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1 | INTRODUCTION

Peter Jakes! |

Steffen Merz' ©® | Riidiger-A. Eichel?

Abstract

The mechanism of reversible lithium intercalation in graphite anodes is still not
fully understood. In operando Raman spectroscopy provides a sensitive means
to monitor structural changes during the intercalation process. Analysis of the
D-band to G-band intensity ratio (D/G ratio) is a common method to study
the structure of carbon materials. However, this approach is complicated for
the investigation of graphite anodes during battery cycling, as the D-band disap-
pears with the onset of lithium intercalation. To circumvent this issue, the D/G
ratio can be replaced by using the G-band full-width-at-half-maximum (FWHM).
In this study, an investigation of the G-band FWHM during battery cell cycling
is demonstrated as an alternative to monitor the intercalation of lithium into a
graphite electrode. It was observed that lithium intercalation already occurs to
a small extent during solid—electrolyte interphase (SEI) formation and that the
formation of staged intercalation compounds leads to a continuous deformation
of the boundary graphene layer.
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arate the intercalated lithium ions. The GIC formations
start as stage-4 compound (LiC,,), whereas the lattice

In lithium-ion batteries (LIBs) graphite is commonly used
as anode material. During battery operation, lithium ions
are reversibly intercalated into the graphite lattice.['*]
It is suggested that the onset of lithium intercalation
can be described as a statistic insertion of ions into the
lattice, which is known as dilute stage-1.1*] For higher
lithium concentrations in graphite, intercalation pro-
ceeds as a staging process, where several staged graphite
intercalation compounds (GICs) are formed. These GICs
are defined by the number of graphene layers that sep-

is fully intercalated when a stage-1 compound (LiCy) is
achieved.[>°! The underlying details of the intercalation
mechanisms have been studied using computational
calculations and various experimental techniques such as
XRD, Raman, and NMR spectroscopy.l”%] Nevertheless,
the mechanism is not yet fully understood.!"’!

Raman spectroscopy is a powerful method for the
research on carbon materials ex situ and in operando.
Studies employing Raman spectroscopy are a major con-
tribution to the investigation of the intercalation process of
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lithium in graphite.["!! In general, the Raman spectrum of
graphite consists of the G-band band (1580 cm™), arising
from C-C bond stretching of the spz-bonded carbon, the D-
band (ca. 1350 cm™!), which appears in case of a defective
lattice, and the double-resonance 2D-band (ca. 2700 cm™),
which is present independently of lattice defects.!'>"*]
During the lithium intercalation process, the G-band is
subject to major evolutions and can thus be employed to
determine the progress of the staging process.!>14101 In a
more recent study, Sole et al. monitored changes in the 2D
band and suggested an intercalation in a staggered fash-
ion, which causes a strong deformation of the graphene
layers.®]

For ex situ studies of carbon materials, the ratio of the
D-band to G-band integrals (D/G ratio) is frequently used
as a measure for lattice disorder and defects!'”] or crystal-
lite size.['] However, the D-band disappears early during
intercalation due to lithium insertion into defects and sur-
face passivation due to solid electrolyte interphase (SEI)
formation.!®!°! Thus, the determination of the D/G ratio
is not suitable for the study of changes in the graphite elec-
trode structure during battery cycling.

A number of studies on the impact of different sample
properties and experimental conditions on Raman signal
widths can be found in the literature. The effect of crystal-
lite size was investigated for a variety of materials, where
an inverse correlation to signal widths has been found
and linked to phonon confinement as well as to compres-
sive stress.!?0-2%] Size effects mainly occur for nanoparti-
cles. Pressure was shown to increase Raman signal widths
if applied anisotropically or if causing lattice defects or
phase changes in the material.l?"**2°] For silicon, it was
also demonstrated that the full-width-at-half-maximum
(FWHM) of the characteristic signal at 520 cm™ can be
utilized to monitor lattice strains and defects.!??’! For
graphite materials specifically, Yoshida et al. investigated
common origins for increases in D/G ratio and Raman sig-
nal widths.[**]

In the present work, Raman signal widths were analyzed
for the in operando investigation of lithium intercalation
into graphite. The suitability of the G-band FWHM as a
substitute for the D/G ratio to study the disorder of graphite
during battery cycling is examined.

