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ABSTRACT: Despite rapidly growing interest in the application of graphene in lithium ion batteries, the interaction of the
graphene with lithium ions and electrolyte species during electrochemical cycling is not fully understood. In this work, we use
Raman spectroscopy in a model system of monolayer graphene transferred on a Si(111) substrate and density functional theory
(DFT) to investigate defect formation as a function of lithiation. This model system enables the early stages of defect formation
to be probed in a manner previously not possible with commonly used reduced graphene oxide or multilayer graphene substrates.
Using ex situ and Ar-atmosphere Raman spectroscopy, we detected a rapid increase in graphene defect level for small increments
in the number of lithiation/delithiation cycles until the I(D)/I(G) ratio reaches ∼1.5−2.0 and the 2D peak intensity drops by
∼50%, after which the Raman spectra show minimal changes upon further cycling. Using DFT, the interplay between graphene
topological defects and chemical functionalization is explored, thus providing insight into the experimental results. In particular,
the DFT results show that defects can act as active sites for species that are present in the electrochemical environment such as
Li, O, and F. Furthermore, chemical functionalization with these species lowers subsequent defect formation energies, thus
accelerating graphene degradation upon cycling. This positive feedback loop continues until the defect concentration reaches a
level where lithium diffusion through the graphene can occur in a relatively unimpeded manner, with minimal further degradation
upon extended cycling. Overall, this study provides mechanistic insight into graphene defect formation during lithiation, thus
informing ongoing efforts to employ graphene in lithium ion battery technology.
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1. INTRODUCTION
Graphene and graphene-based composites have attracted
significant attention as electrodes in lithium ion batteries.1−8

For example, the high surface area and electron mobility of
graphene result in rapid charge transport during electro-
chemical cycling, which makes it suitable for high-power battery
applications.9−11 Furthermore, the superlative mechanical
strength and resilience of graphene sheets allows them to be

utilized as a conducting support network for high-capacity
materials, such as silicon, that undergo large volume changes
during lithiation and delithiation.11,12 In addition, the solid-
electrolyte interphase (SEI) on graphene is similar to graphite,
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which is well-established in conventional lithium ion batteries
and can be tuned by the appropriate choice of electrolyte.13,14

Despite the substantial interest in this area, the interaction of
graphene with lithium ions and electrolyte species during
electrochemical cycling is not fully understood.
Lithium intercalation through graphene is commonly

attributed to a defect-mediated process due to the high
diffusion barrier of lithium ions through the pristine basal plane
of graphene.15−17 In particular, several theoretical studies show
that Li ions are not likely to interact strongly with the basal
plane of defect-free graphene and that chemisorption is only
possible at defect sites.18−21 Studies of lithium interaction and
diffusion on graphene with topological defects such as Stone−
Wales (SW), double vacancies (DV), and single vacancies
(SV)16,17,22 suggest attractive Li interaction with the vacancies,
possibly enhancing Li adsorption.16 Additionally, graphene
functionalization with F, O, and H species have been of high
interest.23−27 However, the formation of defects upon Li
adsorption to graphene, and the relationships between
topological defects and functionalization with electrolyte-
decomposition species, such as O and F, have not been
previously studied.
Graphene films used in lithium ion batteries, especially for

graphene-based composites, are commonly in the form of
reduced graphene oxide (rGO),28,29 which is a highly
functionalized and defective form of graphene.30 Thus, the
early stages of defect formation in graphene during electro-
chemical cycling cannot be observed in such cases due to the
high background defect concentration level. In contrast, we use
a monolayer film of graphene (with less than 20% bilayer
islands) grown by chemical vapor deposition (CVD) in order
to observe the early stage defects. This method yields
monolayer graphene with low defect density (i.e., low Raman
defect peak intensity) over large areas that can be transferred to
arbitrary substrates.31

Raman spectroscopy has been extensively used for character-
izing graphene.32 Specifically, it probes the effects of
deformation such as tensile and compressive strain,33,34 as
well as physical and chemically induced defects such as
vacancies and chemical functionalization.35−37 However,
previous reports of Raman characterization of electrochemically
lithiated graphene have been on silicon oxide38 and copper39

that show minimal or no lithiation. On the other hand, we
choose single crystal Si(111) substrates due to their high
lithium capacity,29,40,41 enabling significant lithium intercalation
through the graphene that has been transferred on the Si(111)
surface. The ultraflat surface of Si(111) also facilitates uniform
transfers of the monolayer graphene film over large areas and
thus is amenable to surface-sensitive characterization.
Using Raman spectroscopy, we show a systematic evolution

of the defectivity in a single-layer CVD graphene film on
Si(111) as a function of electrochemical cycling. In the early
stages of defect evolution, a rapid increase in graphene defect
level is detected for small increments in the number of
lithiation/delithiation cycles until the I(D)/I(G) ratio reaches
∼1.5−2.0 and the 2D peak intensity drops by ∼50%, after
which subsequent lithiation shows minimal changes in the
Raman spectra. A corresponding density functional theory
(DFT) study explores the interplay between graphene
topological defects and chemical functionalization in order to
provide insight into the experimental results. For example, DFT
shows that graphene defects can act as active sites for
adsorbates (Li, O, and F) and that this chemical functionaliza-

