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ABSTRACT: Coexistence of both edge plane and basal plane in
graphite often hinders the understanding of lithium ion diffusion
mechanism. In this report, two types of graphene samples were
prepared by chemical vapor deposition (CVD): (i) well-defined
basal plane graphene grown on Cu foil and (ii) edge plane-enriched v v . e
graphene layers grown on Ni film. Electrochemical performance of
the graphene electrode can be split into two regimes depending on
the number of graphene layers: (i) the corrosion-dominant regime
and (ii) the lithiation-dominant regime. Li ion diffusion
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perpendicular to the basal plane of graphene is facilitated by

defects, whereas diffusion parallel to the plane is limited by the steric hindrance that originates from aggregated Li ions adsorbed
on the abundant defect sites. The critical layer thickness (I.) to effectively prohibit substrate reaction using CVD-grown graphene
layers was predicted to be ~6 layers, independent of defect population. Our density functional theory calculations demonstrate
that divacancies and higher order defects have reasonable diffusion barrier heights allowing lithium diffusion through the basal

plane but neither monovacancies nor Stone-Wales defect.

B INTRODUCTION

Graphite has been widely used as an anode material in lithium
ion batteries due to its well-defined layered structure for lithium
intercalation, low operating potential, and remarkable interfacial
stability." Graphite has two characteristic planes: a basal plane
and an edge plane, which are parallel and perpendicular to the
c-axis, respectively. It is known in general that the basal plane
and edge plane exhibit different physical and chemical activities
in many aspects, leading to different lithiation capabilities in
graphite.”> The diffusion time constant for Li ion insertion
within the active graphitic flakes is governed by the formula 7 =
L?/2D, where L is the diffusion length (or radius of spherical
flake) and D is diffusion coefficient.* Although lithium diffusion
through basal plane is rather limited, lithium diffusion may still
occur through several defect sites, such as vacancies and grain
boundaries.”® Lithium diffusion through an edge plane of
graphitic flakes can be easily facilitated but is further
complicated by the presence of different functional groups
such as hydroxyl and carboxyl groups. In other words, lithiation
through these two different planes is highly anisotropic.””
One ambiguity in understanding a diffusion pathway of
lithium ions in graphite is the coexistence of both edge planes
and basal planes in the sample. The presence of these two
different interfaces is unavoidable in conventional graphite.'”"!
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Currently available highly oriented pyrolytic graphite (HOPG),
which is well-known as a highly ordered crystallographic
structure, has a finite size of flakes whose edge planes are still
abundant in addition to basal planes. Therefore, lithium ion
diffusion through the basal plane cannot be exclusively
observed.”™® Thus, a well-defined basal plane of graphite with
a large area is required to have a comprehensive picture of
lithium diffusion mechanism in lithium ion batteries.

Recently, large area monolayer and multilayer graphene have
been synthesized by chemical vapor deposition (CVD).'>'?
This paves a new route for exploring numerous new
fundamental sciences and, moreover, developing numerous
technological breakthroughs in electronics and energy
storage.'*'® Large area graphene can be transferred onto any
substrate by a simple transfer process and therefore an anode
electrode with layered graphene without leaving an edge plane
(or negligible portion of edge plane) is easily attainable. This
provides an opportunity to study the diffusion of lithium ions
exclusively through the basal plane of graphene.

However, in lithium ion batteries, corrosion of the
conventional current collectors such as Al, Cu, and stainless
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Figure 1. Schematic of a coin cell fabrication process with Cu-grown SLG or Ni-grown MLG. Bilayer and trilayer graphene coin cells were fabricated

by repeatedly transferring monolayer graphene.

steel (SUS) can adversely affect lifetime and safety through
increased internal resistance, passivation of active materials, and
consumption of electrolyte/active electrode materials.'” ">
Anode performance of thin graphene layers can be misguided
by the strong substrate reaction since the most reactive lithium
ions exist in electrolyte.*** It has been proposed that
monolayer graphene can be used as a protective layer for
substrate a§ainst air oxidation and mild electrochemical
reaction.”®>” Therefore, information on the critical layer
thickness of graphene (I.) to minimize the substrate effect
and the influence of defects to I are key ingredients to
understand electrochemical reaction and protective nature of
graphene layers under severe electrochemical condition.