2 | MATERIALS AND METHODS

All Raman measurements were carried out using a Bruker
Senterra Raman microscope (Bruker, Germany). Experi-
ments were performed using a 532 nm green laser at a spec-
tral resolution of 9 to 18 cm™ and a confocal setup. The
laser power was set to 10 mW to prevent sample damage.
The D/G ratio was derived by integrating the G-band and

D-band signals. The G-band FWHM was determined by fit-
ting the signal to a Voigt peak shape.

For reference measurements, Highly Oriented Pyrolytic
Graphite (HOPG) (GoodFellow, Germany) and graphite
powder with a mean particle size of 19-28 um (Aldrich,
Germany) were used. HOPG was prepared by removing
the top graphene layer with adhesive tape to obtain a clean
surface. During Raman experiments, only the basal plane
of HOPG was studied. Fifty milligrams of graphite pow-
der was pressed to a pellet with a diameter of 10 mm at
30 kN to achieve a smooth graphite surface. All material
surfaces were scanned by recording multiple Raman spec-
tra pointwise on a grid with an isotropic spatial resolution
of 1 ym using a 100x magnification (25 X 20 points for
HOPG, 35 X 35 points for the graphite pellet).

For in operando measurements a lithium versus graphite
half-cell was set up inside an ECC-Opto-Std (EL-CELL,
Germany) cell.l3] A lithium metal disk (Alfa, USA) of 1 mm
thickness and a diameter of 10 mm was used as a counter
electrode. A 1 mm thick glass fiber separator (EL-CELL,
Germany) soaked with ca. 5 uL of LP30 electrolyte (1 M
LiPFg in a 1:1 mixture of dimethyl carbonate and ethyl car-
bonate) (BASF, Germany) was placed on top of the lithium
electrode. As working electrode, 3.73 mg graphite powder
(Aldrich, Germany) was distributed on top of the separator
and pressed onto the glass window of the cell.

The cell was cycled at a constant rate of 50 pA (C/15)
between 0.001 V and 3.0 V using a BioLogic SP-200 poten-
tiostat (BioLogic Science Instruments, France). During
cycling, Raman spectra were recorded with a time step
of 10 minutes at the center of a graphite particle of the
graphite electrode with an isotropic spatial resolution of
2 um (50x magnification).

3 | RESULTS
3.1 | Reference measurements on HOPG
and graphite powder

Figures 1A-C show the distribution of the D/G ratio and
the G-band FWHM across the HOPG surface. Both param-
eters yield similar information regarding the surface struc-
ture and represent comparable qualitative characteristics
of the HOPG surface. Overall, regions with a high D/G
ratio also feature a high FWHM. As the D/G ratio is mainly
affected by lattice defects, it suggests that the FWHM too is
impacted by local deformations of the graphite structure.
However, the large surface defect (marked in gray in
Figure 1) reveals areas with a low D/G ratio but medium to
high FWHM. In this area of the HOPG surface, clusters of
small crystal particles exist that cause an increase in signal
widths in addition to an increase driven by local lattice
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FIGURE 1 Microscopic images of HOPG (A) and the graphite powder pellet (E). Areas investigated by Raman microscopy are marked

in green, regions of interest in gray, red, and blue. Pseudocolor plots of the D/G ratio for HOPG (B) and the graphite pellet (F). Pseudocolor
plots of the G-band FWHM for HOPG (C) and the graphite pellet (G). Correlations between D/G ratio and FWHM for HOPG (D) and the

graphite pellet (H)

defects.[20-2225] For this sample, a high Pearson product-
moment correlation coefficient c..,; = 0.92 between D/G
ratio and G-band FWHM (Figure 1D) was determined.

