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We used ab initio molecular dynamics simulations to study the microscopic dynamics of potas-
sium intercalation in graphite. Upon adsorbing on graphite from vapor phase, K atoms transfer
their valence charge to the substrate. K atoms adsorbed on the surface diffuse rapidly along the
graphene basal plane and eventually enter the inter-layer region following a ‘U-turn’ across the edge,
gaining additional energy. This process is promoted at higher coverages associated with higher K
pressure, leading to the formation of a stable intercalation compound. We find that functionaliza-
tion of graphene edges is an essential prerequisite for intercalation, since bare edges reconstruct and
reconnect, closing off the entry channels for the atoms.

PACS numbers: 66.30.Pa, 71.20.Tx, 81.05.uf, 88.85.J-

I. INTRODUCTION

An important aspect of the current research focussing
on renewable energy sources is the development of low-
cost and large-scale energy storage systems, which are
key to practical use of such energy that suffers from in-
termittent energy flow [1]. Some of the most advanced
electrochemical energy storage media use graphite in-
tercalations compounds [2] (GICs) as the anode mate-
rial [3, 4]. GIC-based batteries combine a high charge-
and-discharge rate with a high energy density, low weight
and a high number of useful cycles [3, 5]. Under opti-
mal conditions, lithium was shown to intercalate graphite
up to the stoichiometric composition of LiCg, yielding a
reversible capacity of 372 mAh/g for the graphitic an-
ode [3]. As one of the most efficient energy storage sys-
tems, lithium-ion batteries (LIBs) [3-5] have been used
extensively for decades now [5-8]. Limited availability
and high cost of lithium [9-11] have been the main rea-
son driving alternative development of sodium-ion bat-
teries [12-16] (SIBs) and potassium-ion batteries [17-21]
(PIBs) using more abundant and less costly alkali ele-
ments Na and K. Microscopic understanding of the ki-
netics of alkali atoms entering and leaving the region in-
between graphene layers is the key to understanding the
rate of charging and discharging as well as the number of
useful cycles of GIC-based next-generation energy stor-
age systems and devices.

In comparison to GIC-based batteries containing Li
(LIBs) with a high redox potential of —3.04 V wvs. the
standard hydrogen electrode, the corresponding redox
potential of K-based PIBs is only slightly smaller with
—2.93 V, and that of Na-based SIBs is still smaller with
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a value of —2.71 V. Since the redox potential is linked
to the output voltage and energy density, SIBs do not
look very attractive for industrial applications [22-24].
Due to their higher output voltage and energy density,
PIBs [25] appear much more attractive as a low-cost al-
ternative to LIBs. Computational results [26] indicate
that K-based GICs are energetically stable up to the high
K density in KCg. Recently, potassium GICs were used
to develop suitable anode materials for high-performance
PIBs [17-19, 27-31]. Most of the studies concentrated on
the structure and electrochemical performance [32] and
have not addressed the microscopic processes occurring
in the K/graphite system.
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FIG. 1. Initial geometry of the AA-stacked graphene bilayer
Ci28H16 unit cell with 8 K atoms in the molecular dynamics
simulations, presented (a) in top and (b) in perspective view.
Potassium atoms are represented by the labeled large yellow
balls, hydrogen atoms by small white balls, and carbon atoms
by cyan balls. Of the eight K atoms per unit cell, four —
shown by light yellow, are above the surface and the other
four — shown by dark yellow — are near the interlayer region.
The geometry (c) and the binding energy (d) of a K atom
interacting with the graphene bi-layer surface.
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To cover this aspect of the PIB performance, we used
ab initio canonical molecular dynamics (MD) simulations
at high temperatures to obtain microscopic insight into
the dynamics of potassium intercalation and diffusion in
graphite. The complexity of the potassium intercalation
process in the real systems present in batteries is substan-
tial. Scanning electron microscopy studies indicate that
graphitic crystallites contained in alkali-ion batteries dis-
play a large variety of shapes [33]. To further complicate
things, the cathode surface is furthermore protected by
a solid electrolyte interphase (SEI) layer in commercial
alkali-ion batteries [33]. Variations in the layer stacking,
edge morphology, termination and functionalization are
vast and their consideration exceeds the scope of a single
computational study. We address only selected aspects of
the intercalation process that occur in a related, simple
system, namely a finite-width graphene bilayer nanorib-
bon with zigzag edges. This system contains both surface
and edge sites and is computationally treatable in MD
simulations covering relevant time periods. Our approach
provides a realistic representation of the morphology, sta-
bility and interlayer interaction in the graphitic system,
the site-specific interaction of K with the graphitic sys-
tem and its chemically passivated edges, the dynamically
changing interlayer spacing and layer stacking, net charge
and repulsion between K atoms. Most of these aspects
have not been addressed in published results of static
studies with a constrained geometry [34].

