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ABSTRACT: We analyzed the adsorption of Li on graphene
in the context of anodes for lithium-ion batteries (LIBs) using
first-principles methods including van der Waals interactions.
We found that although Li can reside on the surface of defect-
free graphene under favorable conditions, the binding is much
weaker than to graphite and the concentration on a graphene
surface is not higher than in graphite. At low concentration, Li
ions spread out on graphene because of Coulomb repulsion.
With increased Li content, we found that small Li clusters can

be formed on graphene. Although this result suggests that graphene nanosheets can conceivably have a higher ultimate Li
capacity than graphite, it should be noted that such nanoclusters can potentially nucleate Li dendrites, leading to failure. The
implications for nanostructured carbon anodes in batteries are discussed.
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B INTRODUCTION

Lithium-ion batteries (LIBs), although widely used, have
certain shortcomings." These include instabilities that can
lead to battery failure under overcharging or overvoltage
conditions and limits on capacity. Much theoretical and
experimental work has focused on capacity, generally via
modifications to the cathode or anode materials.”~* Regarding
the stability, there are at least two important factors: (1) the
evolution of oxygen from the cathode, which can then react
with the electrolyte® and (2) the Li dendrite formation from the
anode leading to failure of the separator layer.” Here, we focus
on the anode. Carbon-based materials, particularly graphite and
modified graphite, are used in practice. With graphite anodes,
dendrite formation can be controlled. Since their introduction
by the Sony Corporation in 1991,° graphite and nongraphite
carbon materials have always been important anode materi-
als,”® although a lot of novel host lattices and lithium-metal
alloys have been explored.” The theoretical capacity of graphite
is limited to 372 mAh/g, but graphite anodes can be durable
and avoid dendrite formation."

Graphene, with its single atomic-layer thickness, might be
expected to have extra storage sites and therefore have a
possibly higher capacity than graphite.'®'> Some experimental
results have shown that graphene nanosheets and oxidized
graphene nanoribbons can adsorb higher amounts of Li than
graphite,'®™"® for example, disordered graphene nanosheets
with reported reversible capacities of 794—1054 mAh/g."”
However, on the basis of Raman spectra, Pollak et al. found that
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pristine 1graphene has an evidently lower Li capacity than
graphite."” Moreover, it was reported on the basis of theory that
Li cannot even reside on the surface of defect-free graphene in
equilibrium with Li metal.>® The conflicting experimental and
theoretical results have motivated further study of Li adsorption
on graphene.

Here, we explore the adsorption of Li atoms on graphene
and the possibility that small Li clusters form on graphene using
first-principles calculations. The Li—C interaction is analyzed in
terms of the Li transfer between Li metal and graphene. We
find that Li can be adsorbed effectively on defect-free graphene
under favorable conditions. We further find that with increasing
Li content, Li clusters can be formed on graphene nanosheets.
This is because there is enough space between randomly
arranged graphene nanosheets. These are potential nucleation
centers for dendrite growth, which may become an issue with
this type of anode. Therefore, although cluster formation may
enable higher capacity, it poses stability issues.

B THEORETICAL METHOD

The present calculations were performed with density functional
theory using accurate frozen-core full-potential projector-augmented-
wave (PAW) pseudopotentials and the VASP code.*'™>* We used
generalized gradient approximation (GGA) with the parametrization
of Perdew—Burke—Ernzerhof (PBE)** and with added van der Waals
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(vdW) corrections for the surfaces. The k-space integrals and the
plane-wave basis sets were chosen to ensure that the total energy is
converged at the 1 meV/atom level. A plane wave expansion kinetic
energy cutoff of 550 eV was found to be sufficient.

The calculated cohesive energy for bulk bec Li is —1.61 eV with a
lattice constant a = 3.43 A. On the basis of calculations for graphite, we
used a graphene primitive cell lattice parameter of 2.464 A. The
supercells were constructed with a vacuum space of 18 A along the z
direction. An 8 X 8 in-plane supercell with 128 carbon atoms was used
to analyze the Li adsorption. The Brillouin zones were sampled using a
I'-centered 3 X 3 X 1 k-point grid. The structures were fully relaxed,
including both the lattice parameter and the positions of atoms. With
Li adsorption, the change of the lattice constants was found to be very
small and can be ignored. This is natural considering the stiffness of
graphene. We did include dipole corrections for the potential and total
energy as appropriate for the supercell geometry.

