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ABSTRACT: In the present study, we investigate the irradiation-defects
hybridized graphene scaffold as one potential building material for the anode of
Li-ion batteries. Designating the Wigner V2

2 defect as a representative, we
illustrate the interplay of Li atoms with the irradiation defects in graphene
scaffolds. We examine the adsorption energetics and diffusion kinetics of Li in
the vicinity of a Wigner V2

2 defect using density functional theory calculations.
The equilibrium Li adsorption sites at the defect are identified and shown to be
energetically preferable to the adsorption sites on pristine (bilayer) graphene.
Meanwhile, the minimum energy paths and corresponding energy barriers for Li
migration at the defect are determined and computed. We find that, while the
defect is shown to exhibit certain trapping effects on Li motions on the graphene
surface, it appears to facilitate the interlayer Li diffusion and enhance the charge
capacity within its vicinity, because of the reduced interlayer spacing and
characteristic symmetry associated with the defect. Our results provide critical assessment for the application of irradiated
graphene scaffolds in Li-ion batteries.
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■ INTRODUCTION

Carbon-based materials such as graphite and multilayer
graphene have drawn paramount interest as a state-of-art
anode material for Li-ion batteries.1−5 These materials exhibit
good Li storage capacity and fast charge/discharge character-
istics.6−10 They also possess high electronic/thermal con-
ductivity and fast Li diffusion, which are especially advanta-
geous for battery applications.11−13 In addition, they exhibit
excellent in-plane mechanical integrity and are often combined
with other high-capacity anode materials (Si, FePO4, etc.)

14−16

to improve the failure resistance and cycling performance of Li-
ion batteries.
One major challenge associated with intercalation based Li-

ion batteries is the repeated volume expansion/shrinkage
during Li insertion/extraction. The volume change can be
substantial (i.e., >150%) for high-capacity Li-ion batteries,17,18

leading to substantial stress that causes electrode fracture, loss
of electrical contact, and rapid fading of capacity. Graphite/
multilayer graphene, despite their in-plane strength, are also
vulnerable to large volumetric deformations, because of the
weak bonding (van der Waals forces) between graphene sheets,
and often suffer interlayer failure during Li intercalation. For
instance, one major cause of degradation in graphite-based Li-
ion batteries is the constant breakage and reformation of the
solid electrolyte interfaces,19,20 due to exfoliation.21,22

However, the above challenges pertinent to graphite/
multilayer graphene may be potentially overcome by fabricating
hybrid three-dimensional (3D) graphene scaffolding structures
where graphene sheets are “cross-linked” through covalent
bonds between neighboring sheets, as illustrated in Figure 1a.
The idea of such scaffolding structures has been previously
demonstrated by da Silva et al.23 for carbon nanotube bundles
(CNBs) where covalent bonds form strong crosslinks between
individual nanotubes, leading to a sizable increase in the shear
modulus of CNBs. It has been shown23−28 that the covalent
crosslinks in carbon-based materials can be introduced via high-
energy defects produced by irradiation.29−31 In particular, for
graphite/multilayer graphene, one prevailing category of such
defects are the Wigner defects.32 The Wigner defects exhibit
formation energies and migration barriers on the order of ∼10
eV, making them thermodynamically stable and immobile at
ambient temperature. However, the presence of those defects
necessarily modifies the local atomic and electronic structures,
and, subsequently, how Li atoms interact with graphite/
multilayer graphene. In this regard, it is of great importance to
understand the interactions between Li atoms and the Wigner
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defects, and how their interactions impact the Li transport
process and, consequently, battery performance.
In the present study, we focus on a AB-stacked bilayer

graphene with a Wigner V2
2 defect23 as a simple version of the

graphene scaffold to illustrate the role of irradiation defects
during Li intercalation. Through density functional theory
(DFT) calculations, the equilibrium adsorption sites and
energetics of Li atoms, in the low concentration limit, in the
vicinity of the defect are identified. Meanwhile the charge
transfer processes and electronic structures for various Li-defect
configurations are investigated. The local migration paths/
barriers of Li at the defect then are examined. In the end, the
implications of our findings on Li transport in irradiated
graphene scaffolds and, subsequently, the charging behaviors of
Li-ion batteries are discussed.

