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that the adsorption energetics are governed by long-range dipole-dipole interactions between neighboring
atoms. In the context of hard carbon, alkali-metal clustering on graphitic surfaces constitutes a critical initial
step in the filling of micro- and nanopores. We reveal pronounced differences in the energetics and growth
mechanisms of Li, Na, and K clusters and show that structural defects strongly modulate clustering and

stability by providing preferential adsorption sites that alter aggregation behavior. Importantly, neglecting
these long-range dipole-dipole interactions, and thus the associated surface-coverage dependence, leads to
a systematic overestimation of adsorption energies and an incomplete description of alkali-metal storage in
carbon-based anodes. Overall, this work provides a unified physical description of coverage-dependent, long-
range dipole-dipole interactions, revealing the atomic-scale mechanisms governing adsorption energetics and
high-concentration clustering in graphitic carbon, along with their implications for alkali-metal storage in

carbon-based anodes.

1. Introduction

The distinctive mechanical and electronic properties of graphite and
its derivatives enable a broad spectrum of technological applications,
including energy storage, sensors, and electronics [1-4]. Moreover,
graphite-based materials play essential roles in several branches of
chemistry, particularly electrochemistry and catalysis [4-8], which is
based on the fact that these materials originate from diverse sources
and exhibit a wide range of structural forms. In the context of energy
storage, graphite and related carbon materials serve as key electrode
components in supercapacitors [9-11], Li-ion batteries [12-14], and
emerging post-Li-ion battery systems [15-24]. As an anode material,
Li metal shows the highest possible capacity; however, Li-metal bat-
teries are plagued by dendrite growth [25]. Therefore, graphite, which
reduces the tendency for harmful dendrite formation, is typically used.
Yet, for Na-ion batteries, graphite cannot be used as an anode material,
as the insertion of Na into graphite is energetically less favorable than
the formation of metallic Na [23]. As an alternative, hard carbon has
become the material of choice for Na-ion batteries. However, the Na
insertion mechanism in hard carbon remains under active debate. [26,
27]. Still, there is a growing consensus that the so-called card house
model and modifications thereof [28,29] faithfully describe the Na
insertion mechanism. According to this model [28-30], sodium is first
inserted into nearly parallel graphitic layers, preferentially at defect
sites, followed by the adsorption of Na into hard carbon nanopores,
eventually filling these nanopores with metal-like Na clusters. For this
mechanism, the adsorption of Na on the basal planes of graphitic
nanoparticles represents the initial step of the filling of the nanopores,
followed by the creation of adsorbed clusters and then, eventually,
metal-like clusters. Hence, cluster formation on graphitic surfaces con-
stitutes a critical step in the proposed card house model. Nevertheless,
despite its fundamental importance, the underlying mechanisms of this
cluster formation process remain insufficiently explored. In addition,
the investigation of processes at electrode surfaces is of particular
interest due to their critical influence on the battery performance.
First, adsorption accounts for a considerable portion of the alkali-
metal storage capacity in graphite-derived electrodes, particularly in
hard carbon with its enlarged surface area [26,31]. Second, the com-
plex nature of alkali metal (AM) bonding to graphite has become a
central topic for explaining experimental observations with respect
to the AM intercalation [32,33]. A detailed understanding of AM-
graphite interactions and adsorption mechanisms is therefore crucial
for guiding the design and optimization of next-generation anode ma-
terials. Despite the electronic simplicity of alkali metals, the nature of
their interaction with graphite — especially the coverage dependence
of adsorption energetics — remains debated [34]. Density functional
theory (DFT) has been the principal tool for theoretical studies of
these systems, offering reliable insights into electronic structure and
energetics [35-41]. However, DFT may systematically overemphasize
ionic interactions, thereby influencing the predicted bonding charac-
teristics and adsorption trends [34,42-45]. The charge transfer during
AM adsorption on graphitic surfaces results in changes of the electronic
states of substrate and AM atoms, which consequently highly affects

