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Abstract

Graphite and graphite derivatives, the standard anode materials for Li-ion batteries,

are also of great interest for post-Li ion technologies such as K-ion batteries. However,

certain aspects of the intercalation process in these systems as well as the resulting

consequences still require a deeper understanding. In particular, the first steps of the

K intercalation in graphitic systems, i.e. at low concentrations, are fundamentally

different from the case of Li. Herein, we use density functional theory to elucidate

the early stage intercalation of K in graphitic materials by seeking comparison to the

behaviour of Li and Na. Our results show the crucial role of the competition between

the interlayer van der Waals interaction and the covalent AM-C bonds for the initial

Li-, Na-, and K-intercalation and mobility in graphitic materials. We identify the first

steps of K-intercalation as potential reasons for performance loss and battery failure

and show that heteroatom doping can open pathways for solving these issues.
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1 Introduction

The exceptional mechanical, electrical, and thermodynamic properties of two-dimensional

(2D) van der Waals (vdW) materials which are typically not seen in their 3D counterparts

have sparked a lot of attention in many fields of research. In particular, 2D materials such

as graphite and its derivatives, but also for instance dichalcogenides, have become promising

electrode components in batteries and energy storage systems.1–5

Graphite and derivatives thereof are still the standard option for anodes in commercial

lithium-ion batteries (LIBs).2,6–8 It is well known that graphite can intercalate alkali metal

(AM) atoms in between its layered structure with half-filled carbon pz orbitals that are

perpendicular to the graphitic planes and can interact with the AM s-orbitals.9,10 While

Li, due to its exceptional behaviour and also small size, intercalates easily in graphitic

compounds, the competition between vdW interaction and AM-C bond formation can be

challenging for larger AM atoms, in particular for small AM concentrations.11–14

The working principle of LIBs on the anode side is based on the intercalation and dein-

tercalation of Li atoms between the layers of graphite. Starting from the pioneering work

of Hérold in the 1950s 15 lithium graphite intercalation compounds (Li-GICs) have been

extensively investigated. Their structural evolution during intercalation/deintercalation was

investigated using different experimental techniques such as X-ray diffraction (XRD), Ra-

man scattering or nuclear magnetic resonance.16–20 Li-GICs exhibit different compositions

and crystal structures21–24 that can be described by the so-called staging mechanism,25–28

which refers to the periodic stacking of Li layers between the graphitic planes. The result-

ing structures are denoted as stage-n compounds, where the index n denotes the number

of graphene layers stacked between the (filled) intercalant layers.21,29,30 According to earlier

studies21,31 GICs undergo a shift from AB- to AA-stacking with increasing AM concentra-

tion, when sufficient binding energy is provided to overcome the AB-AA transition. These

findings were recently also confirmed for defect-containing GICs.32 For Li, thermodynami-

cally stable GICs with increased AM content exist up to LiC6 stoichiometry (corresponding
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to stage-I),2 whereas for sodium, only Na–GICs with low Na concentration have been re-

ported. The thermodynamic instability of the intercalation process for reasonable amounts

of Na therefore renders graphite unsuited as anode material for NIBs.21,32–35 Several studies

have addressed this issue, explaining why – despite the chemical similarities of Li and Na –

graphite does not properly work for sodium intercalation.13,29 For the case of K stable GICs

with significant AM content are observed and e.g. the stage-I compounds, KC6 and KC8,

as well as the stage-II and stage-IV compounds, KC16, and KC72, have been reported to be

stable,21 while some studies also indicate additional (meta-) stable stoichiometries .31 The

electrochemical intercalation of potassium into graphite has also been extensively studied by

different groups and methods, demonstrating a phase evolution and staging behavior that

is comparable to, but distinct from, the case of Li.31,36–39 While larger differences in the

intercalation mechanism have been observed for low AM concentrations, most studies focus

on GICs with increased AM concentration. Hence, the early steps of intercalation for K in

graphite and the atomistic origin as well as the consequences of the differences compared

to Li have not been addressed so far. In the present work we systematically investigated

the structure and energetics of the first steps of the AM intercalation process in GICs, by

means of density functional theory (DFT) calculations. Based on the computed formation

energies, we evaluated the stability of the AM intercalation for decreasing AM concentra-

tions. For this purpose, graphite bulk structures based on different numbers of stacked layers

and lateral system sizes were constructed. In order to gain a better understanding of the

origin and consequences of the observed differences in early stage K- and Li intercalation,

we carefully compared the results for Li and K. Furthermore, to better identify potential

trends, Na intercalation was also considered.

