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ABSTRACT: To evaluate the possible utility of single layer graphene for
applications in Li ion batteries, an extensive series of periodic density functional
theory (DFT) calculations are performed on graphene sheets with both point and
extended defects for a wide range of lithium coverages. Consistent with recent
reports, it is found that Li adsorption on defect-free single layer graphene is not
thermodynamically favorable compared to bulk metallic Li. However, graphene
surfaces activated by defects are generally found to bind Li more strongly, and the
interaction strength is sensitive to both the nature of the defects and their
densities. Double vacancy defects are found to have much stronger interactions
with Li as compared to Stone—Wales defects, and increasing defect density also
enhances the interaction of the Stone—Wales defects with Li. Li interaction with
one-dimensional extended defects on graphene is additionally found to be strong
and leads to increased Li adsorption. A rigorous thermodynamic analysis of these
data establishes the theoretical Li storage capacities of the defected graphene
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structures. In some cases, these capacities are found to approach, although not exceed, those of graphite. The results provide new
insights into the fundamental physics of adsorbate interactions with graphene defects and suggest that careful defect engineering

of graphene might, ultimately, provide anode electrodes of suitable capacity for lithium ion battery applications.
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1. INTRODUCTION

Rechargeable Li ion batteries (LIBs) are indispensable for
energy storage in applications ranging from portable electronics
to electric vehicles."™* Although such batteries are widely used,
the search for hlgher energy density electrodes remains a topic
of intense study * In most commercial LIBs, carbon—based
materials,”~” including graphite and modified graphite,®” have
been utilized as anode materials gven though the capacity of
graphite is limited to 372 mAh/g.> Given this modest capacity,
the choice of graphite anodes in commercial applications stems
primarily from the facts that they are durable and that dendrite
formation can be controlled."

Motivated by a desire to replace graphite anodes with a
higher capacity alternative, nanomaterials have attracted much
attention, as they are expected to have high storage capacities
due to their high surface-to-mass ratios. Recently, an allotrope
of carbon, graphene,'"'> a single layer of honeycomb-
structured carbon atoms, has been explored as an alternative
to graphite. Its outstanding mechanical strength and electronic
conductivity, together with its known hydrogen storage
capacity'® and ready availability of extra storage sites, which
may possibly lead to a higher capacity than graphite,"*~ 16
suggest that it may have promising storage properties.””"" In
addition, because graphene has been explored as a conducting
additive to active materials in electrodes,'® ! and because the
flexibility and high fracture strength of graphene may provide
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enhanced battery cycle life,”* understanding the Li—graphene
interaction is also relevant for determining the properties of
hybrid electrode materials.

Some experimental studies have shown that graphene
nanosheets and oxidized graphene nanoribbons can absorb
more Li than graphite. 1623 Eor instance, it was reported that
disordered graphene sheets can have reversible capacities of
794—1054 mAh/g> /. ? Furthermore, other experimental®*** and
computational** " studies predicted that graphene can absorb
Li ions through a specialized Li ordering on both of its sides,
resulting in a higher theoretical capacity than that of graphite.
Close examination of these and related graphene samples
suggested that the Li storage capability could be attributed to
the binding of Li with defects formed during the fabrication of
the nanosheets.”>" On the other hand, an experimental study
based on in situ Raman spectroscopy by Pollak et al.** showed
less promising results for Li capacity than these other studies. It
was reported that the amount of Li absorbed on single layer
graphene (SLG) is significantly lower than that on graphite,
while intercalation into few layer graphene (FLG) resembled
that of graphite.’> Moreover, on the basis of the cluster
expansion method and density functional theory (DFT)
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Figure 1. Schematic views of graphene structures for (a) pristine graphene, (b) graphene with one Stone-Wales (SW) defect, (c) graphene with one
double vacancy (DV) defect, and (d) graphene with two SW defects. The computational cell is represented by the parallelogram. The letters t, b, and
h indicate top, bridge, and hollow site configurations of Li, respectively, whereas the letters n and a indicate the near-defect and far-from defect Li

adsorption sites, respectively.

calculations,™ it was predicted that there are no Li arrange-
ments that stabilize Li absorption on pristine SLG relative to
bulk metallic Li. Thus, the authors of ref 33 concluded that
defect-free SLG has significantly lower capacity than graphite,
and they hypothesized that the experimentally reported
capacities for SLG, ranging from Li,C4 to Liy,Cg, 022532
result from existing defective microstructures and from Li
absorption on the edges of the graphene sheets.*®

Several computational studies have examined the adsorption
properties of isolated Li or a single layer of Li adatoms on
pristine graphene, and bonding and charge transfer in these
structures have been analyzed.>*™” A common observation
from these studies’* ™’ is that the Li ion is stabilized in the
center of the carbon ring, where six carbon atoms interact with
Li, with weaker adsorption at the bridge site and top sites.”®
The binding is reported to be ionic in nature with charge
transferred from the Li to the graphene.”®*® A recent DFT
study®® also reported Li adsorption on defect-free SLG with van
der Waals (vdW) interactions (using the DFT-D2 method),
concluding that Li binds more weakly to the defect-free SLG
than to graphite. The authors found that small Li clusters are
formed on the graphene with increased Li coverage, and they
speculated that formation of clusters raises concerns about the
stability of the anode against dendrite formation and that the
use of graphene as an anode is unlikely to increase the capacity
unless the surface of graphene is modified.