the adsorption process at different surface coverages. Finally, the ad-
sorption of the AM atoms affects the graphite surface geometry, which
again may affect the adsorption process [46-50]. It is worth noting
that systematic investigations, exploring the adsorption energy trends
of Li, Na, and K as a function of surface coverage, are scarce in the
literature [51,52]. Existing reports on Li suggest that higher coverages
further destabilize Li adsorption. Experimentally, AM adsorption can,
for example, be studied by high-resolution low-energy electron diffrac-
tion (HR-LEED) and by electron energy loss spectroscopy (EELS). Li
et al. combined both techniques [53,54]. Their EELS spectra show a
plasmon peak for AM concentration below 0.1 ML, which changes with
increasing coverage and thereafter disappears when more AM atoms
are adsorbed. In fact, the change from an AM-dispersed phase to the
development of close-packed islands is correlated with the concen-
tration at which the plasmon mode stops shifting and begins to fade
away [54-58]. Ultimately, the inherently amorphous structure of hard
carbon underscores the importance of examining how defects influence
electrochemical energy storage performance. Defects often exhibit non-
local effects, meaning their influence is not confined to the immediate
atomic site at which they occur. Rather, the presence of a defect can
perturb the electronic structure, charge distribution, and lattice config-
uration over a broader region of the material. In this work, we employ
first-principles based calculations to systematically investigate the ad-
sorption behavior of Li, Na, and K atoms on graphitic surfaces over a
broad range of coverages. We demonstrate that increasing coverage in-
duces a transition from isolated adsorption to cooperative interactions
that promote cluster formation, accompanied by pronounced changes
in adsorption energetics and charge redistribution. Our results reveal
that adsorbate concentration strongly influences adsorption energies,
thereby governing both the structural and thermodynamic stability of
the adsorption process. Moreover, by explicitly accounting for the non-
local effects of structural defects on adsorption energetics, we provide
a more comprehensive description of cluster formation under realistic
conditions, where defect densities are typically high.

2. Computational methods

Periodic DFT has been used to investigate AM adsorption on two-
layer based graphitic surfaces of different lateral sizes. The considered
model systems have been built as stacks of graphitic layers with a large
vacuum of ~36 A on top of the system. Various supercells of increasing
lateral size (AMCpynx2s N=2,...,10, and 15, AM=Li, Na, K) have been
constructed to examine the impact of the system size on the adsorption
energy. Surface coverage was controlled by varying the lateral size of
the graphite supercell while keeping one alkali-metal atom adsorbed
in each supercell. Increasing the supercell size decreases the surface
coverage and simultaneously increases the separation between peri-
odically repeated adsorbates. This computational strategy isolates the
influence of long-range adsorbate-adsorbate interactions on the adsorp-
tion energetics without changing the local adsorption configuration,
allowing the coverage dependence to be investigated independently of
changes in adsorption geometry. Moreover, systems with an increased
layer thickness, represented by 6 x6x N supercells (where N = 2,...,5),
have been computed for comparison. The Projector Augmented Wave
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Fig. 1. AM adsorption compounds projected along the c-axis at surface coverages of (a) 1/8, (b) 1/18, (¢) 1/32, and (d) 1/200. Simulation cells are shown in

black.

(PAW) [59] approach was used and all simulations were carried out
with the Vienna Ab Initio Simulation Package (VASP). Exchange and
correlation were modeled using the optPBE functional, which incorpo-
rates a non-local correction scheme to account for van der Waals (vdW)
interactions [60]. To assess the influence of the exchange—correlation
functional on the predicted adsorption behavior, additional calculations
were performed using the PBE [61] and PBE+D3 [62,63] functionals
and compared with the optPBE-vdW results used throughout this work.
For each functional, the lattice parameters of pristine bulk graphite
were first optimized, and the resulting structural parameters are sum-
marized in Table S1 of the Supporting Information. The electronic
self-consistent field (SCF) convergence criterion was set to 1077 eV,
and the geometry was optimized until the residual forces were below
10~3 eV/A. For all surface structures, the optimization was performed
using a plane wave cutoff of 600 eV. The structures derived from the
2 x 2 x 2 (corresponding to C;¢) supercell were calculated using a
10 x 10 x 1 k-point mesh, while the other examined system sizes were
optimized with a corresponding k-point resolution. The convergence
of the k-point sampling for the largest supercell (C400) was verified
by comparing 1 x 1 x 1, 2 x 2 x 1, and 3 x 3 x 1 k-point meshes.
The selected 2 x 2 x 1 mesh provides well-converged adsorption
energies while maintaining computational efficiency (see Fig. S1 in
the SI). Finally, to investigate AM plating on the graphite surface, a
large supercell (C4qq) was selected. For this system the convergence
criterion for the SCF cycle and the residual forces during geometry
optimization were reduced to 10~5 eV and 10-2 eV/A, respectively,
while a plane wave cutoff of 400 eV was applied. In addition, ab initio
molecular dynamics (AIMD) simulations in the canonical ensemble at a
temperature of 300 K were performed for this supercell. Using the Nosé-
Hoover thermostat, each simulation was run for several picoseconds
(ps) with a time step of two fs. To comprehensively investigate the
aggregation and growth behavior of alkali metals on graphite, three
complementary computational approaches were employed. Sequential
adsorption calculations were performed to evaluate the thermodynamic
evolution of adsorption during progressive cluster growth. In parallel,
homogeneous initial configurations were used to identify the onset of
spontaneous aggregation as a function of coverage. Finally, AIMD sim-
ulations followed by DFT relaxation were carried out to verify that the
observed clustering behavior also occurs spontaneously under thermal
conditions. Together, these complementary approaches provide both
thermodynamic and dynamic insights into alkali-metal nucleation and
growth on graphite.