Even though the graphene bilayer ribbon system is
very simple, it displays surface diffusion of alkali atoms
and their entry into the interlayer space either from free
(inter-grain) space or by a ’'U-turn’ across the ribbon
edge from the surface into the adjacent interlayer region.
These three processes are bound to occur also in realis-
tic graphitic grains during intercalation on any alkalis.
Therefore, our results are of interest also for related sys-
tems, especially in the case of initial low-density interca-
lation.

We established the necessity of passivating the flake
edges, since otherwise they may reconnect and close
off the entry channels. Our simulations shows that
potassium can successfully enter the region between the
two graphene layers, representing intercalation, and also
deintercalate from the flake. The intercalation efficiency
can be greatly increased by increasing the K vapor con-
centration. We found that K atoms gain 0.7 eV when
adsorbing on the surface of the graphene bilayer, trans-
ferring a large fraction of their valence charge to graphite,
and then diffuse efficiently along the graphene basal plane
forming the surface, since the energy barriers for diffusion
are very small. Upon reaching the edge, the K atoms per-
form a ‘U-turn’ normal to the basal plane and enter the
interlayer region. This intercalation process is more prob-
able that the alternative process of free K atoms reaching
the edge of the multilayer flake and directly entering the
interlayer space.

II. COMPUTATIONAL TECHNIQUES

Our ab initio calculations are based on density func-
tional theory (DFT), as implemented in the SIESTA
package [35]. We use the local-density approximation
(LDA) for the exchange-correlation potential [36, 37],
since it provides a reasonable description of the graphite
geometry and elastic properties. We note that in the re-
lated layered black phosphorus system, LDA was found
to be in much better agreement with results of high-
level Quantum Monte Carlo calculations than most of
the more recently developed exchange-correlation func-
tionals that explicitly consider van der Waals interac-
tions [38]. Validation of the DFT-LDA approach for
graphite has been provided previously [39, 40] and ad-
ditional information is contained in the Appendix. We
describe valence electrons by norm-conserving Troullier-
Martins pseudopotentials [41] and use double-¢ polarized
atomic orbital wavefunctions [35, 42] as a basis. The
Fourier expansion of the charge density was truncated at
a very high energy cutoff of 350 Ry. The energy shift de-
termining the confinement of atomic orbitals was kept at
0.02 Ry. The small Brillouin zone of the quasi-1D strips
was sampled by a 1x8x1 k-point grid [43]. All static
geometries have been optimized using the conjugate gra-
dient method [44], until none of the residual Hellmann-
Feynman forces acting on any atom exceeded 0.05 eV/ A
Extensive canonical molecular dynamics (MD) calcula-
tions were performed at constant volume using a Nosé
thermostat at 7" = 900 K for time periods up to 4.5 ps
using time steps of 0.3 fs. While this approach requires
extensive computer resources and limits the number of
trajectories, the results for systems with large dynam-
ical charge redistribution are expected to be more re-
liable than alternative treatments using parameterized
force fields.

III. RESULTS

The graphene bilayer system we consider was rep-
resented by a periodic array of infinite strips with
hydrogen-terminated zigzag edges, as seen in Fig. 1(a)
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Video 1. Spontaneous reconstruction and reconnection of un-
passivated edges of a finite-width graphene bilayer in end-on
view.
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FIG. 2. Diffusion behavior of K atoms interacting with a
graphene bilayer. (a) Perspective view of the K-graphite sys-
tem, with d defining the horizontal distance outside the clos-
est of the two edges, highlighted by the solid red lines. (b)
Diffusion characteristic of the four K atoms, labeled 1 — 4
in Figs. 1(a) and 1(b), which were initially placed above the
strip. (c) Diffusion characteristic of the other four K atoms
labeled 5 — 8 in Figs. 1(a) and 1(b) that were initially placed
near the interlayer region. (d) Change in the diffusion char-
acteristics of atoms in (c) induced by an increase of K vapor
pressure at t = 1470 fs, modelled by placing four additional
alkali atoms near the interlayer region. (e) Change in the
diffusion characteristics of atoms in (d) induced by a further
increase of K vapor pressure at t = 2340 fs, modelled by plac-
ing two additional alkali atoms near the interlayer region.