Regardless of the stability of the intercalation compounds at high AM concentrations, our

simulations show that the initial insertion step is dominated by a competition of vdW inter-

action and intercalation energy. At low concentration this competition can – depending on

the intercalant – result in peculiarities for the intercalation process. In fact, for low concen-
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trations of large intercalants such as potassium, the graphitic layers around the AM atoms

get strongly curved, resulting in a different initial intercalation mechanism as observed for

instance for the small Li atom.

Furthermore, the AM diffusion kinetics was investigated for low AM contents, focusing on

the impact of the changes in local geometry. Our results show that an increasing lateral

system size, corresponding to a lower intralayer AM concentration, affects the AM atom

diffusion, especially for large atoms like K, an effect that has so far not been addressed in

literature.

       a                                       b                                    c                                   d                                       e
 

Figure 1: : Schematic representation (projected along the c-axis) of AM intercalation com-
pounds with (a) KC16 (b) KC36 (C) KC64 (d) KC100 and (e) KC400 stoichiometry. The
simulation unit cells are indicated in black.

2 Methods

To investigate the initial stage of the AM intercalation, graphite based model systems have

been studied by periodic density functional theory (DFT). For modeling graphitic domains,

the investigated bulk systems have been constructed as stacking of graphitic layers. First,

different lateral supercell sizes (AMCN×N×2 and AMCN×N×3 , AM= Li, Na, and K and

N = 2..10) have been constructed to investigate the impact of decreasing AM concentra-

tions. In addition, decreasing AM contents have been probed via structures with increasing

layer thickness, corresponding to 2×2×N supercells (with N = 2..8 ).
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Figure 2: : Schematic representation (side view) of the different supercell sizes used to
model the AM-atom intercalation, showing the distortions introduced by K atoms (a) KC16

(b) KC36 (c) KC64 (d) KC100 and (e) KC400 (corrsponding results for the 3-layer based bulk
supercells are shown in Table S1 and Fig. S1 and Fig. S2 in the SI).

All simulations were performed with the Vienna Ab Initio Simulation Package (VASP),40

using the Projector Augmented Wave (PAW) approach.41 Exchange and correlation were

described via the optPBE functional, which includes a non-local correction scheme to ac-

count for van der Waals interactions.42 The convergence criterion for the self-consistent field

(SCF) cycle was set to 10−7 eV, while the geometry was optimized until the remaining forces

were less than 10−3 eV/Å. Each structure was optimized with respect to lattice constant and

atomic positions, applying a plane wave cutoff of 600 eV. The structures based on the 2×2×2

(corresponding to C16) supercell were computed with a 10×10×6 k-point mesh, while the

other system sizes under investigation were optimized with a corresponding k-point resolu-

tion. In order to assess the AM migration, the Nudged Elastic Band (NEB) method43,44 was

applied, with typically five images along the reaction path. For all considered models, rather

large system sizes have been chosen to ensure a negligible interaction between the periodic

images of the migrating AM-atoms.
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3 Results and discussion

Energetics of the intercalation process

Table 1: : Intercalation energy Eint (in eV) for Li, Na, and K atoms in the 2-layer based
bulk model system with respect to the different supercell sizes/atom concentrations.

Models C16 C36 C64 C100 C144 C196 C256 C324 C400

Li -0.21 -0.27 -0.21 -0.21 -0.21 -0.22 -0.20 -0.22 -0.19
Na 0.10 0.25 0.38 0.61 0.59 0.59 0.64 0.64 0.76
K -0.33 -0.10 0.37 0.87 1.22 1.02 1.11 1.19 1.47

In order to investigate the thermodynamic stability of early stage AM-intercalation, two-

and three layer based bulk systems with different AM-atom concentration have been con-

sidered as depicted in Fig. 1 and Fig. S1 in the supplementary information (SI). For these

systems, the energetic stability of an intercalated single AM atom was investigated by cal-

culating the intercalation energy with respect to the AM–free system:

Eint = EG+AM − (EG + EAM) (1)