1. COMPUTATIONAL METHODOLOGY
Spin-polarized density functional theory (DFT) calculations were
performed using the Vienna ab initio Simulation Package (VASP)33

with projector augmented-wave (PAW) potentials.34,35 The electrons
explicitly included in the calculations are the (2s22p2) electrons of C
and the (1s22s1) electrons of Li. A cutoff energy of the plane wave
basis set of 800 eV is used in all calculations. The Wigner V2

2 defect
examined in this study is a crossplanar divacancy formed as a result of
the coalescence of two interplanar vacancies. It exhibits lower

formation energy and thus thermodynamically more stable than
other Wigner divacancy defects. Nonetheless, preliminary studies on
the other Wigner divacancy defects (e.g., Wigner V2

1) have also been
performed, showing largely similar results (i.e., in terms of Li
energetics and kinetics at the defect).

In all calculations, a simulation cell with a Wigner V2
2 defect

centered in a 4 × 4 × 1 bilayer graphene is created, as shown in Figure
1. Sample calculations using larger cell sizes (i.e., up to 8 × 8 × 1 cell)
are also performed, showing no size dependence of our results. The
distance between two neighboring bilayer graphenes is chosen to be 15
Å to eliminate image interactions across the periodic boundary
perpendicular to the graphene sheet. The simulation cell is first relaxed
with both the cell shape and volume allowed to change to reach the
ground state, following which Li atoms are introduced individually to
examine their adsorption at the defect. In the relaxations of ionic
coordinates and supercell vectors, the convergence was considered
reached when the forces on all ions were less than 0.01 eV/Å. The
migration kinetics of Li between neighboring adsorption sites then are
investigated using the climbing image Nudged Elastic Band (ci-NEB)
method.36 The NEB calculation is considered converged when the
force on each image is less than 0.01 eV/Å.

One thing to note is that the van der Waals (vdW) interactions
were not considered in the present study. Previously, it was shown by
Lee et al.37 and Fan et al.38 that the vdW interactions can have sizable
effects on the Li adsorption energy on graphene. However, we find
that the vdW interactions have rather small influence on Li adsorption
around the Wigner defect (see the Supporting Information). This is
likely due to the interlayer bond at the defect. The interlayer bond,
being covalent in nature, dominates the local atomic structure at the
defect and thus the Li energetics.

2. RESULTS AND DISCUSSION

2.1. Benchmark Results of the Wigner V2
2 Defect. To

put the interplay between the Wigner V2
2 defect and Li atoms

into proper perspective, we first examine the structural and
electronic properties of the Wigner defect in the absence of Li.
The relaxed atomic configuration of the defect is shown in
Figure 1b. The graphene sheets at the defect are interconnected
via a covalent bond of 1.38 Å in length. C atoms reconstruct at
the vicinity of the defect, exhibiting considerable out-of-plane
displacements. These results are in excellent agreement with
those previously reported in ref 32.
The significant geometric reconstruction induced by the

defect necessarily modifies the local electronic properties. In
this regard, we examine the band structure and density of states
(DOS) of the system, shown in Figure 1c. We note from Figure
1c that the system exhibits a Fermi energy of Ef = −0.438 eV,
which is ∼0.08 eV lower than the pristine bilayer graphene.
Also, we see that there is a noticeable band gap of ΔE ≈ 0.08
eV39 at the Fermi level, in comparison to the near-zero band
gap in the pristine bilayer graphene. Analysis of the DOS shows
that the bands near the Fermi level come from those
reconstructed C atoms in the immediate vicinity of the defect,
suggesting that the band gap (or doping level in the case of
dilute defect concentration; see note in ref 39) directly
attributes to the Wigner defect.

2.2. Energetics and Electronic Structures of Li Atoms
at a Wigner V2

2 Defect. Li atoms, when intercalated into a
AB-stacked bilayer graphene (with or without the Wigner V2

2

defect), may either occupy sites on the outer surfaces or
between two graphene layers, denoted as T-sites and M-sites,
respectively. We note that the locations of these sites can be
different as the Li concentration varies.40 For the sake of
simplicity, in the context below, we limit our discussion to the
low Li concentration regime.