and 1(b). The initial configuration consisted of two AA-
stacked graphene ribbons with a width of 15.74 A and
inter-layer separation of 3.34 A. The strips lie in the zy
plane, with the y axis forming the strip center. The or-
thorhombic unit cell was 21.00 A wide, 9.89 A long, and
10.00 A high, and contained 128 carbon atoms in total.
These cell dimensions decoupled the bilayer strips in the
periodic arrangement and provided sufficient space for
the hydrogen termination and 8 free potassium atoms.
The eight potassium atoms were distributed uniformly
in the vacuum area, with their initial coordinates (in A
units) r; = (—9.87,0.00,1.67), ro = (—9.87,—4.97,1.67),
r3 = (9.87,—-2.49,5.34), rqy = (9.87,-7.46,5.34), r5 =
(—9.87,—2.49,1.67), r¢ = (—9.87,—7.46,1.67), ry =
(9.87,0.00,5.34), rg = (9.87,—4.97,5.34), as shown in
Fig. 1. The unit cell has been charge neutral throughout
the study.

To calibrate our simulation conditions, we first per-
formed MD simulations of the graphene bilayer strip us-
ing graphene nanoribbons with bare edges. We found
that the edges reconnected spontaneously on a time scale
of 1 ps, thus blocking off the entry channels into the in-
terlayer region, as seen in Video 1. We concluded that
passivation of the exposed edges is a necessary prereq-
uisite to achieve intercalation. Therefore, we have sat-
urated all exposed graphene edges with hydrogen in all
our following studies.

Due to the considerable computer resources required
to run extended MD simulations, we could only perform
a limited number of runs, which is insufficient to obtain
reliable ensemble averages. Clearly, individual molecular

dynamics trajectories, which we discuss in the follow-
ing, have only limited statistical value. Nevertheless, we
believe that they provide a valuable illustration of the
kinetics of the graphite intercalation process.

Placing K atoms in the positions stated above, we per-
formed several MD runs with 15,000 time steps each,
lasting for 4.5 ps. We found that the K atoms adsorb
at h = 2.8 A, gaining 0.7 eV, as seen in Fig. 1(c) and
1(d). Our Mulliken population analysis [45] indicated
that the K atoms transferred between 0.4 — 0.5 electrons
to the graphitic system as they adsorbed on top or en-
tered the interlayer region of the bilayer, so that they
should be viewed as K atoms. We observed that the K
atoms, labeled 1, 2, 3 and 4 in Fig. 1, first diffused rapidly
along the graphite surface due to very low diffusion bar-
riers [46] of <0.1 eV. Concurrently, K atoms labeled by
5, 6, 7 and 8 penetrated into the inter-layer space, repre-
senting intercalation, and occasionally also left this space,
representing de-intercalation. This process is visualized
in Video 2. In order to describe the dynamical process
of K intercalation and de-intercalation quantitatively, we
monitored at each time step the distance d;(t) between
each K atom ¢ and the nearest graphitic edge, defined by

di(t) = sgn(z;)(t)z;i(t) — < ze > (1) . (1)

Here, x; is the z-coordinate of atom ¢ and < x, > is the
average z-coordinate of atoms forming the right edge of
the strip, with < z. > > 0 according to the geometry
shown in Fig. 2(a). Definition (1) makes sense for our
purpose, since we mainly want to distinguish, if a K atom
is inside our outside the strip and do not care, whether
it is closer to the left or to the right edge. According to
the definition, d > 0 means ‘outside’ and d < 0 means
‘inside’ the strip, either near the surface or in-between
the layers.

According to the initial conditions defined above, K
atoms labeled 1, 2, 5, 6 are initially placed 2 A outside the

Video 2. Diffusion and intercalation of K atoms on a finite-
width graphene bilayer with H-passivated edges in end-on
view.
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FIG. 3. Microscopic kinetics of K intercalation in graphite.
(a) Geometry of the ’'U-turn’ process. The horizontal
graphene plane is shown by light blue, with its edge enhanced
by the red line. Another plane, shown in orange, contains
a K atom and the graphene edge shown in red. The dihe-
dral angle « is the angle between these planes. Az is the
distance between the K atom from the graphene layer. (b)
Snap shot of atomic positions at ¢ = 1470 fs during the inter-
calation process, superposed with a representation of charge
flow due to the insertion of a K atom in the interlayer region.
The entry of K increases the inter-layer distance by <70%.
The charge density difference Ap = piot(Cr2s8Hi6 + 8K) —
prot (K) — piot (Cr2s Hig + 7K) is presented by the isosurfaces
of the excess negative charge at Ap = +107% e/A3, shown
in blue, and negative charge deficit at Ap = —1073 e/A37
shown in red. The potassium atom in the center of the red
cloud loses 0.531 electrons. (c) Time dependence of the dihe-
dral angle o during the ‘U-turn’ of a K atom from the surface
region, across the edge, to the area in-between the graphene
layers. (d) Time dependence of the vertical position Az of
a K atom during the intercalation process. « < 180° and
Az > 0 indicate that the K atom is above the graphitic sur-
face. « > 180° and Az < 0 indicate that the K atom is
in-between the graphene layers.