These experimental and computational studies point to the
importance of studying the effect of defects in graphene on Li
adsorption. In spite of these motivations, however, only a few
computational studies have been carried out on the adsorption
and diffusion of Li atoms on graphene with defects; we note
that all of these studies focused exclusively on the adsorption
properties of isolated Li atoms on graphene.*** One such
study” reported the adsorption and diffusion of Li on graphene
with a single vacancy (SV) defect, concluding that a vacancy has
the tendency to capture Li and that the barrier for Li
penetration through graphene with a SV defect is as high as that
through pristine graphene. A DFT study also reported that Li
penetration is facilitated by defects, and double vacancy (DV)
and higher order defects have reasonable barriers that allow Li
diffusion through the basal plane. However, the barrier is high
for both SV and Stone—Wales (SW) defects.** Additional DFT
studies*** showed that the presence of vacancy defects can
increase the magnitude of the adsorption energy near the defect
region, and Li can diffuse through the double vacancy (DV)
defect with a smaller barrier compared to the correspondin:
barriers on pristine graphene and graphene with SV defects.*
These results suggest that,*” in the presence of DV and higher
order defects, Li adsorption on, and penetration through,
graphene can be enhanced. Finally, a recent DFT study
evaluated the feasibility of Li storage in graphene and its
derivatives, demonstrating that certain structural defects can

bind Li stably and that doping with boron is also an effective
strategy to enhance Li binding.**

Several experimental studies have elucidated the atomistic
structure of both intrinsic and physically introduced defects in
graphene. For instance, transmission electron microscopy
(TEM)*®™* and scanning tunneling microscopy (STM)**°
experiments have revealed images of graphene with point, as
well as extended, defects®! with atomic resolution. The high
formation energies of point defects, including SW and DV
defects, imply that they would be present at low concentrations
in thermal equilibrium at temperatures below melting.
However, we note that, in spite of these thermodynamic
barriers, three mechanisms could lead to higher concentrations
of defects in graphene: (i) nonequilibrium crystal growth, (ii)
irradiation with energetic particles,”” and (iii) chemical
treatment. It is these nonequilibrium structures that are the
primary focus of the present work.

In the present study, we perform first principles calculations
of Li adsorption on pristine SLG, graphene with SW and DV
point defects of varying densities, and an extended defect
consisting of two octagons connected with a pair of
pentagons,” to explore the feasibility of modifying graphene
to store additional Li. Using a variety of search techniques,
including a genetic algorithm (GA), we identify the lowest
energy structures of various defects, the stable adsorption
configurations for Li at varying Li coverages on SLG with
different densities of SW and DV defects, and Li configurations
on SLG with the extended defect. We demonstrate that defects
can substantially enhance the amount of Li that can be
accommodated on the graphene surfaces. However, we find
that even for fairly high densities of defects (corresponding to
mean distances between defects of 4.5 and 4.8 A for DV and
SW defects, respectively), Li capacities are still below that
offered by graphite. We also find that the Li capacity of
graphene with an extended defect exceeds that of bilayer
graphene but is nonetheless below that of graphite. These
analyses provide insight into the role of defect types, as well as
their densities, on Li adsorption and storage, thus providing
potentially useful input for the design of alternative electrode
structures for energy storage.

2. COMPUTATIONAL DETAILS

DEFT calculations are performed with the projector augmented wave
(PAW) potentials as implemented in the Vienna Ab-intio Simulation
Package (VASP).>*>* The generalized gradient approximation (GGA)
with the parametrization of Perdew—Burke—Ernzerhof (PBE)> is
used for the exchange correlation energy of interacting electrons. We
tested the total energy convergence for 300—600 eV planewave cutoffs
with k-point sampling of 3 X 3 X 1, 6 X 6 X 1, and 9 X 9 X 1
Monkhorst-Pack grids. The differences in the total energies are less
than 1 meV/atom for the 500 eV cutoff with the 6 X 6 X 1 k-point grid
in comparison with the 9 X 9 X 1 grid, and the total energies are seen
to be converged to 2 meV/atom with respect to planewave cutoff.
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Figure 2. Schematic representation of high density DV defect configurations predicted using a genetic algorithm method for (a) an extended defect,
and (b,c) DV point defects. The inset figures represent the charge density contour plots of the chosen plane parallel to the surface of the graphene.

Thus, the calculations are performed using a kinetic energy cutoff of
500 eV for the plane wave expansion, and the Brillouin zone of the 32-
atom supercell is sampled with the I"-centered k-point grid of 6 X 6 X
1. Spin-polarized calculations are performed to account for possible
magnetism of defected graphene structures.