In contrast to HOPG, the graphitic powder sample con-
sists of a mixture of large and small crystallite particles
(Figure 1E). While the basic features of the graphite pow-
der surface can be displayed by both D/G ratio and the
FWHM, there are multiple areas where high FWHM exists
for low to medium D/G ratio (Figures 1F and 1G). It is
likely that in addition to local lattice defect concentra-

tion, the FWHM is affected by the distribution of particles
with low crystallite sizes. This is pronounced in the area
marked in blue, where a large quantity of small particles
are lumped together. The statistical linear correlation coef-
ficient between the FWHM and the D/G ratio decreases to
0.50. However, Figure 1H reveals that most measurement
points follow a linear correlation between both parame-
ters, but there are notable exceptions that decrease the
correlation factor significantly. Large graphite particles
(marked in red) follow the linear correlation between the
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FIGURE 2 (A)Inoperando Raman spectra for the lithium-graphite half-cell under discharging conditions. The potential curve is shown
on the right together with the proposed intercalation stages. (B) Evolution of the FWHM of the G-band during discharge. The box in the top
left shows a magnification of the bottom part of the FWHM. The potential versus time curve is given in the bottom panel

D/G ratio and the FWHM, and are mainly influenced by
lattice deformation and defects.[??]

It can be concluded that the FWHM of the G-band can
be a feasible substitute for the D/G ratio for structure
analysis of carbon materials if measurement conditions
are carefully chosen. For single graphite particles or large
graphitic structures such as HOPG, the effect of particle
clusters with small and varying crystallite sizes on the

FWHM is negligible and a linear correlation between D/G
ratio and G-band FWHM can be assumed.

3.2 | Inoperando Raman spectroscopy of
the lithium vs. graphite half-cell

Figure 2A shows the potential curve of the discharge cycle
together with the corresponding Raman spectra. From
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the onset of the discharge until 0.7 V (119 mAh/g) an
SEI is formed and the D-band vanishes.!?°] Up to 198 mVv
(167 mAh/g) lithium is inserted stochastically into the
lattice, denoted as dilute stage-1. With the onset of lithium
intercalation, the G-band intensity decreases due to the
increased conductivity of the intercalation compound.
Furthermore, the G-band blueshifts to 1590 1/cm as
intercalation increases the force constants of graphite
lattice bonds.[>8] Afterwards, staged intercalation com-
pounds are formed, which are observable as peak splitting
of the G-band. Three plateaus can be observed at 198-
186 mV (167-180 mAh/g), 110-83 mV (225-277 mAh/g),
and 70-62 mV (296-333 mAh/g), which coincide with the
formation of stage-4, stage-2, and stage-1 intercalation
compounds, respectively.!'*"]

The peak splitting of the G-band originates from the
presence of inner and boundary graphite layers upon the
formation of the stage-4 compound.!>*! Boundary layers
refer to charged graphite layers in direct contact with
intercalated ions, while the inner layers are sandwiched
between graphite sheets without adjacent ions and remain
largely unchanged. The number of inner layers as well as
their corresponding signal decreases over time and van-
ishes for the formation of the stage-2 compounds. The
onset of G-band splitting can be identified most sensi-
tively as the point where the line cannot be fitted to a
single peak. During the formation of the stage-1 com-
pound, the G-band disappears, which is suggested to be
caused by the low penetration depth of the laser due to
the high conductivity of LiC4.I°! Additional signals were
found at 1050 cm™ and 1850 cm™, for which we refer to
ref. 31.