3. Results and discussion
3.1. AM adsorption on pristine graphite

Given the higher energetic stability of AB-stacked graphite relative
to AA stacking (by several meV per atom) [24], the substrate was
modeled as a two-layer slab with AB stacking. Adsorption energies were
then evaluated relative to the alkali-metal-free reference system:

Euis = Egram — (Eg + Eqm) @

Here, E;, 4, is the total energy of the graphitic system after the AM
adsorption, and E; is the energy of the graphitic substrate, whereas
E, is the energy of Li, Na, and K, respectively, in the bulk metal
phase (bcc). In agreement with earlier studies, we observe that Li and
Na adsorption on pristine graphite is not favorable with respect to
the formation of the corresponding bulk metals [64-66]. However,
our results indicate that the AM surface coverage plays a decisive
role in governing the adsorption energetics. As the coverage decreases,
the adsorption energy for Li and Na becomes notably more favor-
able, indicating a reduction in repulsive interactions, associated with
an increasing distance between the adsorbates (see Figs. 1 and 2).
Nevertheless, even under reduced coverage, Li and Na still exhibit
positive adsorption energies, implying that their adsorption remains
thermodynamically unfavorable with respect to the formation of the
bulk metal. This is the correct reference in battery applications because
it reflects the fact that the corresponding AM atoms would not enter the
anode material but rather form bulk metal outside of the anode which
leads to plating. However, we are here concerned with the details of
the cluster formation process once the AM atoms have already entered
the voids of the hard carbon. All positive adsorption energies shown
in Fig. 2a are sufficiently small that adsorption remains energetically
favorable with respect to isolated AM atoms, despite being unfavorable
relative to the bulk-metal reference state used in Eq. (1). Hence, they
will adsorb on the graphite plane and can then serve as nuclei for a
subsequent cluster formation. Furthermore, note that also any finite
isolated AM cluster in the voids will gain energy upon deposition on
the graphite surface. This is due to the fact that those AM atoms that
become attached to the graphite interact attractively with the carbon
atoms while at the same time the energetically costly surface area of the
cluster will become smaller. However, it should be emphasized again
that as long as the adsorption energy of the clusters per atom is more
positive than the cohesive energy of the corresponding bulk metal, the
resulting structures are thermodynamically unstable with respect to
plating. Furthermore, it has to be noted that in contrast to Li and Na, K
demonstrates a remarkably different behavior: at low surface coverages
K adsorption on graphite is energetically favorable with respect to K
bulk formation, which even extends to higher coverages. This contrast
highlights the inherent differences in adsorption tendencies among the
considered AM species. For instance, by reducing the AM surface cover-
age from 1/6 to 1/200, the adsorption energy for Li, Na, and K changes
from ~ 0.53 eV, ~ 0.20 eV, and ~ —0.11 eV, to ~ 0.1 eV, ~ 0.1 eV, and ~
—0.7 eV, respectively. With respect to the effect of AM surface coverage
on the adsorption energy, this behavior can be attributed to long-range
repulsive dipole-dipole interaction between the adsorbed AM atoms.
In order to verify this, we determined the total charge of the adsorbed
AMs. Clearly, upon adsorption, charge transfer from the AM atoms to
the graphite surface occurs, as can be inferred from the corresponding
charge density difference plots (see Fig. 2b), leading to the formation of
dipoles. The electrostatic repulsion between these dipoles consequently
increases at higher coverages, i.e., with lower distances (before cluster
formation starts), leading to less favorable adsorption energetics [67].
To exemplify this point, we considered two AM atoms on the surface
of a very large graphite supercell (Cqyy) and slowly increased the
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Fig. 2. Adsorption properties of Li, Na, and K on pristine graphite vs. surface coverage: (a) adsorption energy and (b) charge transfer from adsorbed AM atoms.
Charge density differences for AM atoms at coverages of (c) 1/8, (d) 1/32, (e) 1/50, and (f) 1/128. Lower coverages lead to more localized charges and increased
spacing between adjacent AM atoms, reducing their interaction. Surfaces plotted at 0.0009 e A=3 isosurface.