Here, EG+AM is the total energy of the graphitic system after the insertion of one AM atom,

and EG is the energy of the AM-free layers, wheras EAM is the energy of the AM in the

bulk metal phase. In the case of Li, the intercalation at low concentration is energetically

favorable, yielding an energy gain of ∼ −0.2 eV for different AM concentrations in a 2-

layer bulk system as depicted in Fig. 3a and Tab. 1. Slightly changing numbers have been

obtained for a 3-layer based bulk structure (see Tab. S1 in the SI). Note that the stronger

the intercalation in a particular anode material, i.e., the more negative the intercalation

energy, the smaller the open circuit voltage of the corresponding battery. However, a certain

driving force is needed in order to avoid metal plating at the anode. The fact that Li

intercalation is energetically favorable is among other factors a consequence of the small size

of the Li atom, resulting only in local distortions around the intercalated ion, with a range

that is already covered by small supercell sizes. Here, the small observed fluctuations in
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the intercalation energy for increasing system size are due the matching conditions of the

introduced distortion with the periodicity of the cell. Regarding K intercalation, on the other

hand, significant differences are observed in comparison to Li. The K-atom intercalation also

becomes favorable for higher concentrations, however, for increased lateral system size and

hence low AM contents – in contrast to the case of Li – it becomes largely unfavorable as

depicted in Fig. 3a and Tab. 1. The corresponding results for the 3-layer based bulks system

are given in Tab. S1 in the SI. Finally, for Na, it is known that no significant amounts of

ions can be intercalated with the intercalation of rather small fractions becoming already

thermodynamically unstable. As in the case of K, at very low concentrations the further

decrease of the Na content turns the intercalation more and more unfavorable (see Fig. 3a

and Tables 1). So, while Li intercalation is essentially independent of the concentration –

in the low concentration limit – decreasing the K content to roughly KC64 (or less) results

in a tremendous change in the intercalation energy for the 2-layer based bulk system. For

Na the same effect, however, with a somewhat less pronounced change is observed. Hence,

also for very low concentrations there is a significant impact of ion type (and size) on the

intercalation process. Indeed, the intercalation of small fractions of Na and K atoms highly

affect the geometry of the system, and result in a local curvature around the intercalants,

as shown in Fig. 2. Taking a closer look at the geometry of a KC400 model structure – i.e.

at very low K concentrations – shows that far from the intercalant site the layer distance

reaches a value of 3.44 Å, which almost corresponds to that one of pristine graphite, whereas

in the vicinity of the intercalant the system is strongly curved (see inset of Fig. 3). In

general, decreasing the AM concentration, results in a strong, localized curvature of the

graphitic layers around the intercalated atoms, which is a caused by the competition of AM

intercalation and inter-plane vdW interactions. While the vdW forces attempt to keep the

neighbouring graphitic layers at their equilibrium distance, the intercalants aim at increasing

the spacing between the layers. The consequence of these competing forces is that the system

minimizes its energy by introducing a curvature into the graphitic layers in the vicinity of the
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Figure 3: : Intercalation energy Eint (in eV) for single AM (Li, Na, and K) atoms as obtained
for the 2-layer based bulk system (a) Intercalation energy with respect to the different lateral
supercell sizes and hence different AM concentrations (b) Intercalation energy for systems
with a different number of stacked layers based on an AMC16 cell. The insets show the
change in layer distance for the case of K intercalation. The solid lines serve as a guide for
the eye.

intercalated ion. The strength of this curvature depends on the ionic radii of the intercalant,

hence showing a more pronounced effect for larger AM atoms. Finally, it is crucial to point
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Figure 4: : Graphite layer distance and defect formation energy for different super cell sizes
of the 2-layer based bulk system ( AMCN×N×2, AM= Li, Na, and K, N= 2, 3, ..., 10) (a)
defect (curvature) formation energy for different super cell sizes (b) graphite layers distance
far from the intercalant (c) layer distance in at the intercalant site.

out again that while the intercalation of K atoms is unfavorable at low concentrations,

K intercalation compounds become energetically stable at higher AM content. Thus, a

certain K concentration per unit-cell – in the 2-layer based system somewhere between KC64
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and KC36) – stabilizes the intercalation, meaning that the energy gain due to K-C bonds

compensates the energy penalty for a decreased vdW interaction (see Fig. 3a and Table 1).

This indicates that a certain K concentration between two graphitic planes is necessary to

stabilize the intercalation process.