Previous theoretical studies showed that the interaction between Li
and C is governed by charge transfer and that ionic bonding is the
main interaction mechanism.>>™%" However, we note that because of
the large polarizability of graphene, the long-range vdW forces should
also be considered to estimate accurately the strength of Li adsorption
on graphene. Here, the effect of the dispersion interaction is included
by the empirical correction scheme of Grimme (DFT + D/PBE), as
implemented in the VASP code.”® This aggroach has been successful
in describing graphene-based structures.””*® As shown in Figure la,
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Figure 1. Potential energy surfaces and schematic representations of
the structures of Li adsorbed on the center of the hexagonal carbon

ring (a, b) and the (001) surface of the Li bulk (c, d).

for the equilibrium positions, the vdW forces make important
contributions to the adsorption energy of Li on graphene. The long-
range dispersion contribution to the adsorption energy is about 0.4
eV/Li, which is based on the 4 X 4 graphene model with adsorbed Li.
This is consistent with previous theoretical results.*!

B RESULTS AND DISCUSSION

The discussion of the stability of an adsorbate system depends
on the reference. The adsorption energy in studies of surface
adsorption is usually defined to describe the stability of the
adsorbate on some surface site via the formula AE, = E,,_ ¢ —
Equt — Ey, where Ey .6 Eqp and Ey are the total energy of
the compound in which the adsorbate is adsorbed on the
surface of the substrate, the isolated substrate with free surface,
and the isolated adsorbate (i.e., a definition relative to free
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adsorbate atoms), respectively. With this definition, Li can
reside on the surface of defect-free graphene, as reported in
previous studies.””**™>> Among the different possible surface
sites such as the midpoint of C—C bond (bridge) on top of a
carbon atom (top) and the hexagonal center of a carbon ring
(hex.), the latter is the most stable site. In the work of Lee et
al,?® the interaction energy between Li and graphene is
obtained with the formula, AE,,(x) = E(x) — E(0) — xEj,
where E(x), E(0), and Ej; are the total energy of the system per
one formula unit Li,Cy, the isolated graphene with six carbon
atoms, and one metallic Li atom in bulk Li. This is a better
definition in the context of LIBs, as the formation of bulk Li
represents anode failure and dendrite formation. (The
interaction energy of Lee et al. is the formation energy in
alloy theory that is used to estimate the stability of alloys
against phase separation, which represents the stability against a
Li-metal reservoir.) The calculated values of AE,(x) are
positive over entire range of the Li content from 0 to 1. This
means there may be phase separation between Li and graphene
(i.e, no adsorption). The difference between AE,, and AE,,(x)
is due to the different choice of the Li reference state. In the
formula of AE,, the Li reference state is gas Li, and in the
formula of AE, (x), bulk Li is chosen as the reference state
(note that the Li adsorption on graphene is an interface
problem rather than a bulk alloy).