The main purpose of this work is two-fold: (i) To clarify the
lithium diffusion pathway through the basal plane of graphene
layers and (ii) to investigate the influence of defect population
to lithium ion diffusion and the protective ability of graphene
layers. In this work, we prepared Cu-grown monolayer
graphene (SLG) samples and Ni-grown multilayered graphene
(MLG) samples that are dominated with graphene basal planes
and edge planes, respectively. We found that the electro-
chemical performance of few-layer graphenes (FLGs) which are
overlapped up to three layers of SLG is strongly affected by the
substrate reaction. Experiments with Ar plasma treatment
indicated that 6 layers of basal plane-enriched large area
graphene were needed to provide effective substrate protection.
Combing the experimental results and density functional theory
calculations, we proved that basal plane hindered lithium ion
diffusion with a high diffusion barrier height, whereas
divacancies and higher order defects can be shortcuts for
lithium ion diffusion.

B EXPERIMENTAL SECTION

Material Synthesis. Large area SLG was synthesized on copper
foil by atmospheric pressure (AP) CVD. Cu foil purchased from
Nilaco (Lot No. 113321, 99.96%, 100 pm in thickness) was
preannealed to 1060 °C for 2 h with 100 sccm of Ar gas and 200
sccm of H, gas to enlarge Cu grain size and then chemico-
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mechanically polished with FeCl; solution for flattening. The prepared
Cu foil was then brought into the growth chamber. The temperature
of the chamber was heated up to 1060 °C with 1000 sccm of Ar gas
and 200 sccm of H, gas for 20 min. Methane (S sccm) was then
introduced with 10 sccm H, gas for 5 min. After growth, the sample
was cooled to room temperature naturally in the same atmosphere. In
the case of MLG synthesis, Ni thin film (300 nm) was deposited on
SiO, (300 nm)/Si by a thermal evaporator. This was placed in rapid
thermal CVD chamber. The temperature was increased to 1000 °C in
S min in vacuum. Ni surface was reduced by flowing 45 sccm H, gas at
1000 °C. The gas mixing ratio of C,H,/H, was optimized to 2:45
sccm and flown for 1 min. After completion of growth, the gas supply
was terminated, and the chamber was cooled to room temperature.
The detail has been described elsewhere.”®*’

Transfer Process of a Graphene. PMMA (e-beam resist, 950 k
C4, Microchem) was spin-coated on the graphene/Cu foil (Ni film) at
1000 rpm for 60 s. To etch away Cu foil (Ni film), the sample was
submerged in a copper etchant (CE-100, Transene) for ~30 min (4 h
for Ni film). After rinsing by deionized water for a few times, the
PMMA/graphene layer was fished onto the CR 2032 cell case coated
with lithium-reaction resistive polymer. PMMA was removed by
acetone later after graphene was completely dried and attached onto
the cell case. The transferred sample was then annealed up to 650 °C
for $ h in high vacuum (1 X 107® Torr) for further removal of
PMMA.*

Argon Plasma Treatment of Graphene. Structural defects of
graphene were created by Ar* bombardment with different plasma
powers (1S W, 100 W) for 1 min. The transferred graphene was
brought into the vacuum chamber with a base pressure of 1 X 107
Torr and then filled with Ar gas of 100 sccm for a minute, followed by
the plasma ignition. This was repeated layer by layer to obtain Ar"
plasma-treated FLG samples.