To further validate this assumption, we have then investigated the impact of gradually

decreasing the AM concentration by increasing the number of carbon layers in the underlying

bulk supercell, again starting from the 2-layer based bulk structure. To investigate the AM

intercalation, the starting stoichiometry of AMC16, corresponding to one completely filled

and one empty AM layer (stage II compound), was chosen. By adding further (empty)

carbon layers to the bulk supercell – i.e. the AM concentration in the filled layers remains

high – the intercalation energy is in all cases found to reach a constant value (see Fig. 3b). It

has to be noted that the AMC16 compounds – as is well known from literature – adapt an AA

stacking sequence. On the other hand, empty graphitic layers that are added to increase the

system size were chosen to follow an AB stacking sequence. Due to the periodic boundary

conditions, this means that simulations with an odd number of graphitic layers will have

no empty AA stacked layers while those with even layer numbers are forced to have one –

energetically less favorable – empty AA stacked layer. Hence, periodic like fluctuations of

the formation energy are observed, while the latter one is otherwise not showing considerable

changes with increasing number of carbon layers (see Fig. 3,b). This indeed means that the

AM concentration per layer is the crucial factor for the K-intercalation. In other words, low

K concentrations can only be stably intercalated by locally high K contents within one layer.

This differs from the case of Li and leaves the question on how the K intercalation process

can be started to some extent open. The energetically unfavourable intercalation of Na and

in particular K atoms in graphitic systems at low AM concentrations means that instead

of entering the anodes the AM atoms would rather form metallic deposits on the anode

surface. This means that plating would occur which could then lead to dendrite growth and

fire hazards in a battery .45 And indeed, plating on graphitic anodes has been observed to
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represent a considerable safety issue in sodium ion batteries ,46 but especially in potassium

ion batteries .47 Together with the experimentally observed increased resistance ,31 this can

hence be understood as a consequence of the unfavorable energetics at low K concentrations.

Consequently, an in-depth understanding of the early stages of AM intercalation is crucial for

improving carbon based anodes for KIBs. In the following, we therefore further investigate

the reasons for the differences in the (early stage) AM intercalation mechanism as well as the

corresponding diffusion kinetics. Finally, we propose strategies to mitigate the energetically

(partially) unfavourable Na and K intercalation in graphitic anodes, which may help to

promote NIBs and KIBs as efficient and more sustainable alternatives to LIBs .48

Cavity formation energy

To further elucidate the differences in the intercalation process for Li, Na and K, we have

divided the latter one in two steps. The first step corresponds to the formation of the cavity

that is created by the respective AM atom. By calculating the penalty for the formation

of this cavity, the energy needed to compensate the vdW interaction can be deduced (see

Fig. 4 a). In principle, this energy penalty can be understood as a kind of defect formation

energy, which can be computed via the following expression:

Edef = ECG − EPG, (2)

where ECG and EPG represent the total energy of the curved and pristine graphite. As

already discussed in the previous sections, the created cavity depends on the size of the

intercalant. Consequently, the defect generation energies show a significant variation in en-

ergy, based on the alkali metal and its size. Hence, compared to Li, the Na and K cavities

result in a much higher defect formation energy. While the defect formation energy for Li

is almost constant with respect to the (lateral) supercell size, the defect formation energy

for Na is increasing for larger supercells (see Fig. 4a). Finally, the defect formation energy
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of the cavity originating from K-interclations is found to be even higher than that of Na,

as expected from its larger ionic radius. For both cases the defect formation energies are

expected to reach a constant value at low concentrations (i.e. for even larger system sizes),

but this point seems not to be reached yet. Furthermore, by determining the maximum

and the minimum layer spacing in the considered model system, the extension of the cavity

can be quantified For the case of Li, the cavity approaches a constant size when the lateral

dimensions of the supercell increase (see Fig. 4b,c), which is in accordance with the defect

formation energy being constant. In principle, the same behaviour can be expected for Na

and K, however, the extension of the cavity is much larger and as already seen for the defect

formation energy this point is not fully reached yet.

Diffusion kinetics

  a                                                                                               b                                                               
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Figure 5: :Minimum energy path (a) for three layer based bulk system with different lateral
super cell size (AMCN×N×3, AM= Li, K, and N = 6 − 10). Two layers that contains the
AM atoms are in AB stacking (b) for Li and K diffusion in KC48 unit-cell and for different
numbers of graphite layers on top of each other. Two layers that contains the AM atoms are
in AA stacking.