We use a supercell consisting of a single layer of pristine graphene
with by 4 X 4 primitive cells (see Figure 1a) and 20 A vacuum spacing.
The creation of SW defects involves an in-plane 90° rotation of two C
atoms with respect to the midpoint of the bond.*® Following this
transformation, four of the hexagons are replaced with two heptagons
and two pentagons, as shown in Figure 1b. To increase the density of
the defects, using the same computational cell, we apply an additional
in-plane 90° rotation of two C atoms. For the DV defect, we remove
two C atoms from the cell; by doing so, one DV defect is created in
the cell (see Figure 1c). This process is followed by the removal of the
second set of two C atoms to increase the density of the defect. After
the defects are created, the structures are relaxed with modulation of
the lattice parameters, and the positions of atoms are fully optimized.
The changes in the lattice constants caused by defects are presented in
the Supporting Information. We also run additional simulations using
the GA to determine the most stable high density DV defect
structures.

For successive Li adsorption on the graphene, we start with the
lowest energy adsorption configuration of single Li for each structure
(determined by a scan of the potential energy surface (PES)), and we
then introduce the next Li to the sites at which the Li—Li distance is at
least 3.0 A (determined by additional scans of the PES for high Li
content). For all possible sites found for Li, we optimize the structures,
and we evaluate the associated total energies. The resulting total
energies are classified from the lowest to highest, and we choose the
lowest energy structure for further Li adsorption. For each Li
concentration, we consider both single-sided and double-sided
adsorption configurations. The lowest energy configurations resulting
from this lithiation procedure are presented in Figures S2 and S3 in
the Supporting Information, along with a comparison to the structures
generated by the genetic algorithm. The GA, in turn, starts with an
initial generation for which a population of 20 members is selected.
The Li positions are randomly generated with predefined Li—Li and
Li—C distances. The structures are relaxed, and after each generation,
the most stable systems are selected for generating the offspring by
mating. Further details regarding the method are summarized in the
Supporting Information. The structural analyses suggest that for all Li
coverages considered, Li is always found to relax to the hollow site.

For evaluating the effect of vdW interactions on the strength of Li
adsorption on SLG, dispersion corrections are introduced using several
approaches, including the correction scheme of Grimme (DFT-D2),%
with default and modified dispersion coefficients for Li, and DFT-
D3,%® which adds a semiempirical pairwise force field to conventional
DEFT calculations. Additionally, to further assess the results obtained
with these approaches, the calculations are repeated using the vdW-
DF2,* as well as the vdW-DF family of functionals of optPBE-vdW,*
optB88-vdW,” and optB86b-vdW,* which add a nonlocal correlation
functional that approximately accounts for dispersion interactions. For
isolated Li atoms, the contribution of the vdW interactions to the Li
adsorption energy is evaluated with the above functionals at a variety
of Li-graphene distances, and the resulting one-dimensional energy
scans are reported. For the higher Li contents discussed later in the
text, we restrict our analysis to PBE-optimized lowest energy
adsorption geometries and reoptimize these configurations with the

DFT-D2, DFT-D3, and vdW-DF2 functionals. To test whether the
lowest energy configurations determined by PBE at a given coverage
are consistent with the corresponding lowest energy geometries of
these other functionals, we recalculated all adsorption geometries with
the vdW-DF2 approach; the ordering of energies did not change
between PBE and vdW-DEF2.

3. RESULTS AND DISCUSSION

Structures of Graphene with Defects. We start with
pristine SLG for which a 4 X 4 supercell is used as a model
(Figure 1a). We then introduce point defects (SW and DV) on
graphene at both low (one defect per 4 X 4 cell, Figure 1b,c)
and high (two defects per 4 X 4 cell, Figures 1d and 2) density,
as well as an extended defect on graphene (Figure 2a). The
extended defect considered on graphene is basically made of
point defects as building blocks, consisting of two octagons,
which are connected by a pair of pentagons (Figure 2a).>* Such
a defect configuration has been suggested to act as a metallic
wire embedded into a hexagonal lattice and is highly
conducting.51 The defect formation energies are determined
from the formula Eg,,,, = B4 — Nu(C), where E4 is the total
energy of the graphene with defect, N is the number of atoms
in the graphene with defect, and y(C) is the chemical potential
of C, which is given by the total energy of pristine graphene
divided by the number of C atoms.

The defect formation energies of low density defects, ie.,
with one defect per 4 X 4 cell, are 4.0 and 6.2 eV for SW
(Figure 1b) and DV (Figure lc) structures, respectively. The
formation energies are, in general, less positive than those
reported in the literature (4.8—5.22 eV for SW and 7.02—8.0
eV for DV),%*"%* possibly because of the larger cell sizes (48—
148 atoms), the use of different exchange correlation
functionals, or the absence of unit cell relaxation in the
indicated efforts. In these other studies, the cell sizes are large
and the cell volumes are fixed in order to simulate isolated
defects, whereas in our calculations, the cell volumes are relaxed
and smaller cell sizes are employed to simulate higher defect
densities. In the Supporting Information, we report on test
calculations where we show that larger unit cells, and neglect of
unit cell relaxation, do indeed increase the calculated formation
energies of defects into the approximate range reported above.
However, although these changes are not negligible, we
emphasize that the adsorption energies of Li on defects,
which will be the primary determinant of voltages in Li ion
battery applications, do not change dramatically as a function of
unit cell size (~50 meV between relaxed (4 X 4) and (5 X §)
unit cells on isolated double vacancy defects).