Figure 1. (a) Illustration of an example 3D graphene scaffold
structure, where neighboring graphene sheets (i.e., colored dark gray)
are bridged through covalent links (i.e., indicated by vertical line
segments) provided by cross-planar defects. (b) Top and side
projection views of the Wigner V2

2 defect, with the C atoms in
different graphene sheets colored dark gray and cyan for clarity. The
corresponding band structure and density of states (DOS) plots of the
system are shown in panel (c), where a band gap opening of 0.08 eV is
indicated.
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For a pristine AB-stacked bilayer graphene, the Li adsorption
on the outer surfaces is similar to the case of a monolayer
graphene, with the equilibrium T-sites being directly on top of
the hexagon (hollow sites), instead of on top of C atoms (i.e.,
top sites) or on top of C−C bonds; while the equilibrium M-
sites are hollow sites with respect to one graphene sheet and
top sites with respect to the other graphene sheet.28,41,42 To
assess the energetics of Li adsorption on bilayer graphene, we
compute the adsorption energy of a Li adatom (Ead) as

= − −‐E E E Ead Li GP Li GP (1)

where ELi‑GP, ELi, and EGP denote the total energy of Li
adsorbed bilayer graphene, the energy of an isolated Li atom,
and the energy of the bilayer graphene, respectively. For an AB-
stacked bilayer graphene, we find that the adsorption energies
of Li at T-sites and M-sites are −1.36 eV and −2.15 eV, with
the Ead of the Li adatom being 1.73 Å and 1.92 Å away from the
corresponding hexagon centers, respectively, as listed in Table
1.

Locally at the defect, the interactions between Li and C
atoms are however necessarily different from the case of a
pristine bilayer graphene. Figure 2 shows the positions of a
subset of the equilibrium Li adsorption sites identified in the
vicinity of the Wigner V2

2 defect, showing six nonidentical T-

sites and five M-sites that correspond to local energy
minimums. These T-sites and M-sites are numbered from 1−
6 and 1−5, respectively. Figure 2 shows us that, among the T-
sites, site 1 is centered directly above the defect, and sites 2−5
sit roughly on top of hexagons, and site 6 sits above a pentagon;
whereas for the M-sites, site 1 sits above a pentagon and the
rest remain on top of hexagons with respect to the bottom
sheet. These sites also present the “basis” set, from which other
equivalent adsorption sites around the defect can be identified
via symmetry operations. The corresponding adsorption
energies of Li at those sites are listed in Table 1. We note
that, for both the T-sites and M-sites, the Ead values of Li at the
defect are lower than the ones in a pristine AB stacked bilayer
graphene, meaning Li is more energetically favorable around
the defect. Thus there is a thermodynamic tendency for
intercalated Li atoms to segregate at Wigner defects. To
understand the strong binding of Li atoms at the Wigner defect,
below we examine the local electronic structure and charge
transfer phenomena.
Figure 3 shows two representative atomic configurations,

with Li adsorbed at T-site 1 (cf. Figure 3a) and M-site 1 (cf.

Figure 3b), along with the corresponding charge distributions
that are represented by the charge density difference Δρ, which
is defined as

ρ ρ ρ ρΔ = − ++ [ ]Li GP Li GP (2)

where ρLi+GP, ρLi and ρGP denote the charge densities for the
entire system, an isolated Li atom, and the defective bilayer
graphene, respectively. The Δρ contours are drawn on top of
the atomic configurations in Figure 3. In both cases, we see
significant charge transfer from the Li atom to its neighboring
C atoms. In order to quantify the amount of charge transfer
between Li and C atoms, we perform the Barder charge

Table 1. Computed Adsorption Energies at Different Sites

T-site Ead (eV) M-site Ead (eV)

1 −2.26 1 −2.60
2 −2.00 2 −2.53
3 −1.86 3 −2.47
4 −1.86 4 −2.34
5 −1.98 5 −2.54
6 −2.09 Hm

a −2.15
Ht
b −1.36

aHm denotes the hollow sites between two graphene sheets in a
pristine AB-stacked bilayer graphene. bHt denotes the hollow sites on
the outer surface of a pristine AB-stacked bilayer graphene.

Figure 2. Top and side views of the nonequivalent (a) T-sites 1−6 on
graphene surfaces, and (b) M-sites 1−5 between graphene sheets for
Li adsorption. Here, the adsorption sites are colored magenta, while
the C atoms in different graphene sheets are colored dark gray and
cyan, respectively, for clarity.