In experimental tests of electrode materials of LIBs, bulk Li is
usually chosen as a reference electrode. In the test process, a Li
ion is transferred from the surface of bulk Li to the tested anode
materials. In an equilibrium situation, the appropriate reference
is bulk Li and in that case, as mentioned, graphene does not
adsorb Li. This is the case even when the extra stabilization
from the van der Waals interaction is included. However, in an
actual cell it is possible to have a kinetically limited process (i.e.,
there may be no available bulk Li reservoir or one may be
concerned about the nucleation and growth of small Li
particles). In fact, it is known that batteries can sometimes be
operated beyond equilibrium stabilities, for example, because of
the formation of protective interface layers. The analysis of such
cases depends on the details. To proceed and examine whether
graphene can store Li, we adopted a scenario that although
optimistic may be still reasonable. Specifically, we used the
adsorption energy of Li on the surface of bulk Li as the
reference state to analyze the interaction between Li and
graphene. Clearly, if the adsorption energy is positive with this
reference, graphene will not be an effective anode material. As
discussed below, even with this optimistic scenario we find
problems with the use of graphene as an anode. In Figure 1¢,d,
we simulated the interaction between Li and the (001) surface
of bulk Li. The most stable adsorption site is 1.44 A from the
surface (adsorption energy —1.463 eV/Li). For the 312 x 3172
supercell with a Li/C ratio of 1 & the adsorption energy of Li
on graphene is —1.365 eV/Li. For the 8 X 8 supercell with two
Li atoms where the Li/C ratio is '/4,, the adsorption of Li is
—1.55 eV/Li. In addition, it is found that the adsorption on
both surfaces of graphene can not increase the binding energy
when the Li content is lower than !/,. Therefore, Li can reside
on the surface of pristine graphene in the context of LIBs, but
the Li/C ratio on graphene should be less than ' /4. This means
that the amount of adsorbed Li is lower than for graphite even
under this optimistic scenario. The reason is that both
neighboring surfaces in graphite can aid Li adsorption through
the vdW and Coulomb interactions.
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Because the value of the formation energy AE; (x) for the
mixed system of Li and graphene is positive, it is possible that
clusters of Li will be formed and phase separation will happen.
In Figure 2, a pair of Li atoms adsorbed on graphene is studied
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Figure 2. Adsorption energies (a) and schematic representations (b)
for a pair of Li atoms adsorbed on graphene with different Li—Li
distances. Note that the vdW correlation results in an increase in the
adsorption energy (~0.4 eV/Li).

by simulation in an 8 X 8 supercell. We found that the energy
of the system decreases as the pair’s distance increases. This
means that there is repulsion between the Li ions adsorbed on
graphene. Coulomb repulsion is especially important when the
pair of Li ions occupy the nearest-neighbor hexagonal sites.
Therefore, in the low Li content regime, the Li ions will spread
out on graphene.

Because the formation energy suggests phase separation,
clusters of Li should be formed. For bulk Li, the binding energy
is about 1.61 eV/Li. However, the binding energy of a small Li
cluster is found to be markedly less than that of bulk Li. As
shown in Figure 3a, the binding energy increases as the cluster
size grows, as might be expected. For the larger-size cluster Li;
with 15 Li atoms (Figure 3b), the binding energy is about 1.03
eV/Li, which is still less than that of the surface Li atoms (1.463
eV/Li). Thus, the isolated small Li clusters are unstable in the
presence of graphene or graphite because the Li atoms of a
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Figure 3. Cohesive energy of a Li atom in a Li cluster as a function of
the number of Li atoms (a) and schematic representations of the
clusters Lis, Li,, Lig Lig, Lio, and Li;s (b). Note that E,4 and E,q + Egiop
on grap. in panel a represents the adsorption energy without and with
vdW correlation for a single Li adsorbed on graphene in an 8 X 8
supercell, respectively.
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randomly formed cluster will be transferred to the surface of
graphene or to the graphite.

On the basis of the above results, Li can be adsorbed on
graphene when the concentration of Li is low. This leaves the
question of what will happen as the Li concentration increases.
One possibility is that the Li will congregate on the surface to
form small clusters adsorbed on graphene. To address this, we
analyzed the adsorption of Li clusters on graphene. First, we
studied the different configurations of Li nanostructures
adsorbed on graphene in detail. We found that Li clusters
with certain sizes constitute the most stable state among the
different configurations with the same Li concentration. As
shown in Figure 4, we considered four adsorption config-
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Figure 4. Schematic representations of the different Li-adsorption
configurations on graphene, including cluster Li, (a), the plane
structure (b), single Li adsorption with a short distance (c), and single
Li adsorption with a large distance. Note that the results given are with
8 X 8 supercells with 128 carbon atoms. The adsorption energies
(AE,,) of panels a—d are —1.471 eV/Li, —1.365 eV/Li, —1.297 eV/Li,
and —1.441 eV/Li, respectively.