AM-AM distance by moving one AM from one hexagonal site to the
next. Especially for Li, the repulsion is significantly increasing as the
two atoms get closer to each other (see Fig. 3). To further analyze
the electrostatic interactions, planar-averaged electrostatic potential
differences, AV(y), between the Li-containing systems (Li;Cqqo) and
pristine graphite were calculated for configurations with different Li-Li
separations (see Fig. S2 in SI). The potential profiles for short and large
Li-Li separations show similar distributions, with a minor energy shift
of approximately 0.1 eV for the shorter Li-Li distance configuration.
A quantitative analysis of the charge transfer was achieved by
examining the charge variation of the adsorbed AMs as a function
of coverage (see Fig. 2b-f). In fact, at low concentrations, the charge
transferred from the AM atoms to the graphite surface is obviously
higher. The charges of the adsorbed AMs were determined via the
DDEC6 method [68,69], showing an increasing charge transfer with
decreasing surface coverage. While for Li the charge transfer quickly
increases from 0.38 e to a value of 0.84 e at coverages of 1/6 and
1/200, for Na an increase from 0.18 e to 0.83 e is observed. For K,
the charge transfer starts from 0.19 e and even reaches a value of 0.91
e. At increased AM surface coverage (1/6), the charge transfer from Na
and K to the graphite surface is significantly decreased for Na(~ 0.18
e) and K(~ 0.19 e), whereas a value of 0.38 e is observed for Li. The
reduced charge transfer from the AM atoms to the graphite surface at
high concentration reduces the electrostatic repulsion, hence the system
becomes more favorable for AM adsorption energetically (see Fig. 3).
This can also be understood with respect to the formation of metallic
(-like) AM clusters. The charge-density difference maps demonstrate
electron depletion around the adsorbed alkali-metal atoms and electron
accumulation on the graphite surface, confirming substantial charge
transfer from the adsorbates to the graphite substrate and the forma-
tion of adsorption-induced interface dipoles. To provide a quantitative
measure of this polarization, the effective interface dipole moments
were estimated from the DDEC6 charge transfer and the equilibrium
adsorption height according to u,;,=qppgc h. Although this represents
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Fig. 3. Repulsion energy between two AM atoms adsorbed on graphite as
a function of their separation. The system energy with the atoms at a large
distance was taken as the reference.

an approximate description of the adsorption-induced interface dipole,
the estimated values provide quantitative support for the existence of
significant interfacial polarization, consistent with the proposed role
of long-range electrostatic interactions in governing the adsorption
behavior (see Table S2-7 in SI). However, still comparing the adsorption
energies at high and at low coverage shows that a reduced AM surface
coverage yields an enhanced adsorption strength (see Fig. 2a). While
the above results show more favorable adsorption energies at low
coverage, it should be noted that the corresponding diffusion barriers
remain nearly unchanged across different coverages, as indicated for
the case of Li (see Fig. S3 in the SI).

To ensure the reliability of this model with respect to the impact of
the layer thickness, we also investigated the distance-dependent adsorp-
tion energies of the AM atoms by describing exchange and correlation
via PBE and PBE+D3 (see Fig. S4 in SI). For both data sets, the same
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Fig. 4. Adsorption energy of Li on LiC,y, with a MV defect (see Fig. S7 in SI) as a function of distance from the defect center for (a) non-spin-polarized and
(b) spin-polarized calculations, and (c) the corresponding charge transfer from Li to the surface. Site numbering is shown in the inset of (a). Spin densities for
pristine graphite (PG) and defective graphite are shown at an isosurface value of 1 x 10~* CA=3 (see Fig. S8 in the SI). Panels (d-f): Li adsorption as a function
of the number of graphite layers — (d,e) defect in the bottom layer and (f) pristine graphite without defects.

trend as compared to the optPBE results is obtained, only differing by
the absolute values of the adsorption energy. The comparison with PBE
and PBE+D3 functionals shows that the predicted adsorption trends
remain consistent with those obtained using optPBE-vdW, indicating
that the conclusions are not sensitive to the choice of the exchange—
correlation functional. In addition to varying the coverage by changing
the lateral cell size, we also examined the impact of an increasing
number of stacked graphitic planes on the adsorption behavior (see Fig.
4). In two-dimensional vdW materials such as graphite, the interlayer
spacing is predominantly governed by vdW interactions, making the
number of layers a relevant parameter to consider. Our results show
that increasing the number of layers from two to three enhances Li
adsorption by more than 50 meV; however, further increasing the
layer count beyond three only leads to marginal changes in adsorption
energy. The reason behind this change in adsorption energy is that
although the vdW interaction typically follows an r~® dependence, the
third layer still contributes, whereas the interaction of the adsorbed Li
with the fourth and fifth layer approaches zero [62,70].