Material Characterization. For optical images and confocal
Raman spectroscopy, the CRM 200 (WiTec, Germany) with 100 lens
(Olympus, N. A. 0.9) and ~1 mW of 532 nm laser was used. For
micro-Raman  spectroscopy (Renishaw, RM-1000 Invia) with an
excitation energy of 2.41 eV (514 nm, Argon laser) and UV—vis-
NIR absorption spectroscopy (Varian, Cary 5000) were used for
characterizing optical properties of the graphene films on SiO,/Si and
PET substrates, respectively.

Electrochemical Measurement. Electrochemical measurements
were performed with a CR2032 coin cell using VMP3 instrument
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Figure 2. Optical micrographs of (a) Cu-grown SLG and (b) Ni-grown MLG on SiO,/Si substrate. White dashed lines indicate wrinkles. Some
portion of thicker graphene is indicated by arrows. (c) Schematic of (i) SLG with a well-defined basal plane and (ii) edge plane enriched MLG. (d)
Micro-Raman spectra of SLG and MLG. Confocal Raman mapping of D/G intensity ratio of (e) SLG and (f) MLG from squared positions of (a)
and (b). The contrast is normalized to 0.4 to visualize the defect distribution for both images. (g) Wavelength-dependent transmittance (values are
provided at a wavelength of 550 nm) and (h) optical photographs of different number of graphene layers on PET substrate.
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Figure 3. (a) Cyclic voltammograms of different number of graphene layers samples at a scan rate of 0.1 mV/s. SUS-related redox reaction peaks
(Sos Sg) and lithium intercalation/deintercalation related peaks (Liy,/Lip,) are marked. (b) 1st and (c) 2nd galvanostatic charge/discharge profiles of
different number of graphene layers at a current density of S yA/cm® (d) The related layer-dependent capacities. The two regimes of corrosion-

dominance and lithiation-dominance are indicated.

(BioLogic Science Instruments). The cell was assembled in a dry room
using the CR 2032 cell case with different number of graphene layers
and bare foil (SUS 316) as a working electrode, lithium metal foil as a
counter/reference electrode, and a 1 M of LiPF6 in a 1:1 (v/v)
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as
an electrolyte. A glassy carbon microfiber was used as a separator. The
cells were charged and discharged galvanostatically between 3.0 and
0.01 V at a constant current of 5 A/cm? The AC impedance spectra
were obtained by applying a sine wave with an amplitude of 10 mV
over a frequency range of 100 kHz to 10 mHz.*'
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Theoretical Calculation. We performed density functional theory
calculations within generalized gradient approximation as implemented
in DMol3 code.**** All electron Kohn—Sham wave functions were
expanded in a local atomic orbital basis set with each basis function
defined numerically on an atomic centered spherical mesh. Double
numeric polarized basis sets (DNP) were used for all elements. The
dangling bonds of graphene edge were saturated by hydrogen atoms
and the atomic cluster structure which consists of 120 carbon atoms
and 48 hydrogen atoms were relaxed fully until the force on each atom
is less than 10™* eV/A and the total energy change is less than S X

dx.doi.org/10.1021/ja301586m | J. Am. Chem. Soc. 2012, 134, 8646—8654
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1075 eV. The dampened atom-pairwise dispersion corrections of the
form C¢R™® were also considered for calculations.>* Li adsorption
energy was calculated by E,q(Li) = E(Li + carbon) — E(Li) —
E,(carbon), where E,,(Li) is the self-energy of lithium atom and
E,(carbon) is the total energy of carbon system. Various local charges
were also calculated using Mulliken, Hirshfeld, and electrostatic
potential (ESP). (See also Supporting Information, SI, SS.)

B RESULTS AND DISCUSSION

Figure 1 shows a schematic of the CR 2032 coin cell type
battery fabrication. Once SLG was synthesized on Cu foil by
APCVD (Figure 1b), the graphene layer was transferred onto
the cell case (Figure 1c—e), as described in the Experimental
Section. The half cell was then fabricated with a counter/
reference electrode of Li foil for the test of Li diffusion through
well-defined basal graphene plane (Figure 1f). Bilayer and
trilayer graphene coin cells were also fabricated by repeatedly
transferring the monolayer graphene. MLG was synthesized on
Ni film to represent graphene where the edge plane was
enriched and the half cell was similarly fabricated.