urations on graphene. The Li, cluster is the most stable
adsorption state. The adsorption energies decreases as the Li
atoms are placed farther apart. However, at large separations,
the adsorption energy increases. This is because at short-range
there is a net attractive interaction between the Li resulting
from effective metallic bonding that is related to the cluster
stability (this also involves charge transfer to the graphene
sheet), whereas at longer range there is a net screened
Coulomb repulsion. We then analyzed the cohesive energy of a
Li atom as a function of the number of Li atoms in the cluster
(Figure S). Here, the cohesive energy is defined by the formula,
AE = (Edu__g —E, - nEy;)/n, where Eg, g is the total energy
of the compound in which Li clusters are adsorbed on
graphene, E, is that of the isolated graphene of an 8 X 8
supercell, E;; is that of an isolated Li atom, and # is the number
of Li atoms in the cluster adsorbed on graphene. It can be seen
that the cohesive energy of Li atoms in clusters adsorbed on
graphene is larger than the binding energy of Li atoms in the
isolated cluster. This is due to the interaction between graphene
and the Li ions of the Li cluster. In addition, the cohesive
energy does not increase simply with the number of Li atoms in
the cluster. Because of the limited local charge capacity of the
graphene lattice, the localized charges transferred from Li ions
just bind the ions with their nearest-neighbors. Therefore,
increasing the number of Li ions will not result in an increase in
the cohesive energy per Li. In the Li clusters, the Li ions above
the Li ions on graphene (such as Li® of the Li, cluster in Figure
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Figure 5. Cohesive energy (defined by E_ = (Eq,—, — E, — nEy;)/n) of
the Li atom as a function of the number of Li atoms for Li clusters
adsorbed on graphene (a) and schematic representations of the
clusters Li, (b) and Liy (c) adsorbed on graphene.

6d) can strongly bind their nearest-neighbor Li ions like that in
Li metal. This can increase the cohesive energy. The fact that

Figure 6. Three-dimensional charge-density redistribution calculated
by the formula of charge-density difference for a single Li atom
adsorption on graphene (a, b) and Li, cluster adsorbed on graphene
(¢, d). The isosurface levels are set at a negative value that is '/, of the
maximum negative value (yellow for charge depletion) and a positive
value that is !/ ¢ of the maximum positive value (magenta for charge
accumulation).

the interaction between the above Li ions and graphene,
including the Coulomb and vdW forces, is weak because of the
long distance will reduce the cohesive energy. The vdW force in
particular falls quickly with increased distance between Li and
the graphene plane (Figure la). In addition, the shift of the
Fermi level will decrease, and the interaction between Li ions
and graphene has a weakening trend when the number of Li
ions adsorbed on graphene is increased. Therefore, the cohesive
energy does not simply increase. The next stable cluster
adsorbed on graphene is Liy, whose cohesive energy is —1.491
eV/Li. The stable clusters Li, and Liy can be ascribed to special
configurations. It is noted that the hex. site of graphene is the
most stable site for Li adsorption. However, because of the
interaction, the positions of the three Li ions on graphene
deviate from this site (Figure Sb). With the introduction of
other Li ions, the added Li ions will try to occupy the nearby
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hex. site. However, the Li* ion (Figure 6d) cannot the bind
these newly introduced Li ions. With the increase of the
introduced Li ions, the interaction between Li ions will
decrease the energy of system similar to that of the isolated Li
clusters. However, with an increased number of Li ions, the
number of Li* ions will increase. The net result is that Li, is
stable when vdW interactions, which provide attraction
between the Li* and the graphene, are included. For these
stable adsorbed clusters, the adsorption energy is larger than
that of the separated Li ions adsorbed on graphene with the
same Li content. The calculated barriers for the Li-ion diffusion
are 0.311 eV on graphene and 0.277 €V in graphite. The energy
difference between the Li, cluster and two separated Li
adsorbed on graphene is 028 eV. The energy difference
between clusters differing in atom number by one, such as Li,
and Li;, is less than 0.11 eV. Considering these energy scales, it
is expected that Li, and Liy clusters can form in practice. Thus,
we conclude that small Li clusters can be formed on graphene.