Regarding two-layer systems, energy differences between PBE+D3
and PBE calculations show that the vdW interaction also has a weak
effect on the AM adsorption process (see Fig. S4 and S5 in SI). This
effect becomes slightly higher at low concentration, showing that at
low adsorbate concentration, the role of the vdW interaction is more
pronounced. The reason behind this is that at low concentrations,
the graphite surface layer around the AM atoms becomes slightly
curved, resulting in a different initial adsorption mechanism compared
to higher AM concentrations, in which essentially the whole layer is
affected, but not only the AM adsorbed site. This phenomenon slightly
affects the adsorption energy [23]. Finally, to gain further insight
into the general AM adsorption behavior, we examined a four-layer
aluminum (Al) model system, which consistently supports the trends
observed for the graphitic structure, in particular meaning that rather
large supercell sizes are needed to get fully converged adsorption
energies (see Fig. S6 in SI).

3.2. Defect and long range interaction

Under operating conditions, the properties of battery materials can
be largely influenced by defects. This is particularly true for strongly
structured systems such as hard carbon. Therefore, we also consid-
ered the adsorption of Li atoms on defective graphite surfaces. To
show how defects influence the adsorption energy, the C,no System
was considered. This represents an extension of our previous work in
which we already discussed defects and impurities on graphite, but for
smaller unit cells [16,24] . Whereas the Li adsorption energy on pristine
graphite (C4q) is unfavorable by ~ 0.14 eV, Li bonding to a defect site
is much stronger with the adsorption energy amounting to —1.28 eV on
a mono-vacancy (MV) defect. The interaction becomes weaker when
the Li atom is located farther away from the defect center, until it
reaches an adsorption energy of 0.03 eV at the center of the fourth
neighboring hexagon (see Fig. 4a). Here, it is worth noticing that at the
center of the first and the second neighboring hexagon, the adsorption
energy is still negative. From the third neighboring hexagonal site on,
the adsorption energy gets positive, i.e., unfavorable, however, these
sites are still slightly more favorable for Li adsorption as compared
to the pristine graphite surface. Following structural relaxation, the
carbon atoms surrounding the MV undergo an asymmetric reconstruc-
tion, resulting in C-C bond lengths ranging from approximately 1.39
to 1.50 A in the immediate vicinity of the defect. As the distance from
the defect increases, the structural distortion rapidly diminishes, and
the C-C bond lengths gradually recover to the pristine graphite value
of approximately 1.42 A. An additional factor that must be considered
is the role of unpaired electrons in the system. In graphite, the presence
of unpaired electrons leads to spin polarization effects, particularly in
defective structures. While pristine graphite exhibits a negligible mag-
netic behavior, extensive theoretical studies [71,72] and experimental
observations of room-temperature ferromagnetism [73] have demon-
strated that magnetism in graphite is closely associated with defect sites
and dangling bonds. Dangling bonds in graphitic systems generate a
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localized magnetic moment that can affect adsorption energetics well
beyond the immediate vicinity of the defect site. This is demonstrated
in Fig. 4b,c which shows that the inclusion of spin-polarization results
in energetically favorable Li adsorption even rather far away from the
defect site. While spin polarization significantly modifies adsorption
energetics at sites far from the defect, it only leads to a slight in-
crease in adsorption strength at the defect site itself compared with
the non-spin-polarized case. This behavior can be attributed to spin-
induced changes in the electronic structure and bonding interactions,
which modify the adsorbate-defect interaction. Deviations from the
pristine C-C bond length can be used to quantify structural distortions
in defect-containing systems. In the non-spin-polarized case, the C-
C bond lengths at the defect site span approximately 1.39-1.46 A,
while they gradually approach the pristine graphite value of ~ 1.42 A
with increasing distance from the defect. In the spin-polarized case,
the C-C bond lengths at the defect site range from approximately
1.37 to 1.48 A and gradually approach the pristine graphite value of
~ 1.42 A with increasing distance from the defect, exhibiting more
pronounced fluctuations compared with the non-spin-polarized case.
The non-uniform C-C bond lengths at the defect site arise from the
broken local symmetry introduced by the defect: the triangular arrange-
ment of carbon atoms associated with the dangling bonds is inherently
asymmetric, resulting in inequivalent C-C bonds. To assess whether
the observed defect-induced adsorption behavior is specific to MV,
additional calculations were performed for a reconstructed divacancy
(5-8-5) (Fig. S7 in SI). Although the quantitative adsorption energies
differ because of the distinct local atomic and electronic structures,
the nature of the defect-induced perturbation remains consistent with
the conclusions drawn for the MV. We further considered multilayer
graphite models (without spin) in which the defect was introduced in
the bottom layer (MV defect, see Fig. 4d, e, f). The results indicate
that increasing the number of graphite layers beyond three leads to
no significant change in the adsorption energy. In contrast, increasing
the thickness from two to three layers results in an energy variation
exceeding ~50 meV. While the adsorption energy increases in pristine
graphite, it decreases in the defective systems, indicating that defect-
induced effects extend beyond the graphene plane into the out-of-plane
direction, thereby affecting the adsorption energetics (see Fig. 4e, f).