tion lowers defect formation energies. In this respect, active
sites with specific adsorbates act as nuclei for extended defects.
However, the experimental results show that the defect
formation does not continue indefinitely upon extended
electrochemical cycling. Consequently, this positive feedback
loop between defect formation and chemical functionalization
is terminated at a certain point, possibly due to the exhaustion
of new functionalization species upon completion of SEI
formation.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1. Sample Preparation. Monolayer graphene films were grown

on Cu foil using chemical vapor deposition (CVD). Initially, 80 μm
thick Cu foil was cleaned with acetone and isopropanol. The Cu foil
was then electropolished in a 3:1 by volume mixture of H3PO4 (85%)
and poly(ethylene glycol) at an applied voltage of 2.0 V for 30 min.
After electropolishing, the residual acid on the Cu foil was neutralized
using a 1% ammonia in water solution and rinsed with deionized
water. The Cu foil was then placed in a CVD tube furnace and
pumped down to ∼30−50 mTorr. An Ar/H2 (4:1) gas mixture was
used to flush the system, raising the total pressure to 100 mTorr. The
temperature was then linearly increased to 1000 °C in 1 h. At 1000 °C,
10 sccm of methane was added, which increased the pressure to 300
mTorr. The sample was held at these conditions for 30 min, during
which graphene growth occurred. After the growth step, the reactor
was cooled to 800 °C in 15 min, and the methane flow was
discontinued. The system was then allowed to rapidly cool to room
temperature.

After CVD growth, the graphene on the back of the Cu foil was
cleaned using reactive ion etching.42 Poly(methyl methacrylate)
(PMMA) was then spin coated on top of the Cu foil/graphene at
2000 rpm. The PMMA was left to dry on the sample for at least 6 h at
room temperature. The Cu was subsequently etched in Marble’s
reagent (8 g of CuSO4, 50 mL of H2O, 50 mL of HCl) for ∼4 h. Once
all of the Cu was etched from the film, the PMMA/graphene was
rinsed three times using deionized water baths to remove any
remaining Marble’s reagent. The PMMA/graphene film was then
gently transferred onto a Si(111) substrate with a surface native oxide.
The Si(111) substrates were diced to 5 × 5 mm size, rinsed with
isopropanol, and dried prior to the graphene transfer. The graphene
films were sized larger than the silicon substrates to ensure that they
wrapped around the edges of the Si on all sides. The samples were air-
dried and then placed in a vacuum oven for 15 min at 115 °C and
another 3 h at 65 °C to remove residual water from the transfer and
improve graphene adhesion to the substrate. The samples were
subsequently immersed in an acetone bath for at least 4 h, rinsed with
acetone and isopropanol, and then annealed in an Ar/H2 (4:1) gas
mixture for 3 h at 350 °C to remove the PMMA.

2.2. Electrochemical Cycling. For ex situ characterization, the
monolayer graphene-coated Si(111) substrates, henceforth referred to
as “G-Si”, were electrochemical cycled in a coin cell setup. In
particular, the cycling was performed in MTI 314 stainless steel coin
cells using lithium metal as the counter electrode and Celgard 2320
and Whatman glass fiber separators. The electrolyte was 1 M LiPF6
(Novolyte) in 1:1 by volume ethylene carbonate and dimethyl
carbonate (Novolyte, Sigma-Aldrich). All coin cells were galvanostati-
cally cycled at a current of 35−40 × 10−6 A/cm2 between 0.025 and 2
V using an Arbin BT2143 battery tester. A series of samples were
generated at the first (0.5, 1, and 5 cycles) and second (20, 50, and 70
cycles) phase of electrochemical cycling. The 0.5 cycle sample was
subjected to a single lithiation cycle from open circuit voltage to ∼100
mV. An example of the galvanostatic cycling is shown in Figure S1a
(Supporting Information). The samples are henceforth referred to as
“G-Si-x” or “x”, where x indicates the number of cycles. For example,
G-Si-5 or “5” will indicate the sample that has undergone 5
electrochemical cycles. Additionally, a 20 cycle bare Si(111) with no
graphene coating was prepared in order to subtract the silicon
background from the Raman spectra.
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After cycling, the coin cells were opened in an Ar-filled glovebox
with <1 ppm oxygen and moisture content to remove the G-Si
substrates. The surface of the sample was rinsed with isopropanol to
remove residual electrolyte and gently dried by placing upside down
on a Kimwipe. The samples were then removed from the glovebox for
ex situ Raman characterization.
For Ar atmosphere Raman measurements, the monolayer graphene

film was transferred onto a Si(100) substrate with a 100 nm thick
silicon oxide, henceforth referred to as “G-SiO2” (Figure S2a,
Supporting Information). The silicon oxide substrate was chosen to
mitigate the signal loss due to the quartz window of the
spectrochemical cell used for the Ar atmosphere Raman measurements
and to minimize the lithiation effects of the substrate. For
electrochemical cycling, cyclic voltammetry was performed using a
CH Instruments potentiostat, between potentials of 2 and 20 mV vs
Li/Li+ for one and three cycles (Figure S2b, Supporting Information),
using the same electrolyte system as the ex situ samples. After cycling,
the samples were removed from the cell in an Ar filled glovebox, with
<1 ppm oxygen and rinsed with acetonitrile to remove residual
electrolyte. The samples were then assembled and sealed in a
spectrochemical cell in the Ar filled glovebox and subsequently
transferred in order to collect Raman spectra.
2.3. Characterization and Data Analysis. Ex situ Raman