In order to clarify the quality and layer number of graphene,
a series of characterization was done, as shown in Figure 2.
Figure 2a,b shows optical micrographs of the transferred SLG
and MLG on SiO,/Si substrate. The SLG grown on Cu foil was
rather flat, with the exception of a small portion (~ 4%) of
bilayer and trilayer graphene domains represented by the dark
spots (arrows) in the image (Figure 2a). Some wrinkles
indicated by the white dashed lines introduced during transfer
process were also visible. Contrary to this, Ni-grown MLG
showed multilayered flakes represented by the white spots
(arrows) in Figure 2b, creating numerous edge planes, as can be
visualized in Figure 2c. Micro-Raman spectra in Figure 2d
clearly show G-band near 1590 cm™', which is related to the
optical E,, phonon at the Brillouin zone center indicating sp*
hybridization of carbon network, and G'-band around 2694
cm™), which is also known as 2D-band, an overtone of D-band,
in both samples.*® Large G'/G intensity ratio (~2) with a small
D-band near 1350 cm™, which corresponds to transverse
optical phonon near the K point and indicates sp* hybridization
of carbon network, was observed in SLG, indicating high
quality monolayer graphene. However, the intensity ratio of G’/
G which is less than one reveals multilayered properties of Ni-
grown graphene. Defect distribution was shown in the images
of confocal Raman mapping of D/G intensity ratio in Figure
2e,f. Defects indicated by bright spots were scattered uniformly
over the surface, while grain boundary lines were faintly visible
in SLG. Small flakes were visible in MLG (Figure 2f). Although
D-band intensity was barely visible in Figure 2d, we clearly
observed from D/G band mapping that some defects were
distributed in both samples. Transmittance of each graphene
layer transferred onto PET substrate is provided in Figure 2g.
The transmittance of SLG was 96.5%, slightly smaller than
HOPG value of 97.7%, which may be attributed to some
portion of multilayered domain formation as described in
Figure 2a.*® Correspondingly, bilayer and trilayer graphene
samples revealed a systematic reduction in the transmittance.
The Ni-grown MLG showed 63.6% of transmittance,
corresponding to 15 layers in average by assuming 2.3%
absorption per each layer.*® Optical photographs were provided
to visualize different transmittances with different numbers of
graphene layers in Figure 2h.

Figure 3a shows cyclic voltammograms (CV) of different
numbers of graphene layers at a scan rate of 0.1 mV/s from

8649

0.01 to 3 V. The bare SUS electrode showed an anodic peak
near 1.03 V (Sg) and a cathodic peak around 0.78 V (Sg).
These redox peaks involve chemical reactions with Li ions and
possibly electrolytes. Both anodic and cathodic peaks were
reduced in the monolayer graphene electrode. These peaks
were reduced consecutively in bilayer and trilayer graphene
electrodes. It is obvious to see that the redox reaction of the
bare SUS electrode was suppressed by the coated graphene
layers. An additional cathodic peak appeared near 0.28 V in
bilayer and trilayer samples. The origin of these peaks could be
ascribed to defect-associated lithium adsorption.” At the MLG
(15 layer graphenes) sample, a sharp cathodic peak near 0.01 V
(Liy,) is identified as lithium intercalation and a rather broad
peak near 0.12 V (Lip,) is related to decomposition of graphitic
intercalation compound (GIC) stages.** It is of note that the
bare SUS-related peak was nearly compressed in this case. Both
Lip, and Liy, peaks appeared in this case, in good contrast with
FLG samples in which only a clear Lij, peak was observed,
suggesting that no GIC stages were formed in FLGs. The
distinct CV behavior of FLGs and MLG demonstrates that
lithium ion intercalation becomes more effective in MLG
induced by the considerable amount of edge planes, as shown
in Figure 2b.