A comparison between defective and pristine graphite further shows
that, beyond three layers, both systems exhibit nearly identical Li
adsorption energies, differing by only a few meV. This convergence
suggests that the combined effects of defects and van der Waals in-
teractions become almost negligible with sufficient layer thickness
(see Fig. 4). To further examine the spatial extent of the vacancy-
induced magnetic perturbation, additional spin-polarized calculations
were performed for multilayer graphite structures containing an MV
in the bottom graphite layer and an adsorbed Li atom on the opposite
side of the slab (see Fig. S9 in the SI). The influence of spin polariza-
tion is already small for the two-layer slab, where the Li adsorption
energy differs by approximately 0.08 eV from the corresponding non-
spin-polarized result. However, this difference decreases rapidly with
increasing numbers of graphite layers and becomes negligible for slabs
with more than three layers. These results demonstrate that the mag-
netic perturbation induced by the MV is rather localized and has only a
negligible influence on the Li adsorption behavior of the upper graphite
layers.

3.3. AM adsorption and aggregation on graphitic surfaces

The adsorption of AM atoms onto the graphite surface causes a
significant transfer of electronic charge from the AM atoms to the
substrate, resulting in the creation of surface dipoles. This dipole for-
mation induces pronounced electrostatic repulsion among the adsorbed
species, rendering further adsorption on the graphite surface ener-
getically unfavorable at elevated AM concentrations. However, this
dipole—dipole repulsion is only operative for separate AM adsorbates

Journal of Power Sources 695 (2026) 241282

and becomes compensated through the metal-metal interaction upon
the formation of adsorbed clusters. As a consequence, for higher sur-
face coverages, the AM atoms exhibit a strong tendency to aggregate,
leading to the growth of metallic clusters. The formation of these
clusters is thus thermodynamically more favorable than the separate
AM adsorption, facilitating the establishment of a metallic phase that
avoids electrostatic repulsion. In order to study possible structures of
AM clusters on graphite, the AM, Cyyo system (with AM = Li, Na, K,
and x = 1,...,9, and 15) was investigated. The formation of adsorbed
AM clusters is inherently statistical and does not necessarily yield equi-
librium structures. Two distinct approaches were employed to evaluate
the cluster formation behavior of AM atoms on the graphite surface.
In the first approach, isolated AM atoms were sequentially adsorbed
onto the graphite surface in a configuration resembling a body-centered
cubic (bec) AM bulk structure, with the AM atoms positioned in up to
five-layers (see Fig. 7a, and Fig. 5). The first four atoms were added,
one by one, to the graphitic surface and placed adjacent to each other to
form an initial cluster. Subsequently, five further atoms were deposited
sequentially on top of this layer, initially occupying available bcc-like
sites. Finally, to further explore cluster growth, a configuration with six
additional atoms was considered, maintaining a bcc-like stacking motif.
In this arrangement, one atom is positioned in the third layer, four in
the fourth layer, and one in the fifth layer. It has to be noted that the
configurations were always structurally optimized before the number
of atoms was increased.

The obtained formation energies indicate that for both Li and Na,
the cluster formation is more favorable than the single-atom adsorp-
tion. In general, after the adsorption of a few atoms, the adsorption
energy approaches a plateau for the different investigated adsorbates.
Notably, the considered clusters are still rather small, and only for
much larger cluster sizes can the adsorption energy be expected to
approach zero (i.e., the bulk value). For the case of K, there is no
significant energy gain associated with the cluster formation process,
however, both the single atom adsorption and the cluster formation are
thermodynamically favorable with respect to the bulk metal.