measurements were performed using a Renishaw inVia Confocal
Raman Microscope. A 514 nm, 13.8 mW laser was used for the
measurements at a 50× magnification (laser spot size ∼2−3 μm in
diameter) with accumulation times of up to 60 s to resolve the low
intensity peaks. All of the scans were normalized with respect to the
ambient N2 peak at 2331 cm−1. The silicon background in the Raman
spectra was then subtracted from all the G-Si scans. Figure S3a
(Supporting Information) shows the Raman spectrum of an
electrochemically cycled Si(111) substrate that was used for the
background subtraction. For each condition, the scans were averaged
over 4−8 regions, and the averaged data were used for further analysis.
Lorentzian peak fits were used for all the peaks, except D′ which was
fit using a Voigt function. Peak heights obtained from the fits are used
in the data analysis and referred to as “I(x)” in the following text. For
the purpose of this study, the bilayer regions were not included in the
Raman analysis. The bilayer islands can be identified by their distinct
Raman spectra, which is different from monolayer graphene, as shown
in Figure S2d (Supporting Information).
To ensure that the defects observed by Raman are not artifacts of

coin cell crimping or rinsing of graphene after opening the coin cells, a
control experiment was performed. In this experiment, a graphene
sample on silicon dioxide was taken through all the steps of coin cell
fabrication, opening, and rinsing. Figure S3d (Supporting Information)
shows the Raman spectra of this sample before and after this
procedure. Several spots were measured on the sample, and no
location was found that indicated a significant increase in the defect
peak.
2.4. Density Functional Theory (DFT). DFT calculations were

performed using the Vienna Ab-Initio Simulation Package (VASP)43

with accompanying Projector Augmented Wave (PAW) potentials.44

The calculations were performed using an energy cutoff of 500 eV.
The Perdew−Burke−Ernzerhof (PBE) exchange-correlation func-
tional was used.45 A 4 × 4 supercell model with 20 Å of vacuum
was used for the calculations of Li, F, and O adsorption. A 3 × 3
supercell was also used for O calculations for supercell size
dependence study and for strained graphene vibrational frequency
calculations. A Γ-centered 6 × 6 × 1 k-point grid was also employed.
The geometry optimization was achieved by using conjugate gradient
minimization. Atomic positions were relaxed until the forces on each
atom were smaller than 0.01 eV/Å. The calculations were spin-
polarized.
For isolated Li and F adsorption on graphene, the total energy of

the system was first evaluated with the adsorbate at the hollow (on top
of hexagon), the bridge (in between C−C bonds), and the top (on top
of C atom) sites. The most stable adsorption sites for isolated Li and F
were found to be the hollow and top sites (on C), respectively. For
introducing the second Li, only the adsorption on the available hollow

sites was considered for both single and double side adsorptions. For
the third Li, using the lowest energy configurations of the previous
step, the adsorption on the hollow site for both single and double side
adsorption was calculated. For higher F concentrations, on the other
hand, in addition to the hollow site, we also included adsorption on
bridge and top sites. To find adsorption sites for O, we considered
positions forming a 5 × 5 grid on the graphene superlattice. The
concentration of O was increased by keeping the most stable adsorbate
position(s) at a given concentration and adding the next O from the
pool of points that belong to 5 × 5 grids on both sides of graphene.

From the above sampling, we selected those configurations that
have the lowest energy for each Li, F, and O content considered. The
adsorption energy for an adatom, A, was calculated using the
expression

= − −E E E Eads
A A/G G A (1)

where EA/G is the total energy of graphene with the adsorbed atom,
EG is the energy of graphene, and EA is the energy of the reference
state for the adatom. For Li, the reference state energy was taken to be
the energy of the bcc bulk Li.

For determining the adsorbate-induced change in defect formation
energies, first, the formation energies of SW and DV defects were
calculated using the formula

μ= −−E E N (C)f
d G d (2)

where EG‑d is the total energy of graphene with defect, N is the number
of atoms in defected graphene, and μ(C) is the chemical potential of
C, which was calculated using the total energy of pristine graphene
divided by the number of C atoms. The defect formation energy in the
presence of adsorbates can be evaluated using the equation

μ= − − Δ−E E E N (C)f
d nA/G d nA/G (3)

The first term (EnA/G‑d) in this equation corresponds to the total
energy of n × A adsorbed on graphene with d-type (DV or SW in this
study) defects, and the second term is the total energy of n × A
adsorbed on pristine graphene. ΔN is the difference in the number of
C atoms between the graphene with defects and pristine graphene,
that is #C (defected graphene) − #C (pristine graphene). For SW and
DV, ΔN is equal to 0 and −2, respectively. The changes in defect
formation energies with increasing surface functionalization can be
quantified from the difference in the energies of varying adsorbate
concentrations with those of the adsorbate-free cases. For evaluating
the changes in vibrational frequencies as a function of strain,
topological defects, and adsorbates, we used the finite displacement
method implemented in the VASP package. The method allows for
determination of the Hessian matrix (i.e., the matrix of the second
derivatives of the energy with respect to the atomic positions) and
therefore the vibrational frequencies of the system. Each ion was
displaced in the direction of each Cartesian coordinate, allowing the
Hessian matrix to be determined from the resulting forces. We have
used central differences where each ion was displaced in each direction
by positive and negative displacements of 0.015 Å in size. For
evaluating the strain effect on the vibrational frequencies of pristine
graphene, biaxial strain (both compressive and tensile) was applied up
to 2%.