Figure 3b shows the first galvanostatic charge/discharge
profile with a voltage sweeping range of 0.01—3 V at a constant
current of S pA/cm® As the number of graphene layers
increased, a long tail appeared in the charge curve at the low
voltage region. At MLG sample, a plateau appeared in the range
of 1.25-0.6 V. In graphitic material, the solid-electrolyte
interface (SEI) formation via electrolyte decomposition takes
place in the range of less than 1.0 V.”*"7 The SEI formation
potential varies with types of graphite planes. In general, SEI
forms at higher potential in edge plane than in basal plane.**~*
Therefore, we ascribed this plateau in MLG to edge plane-
related SEI formation. In the second cycle, the voltage profile
shows a gradual change in a wide range of voltages during
charge/discharge, revealing a V-shape curve, i.e, no plateau
region, as shown in Figure 3c. This is in good contrast with a U-
shaped curve in graphite electrode, where the edge plane
intercalation is dominant in the plateau region of low voltage
within 0.1 V.*** Capacities of graphene-coated electrodes in
Figure 3c were consistently smaller than those of the bare
electrode, and furthermore much smaller by about 30 times
than the recently reported graphene battery result.'® The huge
capacity difference comes from the use of different substrates
(See Figure S1 of the SI). This implies that in spite of graphene
layers coated on the electrode with well-defined basal plane, the
reaction with electrode did inevitably occur.

The related layer-dependent capacities are summarized in
Figure 3d. As the number of graphene layers increased, the first
charge capacity increased rapidly up to trilayer graphene
electrode and saturated at the MLG electrode. As described in
the schematic of Figure 2c, the basal plane is exposed during
lithiation up to three layers, whereas both the edge plane and
basal plane are present in 15 layers. Two different types of SEI
are formed: (i) basal-plane associated SEI (b-SEI) which is
formed up to 3 graphene layers and (ii) edge-plane associated
SEI (e-SEI) which is formed in MLG sample. It has been
known that b-SEI formed at lower potential is associated with
solvent reduction, while e-SEI formed at higher potential is
associated with salt ions.**~**** Since our basal plane contains
abundant defect sites, as observed from Figure 2d,e, some
decomposed solvent molecules may further diffuse into the
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subjacent layers along with Li ions or in a form of lithium
salvation and form additional b-SEI layer. This is why b-SEI
increases as the number of graphene layers increases at FLG
samples. At the MLG electrode, both b-SEI and e-SEI are
formed. Although e-SEI increases in this case, b-SEI is reduced
compared to FLG electrodes due to the decrease of effective
basal plane area of 15 layers (See Figure 2c) and therefore the
capacity from SEI formation is saturated in the first charge.
On the other hand, the first discharge capacity decreased
gradually up to three layer graphene electrode and increased at
15 layer electrode. Similar trend was also observed in the
second charge/discharge profile. The discharge capacities of the
second cycle were not much different from those of the first
cycle. A large capacity of the bare SUS electrode was reduced
by coating graphene layers up to three layers. This gradual
reduction was also expected from the reduced areas of CV
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curves in FLGs (Figure 3a). This implies several facts: (i) SUS
substrate reaction is systematically suppressed with an
increasing number of graphene layers (For impedance
measurement of pristine graphene layers, see Figure S2 of the
SI). (ii) Because lithium ions can diffuse through the basal
plane of graphene, monolayer graphene is not sufficient to
prohibit substrate reaction. Since the pure basal plane
presumably does not allow Li diffusion, the diffusion may be
provoked through some defect sites that exist on the graphene
plane, as observed from the D/G intensity ratio of confocal
Raman mapping in Figure 2e. This will be described later in
detail. In FLG samples, if we presume capacity only to be
contributed from intercalation (0.028 gAhcm™?/interlayer in
the case of LiCy), then the intercalation capacity reaches 0.056
uAh/cm? at trilayer graphene sample (see Figure S3 of the SI).
This value is negligible to the capacity (0.73 wAh/cm?)