In the second scenario, the AM atoms were initially distributed
homogeneously in a layer at a certain distance from the surface (see
Fig. 6) and then fully relaxed. Two different starting distances between
the initial AM position and surface plane were investigated (~7.0 A and
~3.5 A), however, the resulting structures did not differ significantly.
During the relaxation, the AM atoms are attracted by the surface,
but there is also the mutual metal-metal attraction between the AMs.
For low coverages (i.e., N < 4, which corresponds to a coverage <
2 x 1072), all AM atoms ended up in individual adsorption positions
without any noticeable clustering. Yet, for higher coverages (N> 8,
which corresponds to a coverage > 4 x 1072), the mutual attraction
and the decreased lateral spacing between the AM atoms lead to
the eventual formation of AM clusters on the graphite surface (see
Fig. 7). The fluctuations that are observed in the formation energy
can be attributed to the fact that not all AM atoms participate in
cluster formation. Depending on the AM concentration, only a certain
fraction of the AM atoms tends to aggregate, while others remain
isolated on the graphite surface. At higher atomic coverage (N > 14,
which corresponds to a coverage > 7 x 1072), where nearly all AM
atoms coalesce into a cluster, the system exhibits a slightly lower
adsorption energy for Li and Na as compared to the above-discussed
sequential AM atom addition on bulk-like sites. For the potassium
case, the energy differences are more obvious, with the single layer
like distribution obtained from the homogeneous starting conditions
being energetically favored. This indicates that the cluster formation
for K proceeds in a different way with a preference for layer-by-layer
growth. This energy reduction may arise from an optimal balance
between substrate-adsorbate interactions and interatomic interactions
among the AM species, resulting in enhanced stabilization and a further
decrease in adsorption energy. It should be noted that for this case,
some of the atoms move on top of each other while at first they were
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Fig. 5. Cluster formation in the AM;5C4o, system (AM = Li (green), Na (orange), K (purple)), mimicking the bulk AM configuration (top and side view). The
structures were relaxed after AM adsorption (for more information, see also Fig. S10 in SI). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Cluster formation in the AM,;5C4o, system (AM = Li (green), Na (orange), K (purple)), starting from an initially homogeneous distribution of AM atoms
(top and side view). Panels (a, b, c) correspond to structural relaxation (for more information, see also Fig. S11 and Fig. S12 in SI).
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Fig. 7. Cluster formation of AM atoms on the graphite surface for two different initial scenarios. Adsorption energy per AM atom as a function of the AM surface
coverage upon relaxation from (a) an initially bulk-like structure, (b) an initially homogeneously distributed flat layer ~7.0 A away from the surface, and (c)
Average charge transferred from the AM atoms for the homogeneously distributed configuration (whole transferred charge divided by the number of AM atoms,
see also Fig. S13 in SI).
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Fig. 8. AM adsorption on a graphite surface containing a monovacancy (MV) defect (side and top view). Panels (a—c) show aggregates of Li, Na, and K, respectively,
with 15 AM atoms adsorbed in the vicinity of the MV defect. Panel (d) presents the adsorption energy per AM atom on the defective graphite surface, and panel
(e) shows the average charge transfer upon AM adsorption as a function of the number of adsorbed AM atoms (for more information, see Fig. S14,15 in SI).

distributed at the same distance from the graphite surface as depicted
in Fig. 6a, b. This finding is particularly significant, as it reveals that
cluster formation on a graphite anode can occur already at the very
onset of the charge process and provides a complementary perspec-
tive on clustering mechanisms besides mimicking the bcc structure.
At low concentrations, the interlayer spacing close to the adsorption
sites decreases slightly for the different AMs, amounting to less than
0.1 A as compared to regions distant from the adsorbate. However,
at higher concentrations, this reduction exceeds 0.1 A, indicating that
increased AM adsorption and loading induces more pronounced local
lattice distortions in the graphite structure. High AM concentrations
on the graphite surface, exemplified by the AM;5C4¢y System, cause
the graphite layers below the adsorbate sites to get slightly closer to
each other, resulting in somewhat distorted/cavity-like domains. The
energies for such distortions in the C4q system are found to be in
the order of ~0.1 eV for the considered AM atoms. A DDEC6 charge
analysis shows that for a low AM concentration (AM; C4q) of Li, Na,
and K, the net charges are 0.84 e, 0.67 e, and 0.85 e, whereas for a
high coverage, corresponding to AM;5C,4q, the average charges are
0.3 e, 0.23 e, and 0.40 e, respectively (see Fig. 7c). This shows that
for increasing AM concentration, the charge transfer is reduced, which
lowers the electrostatic repulsion and thus favors cluster formation.

In a further approach, AIMD simulations at a finite temperature
for a few configurations were performed (see Fig. S12-S14 in SI).
Similar to the second scenario discussed above, the AM atoms were
distributed homogeneously across the graphite surface prior to initiat-
ing the AIMD simulations at 300 K. After the AIMD simulations, the
final structures were relaxed to ensure direct comparability with the
previous approaches. Again, different starting distances of 7 Aand3.5A

above the surface were considered, yielding similar results, essentially
independent of the initial distance to the surface. For the case of Li and
Na, the AM atoms approach each other from the beginning, resulting
in the formation of clusters on the graphite surface. It is important
to note that such a cluster formation is unlikely at low coverage and
low mobility, whereas the introduction of finite-temperature in the
AIMD simulations enables this behavior. Notably, the cluster formation
is observed even at low coverage (N < 4, which corresponds to a
coverage < 2 x 1072), hence also demonstrating a high AM mobility
on the graphite surface. For the two last scenarios, relaxation and
AIMD simulations of an initially homogeneous AM layer, the results
turn out to be energetically rather similar, indicating the robustness of
the observed trends and structures and demonstrating that AM cluster
formation is favored after deposition of AM atoms on a graphite surface.