3. EXPERIMENTAL RESULTS AND DISCUSSION
Raman measurements were performed as a function of
electrochemical cycling for the G-Si samples. A systematic
evolution of the graphene Raman spectrum was observed, as
shown in Figures 1 and 2. The “0” spectrum shows the Raman
peaks of the as-prepared CVD grown graphene transferred on
the Si(111) substrate (G-Si-0). The following first-order peaks
and higher order overtones were observed in order of
decreasing intensity: 2D (∼2700 cm−1), G (∼1600 cm−1), D
+ D′′ (∼2470 cm−1), 2D′ (∼3250 cm−1), and D (∼1350
cm−1). These peaks are representative of typical CVD grown
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monolayer graphene with a low level of defectivity32 as
observed from the high 2D/G ratio and low intensity of the
D peak. The D and D′ peaks are attributed to disorder-
mediated first-order scattering. The 2D and 2D′ peaks are
overtones of the D and D′ peaks, respectively. The 2D and 2D′
peaks originate from a process where momentum conservation
is satisfied by two phonons with opposite wave vectors, so no
defects are required for their activation. They can thus be used
as an indirect measure of the extent of nondefective graphene
present in the Raman cross-section. The G peak is a result of in-
plane optical vibrational modes of the sp2-hybridized carbon
atoms. Because absolute intensity measurement is a difficult
task in Raman spectroscopy, the normalized intensity I(D)/
I(G) ratio is widely used to measure the amount of disorder.46

After a single lithiation (G-Si-0.5), the Raman spectrum 0.5
showed a marked increase in I(D), and an additional defect
peak, D′, appeared as a shoulder on the G peak. The evolution
of the D and D′ features imply the development of graphene
defects upon lithiation. This early stage defect formation has
been reported previously for copper substrates39 and graphitic
carbon.47 A broad D + D′ peak at ∼2930 cm−1 also appeared at
this stage. The I(2D), however, remained relatively unaffected.
For the case of 1 and 5 cycles, the D, D′, and D + D′ peaks
continued to grow, and simultaneously, the 2D peak started to

decrease. I(G) also increased slightly, and by the fifth cycle,
both the I(D) and I(G) were comparable to each other and
higher than I(2D). Additionally, by the fifth cycle, a broad peak
was visible around ∼3170 cm−1, which is indicative of the
second-order overtone of the G peak (i.e., the so-called 2G
peak) as observed for Raman spectrum 5. We confirmed the
identity of this 2G peak by a lack of dispersion in its peak
position with different laser energies.46 The 2G peak represents
a double resonant process that is typically absent in graphene
but has been observed commonly in chemically defective forms
of graphene such as graphene oxide.48 Overall, as the
electrochemical cycling proceeded from 0.5 to 5 cycles, the
Raman spectra showed increasing defectivity in the graphene
film.
After the fifth cycle, additional electrochemical cycling had

relatively minimal effects on the Raman spectrum. This cycling
behavior suggests that the defectivity in the graphene
monolayer resulting from electrochemical cycling was limited
to the initial lithiation stages and only caused partial damage to
the graphene layer. The different conditions examined can thus
be categorized into two phases of the process based on the
evolution of the different peaks: the first phase (up to 5 cycles),
characterized by significant changes in the Raman peaks for
relatively small advances in the electrochemical cycling, and the
second phase (20−70 cycles), characterized by relatively small
changes, almost plateauing, in the Raman peak intensities for a
large number of cycles.
Figure 2 provides quantitative analyses based on the spectra

in Figure 1. Figure 2a shows the change in peak heights of the
main peaks, namely the G, 2D, D, and D′ peaks, as a function of
the number of electrochemical cycles. A double exponential fit
to the peak heights shows a rollover in all cases for higher
numbers of cycles. The I(2D) drops by ∼50% at the 20th cycle
and is then relatively unaffected by further cycling. I(D) and
I(D′) peaks increase significantly up to ∼20 cycles and then
also stabilize. The variations observed at the higher number of
cycles for the defect peaks were attributed to nonuniformities in
the galvanostatic cycling process and sample-to-sample
variation. The G peak also became relatively stable at a higher
number of cycles after an increase of 50% in the first cycle.
Because I(G) is expected to decrease with increasing defect
density,49 the increase in I(G) is not likely to be due to defect
formation. Doping is more likely the cause because a change in
the Fermi level excludes part of the Brilluoin zone from
contributing and reduces the destructive interference, thereby
causing I(G) to increase.32 Previous experiments have found
similar increases in I(G) due to a 0.5 V electrochemical
potential,50 which corresponds to charge density of ∼1013
cm−2.51