Figure 3. Side views of the charge difference (cf. eq 2) contours
around the Wigner V2

2 defect when a Li atom is adsorbed (a) at T-site
1 and (b) M-site 1, where the Li atom is colored magenta whereas C
atoms in the top and bottom graphene sheets are colored dark gray
and cyan, respectively. The amounts of charge transfer in the unit of
electron from the Li atom to the C atoms neighboring it are indicated
in the corresponding top projection views (panels (c) and (d)). The
black and blue numbers indicate charge transferred to C atoms on the
top and bottom sheets, respectively.
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analysis,43−45 which computes the estimated charge on each
atom. For the particular configuration shown in Figure 3a,
where Li occupies T-site 1, the Barder analysis shows a total
charge of 2.1 electrons on Li, suggesting Li very much
completely lose its valence electron. The charge Li loses is then
found to distribute mostly among its immediate C neighbors, as
shown in Figure 3c, where the amount of charge transferred to
each C atom is indicated. Similar analysis has been performed
for the case of Li occupying M-site 1. We again found that the
Li atom gives away its valence electron, distributed among its
immediate C neighbors. However, in the case of Li being at the
M-site 1, charge gets transferred to C atoms in both graphene
sheets. We note that, in both cases shown in Figures 3a and 3b,
the distribution of charge is largely nonuniform among C atoms
neighboring Li, in sharp contrast to the case of Li sitting on a
pristine (bilayer) graphene where the transferred charge is
mostly distributed uniformly among the six C atoms
immediately surrounding Li.46

Meanwhile, the corresponding band structures and DOSs of
Li-defect systems are computed. Figure 4 shows the results for

the two sample configurations previously shown in Figures 3a
and 3b. We see that the Fermi energies are −0.0872 eV (at the
T-site) and −3.072 eV (at the M-site), respectively; both are
higher than that of a Li-free Wigner V2

2 defect. In addition, we

observe that several bands above the Fermi level shift
downward upon Li adsorption, accompanying the disappear-
ance of the band gap, suggesting that the material changes from
a semiconductor to a conductor. Similar trends are also
observed for Li adsorbed at other locations. These findings
resonate with the case of Li adsorption on pristine (bilayer)
graphene where zero band gaps and increases in the Fermi
energies are also observed. However, we note that the change
in the Fermi level induced by Li adsorption at the defect is
much smaller.41,47,48

2.3. Migration Properties of Li at a Wigner V2
2 Defect.

Above, we have demonstrated that Li atoms exhibit lower
adsorption energies (cf. Table 1) at the Wigner defect. This is
likely due to the defect modifying the local charge distribution/
electronic structure and, subsequently, Li−C interactions.41,49

The preferential binding suggests segregation and potential
trapping of Li at the defect. This necessarily impacts the local Li
kinetics and subsequently battery charging behaviors. For
example, the Wigner defect may serve as a potential sink to trap
Li motions, which can result in advocate effects in battery
capacity and charging/discharging rates. In this regard, we
investigate the migration properties of Li at the Wigner defect.
From Table 1, we note that Li has the lowest adsorption
energies at T-site 1 and M-site 1 (i.e., when adsorbed on outer
graphene surface and in the middle, respectively). Thus, they
represent the strongest trapping sites at the defect. In the
following discussion, we examine the migration of Li from
those sites to other equilibrium binding sites in their immediate
neighborhoods. The minimum energy paths (MEPs) are
examined through NEB calculations with T-site 1 or M-site 1
taken as the initial point and its immediate neighboring binding
sites taken as final points. Depending on the distance between
the initial and final points, 5−10 images are used in the NEB
calculation. The corresponding migration barriers (denoted as
Em) obtained are listed in Table 2, and two representative
MEPs are shown in Figure 5.
For Li kinetics starting from T-site 1, the final point can be

T-sites 2−6. Among the MEPs, we find that the saddle point
occurs on top of a C atom for Li migrating toward T-sites 2−3,
and at a bridge site above the C−C bond for Li migrating
toward T-sites 4−6. The corresponding Em ranges from 0.26 eV
to 0.54 eV (cf. Table 2). We note that these Em values are on
the same order as the Em (i.e., spanning from 0.322 to 0.34 eV)
of Li on the outer surface of a graphene or graphite,50,51

although, on average, higher. Also we note that the MEP for Li
migration from T-site 1 → T-site 2 yields an Em of 0.26 eV,
suggesting that Li can easily escape from the Wigner defect
through that path.

Figure 4. Plots of band structure (left) and density of states (DOS)
(right) of the Li-defect systems where a Li atom is adsorbed at (a) T-
site 1 and (b) M-site 1, respectively.