dx.doi.org/10.1021/ja301586m | J. Am. Chem. Soc. 2012, 134, 8646—8654
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observed in our experiment. This tells us that even if
intercalation of lithium ions was invoked, the observation was
still obscured by the dominant SUS redox reaction. By noting a
linear decrease of the capacity and hence extrapolating to a
minimum capacity, I. to effectively prohibit the SUS redox
reaction is predicted to be ~6 layers (See Figure S2 of the SI
for the impedance measurement of 6 layer graphene sample).
As the number of graphene layers increases, the capacity from
the SUS redox reaction decreases, while the capacity reduction
will be compensated by the intercalation capacity between
graphene layers. After 6 layers, the capacity starts increasing by
the pure intercalation. We can define substrate corrosion-
dominant region up to 6 layers and lithiation-dominant region
after 6 layers, as visualized in Figure 3d.

The theoretically estimated capacity at 1S layers (or
effectively 9 layers), is 0.2 uAh/cm® (see Figure S3 of the
SI). However, this value is still far smaller than the observed
value of 1.30 sAh/cm?. This extra capacity could be ascribed to
the lithium adsorption on defects of the graphene surface,
which can be supported by the widely distributed defects
observed from confocal Raman mapping in our experiments
(Figure 2f). In the second cycle, the discharge capacity was
consistently smaller than the charge capacity, nearly independ-
ent of the thickness of graphene layers. This difference of 0.35
uAh/cm® in the charge/discharge capacity is irreversible
capacity and can be ascribed to strongly adsorbed lithium
ions on defects such as vacancies or grain boundaries formed
on the graphene layers. This will be discussed in the theory
section later.

Since defects on graphene basal plane seem to play an
important role in lithium diffusion, a systematic study is
required for comprehensive analysis. Figure 4a shows Raman
spectra of Ar plasma-treated monolayer graphene. At 15 W
plasma power, D/G intensity ratio was increased to 0.56 from
0.19 in no plasma-treated pristine graphene, implying structural
defect formation in the graphene plane. At 100 W, one
additional peak near 1620 cm™ (D’) appeared in addition to
further increase of D-band intensity (D/G intensity ratio is
1.66), indicating plausible formation of structural defects.* No
peak splitting of G-band into G" and G~ peaks indicates that
our process does not involve strain-induced effect.*® Figure 4b
shows CV diagrams for SLG electrode with different plasma
powers at a scan rate of 0.1 mV/s. (For CV diagrams of plasma-
treated graphene samples with different numbers of graphene
layers, see Figure S4 of the SL) It is obvious to see that the
redox reaction peak intensities of Sg and Sy related peaks were
enhanced and the related peak positions were also shifted after
plasma treatment. Those peaks are a combination of defect-
associated adsorption and SUS substrate reaction, as mentioned
in Figure 3a. Additional redox reaction due to the generated
basal plane defects by plasma treatment is provoked. Since the
protective layer is monolayer graphene, extra lithium ions
adsorbed on defects could easily reach the SUS substrate, thus
increasing the substrate redox reaction. The second galvano-
static charge/discharge capacity of SLG increased accordingly
compared to the pristine graphene sample, as shown in Figure
4c. (For charge/discharge profiles of plasma-treated bilayer and
trilayer graphene electrodes, see Figure S4 of the SI.) The
enhanced capacity was attributed to the increased adsorption of
Li ions on defects and increased substrate reaction, as
mentioned in Figure 4b. The second charge capacity kept
increasing with increasing plasma power, independent of the
number of graphene layers, as summarized in Figure 4d. The
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substrate redox reaction was also suppressed, which is identified
by the capacity decrease with increasing number of graphene
layers similar to that of pristine graphene samples.