Figure 2b shows the I(D)/I(G) ratio as a function of cycling.
This ratio showed a similar trend as observed for the individual
peaks, with a saturation value of ∼1.5−2.0. Interestingly, the
I(D)/I(G) saturation value was similar to that reported for
rGO following solvothermal reduction of graphene oxide,27

suggesting that the level of defectivity at the later stages of
cycling is comparable to that of rGO. Previous reports of I(D)/
I(G) for monolayer graphene as a function of Ar+ ion
bombardment (vacancy type defect)35 and oxidation (function-
alization type defect)52 have shown a transition from a low
defect to a high defect regime, which was characterized by an
initial increase in the I(D)/I(G) ratio in the low defect regime
followed by a strong decrease in the ratio in the high defect
regime. The low and high defect regimes are referred to as

Figure 1. Ex situ Raman measurements of a series of electrochemically
cycled samples of monolayer graphene transferred on Si(111); 0
indicates the Raman spectrum of the as-prepared sample prior to any
cycling, and 0.5−70 indicate average spectra for six samples that have
been cycled at different conditions ranging from single lithiation (0.5)
to 70 lithiation-delithiation cycles (70). The spectra are offset for
viewing clarity. Peaks labeled in black are present in the as-prepared
samples, while the ones labeled in red appear during different stages of
cycling. The spectra show an increase in the defectivity of the graphene
monolayer with increasing number of cycles, but this effect saturates
for higher numbers of cycles.
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Stage 1 (graphene to nanocrystalline graphene) and Stage 2
(nanocrystalline sp2 to low amorphous sp3), respectively. This
transition was reported to be between I(D)/I(G) ∼3−4, which
is significantly higher than the value observed in our case,
indicating that the final defect density in the second phase was
still in Stage 1 at the saturation value. Further evidence that the
samples remained in Stage 1 is the fact that I(2D) saturated at
∼50% and did not continue to drop as is expected for Stage 2.52

Using the phenomenological model proposed by Lucchese et
al.53 for ion bombardment induced defects in monolayer
graphene, we can make an approximate estimate for the average
defect distance in our case to be ∼6−8 nm. It should be noted
that this model is developed for the case of vacancy type defects
and does not account for functionalization type defects, both of
which may be present in our case.
Figure 2b also shows the standard deviation in measuring

several spots on each sample, which is attributed to the area-to-
area variation in the Raman signal. A relatively high spatial
variation is observed at the early stages of cycling, while the

spatial variation reduces as the peak intensities saturate for
higher numbers of cycles. Figure 2c shows the shift in the peak
positions for the G peak with electrochemical cycling. The G
peak shows a distinct redshift of ∼15 cm−1 upon the first
lithiation and then only a marginal additional shift for higher
numbers of cycles. Because defect-induced shifts in the G peak
is minimal in Stage 1 in comparison with those in Stage 2,49 and
doping induces stiffening of Raman modes,51 we hypothesize
that strain-induced shifts may be dominant, as discussed below
in the first-principles modeling results. The strain could be the
result of the large volume change and resulting amorphization
of the silicon substrate underneath the graphene film, as well as
SEI formation on the surface of the graphene monolayer. A
peak at ∼1550 cm−1 was also observed, which shows a greater
than 5-fold increase in the peak height and area by the 70th
cycle (Figure S4, Supporting Information). We attribute this
peak to disordered carbon54 from the SEI layer, which
continues to grow with increasing numbers of cycles. It is
likely that the presence of a thicker SEI limits exposure of the

Figure 2. Analysis of the ex situ Raman measurements. (a) Peak intensity (peak height) for the D, G, 2D, and D′ peaks as a function of the number
of electrochemical cycles. The dotted lines are drawn as a guide to the eye using double exponential fits for each peak, showing the early stage of
increasing defectivity followed by a rollover to a later stage of nearly constant defectivity. (b) I(D)/I(G) ratio as a function of the number of
electrochemical cycles, showing a similar trend as that of the individual peaks. I(D)/I(G) saturates to ∼1.5−2, with a corresponding 50% drop in
I(2D). Also shown is the standard deviation of the I(D)/I(G) showing higher area-to-area variation at the early stages of cycling compared to the
later stage. (c) Red shift for the G peak after cycling with respect to its initial position prior to cycling (i.e., Raman shiftas‑prepared  Raman shiftx‑cycles).
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graphene layer to the reactive electrolyte species and perhaps
alleviates the defects formed due to this exposure.
In Figure S1b (Supporting Information), the approximate

amount of charge (equivalently the lithium exposure) required
to create defects in the graphene monolayer was estimated.
This calculation assumes an ideal case of uniform lithiation and
perfect graphene coverage over the entire surface of the silicon
substrate. Our estimate indicates that an exposure ≥0.2−0.3 C/
mm2 will result in defect levels comparable to the saturation
value. This value provides a more universal estimate based on
lithium exposure independent of the specifics of the cycling
conditions.
Because chemical functionalization is likely to be a

contributor to the observed changes in the Raman spectra,
additional measurements were performed using an Ar-
atmosphere Raman system to confirm these findings and
show that the defectivity is not affected by oxidative processes
as a result of air exposure. Figure 3 shows the Ar-atmosphere

Raman spectroscopy data of a G-SiO2 substrate following the
first cycle voltammetry. Similar to the ex situ G-Si-0.5 sample,
the Raman spectrum shows new defect-related features after the
cycling and analogous evolution of the existing features. Figure
S2c, Supporting Information shows the effect of more cycling
(3 electrochemical cycles) on the Raman spectrum of the G-
SiO2 substrate. As expected, more cycling results in more
pronounced evolution of the D′ peak and an increase in the
intensity of the D peak, similar to the G-Si-1 case. Figure 3 also
shows that the 2D region of the spectra is nearly invariant over
14 h, which further confirms that air exposure postcycling did
not affect the Raman measurements.