In previous research, it was found that Li adsorption does not
significantly change the band structure of graphene. The charge
transfer results in an up shift of the Fermi level, reflecting the
electron count. In Figure 6, we analyzed the charge
redistribution resulting from single Li adsorption as well as
Li, cluster adsorption on graphene on the basis of the charge-

density difference
ACH(r) = CHLi_g(r) — CH(r) — CHg(r)

where CHy; (r), CH,(r), and CHy(r) are the real-space
electronic charge distributions of the Li-adsorbed graphene,
free graphene,and isolated Li, respectively. As seen in Figure 6a,
the charge of Li is transferred to the region between Li and
graphene. However, the charge from Li is kept in the local
region under the Li ion because of the Coulomb interaction.
Therefore, the Li ion that diffuses on the surface of graphene is
not the simple naked Li* ion but is the screened Li ion with
localized electronic charge. This reduces the Coulomb
repulsion between Li ions. In addition, the charge of graphene
is also redistributed to some extent. The charge congregates on
the carbon atoms in the nearby region. It is seen that the charge
is redistributed in the 7 antibonding state (7*) of graphene.
The charge is mostly distributed on the nearest-neighbor and
next nearest-neighbor carbon atoms. Therefore, a nearest-
neighbor Li ion can exist on the next nearest-neighbor
hexagonal center, as shown in Figure 6b. This is because the
graphene charge effectively screens the Li charge at this
distance. The Li—Li distance is 4.27 A, which is the explanation
for the !/4 ratio of Li/C.

For the adsorption of the Li clusters, such as Li, in Figure
6¢,d, the charge from the cluster is distributed at the local
region under the cluster, which is similar to the case for single
Li adsorption. In the Li, cluster, the Li—Li distance for the
three Li atoms near graphene is 2.87 A, and the distance
between the Li' and Li* atoms (Figure 6d) is 3.07 A. For bulk
Li, the Li—Li distance is 2.97 A. Therefore, the Li—Li distance
of the Li, cluster adsorbed on graphene is very similar to that of
bulk Li. The relative large distance between the Li' and Li®
atoms may be ascribed to the charge accumulation in the center
of Li, cluster. On the basis of the discussion about Li-pair
adsorption, Li in groups of three should repel each other to
some extent. Therefore, the fact that the Li, cluster is formed
and adsorbed on graphene can be ascribed to the attractive
effect of the Li* atom. Finally, we note that the formation of Li
clusters on graphene does not have any obvious effect on the
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band structure of graphene and results only in the up shift of
the Fermi level similar to that of the single Li case.

B CONCLUSIONS

We have studied the adsorption of Li atoms and Li clusters on
graphene with first-principles calculations. We used Li surface
energy as a reference and included van der Waals interactions.
We found that the adsorption energy of Li on graphene is larger
than the binding energy of Li on an (001) surface, although it is
less than that of Li in Li metal. Therefore, under this optimistic
assumption, Li can reside on the surface of defect-free graphene
in the context of LIBs. In addition, it was found that the binding
energy of Li in small isolated Li clusters is very small and
therefore such isolated clusters are not stable in the
environment of graphene. Although pairs of individual Li
atoms on graphene have a repulsive interaction, we found that
small Li clusters can be adsorbed on graphene. On the one
hand, this means that relative to graphite one can envision
conditions where more Li ions adhere to random-arranged
graphene nanosheets (i.e, adsorption on the graphene surface
plus the existence of vacancy and edges in the graphene
nanostructures plus the adsorption of clusters). This may
explain the results observed in the experimental tests of Li
capacity. On the other hand, the much lower binding energies
on pristine graphene and the formation of clusters imply issues
with the stability of the anode against dendrite formation.
Therefore, although a capacity increase using carbons with large
amounts of graphene is conceivable, there may be stability
issues with the use of such anodes, and the use of such anodes
is unlikely to lead to increases in capacity in practical LIBs, at
least without modifications.
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