Apart from a stable intercalation of the AM atoms, their kinetics is also of great impor-

tance for battery applications. Hence, in order to gain an atomistic understanding of the
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AM kinetics during the charging/discharging process, the energy barriers for K diffusion at

different ion concentrations, again also focusing on the early stage intercalation, were calcu-

lated and compared to the case of Li by using the Nudged Elastic Band (NEB) method (see

Fig. 5). As for the intercalation energies, two types of structures - based on increasing lateral

size and number of stacked layers - were taken into consideration in order to comprehend

the diffusion mechanism at low AM concentration. For determining the impact of increasing

lateral system size (decreasing AM concentration) and hence increasing AM-AM distance,

the 3-layer based bulk system was considered. Here, the choice of a 3-layer based supercell

with two empty layers is made to ensure that no spurious effects are introduced by periodic

boundary conditions.

As the AB-stacked graphite is more favorable for low concentration, we considered a

stacking sequence in which the two layers that contain the AM atoms show AB-stacking. It

should be noted that while in AA-stacked graphite, the AM atoms are located above/below

hollow sites of both upper and lower layer, for AB-stacking the AMs are located at the hollow

site of one graphitic layer and on a top site with respect to the other. For the investigated

low concentrations, the Li migration barriers amount to less than 0.1 eV and are essentially

independent of the lateral system size (see Fig. 5a). For, K the migration barriers are even

further reduced, but, show a slight dependence on the lateral system size. The observed

impact of system size (and hence K concentration) on the K kinetics can be understood

as a consequence of the extension of the introduced distortions. For higher in plane AM

concentrations the increased lattice spacing around the AM atom results in more space

and hence a lowering of the diffusion barriers (see Fig. 2). For the sake of comparison, we

furthermore have investigated the same scenario for the AM atoms residing in between AA-

stacked layers. Here, the findings are qualitatively the same, with the Li diffusion barriers

being largely independent from the lateral size, whereas for the case of K the barriers again

showed a slight increase with the system size (see Fig. S3 in the SI). Yet, it has to be

pointed out that the diffusion barriers for the AA-stacked layers are significantly increased,
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amounting to 0.395-0.41 eV and 0.15-0.22 eV for Li and K, respectively. Thus, the diffusion

of Li and K is strongly enhanced as long as the AB-stacking is dominant.

Finally, the impact of the number of empty graphitic layers on the diffusion barriers of the

respective intercalants was investigated. In this scenario, low AM concentrations are again

obtained by increasing the number of graphitic layers, while considering one layer with a

particular AM content that has already transformed to AA-stacking. Here, starting from

a two layer based bulk system with LiC48 and KC48 stoichiometry, no significant changes

are observed for an increasing number of graphite layers as soon as more than three layers

are considered (see Fig. 5b). The migration barriers for Li and K amount to 0.43 and 0.14

eV, hence, again confirming the lower barriers for the larger K ions. While it is well known

that K-GICs in general show lower diffusion barriers than Li-GICs27,35,49–52 the reason was

typically ascribed to the differences in layer spacing caused by the ion sizes. Interestingly,

at low AM concentrations the overall finding that K-ions diffuse much faster remains valid,

whereas the layer spacing is only increased locally by the introduced distortion. However,

this distortion seems large enough to still facilitate the jump to the neighbouring empty sites

Impact of impurities on the intercalation process

Table 2: : Intercalation energy Eint (in eV) for Li, Na, and K atoms in a 2-layer based bulk
model system (C144) obtained for different impurities (B, S, Si, OH, and Sn), mono-vacancy
defect (MV) and also in pristine graphite (G).

Impurities B S Si OH Sn MV G
Li -1.24 -0.31 -1.04 -1.44 -1.91 -1.45 -0.20
Na -0.52 -0.09 -0.69 -1.09 -1.93 -0.54 0.59
K -0.05 0.10 -0.27 -0.66 -0.63 -0.33 0.93