Additionally, we transferred graphene to an H-terminated Si
substrate and cycled the as-grown graphene on Cu foil (G-Cu)
(Figure S3a,b, Supporting Information). For both of these
substrates, a negligible amount of oxygen is present on the
substrate surface and hence at the interface between the
graphene and substrate. The defect footprint in both cases was
similar to that of the G-Si samples suggesting that the native
silicon oxide in the case of the G-Si samples was not the sole
source of oxygen functionalization. The level of defectivity in
the graphene monolayer for the G-Cu sample was, however,
much lower than its G-Si-20 counterpart, presumably due to
the difference in the substrate lithiation capacities.
Overall, the graphene monolayer remains partially intact and

shows a distinct graphene signature in Raman spectra following
several electrochemical cycles. The changes in the Raman
spectra with electrochemical cycling are likely due to the
evolution of preexisting defects and the chemical functionaliza-
tion of the graphene due to interaction with Li and other
species such as O and F. In particular, partially fluorinated55

and oxidized56 graphene sheets have shown similar Raman
features as the electrochemically cycled graphene, which also
points to a functionalization-defect interplay. In the next
section, this interplay between chemical functionalization and
defect evolution is further explored with DFT modeling.

4. COMPUTATIONAL RESULTS AND DISCUSSION
The observed changes in Raman spectra described in the
previous section can be attributed to a multitude of complex,
possibly interacting, factors including topological defect
creation, chemical functionalization, lithium adsorption, and
strain induced by electrochemical cycling. In the following
section, we start with DFT studies of each individual factor that
has been shown previously, and building on this, we present a
study of the interaction between chemical functionalization and
defect creation. We use simplified models to investigate the
various factors, as the simulation of the time evolution of the
full system with solvent under electrochemical cycling is
currently not feasible. Nonetheless, qualitative results obtained
from these models give insights into the effects of different
mechanisms on the measured Raman spectra.
The electronic properties of graphene can be tuned by

doping or edge chemical modification. Adsorption on graphene
can also lead to changes in its properties, and among different
ad-species, Li, F, and O are of significant interest in the
aforementioned electrochemical experiments. Li, in particular,
is evidently important for applications in Li-ion batteries. In
addition, O and F are common elements in the SEI. The
emergence and changes in the intensity of the D peak in the
Raman spectra during electrochemical cycling indicate
continual changes in the defect density.52,57 The nature of
the defects, whether sp3 in character (e.g., functionalization
with F or O) or topological defects in the honeycomb lattice
(e.g., vacancies or Stone−Wales defects) can also be inferred
from the ratios of D and D′ intensities in the Raman
spectrum.58 However, the effects of a metallic ad-species such
as Li or the combination of adsorption/functionalization and
topological defects on Raman frequencies have not been
previously investigated. In this section, we explore the effect of
Li, O, and F on the vibrational frequencies and the defect
formation energies in the presence of topological defects. We
specifically explore SW and DV topological defects; the former
has the lowest formation energy compared to other topological
defects, while the latter is thermodynamically favored, and the

Figure 3. Ar-atmosphere Raman measurements of a G-SiO2 sample
before and after one CV cycle showing similar trends as the ex situ
single lithiation (0.5) case. Graphene peaks that appear after the
cycling are indicated in red. A series of plots are collected after the first
CV cycle as the cell is exposed to air (shown in green) to show that air
exposure does not change the Raman spectrum.
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most common type of vacancy defect observed experimentally.
DV was also shown to significantly lower the Li penetration
barrier through graphene.17,22 Although the formation energies
of these defects are high, they were chosen as representative
structures for evaluating the aforementioned effects of
adsorption/functionalization.
DFT calculations were performed for various configurations

of Li, F, and O adsorption on graphene both with and without
topological defects. The lowest energy adsorption sites were
different for all considered elements, and Li, F, and O were
relaxed to hollow, top, and bridge sites, respectively (Figure 4

and Figure S5a−c, Supporting Information). Upon adsorption,
Li donates part of its charge to the more electronegative C
atoms in its proximity, giving rise to the doping-induced
changes in the Raman spectra discussed above. The charge
accumulation occurs between Li and C atoms, while depletion
was observed above Li and in between the nearest C−C ring
atoms (Figure 5). The interaction between Li and graphene
was clearly of a highly ionic character, although it should be
noted that the structural changes associated with Li adsorption
were relatively small. The placement of a single F on the top
site of C resulted in a reduction of electron density on graphene
due to the higher electronegativity of F with respect to C. As a
result, the nearest C−C bonds were enlarged from 1.42 to1.48
Å. For higher F concentrations, double side adsorption was
found to become favorable and the enlargement of C−C bonds
was >1.55 Å, suggesting that F adsorption leads to local
distortion in the honeycomb lattice. This effect was further
enhanced in the presence of topological defects.
Similarly, for O adsorption, electrons were drained from the