To generate a higher density SW defect configuration, we
began with the already optimized low density SW defect
configuration (one defect in a 4 X 4 cell), and then
systematically rotated all available C—C bonds; the resulting
lowest energy configuration is shown in Figure 1d, and the
average formation energy is 4.34 eV. To determine the lowest
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Figure 3. Potential energy surfaces of Li approaching the graphene surfaces evaluated using both PBE and vdW interactions for (a) pristine
graphene, (b) SW defect, and (c) DV defect. The schematic representations of the associated Li adsorption configurations (on the h sites) are shown
on the right. Note that the reference state is not bulk Li for these potential energy scans; the zero of the energy is referenced to the total energies

associated with Li being farthest away from the graphene surfaces.

energy configurations corresponding to high density DV defects
(two defects per 4 X 4 cell), we perform calculations using a
GA method. The generation of the high density DV defect
configurations using the GA proceeds, at the first step, by
optimizing only the in-plane positions of C atoms and is
followed by complete optimization of all C atoms in the cell
when the lowest energy structures are found with the GA.
Further details of the GA are given in the Computational
Details section and in the Supporting Information.

In Figure 2, three high density defect configurations
predicted by the GA are shown in order of decreasing stability.
The predicted lowest energy configuration is an extended
defect at which two octagons are connected by a pair of
pentagons (see Figure 2a). Such an extended defect
configuration has recently been observed experimentally with
atomic resolution using STM for CVD-grown graphene on
Ni(111).>" Following this extended defect configuration, the
second lowest energy configuration predicted by the GA
corresponds to that of a linear arrangement of DV defects in
which two octagons are connected by a C tetragon (Figure 2b).
This configuration has also been observed experimentally with
atomic resolution using TEM.** Finally, the least stable
structure is shown in Figure 2¢, where the two octagons are
directly connected to each other. The corresponding average
formation energies of these high density defect structures are
4.7, 6.0, and 7.0 eV, respectively.

We note, in passing, that in a real anode, where multiple
layers of defected graphene might be present, a modest
additional driving force for binding between graphene sheets
might be present. However, test calculations show that the
equilibrium spacing between graphene sheets changes by less
than 0.5% with the introduction of DV defects. Thus, we do not
expect these effects to dominate the behavior of the system. On
the other hand, the changes in Li binding energies due to the
presence of defects will likely be more significant.

Single Li Adsorption on Graphene with and without
Defects. Lee et al.*® reported that Li does not have favorable
adsorption energetics (relative to bulk metallic Li) on defect-
free SLG, making it unsuitable as an anode for LIBs. Although
both SLG and FLG provide more surface area for Li
adsorption, the weak Li binding leads to reduced capacity
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compared to that offered by graphite.*>** As mentioned above,
one of the possible strategies to overcome this problem is to
activate the surface of graphene with defects. Below, we report
results for Li adsorption on both defect-free and defected
graphene surfaces, beginning with GGA-PBE calculations and
later briefly discussing how these results vary with the inclusion
of dispersion corrections.

We start by describing Li adsorption on defect-free SLG. The
lowest energy adsorption configuration of isolated Li, evaluated
at the hollow (h), bridge (b), and top (¢) sites (see Figure la),
is found to be the hollow site in which Li binds to six C atoms.
At this site, the Li distance to the graphene surface is 1.72 A
with a Li—C bond length of 2.24 A (PBE), in agreement with
earlier studies, which used varying methods as well as cell
sizes.”®?%2%35737 Our calculations demonstrate that Li does not
adsorb (E > 0) on defect-free SLG using the metallic Li in the
bee phase as the reference, and this is also in agreement with
recent reports.”>** On the other hand, when a reference of
isolated Li atoms in the gas phase is used, the adsorption
becomes exothermic (—1.16 eV). These conclusions are not
modified with the inclusion of vdW interactions using DFT-
D2,>” DFT-D3,*® and vdW-DF2*’ (see also discussion below).

For Li adsorption on SLG with low density SW and DV
defects (Figures 1b,c), we find the lowest energy adsorption
configurations on both types of defects to be the hollow sites
(“h” in Figure 1b,c). The next most stable Li configuration in
both structures is the near defect site (n), and the least stable
structure (a) is farther away from the defect zone. The Li
adsorption energies on graphene with the DV defect, obtained
using PBE, at the n and a sites are 150 and 390 meV less stable
compared to that on the h site, respectively, while for the SW
defect, the corresponding differences are 70 and 200 meV. For
the SW defect, we find that at the h site, the Li distance to the
graphene is 1.59 A, with the bond lengths to the underlying C
atoms being 2.21 and 2.34 A. For the DV defect, Li is 1.43 A
away from the graphene with bond lengths of 2.26 and 2.59 A
to the C atoms in the defect region. The Li adsorption energies,
obtained using PBE, indicate that Li does not adsorb (E = 0.03
eV) on the graphene with low density SW defects, as is the case
with pristine graphene, while Li adsorbs on the graphene with
low density DV defects with adsorption energy of —0.71 eV
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(—0.76 eV for the S X 5 cell). The difference in the Li
interaction strength between the two types of defected
graphene suggests that a low density SW defect does not affect
Li binding with the graphene, whereas the presence of one DV
defect has a more pronounced effect. Later, we discuss how
these conclusions are affected by increases in defect density.