As discussed above, the relative strength of vdW interaction and covalent AM-C bonds

depend on the lateral size and the corresponding AM concentration. For the case of K, our

findings clearly show that the intercalation up to a certain K concentration is energetically

unfavourable. Hence, it is anticipated that for the initial intercalation of K in graphite,

additional driving forces will be beneficial. One way to provide driving forces for the AM
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intercalation is the introduction of structural defects.32,53 The introduction of heteroatoms,

on the other hand, offers an additional way to tailor the carbon framework such that the

early steps of intercalation may be facilitated. Therefore, to show how heteroatom doping

can affect the energetics of the intercalation process, we considered the impact of different

impurities in a 2-layer based C144 bulk model system. For this purpose, a few different

impurities that are likely to be found in or may easily be added to graphitic systems, including

B, OH, S, Si, and Sn,54–58 were investigated. For all impurities, except for the case of OH,

a carbon atom was simply substituted by the doping element. The OH molecule on the

other hand was placed on top of a carbon atom, thus forming a C-O-H moiety. It should be

noted that the considered structures, apart from negligible distortions, remain AB stacked.

To assess the impact of the doping elements the intercalation energy, in analogy to eqn. (1),

was determined.

Eint = Edef+AM − (Edef + EAM) (3)

Here, Edef+AM is the total energy of the graphitic (impurity containing) system after the

insertion of one AM atom, and Edef is the energy of the AM-free layers, whereas EAM is the

energy of the AM in the bulk metal phase. In general, the obtained intercalation energies

indicate that impurities can stabilize the intercalation at low AM concentrations (see Table 2

and Fig. 6d). In particular the intercalation of Na and K in the low concentration limit,

which is unstable for pristine graphite, becomes favorable when impurities are considered

Apart from changing the energetics, the impurities also have an impact on the equilibrium

location of the AM-atoms. For all cases the intercalated AM-atoms have originally been

positioned at the center of a honeycomb that comprises the impurity, denoted by the letter

C (see Fig. 6a). This corresponds to the AM positions determined for the pristine graphite,

i.e. with the AM on top of the center of a six-ring of one graphene sheet and below a carbon

atom of the other.

When B doping is considered the geometry of the system is not significantly affected, due

to the comparable atomic sizes of boron and carbon. In fact, B-C bonds (1.48 Å) are only
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system before intercalation (d) intercalation energy Eint (in eV) for Li, Na, and K atoms
in 2-layers model (C144) near to the impurity sites (see Table 2), G is the pristine graphite
without defect and impurity.

slightly increased as compared to C-C bonds (1.43 Å) in pristine graphite. The AM inter-

calation process on the other hand is significantly stabilized by the presence of boron, such

that Na (-0.52 eV), and K (-0.05 eV) intercalation also become energetically favorable. This

stabilization is related to the interaction of boron and the intercalants. In the case of Na

and K, the AM atoms prefer to sit on top of the B-impurity, while for the Li atom the C

site (hexagon, beside the impurity) is more favorable. Whereas the intercalant-free system

is essentially undistorted, the intercalation of AM atoms results in a curving of the graphitic

plains as in the case of pristine graphite. This is a also visible in the increased B-C bond

length which amounts to 1.49 Å, 1.51 Å, and 1.51 Å for Li, Na and K, respectively. By in-

troducing Si as an impurity, the graphitic plains get slightly curved, which is a consequence

of the increased atomic size of Si as compared to C. In addition, a change in bond length
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is observed, with the Si-C bonds (1.72 Å) being longer than a pristine C-C bond. Despite

the fact that Si and C have the same valence, the intercalated AM-atoms migrate to the top

of the impurity, while they are at the center of a hexagon in the adjacent layer. The Si-C

bonds further increase from 1.72 Å in the intercalant-free system to 1.77 - 1.78 Å for AM

intercalation. As for the pristine and B-doped system the curvature after intercalation scales

with the AM size. From the energetic point of view, the AM intercalation is stabilized by the

Si impurity with K and Na again showing a negative intercalation energy. The stabilization

effect is similar to the case of boron, however, a bit more pronounced for Na and K (see

Fig. 6). Similarly, the introduction of isovalent Sn impurities creates a distorted graphitic

plain, which is again due to the increased atomic size of Sn and the significantly larger Sn-C

bond length (from 1.43 Å to 2.05 Å). For this case, all AM atoms migrate to the top of

the impurity, while they are at the center of a hexagon in the adjacent layer. Again, as in

the previous cases, the AM intercalation results in a intercalant size dependent curvature of

the system. The intercalation energy for Li, Na, and K amount to -1.91 eV, -1.93 eV, and

-0.63 eV, thus showing the most pronounced stabilization of the intercalation process. When

considering sulfur impurities, the S atom actually moves out of the graphitic plane, with the

length of the S-C bonds amounting to 1.73Å. During intercalation, the curvature increases

according to the AM atom sizes. However, while the Li atom remains in its original position

at center of the honeycomb, Na and K atoms move to an off-center site (see Fig. 6). The

intercalation energy for Li, Na, and K amount to -0.31 eV, -0.09 eV, 0.21 eV respectively,

meaning that K intercalation remains unfavorable. Under intercalation, the S-C bonds in-

crease slightly to 1.74 - 1.76 Å.