Finally, to assess the role of defects in cluster formation, we in-
troduced a MV defect into the graphite surface (see Fig. 8). Also for
this case, we employed again a homogeneous initial distribution of AM
atoms across the surface to isolate the defect influence on adsorption
and aggregation [74]. As in the second defect-free scenario, AM atoms
were initially positioned at maximum lateral separation from one an-
other. For AMs adsorbed rather far from the MV defect, the presence
of the latter one enhances the AM adsorption energy per atom as
compared to the defect-free surface for all AMs considered, even when
they are initially positioned at the third- or fourth-nearest neighbor
site. This indicates that, at low coverage, the adsorbates may remain
spatially separated from the defect while still experiencing a significant
energy gain. As the number of adsorbates increases and AM atoms
get closer to the defect site, the adsorption becomes even stronger,
reflecting the strong affinity of AM atoms for defective regions. Once
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the defect site becomes saturated (N > 6, which corresponds to a
coverage > 3 x 1072, see Fig. 8), the total adsorption energy begins
to increase again, i.e., the total adsorption becomes weaker, until the
coverage becomes sufficiently high for cluster formation to dominate (N
> 7, which corresponds to a coverage > 3.5 x 1072). Upon the onset
of this clustering, the total adsorption becomes stronger, indicating
a transition to a cluster-stabilized regime. For the defect case, the
adsorption energies for Li, Na, and K follow the same trend, which
points to the dominant role of the defect. In particular, it has to
be noticed that as soon as an AM atom is adsorbed on the defect
site, this results in a significant energy gain, stabilizing the cluster
formation. Again, as for the defect-free case, K tends to show a layer-
like growth, while for Na and Li 3D cluster formation is observed. The
corresponding charge transfer analysis reveals a progressive reduction
in electron donation from the AM atoms to the graphite surface with
increasing surface coverage. Li and Na exhibit a pronounced decrease
beyond (N > 7, which corresponds to a coverage of 3.5 x 1072),
while for K the change is less strong. This change corresponds to the
increase in adsorption energy observed after saturation of the defect,
thus also indicating a shift from charge-mediated adsorption to metallic
aggregation. Moreover, it is noteworthy that the presence of a defect,
even in the underlying graphite layers, significantly influences the
clustering behavior on the upper surface. Our calculations demonstrate
that when a defect is introduced in the bottom layer (see Fig. S15 in SI),
homogeneously distributed AM atoms on the top layer tend to migrate
toward the region above the defect and subsequently aggregate into a
cluster. This phenomenon can be understood as the signature of the
long-range influence of the defect, which affects AM adsorption not
only in-plane but also through out-of-plane interactions (see Fig. 4).

4. Conclusions

The goal of this study has been to better understand the intercala-
tion of alkali metals into the nanopores of hard carbon, which initiates
via their adsorption on graphitic surfaces. Isolated adsorbed AM atoms
transfer a significant amount of charge to the graphite surface, leading
to the formation of surface dipoles and a pronounced dipole-dipole re-
pulsion between individually adsorbed atoms occupying six-fold carbon
rings. As a consequence of this long-range interaction, large super-
cells are required to obtain converged adsorption energies for single
AM atoms. The presence of monovacancies results in considerably
stronger adsorption, not only at the vacancy site itself but also in its
vicinity, both laterally and vertically. Once AM atoms form adsorbed
clusters, the adsorption energy becomes dominated by direct metal—
metal interactions, yielding adsorption energies per atom that approach
the cohesive energies of the corresponding alkali metals, both in the
absence and presence of defects. Furthermore, Li and Na exhibit a more
three-dimensional cluster growth, whereas K, due to its energetically
favorable adsorption on graphite, follows a more layer-by-layer growth
mechanism. Overall, our results provide a consistent and physically
grounded picture of alkali-metal cluster formation in graphitic mate-
rials such as hard carbon, particularly under conditions of increased
AM concentration and surface coverage. By explicitly accounting for
long-range interatomic interactions, coverage-dependent effects, and
the influence of defects, we establish a comprehensive description
of alkali-metal adsorption energetics and clustering mechanisms. The
excellent agreement among the sequential adsorption calculations, ho-
mogeneous initial configurations, ab initio molecular dynamics sim-
ulations, DDEC6 charge-transfer analysis, estimated interface dipoles,
and electrostatic potential calculations provides a consistent physical
picture demonstrating that long-range electrostatic interactions govern
the coverage-dependent adsorption and clustering behavior of alkali
metals on graphitic surfaces. These findings provide deeper insight into
the mechanisms governing cluster formation and their implications for
the electrochemical performance of carbon-based anode materials.
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