left edge and atoms labeled 3, 4, 7, 8 are initially placed
2 A outside the right edge, with d;(t = 0) = +2 A for i =
1,...,8 as seen in Figs. 2(b) and 2(c). The trajectories
d(t) in these subfigures indicate rapid diffusion of the
atoms.

In the following, we discuss the atomic motion dis-
played in Figs. 2(b) and 2(c) in more detail from the
viewpoint of intercalation and de-intercalation. As seen
in Fig. 2(b), atoms initially placed above the strip ap-
proach the nearest edge during the first ~220 fs. The
trajectory of the K atom labeled 1 in Fig. 1 is shown by
the solid line in Fig. 2(b). As a function of time, this atom
spends consecutive time periods of ~1 ps alternatively in-
side or outside the bilayer, relatively close to the edge, in-
dicating efficient intercalation and de-intercalation. The
remaining three K atoms labeled 2—4 intercalate into the
inter-layer region and never exit it according to Fig. 2(b).
Depending on the K concentration in the inter-layer re-
gion, we found the inter-layer distance to increase by
<70%.

Somewhat similar behavior is observed in Fig. 2(c) for

K ions labeled 5 — 8 in Fig. 1, which had originally been
placed not above the strip, but near the interlayer region.
After reaching the strip edge during the the first 2200 fs,
two of the atoms enter into the interlayer region and two
remain outside, never further than ~3 A from the nearest
edge.

To study the effect of potassium vapor pressure on
the intercalation process, we stopped the MD simula-
tion after ¢ = 1470 fs and introduced four additional
alkali atoms near the interlayer region. The dynamics
of the K atoms in the unit cell that now contained two
Cg4Hg nanoribbon segments and 12 K atoms is shown
in Fig. 2(d). With increasing time, we found that most
of the atoms remained outside, close to the edge, or ap-
proached the edge from the inside region.

At t = 2340 fs, we stopped the MD simulation again,
as illustrated in Fig. 2(d), and introduced two additional
K atoms into the unit cell. The dynamics of the system
that now contained 14 K atoms in the unit cell is shown
Fig. 2(e). In comparison to the results in Figs. 2(c) and
2(d) at lower pressures of K, we observe that most K
atoms penetrate into the interlayer region and remain
there over time, driven by the gain in chemical poten-
tial. These results clearly indicate the benefit of high
K concentration outside the graphite flakes on K atom
intercalation.

During our simulations, we observed one K atom,
adsorbed on-top of the graphitic surface, to perform a
‘U-turn’ across the edge into the region in-between the
graphene layers. This process is visualized in Fig. 3
and Video 3. Figure 3(a) defines the dihedral angle

a between the plane containing this K atom and the
closest edge of a graphene ribbon and the surface of
this graphene ribbon, as well as the height Az of the
atom above the top graphene layer. The charge density
difference Ap,

superposed to the atomic structure

Video 3. Intercalation of a K atom by performing a ‘U-turn’
from the region above the bilayer, across the edge, to the
region in-between the layers in end-on view. The region of
interest is highlighted by the white frame.
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in Fig. 3(b), indicates an opening of the inter-layer
distance at the point of K entry and charge flow from
the K site to the neighboring graphitic layers. As
seen in Fig. 3(c), the dihedral angle associated with
this K atom lies below 180° for ¢<1820 fs, indicating
that the K atom is initially on top of the graphitic
surface. For t22370 fs, the dihedral angle exceeds 180°,
meaning that the K atom has entered the inter-layer
region. This is consistent with the plot of the atom’s
vertical position Az above the topmost layer in Fig. 3(d).