Smaller capacity was increased in FLG electrodes compared
to that of SLG after plasma treatment and generated different
slopes, as shown in Figure 4d. The absolute slope increased
from 0.26 to 0.56 with increasing the plasma power.
Extrapolation of these slopes, which determines the critical
layer thickness to prohibit substrate reaction, gave rise to . of
~6 layers independent of the plasma power, ie., defect
population. This is rather surprising, because creation of
more defects in the basal plane is expected to increase basal-
plane diffusion of Li ions which will eventually increase
substrate redox reaction (See Figure 4b,c) and thereby larger
critical layer thickness should be required after strong plasma
treatment. In order to explain this contradictory phenomenon,
a schematic of Li diffusion through defects in the basal plane is
provided in Figure 4e. In the case of SLG, Li ion diffusion is
allowed through defect sites and no lateral diffusion limitation
is expected, since the graphene layer is fully surrounded by Li
ions in electrolyte. Therefore, a higher defect population will
enhance Li ion adsorption and also substrate reaction. In the
case of FLGs, where large area basal plane is dominant,
graphene layers are overlapped with each other so that Li ions
will diffuse through defects perpendicular to the plane of the
top layer first and diffuse along the plane of subjacent graphene
layer until they meet another defect site. Since these Li ions
may accumulate near the defect sites generated by Ar plasma, Li
diffusion along the plane direction will be limited by the steric
hindrance from aggregated Li atoms, which is different from the
SLG case. Therefore, further Li diffusion through graphene
basal planes in FLGs is constrained severely by the lateral
diffusion at higher defect density. Thus, when FLGs are used as
a protective layer, the defects-related lithium adsorption on
subjacent graphene layers and actual lithium ion reaction with
substrate are suppressed, which is again consistent with the
reduction of the peaks in CV diagrams (See Figure S4a,b of the
SI). As a consequence of these phenomena, the critical layer
thickness gives rise to the same value, independent of the defect
population. It will be worth mentioning the possibility of
forming oxygen-related functional groups on defect sites. Li
ions can also be adsorbed on such sites and thus our argument
of lateral diffusion suppression by the steric hindrance is still
valid.

It is intriguing to see the relationship between D/G intensity
ratio from Raman spectra and the slope extracted from charge/
discharge profiles, as shown in Figure 4f. The slope which
indicates Li diffusion through graphene layers is correlated to
the population of defects in the graphene plane. The larger
slope implies the slower diffusion rate and vice versa. Li ion
diffusion is limited by the Li aggregates adsorbed on the
increased defect sites described in the schematic (e). Thus,
information of Li diffusion obtained from electrochemical test
could be used as a metric for evaluating the defect population of
graphene, an important material parameter of graphene.

In order to understand what type of defects allows Li ion
diffusion through the basal plane of graphene, we conducted
density functional theory calculations for various defects: ideal
hexagonal site (H site), Stone—Wales defect (SW), mono-
vacancy (V1), and divacancy (V2). Li atom adsorbs on the H
site with a bond length of 2.35 A above the graphene plane and
with an adsorption energy of —1.69 eV, as shown in the upper
panel of Figure Sa and Table 1. Li ESP charge at H site is
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Figure S. Side and top views of atomic configurations (top panel), isosurface images of electrostatic potential (second panel), bond lengths and local
charge distributions at the barrier states (third panel), and diffusion barrier profiles of Li (bottom panel) through (a) graphene hexagonal site (H
site), (b) Stone-Wales (SW) defect (c) monovacancy (V1), and (d) divacancy (V2). Isovalue for rendering isosurfaces is 0.25 ¢/A>. The insets in the
third panel show the isosurface image of electrostatic potential for each corresponding structure without Li ion. Bond lengths (yellow color) and

electrostatic potential charges (white color) are in units of A and electrons, respectively.