The Effect of vdW Interactions on Isolated Li
Adsorption on Pristine and Defected Graphene. To
assess the effect of vdW interactions on the Li adsorption
energies, we employ the DFT-D2 method with the default Li
Cs dispersion coefficient (expressed hereafter as DFT-
D244 57 \which has been suggested to be successful in
describing graphene-based structures.”® Additionally, the vdW
interactions are evaluated using the DFT-D2°” method with a
modified Li dispersion coefficient (0.01 instead of the default
value of 1.61) as reported in ref 47 (denoted here on as DFT-
D2modfd) - with DFT-D3,°® with vdW-DF2,>® and with the
vdW-DF family of functionals, including optPBE-vdW,*
optB88-vdW,”® and optB86b-vdW,*" which add a nonlocal
correlation functional that approximately accounts for dis-
persion interactions.

The results, summarized in Figure 3a—c, show that the vdW
interactions introduced by the empirical scheme (DFT-
D24 make a noticeable contribution to the strength of Li
adsorption on both pristine and defected graphene, while the
results for other functionals, including PBE, are relatively
similar. The adsorption energies calculated using the metallic Li
as the reference with PBE and with the inclusion of vdW
interactions are summarized in Table 1. The contribution from

Table 1. Comparisons of Li Adsorption Energies (eV)
Calculated Using PBE and with the Inclusion of vdW
Interactions®

functionals Li/pristine Li/SW Li/DV
PBE 0.40 0.03 —0.71
DET-D2d%fult 0.20 —0.28 —-1.01
DET-D2modified 0.42 0.00 —0.74
DFT-D3 0.50 0.09 —0.63
vdW-DF2 0.42 0.04 -0.72
optPBE-vdW 0.41 0.00 —0.76
optB88-vdW 0.33 —0.03 —0.84
optB86b-vdW 0.35 —0.07 —0.82

“The reference energy for deriving adsorption energies is bulk Li.

the vdW interactions to the adsorption energy using the DFT-
D2%R method is about 0.35—0.40 eV/Li. In contrast, by
employing the DFT-D2 ™% method, Li binding energies are
found to be very similar than those obtained using PBE. Usin,
a similar approach for accounting the dispersion, the DFT-D3°
method with PBE-relaxed geometries predicts slightly weaker
binding energies to those obtained using PBE. The vdW-DF2
method predicts very similar binding energies as compared to
those obtained using PBE. Overall, the vdW-DF functionals, on
the other hand, predict slightly stronger Li binding as compared
to PBE, with the largest deviation being about 100 meV. In
general, the similarity of the results of most of the vdW-
corrected approaches to one another and to the predictions
from PBE suggest that, in contrast to systems involving graphite
or FLG,>* Li interaction with SLG is not highly sensitive to
dispersion effects. This result may be related to the fact that the
Li-graphene bond involves significant charge transfer and is
substantially ionic (see discussion below), rendering weak
dispersion interactions less significant. Motivated by these
results, our subsequent discussions will refer primarily to PBE
results.

We note that the predictions from DFT-D2% with
dispersion coeflicients that are not adjusted to account for
different chemical environments,®® deviate substantially from
the predictions of any of the other functionals, and these results
appear to show significant overbinding; similar results have
been observed by Persson and co-workers.>> They showed that
when the default Li Cg4 coefficients were used, they failed to
predict trends in the intercalation energies.*> More promisingly,
calibrating the Cg coeflicient for Li was shown to accurately
predict the stage formation and voltage profile as a function of
Li concentration.

Charge Redistribution due to Isolated Li Adsorption
on Pristine and Defected Graphene. To probe the
electronic details of Li bonding with graphene, we evaluate
charge redistribution resulting from the adsorption of Li on
graphene using the charge density differences defined as Ap(r)
= pLic(r) = [pu(r) + pg(r)], where py;g(r), pg(r), and py;(r)
are the real-space electronic charge distribution of the Li-
adsorbed graphene, isolated Li, and the Li-free graphene,
respectively. As seen from Figure 4a—f, in all cases, charge is
transferred from Li to the more electronegative C atoms, as
evidenced by the blue region representing charge depletion.
The transferred charge remains in the region between Li and
the nearest neighbor C atoms, shown by the red regions
representing charge accumulation. As a result, the electron

o

b)
dye .