bridge C−C bond and accumulated on the newly formed C−O
bond. Accordingly, an expansion of the C−C bridge of about
0.1 Å in all bonds after the attachment of a single oxygen atom
was observed. Further increasing the concentration showed that
double-sided adsorption was also preferable (Figure S5c,
Supporting Information). Overall, compared to Li, lattice

distortions induced by the adsorbates in graphene were more
pronounced for F and O, resembling a more sp3-like carbon
bonding. F on top of the C atom led to local structural
distortion of the honeycomb lattice in which the C atom was
pulled away from the flat graphene sheet. Likewise, the C−C
bridge was distorted in the case of O attachment. However, if a
counter O was placed directly below the adsorption site, out-of-
plane displacements were minimal. In defected structures,
starting with the introduction of a second O, carbon−carbon
separation (>1.7 Å) was also observed.
Apart from the structural, bonding, and electronic changes

described above, topological defects can also be modified by
adsorption/functionalization. Therefore, in an effort to under-
stand the effect of adsorbed species on defect evolution, the
changes in defect formation energies were calculated for the
graphene layer in the presence of Li, F, and O using the total
energies of the most stable configurations identified in the
previous section. The procedure for calculating the change in
defect formation energies is described in the Experimental and
Computational Methods section.
As shown in Table 1, these calculations show that increasing

coverage of adsorbed Li, F, and O gradually reduces the
formation energies of topological defects. The reduction in the
defect formation energy was about 1.6 eV (SW) and 2.5 eV
(DV) from no adsorbate to the highest Li coverage of 0.1
monolayer. In the case of F, these values become 1.6 and 1.9
eV, respectively, while in the case of O, the reduction was larger
with 2.1 eV for SW and 5.4 eV for DV defects and was highly
coverage-dependent. This coverage dependence was likely
affected by the substantial structural modification introduced
by O adsorption, in which C−C bond breaking was observed.
In fact, the final structures for the highest O coverage were
qualitatively different from the initial defect configurations. The
fact that we find topological defects to become likely at high O
coverage is consistent with previous work that found that O
leads to cleavage of graphene.25,26

Motivated by these considerations and the observed shifts in
the Raman spectra, the role of functionalizing agents on the
vibrational frequencies was also explored. In Figure S6a−l
(Supporting Information), we show the vibrational frequencies
calculated for one-sixth monolayer-equivalent of Li, F, and O

Figure 4. Lowest adsorption energy configurations of isolated Li, F,
and O on pristine graphene and graphene with SW and DV defects.
Green, gray, red, and brown balls represent Li, F, O, and C atoms,
respectively.

Figure 5. Changes in charge density upon adsorption of (top to
bottom) Li, F, and O on (left to right) pristine graphene (P) and
graphene with SW and DV defects. The charge density differences are
obtained by subtracting the electron densities of the isolated Li, F, O,
and graphene alone from those of the charge densities of the adsorbed
systems. The charge densities of the isolated systems are calculated
without further relaxation. Red colored areas represent charge
accumulation, while blue corresponds to charge depletion.
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on pristine graphene, graphene with SW defects, and graphene
with DV defects. It should be noted that in the presence of
defective graphene, the identification of the G peak position
was not possible in our calculations. The associated
eigenvectors of the vibrational modes are heavily modified, as
our computational cell presents a high defect density.
Nevertheless, by studying the vibrational frequencies of the
defective graphene structures with and without the adsorbates,
we determine what changes can be expected in the vibrational
frequencies of pristine graphene when these topological defects
are present and when they interact with adsorbates such as Li,
O, and F.
The overall trend in the changes observed for the vibrational

frequencies for pristine graphene can be attributed to the
changes introduced in the graphene lattice structure and the
C−C bond lengths that are induced by different adsorbates. In
the case of O adsorption on the surface of pristine graphene,
oxygen atoms create a dampening effect on the in-plane motion
of carbon atoms on both sides of the bridge position. The bond
lengths are generally shorter between these C atoms, which
may explain the slightly higher wavenumber (1582 cm−1) for
this mode compared to the value calculated for pristine
graphene (1565 cm−1). Similar to O, when graphene is
functionalized with F atoms, there is local structural distortion
in the graphene lattice. The resulting stiffer C−C bond induces
a stiffer vibrational frequency obtained for the highest
frequency mode (1571 cm−1) compared to that of pristine
graphene. Li-functionalized graphene, on the other hand,
presents a different effect than those obtained for O and F.
Li adsorption leads to nearly uniform softening of the C−C
bond lengths throughout the graphene lattice. This softening
effect of Li on the C−C bond lengths resembles that induced
by tensile strain. In particular, the highest vibrational frequency
mode was found to be softer than that of adsorbate-free
graphene, with a lower wavenumber of 1518 cm−1.
For graphene with topological defects, additional higher

vibrational frequency modes with wavenumbers of 1813 and
1696 cm−1 are found for DV and SW defects, respectively
(Figure S7, Supporting Information). These high frequency
modes can be attributed to the stiffer C−C bonds in these
defective structures. In the presence of O, Li, and F, the
vibrational modes of these defective graphene structures are
further modified. In particular, when functionalized with three
O atoms, the highest vibrational frequencies are reduced to
1719 and 1623 cm−1 for DV and SW, respectively. The large
elongation induced in the C−C bonds due to the
functionalization is reflected as the softening of the highest
vibrational frequency modes found for the adsorbate-free
defective graphene. The functionalization of the defective
graphene with three F atoms produces a similar effect as
oxygen. The preferred adsorption configuration for F atoms is
on top of C sites near the defect regions, and similar to oxygen,
fluorine induces significant enlarging in the neighboring C−C
bonds that is more enhanced in the case of the DV defect.