These observations are in agreement with intercala-
tion studies in the literature.[51416] However, additional
information about the intercalation process can be gained
by analyzing the G-band signal width, which is impacted
by local lattice deformation due to intercalation and the
resulting lattice defects. Other factors that influence the
FWHM, such as changes in crystallite size and in pres-
sure, can be neglected in this study. No external pressure
was applied to the battery. Raman spectra were recorded
in the center of a graphite particle with 15-20 ym in diame-
ter. Crystalline particles of this size are not known to affect
Raman signal widths. Moreover, the size of the particle
stayed constant during the experiment, except for small
volume changes on the order of 4%.

Figure 2B shows the evolution of the G-band FWHM
during the discharge of the battery. During the forma-
tion of the SEI layer (up to 70 mAh/g) and the formation
of a dilute stage-1 (70-167 mAh/g) an oscillation of the
signal width was observed. The amplitude of the oscilla-
tion increases after the SEI formation is completed. The
repeated increase and decrease in signal width correspond-

ingly suggests an intercalation process during dilute stage-
1 where phases of high lattice deformation are followed
by phases of relaxation. This indicates that intercalation
evolves not completely continuously and homogeneously.
The presence of changes in the graphite signal width dur-
ing SEI formation implies that intercalation already takes
place from the beginning of the discharge process, albeit
to a low extent due to the small oscillation amplitude.
Moreover, a reversible increase in FWHM during interca-
lation is likely attributed to localized biaxial strain expe-
rienced by the graphene layers due to an increase in C-C
bond length.[*>3] By contrast, intercalation-induced lat-
tice defects are non-reversible and would contribute to a
permanent increase in FWHM.

Starting with the formation of the stage-4 compound
(167 mAh/g), the signal widths of both the boundary and
inner layer have to be considered. The FWHM of the inner
layer slightly decreases. The lack of an increase in the
inner layer signal width confirms the notion that these
layers remain largely unchanged compared to pristine
graphene layers.!*233] The slight decrease the inner layer
FWHM may be caused by the blockage of phonon decay
channels.l**] Simultaneously, the FWHM of the boundary
layer significantly increases from ca. 20 to 100 cm™. It
indicates a continuous, local deformation of the graphene
layers in contact with the lithium ions, which increases
the C-C bond length and induces biaxial strain on the
graphene sheet. No plateau or decrease in the evolution
of the boundary layer signal FWHM could be observed,
suggesting that no staged GICs with nondeformed bound-
ary graphene sheets exist, as predicted, e.g. by the Riidorff
model of intercalation. In contrast, the intercalation
process hardly affects the signal FWHM of the inner layer
and thus there is no evidence for deformation. Due to the
disappearance of the G-band for stage-1, no prediction for
the fully intercalated compound can be made.

During charging of the battery, the G-band FWHM
returns to its original value at 20 cm™. From stage-1 to
stage-4, the FWHM exhibits an identical, but reverse evo-
lution. Contrary to the discharging process, no repeated
increase and decrease in FWHM is observed during the
dilute stage-1. The reversible behavior of the FWHM indi-
cates that the changes in signal width are due to elastic
deformation and not the formation of lattice defects dur-
ing the first cycle intercalation. However, different mech-
anisms may be present during later cycles of intercalation
and deintercalation.

4 | CONCLUSIONS

It has been shown that the FWHM of the graphite G-band
correlates with the D/G ratio if other properties such as
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crystallite size or pressure can be neglected. Therefore
the G-band FWHM can be employed to describe the
deformation in graphite electrodes during lithium inter-
calation. The analysis of the G-band signal width during
intercalation can thus be regarded as an additional mea-
sure for the interpretation and modeling approaches of
intercalation processes. It was shown that relative changes
in FWHM at a single sample position are more sensitive
to structural alterations in comparison to absolute line
widths at multiple positions. During the in operando
study of a lithium versus graphite cell, the evolution of
the FWHM suggested that intercalation already takes
place to a small extent during SEI formation. Further, the
formation of the staged intercalation compounds leads to
a continuous deformation of the boundary graphene layer
of intercalated graphite.
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