Table 2. The Migration Barrier (Em) of Li

T-site Data

path T-site 1→2 T-site 1→3 T-site 1→4 T-site 1→5 T-site 1→6
Em (eV) 0.260 0.480 0.540 0.498 0.436

AB-Stacked Bilayer Graphene Data

path adjacent sites on surface of AB-stacked bilayer graphene
Em (eV) 0.33,a 0.322,b and 0.34c

M-site Data

path M-site 1→I5
Em (eV) 0.083

aData obtained from this work. bData taken from ref 50. cData taken from ref 46.
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On the other hand, for interlayer Li kinetics at the Wigner
defect, the migration does not occur directly between the M-
sites identified. Instead, a MEP starting from a M-site would
end at an image M-site. Those image M-sites are a set of Li
adsorption sites that are equivalent images of the M-sites listed
in Table 1 due to the Ci (i.e., inverse) symmetry of the Wigner
V2

2 defect.52 For instance, the MEP starts from the M-site 1
would end at a site (denoted as site I5 in Figure 5) that is an
equivalent image of the M-site 5, as illustrated in Figures 5b and
5d. Overall, our findings indicate that the Em value between M-
sites (and image M-sites) at the Wigner defect is on the order
of 0.08 eV (e.g., Em = 0.083 eV for migration from M-site 1 to
image M-site I5, cf. Figures 5b and 5d), significantly lower than
the migration barrier for Li motions on the outer graphene
surface. This value of Em is also lower than the interlayer Li
migration barrier in graphite (∼0.2 eV).53 The low Em

presumably comes from the reduced interlayer separation and
AB-stacking locally at the defect. In addition, the presence of
the image M-sites effectively doubles the Li adsorption sites
and, thus, the charge capacity compared to the normal Li-
graphite system. We note, however, that Li intercalation will
induce the overall sequence of graphene sheets to change from
AB-stacking to AA-stacking.7 Thus, a competition between the
stacking sequences is expected during lithiation. Nevertheless,
the atomic configuration in the immediate vicinity of the
Wigner defect likely can be (partially) retained, because of the
strong interlayer covalent bonding.

From our results on Li migration, we note that, while the
Wigner V2

2 defect has some adverse effects on Li migration on
the graphene surfaces (cf. Table 2), it facilitates Li diffusion and
increases local charge capacity for interlayer Li intercalation,
because of the defect-induced stacking sequence and reduction
in interlayer spacing. In addition, it was postulated by several
studies37,54,55 that structural defects, particularly vacancy-like
defects, can aid Li diffusion through graphene sheets. Although
the through-layer Li kinetics is beyond the scope of our current
study, we have performed some preliminary calculations that
show the diffusion barrier for through-layer Li diffusion via the
Wigner defect is 7−8 eV, being 2−3 eV smaller than the
diffusion through a pristine graphene sheet.37 Thus, the effects
of the Wigner defect are 2-fold. Given that the overall Li
kinetics is a combination of contributions from surface,
interlayer and through-layer Li diffusion, one may tune the
defect density together with the surface-to-volume ratio to
optimize the performance of 3D graphene scaffolds in Li-ion
batteries.

3. CONCLUSIONS

To conclude, we have performed first-principles calculations to
study the adsorption energetics and transport kinetics of Li in
the vicinity of a Wigner V2

2 defect to illustrate the interplay
between Li atoms and irradiation-induced defects in graphite/
multilayer graphene. We have identified equilibrium adsorption
sites for Li at the Wigner defect and shown that they are
energetically preferable, compared to the sites on pristine

Figure 5.Migration paths of Li (identified via the NEB calculations) (a) from T-site 1 to T-site 6 and (b) from M-site 1 to its neighboring image site
I5, with the Li positions corresponding to the saddle points indicated by the dashed white circles. The corresponding MEPs are shown in panels (c)
and (d), respectively.
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(bilayer) graphene. We find that the migration barriers for Li
diffusion on the graphene surface increase at the vicinity of the
defect, suggesting adverse effects of defects on surface Li
motions. On the other hand, the interlayer Li diffusion along
with the charge capacity are enhanced around the defect,
because of the reduced interlayer spacing and particular
symmetry associated with the defect. Our study provides
important insights toward the design and application of
irradiation-defects hybridized graphene scaffolds in Li-ion
batteries.
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