IV. SUMMARY AND CONCLUSIONS

In summary, we investigated the intercalation of potas-
sium into a graphene bi-layer at T' = 900 K by ab initio
DFT molecular dynamics simulations. We found that
an essential pre-requisite for alkali intercalation is the
passivation of graphitic edges, which otherwise recon-
struct and reconnect, closing up the entry channels for
the alkali atoms. Our simulations indicate that potas-
sium atoms can easily intercalate and de-intercalate the
graphene bi-layer with passivated edges. Increasing the
K-vapor concentration promotes the intercalation. We
observed that K atoms gain energy by adsorbing on the
graphene bi-layer and may diffuse efficiently along its sur-
face after losing 0.4 — 0.5 electrons to the graphitic sys-
tem. Upon reaching the edge, K atoms may undergo a
‘U-turn’ across the edge and enter the inter-layer region.
Depending on the K concentration in the inter-layer re-
gion, we found the graphite inter-layer distance to in-
crease by <70%.

Of course, our computational results — however de-
manding on computer resources — cover only specific as-
pects of the alkali intercalation process in graphite. Even
though several MD runs have been performed for unusu-
ally long run times of 4.5 ps and the system is believed
to be ergodic, the information is insufficient to provide
valid ensemble averages. A graphene bilayer nanoribbon
of finite width may provide a semi-quantitative represen-
tation at best of the intercalation process occurring in
a realistic graphite flake. The heat bath temperature of
900 K, used in our study as a common way to acceler-
ate the MD dynamics, is much higher than temperatures
used in the experiment.

Clearly, for realistic future studies of alkali-ion batter-
ies, much attention has to be paid to the morphology and
chemical functionalization of graphite edges. Important
insight can be obtained from static structure optimiza-
tion calculations of the type reported in Reference [34].
As our study indicates, however, it is essential not to
constrain the unit cell geometry, so that the inter-layer
separation may change, and to consider the Coulomb re-
pulsion between charged alkali atoms. Of great interest
for future calculations are also observations of the av-
erage shape of graphite grains present in alkali-ion bat-
teries, which should determine the relative importance

of the basal planes at the surface. We believe that re-
sults of our microscopic molecular dynamics simulations
provide new insight that should be be helpful for the de-
velopment and optimization of GIC-based energy storage
systems and devices.

V. APPENDIX: VALIDATION OF THE LDA
EXCHANGE-CORRELATION FUNCTIONAL IN
GRAPHITE AND RELATED SYSTEMS

There is significant interest in determining theoreti-
cally the equilibrium geometry and inter-layer binding
energy in layered, so-called ‘van-der-Waals’ materials
such as graphite, where the inter-layer interaction is sig-
nificantly affected by the dispersive van der Waals inter-
action. From the viewpoint of precision, Quantum Monte
Carlo (QMC) calculations are believed to give the most
reliable results and have been applied to graphite [47]
and related layered bulk black phosphorus [38]. Since the
computational cost makes QMC calculations impractica-
bly expensive, the method of choice is DFT with various
approximations for the exchange-correlation (xc) func-
tional. Historically, LDA has been used first [36, 37], but
is believed to under-estimate the van der Waals inter-
action. Many xc functionals have been developed since
and their predictions for bulk and bilayer black phos-
phorus are compared in Reference [38]. The results are
stunning: depending on the xc functional, the interlayer
binding may change by a factor of 10. It is very interest-
ing to note that among these results, LDA predictions are
consistently closest to the most dependable QMC results.

DFT-LDA calculations for graphite have been vali-
dated by selected experimental results in Reference [48].
The calculated equilibrium in-plane lattice constant value
ap = 2.451 A is in excellent agreement with the observed
value a9 = 2.456 A reported in Reference [49]. The cal-
culated interlayer distance d = 3.36 A is in equally good
agreement with the observed value d = 3.34 A reported
in Reference [50]. The calculated interplanar binding en-
ergy E, = 25 meV/atom is in very good agreement with
the observed value Ej, = 22.8 meV /atom reported in Ref-
erence [40]. DFT-LDA results for the elastic response of
graphite are in excellent agreement with Raman measure-
ments of multilayer graphene reported in Reference [51].

The LDA value of the equilibrium distance d, = 2.77 A
between K and the surface of graphite, reported in Refer-
ence [52], is in excellent agreement with low-energy elec-
tron diffraction (LEED) value d, = 2.7940.03 A of Ref-
erence [53]. The charge transfer between K and graphite
predicted by LDA agrees very well with Raman data of
Reference [54]. Thus, DFT-LDA is believed to provide a
dependable description of graphite and K-based graphite
intercalation compounds.
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