Specifically, the highest vibrational frequencies are reduced to
1722 and 1651 cm−1 for DV and SW defects, respectively. The
change induced by the adsorbates on the defective graphene
structure is smaller in the case of Li compared to F and O. The
adsorption configuration of three Li atoms is double sided, on
top and near defect sites. In this case, the highest vibrational
frequencies are reduced to 1746 and 1665 cm−1 for DV and SW
defects, respectively. A more detailed discussion is provided in
the Supporting Information. In short, while topological defects
introduce higher frequency modes than in pristine graphene,
the interaction between these defects and functionalization
reduces the frequencies of these modes.
Given the significant expansion of the Si(111) substrate

during cycling and the functionalization and growth of SEI on
the surface of the monolayer graphene, it is also important to
consider the contribution of strain in this scenario. While the
strain geometry evolution during the cycling is likely to be
complex, we approximated a situation of biaxial strain33 to
simulate the conditions and understand the effect of strain on
the Raman spectra. The changes in the vibrational frequencies
of the pristine graphene were calculated under applied biaxial
strain, both compressive and tensile up to 2% (Figure S7,
Supporting Information) to assess the G peak dependence on
strain. These results suggest that the applied tensile strain
(presented by positive percentages in the figure) gradually
softens the vibrational frequency associated with the G peak
from 1565 cm−1 (for zero strain) to 1537, 1508, and 1453 cm−1

for 0.5, 1, and 2% strain, respectively, resulting from less stiff in-
plane C−C bonds in the tensile strained graphene. These
results are consistent with previous DFT studies of strain-
induced vibrational frequency shifts in graphene59,60 and
suggest that the initial red shift (15 cm−1) observed in the G
peak experimentally upon lithiation and the continuing shift are
consistent with graphene undergoing tensile strain.
While it is not possible in such a complex environment to

pinpoint specific cause-effect, our modeling results suggest that
a combination of defect formation, functionalization, and
tensile strain are likely contributing to the experimentally
observed modification of the Raman spectra during electro-
chemical cycling. Our results indicate that oxygen adsorption
promotes the creation of topological defects, and the only
source of oxygen is electrolyte decomposition. The fact that
defect creation as observed via Raman saturates after ∼10
cycles may be related to the suppression of electrolyte
decomposition after a stable SEI is formed.

5. CONCLUSIONS

In summary, we have performed a detailed Raman study for
monolayer graphene on Si(111) and corresponding DFT
modeling of free-standing graphene to explore how the
structure of the graphene layer evolves in the Li-ion battery
environment over extended electrochemical cycling. Most
importantly, the graphene monolayer remains partially intact,

Table 1. Adsorbate-Induced Defect Formation Energies (eV) of SW and DV Defects in the Presence of Li, F, and O of Varying
Concentrationsa

Li F O

clean 1 2 3 1 2 3 1 2 3

SW 4.7 (3.6) 4.2 3.2 3.1 3.9 3.3 3.2 3.1 (2.7) 2.8 (2.1) 2.6 (0.94)
DV 6.8 (5.6) 5.8 4.5 4.3 5.9 5.7 4.9 5.1 (4.3) 3.3 (2.5) 1.4 (0.28)

aValues are given for calculations on 4 × 4 supercells, except the ones in parentheses, which are from 3 × 3 supercells.
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and the defectivity saturates at I(D)/I(G) ∼1.5−2 after the
early stages of cycling, and longer cycling periods have minimal
additional impact. Using Ar-atmosphere Raman measurements,
these findings were confirmed and show that the defectivity is
not affected by air exposure during ex situ measurement
conditions. Because previous approaches have suggested that Li
diffusion through the basal plane of graphene is only possible
through defect sites, DFT modeling was employed to
understand how the Li-ion environment could potentially
induce additional defects, which would facilitate Li-ion diffusion
through the graphene layer. This modeling showed that defects
can act as active sites for adsorbates (Li, O, and F) and that
chemical functionalization can lower the defect formation
energies. In this respect, active sites with specific adsorbates can
form nuclei for extended defects. The modified Raman spectra
and calculations thus suggest that the observed increasing level
of defectivity can be attributed to a combination of vacancy
formation and chemical functionalization of the graphene as a
result of interaction with Li and other atomic species such as O
and F in the electrolyte. The defectivity level plateaus with
further electrochemical cycling due to the suppression of
interaction with chemical species in the electrolyte upon
sufficient SEI formation on the graphene surface. Overall, this
work provides quantitative insight into the structural evolution
of graphene during electrochemical cycling and thus will inform
ongoing efforts to employ graphene as an additive or coating in
advanced Li-ion battery electrodes.
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