a lowering in symmetry. This
also explains why it is observed for AB stacked graphite but not
for its AA stacked analogon (see Fig. S6 in the SI).

4 Conclusions

In conclusion, we used first-principles calculations to investigate
the intercalation of Li, Na, and K in defect-containing, graphite
based model systems to mimic the intercalation process in hard
carbon anodes. According to our results, the presence of defects
promotes the stability of ion intercalation, in particular when un-
saturated carbon bonds are present. Thus, defects in principle can
increase the capacity of interlayer storage in carbon based materi-
als. However, parts of this additional capacity, in particular alkali
metal ions at the defect centers, may be responsible for the ex-
perimentally observed irreversible capacity losses during the first
charge. On the other hand, additional interlayer sites are also
created at low potentials and these, together with an increased
layer spacing, are important for allowing a fast diffusion of AM
ions to micro- and nano-pores. These insights might be used for

10 | Journal Name, [year], [vol.], 1

the rational design of hard carbon based anode materials with
improved properties.

Finally, we demonstrated that the intercalation process in pris-
tine and defective graphite results in a similar change in the vi-
brational spectrum, most prominently in the shift of the G-band
vibrations towards lower frequencies. Thus, in agreement with
earlier studies, a shifting G-band can clearly be linked to the in-
tercalation process in the graphitic domains, whereas a constant
G-band position during discharge/charge means alkali metal ad-
sorption/desorption in micro- and nano-pores of hard carbon an-
odes. Finally, the occurence of the D-band with respect to the
alkali metal content has been discussed, showing that defect con-
centrations in the order of almost 1% do not siginificantly alter
the band structure.
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