®
e>=°-§

@
o) |
f): Dé

Figure 4. Top and side views of the calculated charge density difference for Li in the lowest energy adsorption configurations on graphene for (a,d)
pristine graphene, (b,e) SW defect, and (c,f) DV defects. The isovalue for rendering the isosurfaces is 2.5 X 10~ e/A>. The results are obtained using
PBE. Blue and red represents negative and positive charge density differences, respectively.
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Figure S. Schematic views of the lowest energy adsorption configurations for isolated Li on graphene structures with high defect densities for (a) SW

defects, (b) a one-dimensional extended defect, and (c) DV defects.

density is reduced at the in-plane C—C bonds. The charge
accumulation reduces the effective size of the hexagonal hole
for pristine graphene, perhaps partly explaining the difficulty of
Li penetration through this surface.*>*'

For graphene with SW defects, we observe qualitatively
similar features, while we note in the case of DV defects that
the accumulation of charge density under the Li ion is
noticeably less than that on both the pristine graphene and
graphene with SW defects. This reduction in the density below
Li may facilitate Li diffusion throu%h graphene, leading to
significantly lower diffusion barriers.”> We also estimated the
transferred charge to the graphene structures using Bader
charge analysis.”” Based on this approximate technique for
charge estimation, the amount of charge transferred is ~0.9 lel
for all graphene structures. This result is similar to the result
reported in an earlier PBE study for Li adsorbed on pristine
graphene, 0.89—1.0 lel.*

Isolated Li Adsorption on Graphene with Increased
Defect Densities. As described above, when using bulk bee Li
as the reference, there is no thermodynamically favorable
adsorption of Li on either pristine graphene or on graphene
with low density SW defects, while exothermic binding is
observed on low density DV defects. We now analyze the effect
of increased defect densities on Li adsorption energies. Figure
Sa—c depicts the lowest energy adsorption configurations for Li
on graphene with high density SW and DV defects (two defects
in a 4 X 4 cell, Figures 1d and 2b, respectively), as well as on
the extended defect (same average density as the high density
DV defect) described above (Figure 2a). For the SW defect, we
find Li to be stabilized at the hollow site above the heptagon
(Figure Sa). For the one-dimensional extended defect
containing two octagons connected by pair pentagons, the
most stable adsorption site is the hollow site on top of the
octagon (Figure Sb). On the other hand, for the less stable high
density DV defect configuration in which the octagons are
connected by a tetragon, Li is stabilized in the middle of the
pentagon (Figure Sc).

Table 2 summarizes the Li adsorption energies obtained
using PBE (Figure Sa—c). As compared to the low density SW
defect case, in which Li adsorption is not possible (E > 0),
increasing the defect density leads to more thermodynamically
favorable adsorption of Li, suggesting that certain types of
engineered higher density defect structures can enhance the
interaction of Li with graphene. In addition, although Li

Table 2. Comparisons of Li Adsorption Energies (eV) at the
Lowest Adsorption Energy Configurations on High Defect
Density Graphene Structures and on an Extended Defect

functional Li/SW defect Li/DV defect Li/extended defect
PBE —-0.46 —0.55 —0.65

adsorption is slightly less strong (60 meV) on the extended
defects as compared to the low defect density case (Tables 1
and 2), we note that, with increasing Li content, the readily
available additional octagon site for Li adsorption leads to more
Li storage on this extended defect configuration, as discussed
further below.

Varying Li Concentrations on Graphene with In-
creased Defect Densities. We now turn to a discussion of
the adsorption of Li on graphene structures with higher Li
coverages. As discussed above, extensive test calculations, as
well as analysis based on the GA, shows that hollow sites are
the most favorable positions for Li on all the graphene
structures for all coverages considered in this study (see Figures
S2 and S3, Supporting Information). For insertion of successive
Li atoms, we evaluate adsorption on the hollow sites in both
single-sided and double-sided adsorption configurations (see
Figure S4, Supporting Information for configurations on
pristine graphene and on low defect density cases, and Figure
S5, Supporting Information for charge density distributions of
the selected configurations). In general, for all Li coverages on
all graphene structures, we find the double-sided adsorption
configurations to be more stable than the corresponding single-
sided geometries.

To assess the amount of Li that can be favorably adsorbed on
graphene with increasing Li coverage, we evaluate the
differential binding energy, defined as Egff = Eiyg —
Eq-nuc — EPetlic Increasing Li coverage results in less
favorable Li adsorption due to increasing Coulomb repulsion
between the positively charged Li ions, as this repulsion is not
screened as efficiently as in the case of the Li—graphite
system.44 We note that in graphite, the C atoms in successive
graphene layers are bonded by vdW interactions. With Li
intercalation, the interlayer C—C vdW forces decrease, and Li—
Li repulsion increases. The balance between these interactions
determines the critical Li concentration for which there is a
sufficient thermodynamic driving force to populate empty
layers. It was shown in an earlier DFT study that adding vdW
corrections improves the phase sequence with increasing Li
content as compared to experiment (ref 68, references therein)
and that the effect of vdW interactions for Li intercalation into
few layer graphene and bulk graphite is likely a function of the
Li content as well as the number of graphene layers stacked
together.*® Hence, inclusion of vdW corrections is substantially
more important when modeling graphite than it is for the single
layer graphene systems considered here. In the case of SLG, the
differential binding energies suggest that increasing defect
density causes adsorption of Li to be thermodynamically
favorable, permitting up to two Li (three Li for the extended
defect in the 4 X 4 supercell) to be stably adsorbed (see Table
3).
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Table 3. Differential Binding Energies” (eV) as a Function
of Li Content

Li/DV

~ Li/SWlow Li/SWhigh Li/DV low Li/DV high extended
Bt density density density density defect
1Li 0.03 —0.46 —0.71 —0.55 —0.65
2Li —0.03 —0.35 —0.42 —0.05 —0.45
3Li 0.50 0.28 0.55 0.35 —0.10

“Defined as E&if, = E,1;/g — Enuc — EL i and calculated using
PBE. The corresponding defect structures in the 4 X 4 supercell are
shown in Figures 1b, 1d, 1c, 2b, and 2a, respectively.