Finally, when regarding the OH impurity, already the intercalant-free system gets signifi-

cantly curved with the maximal layer spacing increasing from 3.39 to 4.22 Å. This results in

a decreased energetic penalty for AM intercalation and hence a large energetic stabilization

for Li (-1.44 eV), Na (-1.09 eV), and K (-0.66 eV). While the Li atom travels to the f site,

Na and K migrate to the d and g sites, respectively. These sites correspond to positions
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on top of carbon atoms in the impurity plane and in the center of a hexagon of the second

graphitic plane. It should be noted that adding OH impurities already causes a curvature in

the system, which is further amplified when AM atoms are intercalated (see Fig. S6 in the

SI). This increase is accompanied by changes in the O-C bond from 1.49 Å to 1.57 Å (1.60

Å and 1.60 Å) for Li (Na, and K), whereas the C-C bonds are only slightly affected (∼ 1%

variation).

Finally, to get additional insight, we compare the impact of impurities and typically observed

structural defects. Interestingly, the impact of a mono-vacancy (MV) was found to result

in a stabilization of the intercalation process that is similar to the Si and B impurities with

the intercalation energies for Li, Na, and K amounting to -1.45 eV, -0.54 eV, and -0.33 eV,

respectively.

Hence, a stabilization of the early stage intercalation, that is highly desirable for K (and

Na) can be achieved by incorporating impurities or defects (or combinations thereof) into

graphitic carbon. In this regard, it has to be pointed out that the stabilization of the early

stage intercalation is desirable, however, a too strong bonding of AM atoms may also result

in a permanent trapping of the latter ones, corresponding to irreversible capacity loss. Hence,

the type of defects and impurities, as well as their ratio, is a critical factor that should be

considered to optimize carbon based anode materials.

4 Conclusion

In this work, we have investigated the early stages of intercalation for Li, Na, and K in

graphite-based model systems. Our findings reveal that the intercalation process for Li and

K are fundamentally different. Due to the small size of Li ions, the intercalation process does

not result in significant distortions of the graphitic planes and, moreover, makes it from the

beginning energetically favorable. For K intercalation, on the other hand, the large ion size
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results in significant distortions of the graphitic layers and a competition between vdW forces

and covalent K-C bonds. This results in K-intercalation compounds with low K content be-

ing energetically unfavorable. In fact, only when a certain density of K atoms in between

a graphitic layer is reached the compound becomes energetically favorable. To achieve this,

the extremely low diffusion barriers for K in AB stacked graphite are highly beneficial. As a

consequence, the initial steps for Li and K intercalation are different resulting in a random

distribution of Li atoms, while K atoms prefer to fill one layer in a given graphitic domain.

The differences in the energetics of the early stage intercalation may hence also explain the

higher risk for plating and the increased resistance that is observed for KIBs with graphitic

anodes. Furthermore, the energetics of the first intercalation steps may also hold as expla-

nation for the sluggish kinetics, which is observed despite the fact that experimental and

computational studies show lower diffusion barriers for K as compared to Li in graphite.59–61

We furthermore, confirmed the lower diffusion barriers for K-GICs as compared to Li-GICs,

which due to the large distortion caused by the K insertion seems counterintuitive at the

first glance. However, these distortions are spatially extended, such that the spacing of the

graphite atoms on neigbhouring planes is still strongly increased, which in turn facilitates

the diffusion.

At last, we have investigated the impact of heteroatom doping on the energetics of the early

stage intercalation process. These, along with defects, can stabilize the early stage K- (and

also Na-) intercalation and may thus help to overcome limitations such as K-plating and

sluggish kinetics in graphtic anodes. These findings, together with the gained insights in the

differences of the intercalation processes may be applied for designing anode materials with

improved performance.
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