Table 1. Defects Related Li Adsorption Energy, And Li Atomic Charges Calculated by Mulliken, Hirshfeld, And Electrostatic
Potential (ESP) at the Minimum Energy Configurations (M) and the Barrier States (B)“

Li atomic charge (e)

Mulliken Hirshfeld ESP
binding site adsorption energy (eV) diffusion barrier height (eV) M B M B M B
H site ~1.69 102 (10.7)% 0.55 —1.64 048 020 0.62 028
SW —-1.94 6.35 0.53 —1.00 0.44 0.20 0.63 0.67
VI -3.12 8.86(10.3)% 046 -1.05 0.38 0.14 071 0.53
V2 —-2.36 2.36 0.53 —0.04 0.40 0.18 0.62 0.56

“Positive charge indicates charge depletion from lithium atom. bSee ref 47.
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partially depleted to 0.62 e. The ESP charge of Li atom at
barrier state is 0.28 ¢, much less compared to that at the binding
site (see Figure S5 of the SI for details). This charge difference
between adsorption and barrier state is an important variable in
determining the Coulomb interaction energy. As the Li
approaches to the barrier site, the available space for Li is
narrow with a short separation distance of 1.52 A, invoking
severe charge overlapping between Li and adjacent carbon
atoms, as can be seen in the electrostatic potential contour in
the second panel of Figure Sa. This increases repulsive forces,
giving rise to large diffusion barrier height of 10.2 eV, similar to
the previous report (Table 1),*” validating our approaches.*® A
similar situation takes place in the SW defect, which is
abundant in the graphene grain boundary.*” The Li adsorption
energy near the heptagon is —1.94 eV, slightly stronger than
that of H site. Although the charge overlapping is still severe, a
longer separation distance of 1.60 A and also much less charge
difference between adsorption and barrier state (0.04 ¢) forms a
relatively smaller activation barrier height of 6.35 eV than that
of H site, as shown in Figure 5b. In the case of V1, Li adsorbs at
the vacancy site with an adsorption energy of —3.12 eV,
keeping closer distance (2.03 A), as shown in the top panel of
Figure Sc. The excess charge difference of Li atom between
adsorption and barrier site is 0.18 e and the closest separation
distance at the barrier site is 1.36 A. Charges are distributed not
only on the Li and carbon sites, but also between them,
implying both covalent bonding and ionic bonding characters
due to charge depletion from Li atom. This produces a large
diffusion barrier height of 8.86 eV. However, V2 provides a
rather large open space with an adsorption energy of —2.36 eV
near the middle of the two dimers (top panel of Figure Sd)
such that a large separation distance of 2.90 A is maintained.
This gives minimizes electrostatic charge overlapping and a
large bond length of 1.83 A at the barrier state, ie., steric
hindrance is minimized, as shown in the second and third
panels in Figure Sd. The charge difference between the
adsorption and the barrier states is 0.04 e. All of these factors
induced a smallest diffusion barrier height (2.36 eV) among the
defects we studied. This barrier height can be overcome under
the typical charging conditions of the battery.

B CONCLUSIONS

We have studied lithium diffusion pathways with two types of
graphene samples prepared by CVD; (i) well-defined basal
plane graphene grown on Cu foil and (ii) edge plane-enriched
graphene layers grown on Ni film. We have discovered that
electrochemical reaction of the electrode (substrate/graphene)
is not only related to the number of graphene layers but also
relies on the defect sites on the basal plane of graphene. The
experimental and calculated results related to the specific types
of defects, such as divacancies and higher order defects, that can
assist lithium ion diffusion through the basal plane could help
us in designing high capacity and highly conductive corrosion-
free electrodes for lithium ion batteries. It would be reasonable
to expect that the substrate-protective nature of few-layer
graphenes could be the basis for further investigation of the
preparation of original substrate, which remains unaltered with
respect to its properties and has a longer lifetime under the
severe electrochemical corrosion conditions found in batteries.
Furthermore, by correlating the lithium diffusion in graphene
layers to the D/G intensity ratio from Raman spectra, we
developed a way of predicting the defect population of
graphene with an electrochemical method.
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