The eftect of Li coverage on the stability and Li capacity can
also be analyzed through constructlon of convex hulls. The
lithiation energy, or formation energy,” defined as E,(x) =
[E(Li,C) — xE(Lipeanic) — E(C)]/N, is calculated using the
DFT-determined total energies of the configurations at varying
Li compositions with PBE and vdW functionals (see the
Computational Details section for more information). E(Li,C)
denotes the energy of a lithiated configuration, E(C) is the
energy of the graphene without Li, E(Li ) is the energy of
metallic Li bee phase, and N is the number of C atoms in the
graphene. The Li formation energies on graphene surfaces
containing both low and high density SW and DV point defects
are presented in Figure 6a—d, and the results for the extended
defect are shown in Figure 7 below. All calculated lithiated
configurations, including those that are higher in energy at each
respective Li composition, are shown for PBE, but we report
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Figure 6. Lithiation energies per C with varying Li content and defect
density obtained using PBE and all considered vdW functionals for
graphene with (ab) SW defects and (c,d) DV defects. The molar
fraction of Li, «, is defined as x = ny;/nc.
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Figure 7. Lithiation energies per C with varying Li content for
graphene with an extended defect obtained using PBE. The molar
fraction of Li is defined as x = ny;/nc.

only the lowest energy configurations at a given composition
for the other functionals.

At a low density of SW defects (Figure 6a), we find, similar
to the pristine graphene, that PBE gives a positive lithiation
energy (negative lithiation potential), and the lithiation energy
monotonically becomes more positive with Li content,
implying zero capacity. With an increase in defect density, as
shown in Figure 6b, the lithiation energy has a negative slope
for up to two Li (x =0.0625), above which the slope becomes
positive. The minimum of the formation energy indicates the
Li-saturated composition above which metallic Li precipitation
is likely.**®® As is evident from the adsorption energy
dependence on the composition at higher Li coverages,
increasing Li content significantly reduces the adsorption
strength with the underlying graphene as a result of increasing
Li—Li repulsion. Similarly, the lithiation energies for graphene
with low and high density DV defects are shown in Figure 6¢,d.
For low defect density, Figure 6c, the lithiation energy shows a
negative slope for up to two Li (x = 0.067), above which the
slope becomes positive, suggesting that metallic Li precipitation
is likely. Note that the strength of Li—C interaction for this
defect is stronger than that of the SW defect. With increasing
defect density, for the less stable DV defect configuration
predicted by the GA (Figure 2b), the lithiation energy (Figure
6d) has a negative slope for up to two Li (x = 0.071), and then
the slope becomes positive. Comparing the results for two DV
defect densities, we find less exothermic Li formation energies
for the high density case, corresponding to less positive
voltages, although the saturation capacity remains almost
unchanged. We note that the weaker binding likely results
from the specific defect configurations and will not necessarily
be observed for all DV defect arrangements, as shown in the
following section on the extended defects.

The above Li/C ratios imply lithiation capacities below that
offered by graphite (372 mAh/g). These observations suggest
that graphene, at least with the point defects and defect
densities discussed above, is unlikely to lead to higher capacity
than graphite. This conclusion, in turn, is broadly consistent
with a variety of experimental studies. The experimental
observations using electrochemical techniques and in situ
Raman spectroscopy for lithiated SLG and FLG reported by
Pollak et al,** show that SLG does not have any sharp anodic
and cathodic peaks in the cyclic voltammograms (CV). Li
intercalation into graphite, on the other hand, is known to
appear as well-defined cathodic peaks associated with the
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formation of different intercalation stages (stages 1 and 2)7°
that are also observed for the FLG. In situ Raman spectra for
SLG showed a gradual shift of the G-band to higher frequency
upon cathodic polarization resulting from electron doping. The
shift was completed at 0.5 V, and upon polarization at
potentials less than 0.5 V, no further shift was observed,
suggesting that Li doping reached its maximum level at 0.5 V.
The presence of a G-band at 0.01 V for the SLG also ruled out
the formation of the LiC4 phase as seen for the lithiated FLG.
Liu et al.** suggested that the difference in lithiation behavior
between graphene and graphite results from differences in the
Li—C binding energies. The more favorable Li intercalation
energies in graphite are assigned to charge screening from the
multiple graphene layers, which reduces repulsion between
intercalated Li ions.**

Li Adsorption on Graphene with an Extended Defect.
As a final model for lithiation of high defect density graphene,
adsorption of varying Li content on graphene with an extended
defect (Figure 2a) is evaluated and compared with the less
stable high density DV defect configurations discussed above
(Figure 2b). The most stable Li adsorption site for the
extended defect is on top of the octagon (Figure Sb), with
stronger adsorption energy as compared to the less stable high
density DV defect (Figure Sc, with an isolated Li adsorption
energy difference of 100 meV). As Li is successively adsorbed
on graphene with an extended defect, higher Li content
configurations will consist of two octagons. This ultimately
further enhances Li adsorption on this defect configuration.
Indeed, the differential binding energy analysis shows that three
Li can be stably adsorbed on the extended defect (x = 0.107),
which is higher than the number of Li associated with the other
defects considered in this study.

Figure 7 shows the lithiation energy plot as a function of
composition. The plot has a negative slope up to a composition
of x = 0.107. As compared to the point defect configurations
considered, the results show that more Li can be adsorbed on
graphene with this one-dimensional extended defect. Although
this extended defect is made of point defects as the building
blocks, and it has the same density as the case with two DV
defect in the cell (Figure 2b), the fact that the initial Li
adsorption is more favorable for the extended defect allows
enhanced adsorption upon successive lithiation. This special
configuration of the octagons in an extended defect seems
promising for increasing the capacity as compared to the
considered defect configurations here. It has been shown that
CVD-grown graphene on a Ni(111) substrate accommodates
such one-dimensional extended defects embedded into the
hexagonal graphene lattice.”"

Enhanced Capacities for Graphene with Defects.
Using the results of the maximum percentage of Li adsorbed
stably on graphene with varying defect densities (corresponding
both to the transition from positive to negative differential
binding energies and to the composition at the minimum of the
formation energy plots), we calculate the corresponding
capacities, C (mAh/g). As mentioned above, for both pristine
graphene and graphene with low densities of SW defects, Li
does not adsorb stably, and hence, for both structures, the
capacity is zero. In contrast, for graphene with low density DV
defects, we find that the maximum Li adsorption is ~6.7%,
giving a capacity of 149 mAh/g for Li. The result suggests that
graphene with one DV defect could in fact turn pristine
graphene into an anode of modest capacity. The calculated
capacity for Li on the graphene with DV defects is lower than

that for the bilayer graphene®>** (186 mAh/g) and that offered
by graphite (372 mAh/g).>**** Increasing the density of the
SW defects makes it possible for Li to be adsorbed with a
maximum concentration of 6.25%. The corresponding capacity
is 140 mAh/g, which is again lower than that offered by the
bilayer graphene and the graphite.>*** The maximum
percentage of Li adsorption on the high density DV defect is
7.1%, which in turn gives a capacity of 159 mAh/g. On the
other hand, graphene with an extended defect shows the
maximum Li adsorption to be 10.7%, giving a capacity on the
order of 239 mAh/g. This result suggests that the extended
defect configuration could enhance the capacity, storing more
Li as compared to the point defects considered here, and
compared to the bilayer graphene reported in earlier
studies.>>** It is possible that, by carefully engineering extended
defects of even higher density into graphene, electrodes with
capacities approaching that of graphite might ultimately be
developed.

4. CONCLUSIONS

First-principles calculations are performed to explore Li
adsorption on pristine SLG, SLG with varying densities of
SW and DV point defects, and an extended defect. Accordingly,
the effectiveness of the modified graphene structures for Li
storage is evaluated. The most stable adsorption sites for Li in
all structures are the hollow sites on the defect zones. The
defect zones, in turn, have a tendency to capture Li with
stronger adsorption in these regions. For high Li coverages, the
lowest energy adsorption configurations are associated with Li
being adsorbed on both sides of the graphene sheet. The results
for Li adsorption on pristine SLG are in agreement with earlier
observations that on defect-free SLG, Li has a positive
adsorption energy, which monotonically increases with
increasing Li content. For graphene with low density SW
defects, the Li adsorption energy is positive as well, suggesting
that both defect-free SLG and graphene with low density SW
defects are unsuitable for storing Li. On the other hand, Li
adsorption is relatively strong on the DV defects with an
adsorption energy magnitude of 0.71 eV. The inclusion of vdW
interactions has a minimal effect on the determined trends
compared to standard PBE calculations.

Based on the analysis of the most stable compositions, the
calculated capacities suggest that for point defects, increasing
density of SW defects make it possible to reach a capacity on
the order of 140 mAh/g, which is a significant enhancement in
comparison to the lower density SW defects (zero capacity).
The presence of DV defects on graphene leads to modest
capacities of up to 160 mAh/g, which is, however, still lower
than that of graphite. The analysis of an extended defect on
graphene suggests that the presence of such extended defects
could lead to much higher capacities (240 mAh/g) than those
of the point defects, as well as of those of the bilayer graphene;
however, the capacities are still below those of graphite.
Although the overall predicted capacities are still modest, these
results support the potential interest in engineering graphene
with defects to activate the graphene surfaces for achieving
enhanced Li capacities in LIBs. We suggest that further
increasing the densities of extended defects may potentially
help to improve the capacity, and even perhaps ultimately
exceed the capacity of graphite if suitable defect configurations
can be tailored.
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results regarding the structure of the lowest energy adsorption
configurations of Li are given. The defect formation energies
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