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ABSTRACT: The solid electrolyte interphase (SEI) plays a critical role in the
performance and safety of Li-ion batteries, but the crystal structure of the materials
formed have not been previously studied. We employ the model system of epitaxial
graphene on SiC to provide a well-defined graphitic surface to study the crystallinity and
texture formation in the SEI. We observe, via in situ synchrotron X-ray scattering, the
formation and growth of LiF crystallites at the graphene surface, which increase in size with
lithiation dose and are textured such that the LiF (002) planes are approximately parallel to
the graphene sheets. Furthermore, X-ray photoelectron spectroscopy (XPS) reveals the
composition of the SEI formed in this system to consist of LiF and organic compounds
similar to those found previously on graphite. SEI components, other than LiF, do not
produce X-ray diffraction peaks and are categorized as amorphous. From high-resolution
transmission electron microscopy, the LiF crystallites are seen in near proximity to the
graphene surface along with additional apparently amorphous material, which is likely to
be other SEI components detected by XPS and/or misoriented LiF. This new

understanding that LiF crystallites grow on the graphene surface with strong texturing will assist future efforts to model and

engineer the SEI formed on graphitic materials.
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B INTRODUCTION

The performance, lifetime, and safety of batteries need to be
enhanced to enable emerging areas of technology, such as
electric vehicles. During cycling, a layer of decomposed
electrolyte, known as the solid electrolyte interphase (SEI),
forms on Li-ion battery electrodes." Since the SEI is formed
from the breakdown of the electrolyte, it reduces the capacity of
the battery and can be detrimental to cell lifetime. On the other
hand, the stability and passivating qualities of the SEI are
important to limit uncontrolled reactions, which can pose safety
risks resulting from catastrophic failure.”

The SEI previously has been studied using a variety of in situ
methods including atomic force microscopy (AFM), scanning
ion conductance microscopy (SICM), Fourier-transform infra-
red (FTIR) spectroscopy, and ellipsometry.>~” Ex situ studies,
using X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM), have been utilized to probe the
SEI composition and morphology.®~"* These studies show that
SEI formation on the anode surface is more pronounced than
that on the cathode,"" and its composition depends on the
choice of electrolyte and electrode materials.""'*> Although the
SEI is critical to the operation of Li-ion batteries, its structure
and evolution are not fully understood.

The most commonly used anode material in commercial Li-
ion batteries is graphitic carbon. The composition of the SEI on
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graphite with fluorinated electrolytes has been found to include
hydrocarbons, lithium alkyl carbonates, LiOH, Li,CO;, Li,O,
and LiF.7#1913716 [ iF was shown to grow in the SEI, but no
structural study (to our knowledge) was previously per-
formed."® Consequently, the structural relationships (if any)
between the LiF and the electrode surface are not well-
established. LiF is postulated to form from decomposition/
reduction of the LiPF, salt (due to its thermal and chemical
instabilities), via the reaction LiPF4 <> Li*F~ | + PF; and many
other possible reactions.'”">'”'® Furthermore, the SEI was
found to grow thicker and with different composition on the
edge planes of graphite as compared to the basal plane.*'*~!
To reduce the total irreversible capacity of the system, while
still allowing fast Li" diffusion into the anode via the edge
surfaces, a combination of basal and edge surfaces is used. An
understanding of the SEI on both the basal and edge planes of
graphite is therefore necessary in order to understand how to
optimize anode morphology.

X-ray scattering can probe interfacial systems in situ, is
nondestructive, and can determine the interfacial structure at
the atomic scale. In situ and ex situ X-ray diffraction have
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previously been used to study the bulk crystal structure of Li-
ion battery electrodes during cycling,”*~> but it has not yet
been utilized to study the structure of the SEI. Consequently,
there is little information about the crystallinity and
morphology of the SEL

We have employed a model system of epitaxial graphene on
6H-SiC (EG/SIC) for these studies. Graphene sheets provide a
well-defined graphitic surface that is not perturbed during
lithiation.>" These graphene sheets fully cover the SiC with
domains of ~200 nm and therefore possess a high percentage
of basal plane area and minimal edge plane sites. Consequently,
this system provides a model substrate for probing SEI
formation on graphitic basal planes. Furthermore, in this
system, the graphene sheets are exceptionally parallel to the SiC
(0006) basal planes®" enabling the study of texture formation
(i.e., preferential orientation of crystals) in the SEI that is not
possible with graphitic substrates having substantial mosaic
disorder and surface roughness. Preferential orientation of
crystallites in the SEI may modify the rate of Li* diffusion to the
electrode surface through those crystals, which could change
the rate performance of the battery.”>>*

Herein, we report our studies on the atomic structure of the
SEI formed on EG/SiC. XPS studies show SEI components on
EG/SiC that are similar to that found previously on graphite
anodes. Furthermore, we find that LiF crystallites form and
grow on the EG/SiC surface with strong texturing during
lithiation via in situ synchrotron X-ray scattering. Lastly, using
high-resolution transmission electron microscopy (HRTEM),
we observe the structure and morphology of the SEI on the
EG/SiC surface.

B EXPERIMENTAL SECTION

SiC samples were n-type doped single crystal wafers purchased from
CREE. As described elsewhere,® the SiC(0001) substrates were
cleaned with acetone and isopropanol before being graphitized in
ultrahigh vacuum. Scanning tunneling microscopy (STM) revealed
that the surfaces were covered by a combination of single and bilayer
graphene with minimal 61/3 X 64/3 reconstruction exposed. The
electrolyte was 1 M LiPF, (99.99%, Sigma-Aldrich) in 1:1 ethylene
carbonate (EC) to dimethyl carbonate (DMC) (anhydrous, Sigma-
Aldrich), and the counter electrode was metallic Li (Sigma-Aldrich).
The samples for the XPS and HRTEM measurements were lithiated
galvanostatically in a two electrode beaker type cell with a current of
21 pA/cm? The sample used for the X-ray scattering experiment was
lithiated in a home-built in situ X-ray thin-film** cell with a 7.5 ym
Kapton window (see Supporting Information, S1). The cell was sealed
in an inert atmosphere using a combination of Kapton film, a Viton
gasket, and pipe fittings. The seal was leak tested, and the Li metal
counter electrode showed no significant oxidation when examined
after the X-ray experiments, which is consistent with an insignificant
amount of water inside the cell. The galvanostatic lithiation of this
sample started at a current of 0.032 mA/cm? until a charge of 0.13
mAh/cm?, then 0.064 mA/cm? until 0.26 mAh/cm?, and last 0.13 mA/
cm? until 0.51 mAh/cm?.

XPS measurements were taken using an ESCA Probe (Omicron)
after samples were cleaned with isopropanol to remove residual
electrolyte. The spectra were smoothed by using fast Fourier transform
(FFT) filtering to remove noise. A peak fitting procedure was used to
find the exact peak positions listed in Table 1.

X-ray scattering experiments were performed at sector SID-C
(DND-CAT) at the Advanced Photon Source using 17.00 keV
photons in a reflection geometry (see Supporting Information, S2).
Two detectors were used during these experiments: a charge coupled
device (CCD) area detector (“Roper CCD”) (Princeton Instruments
7501-0002) mounted on the detector arm of the diffractometer® and
a MARI6S large area CCD detector (“MAR CCD”) (MAR Research)
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Figure 1. Ex situ XPS spectra for a 14 mAh/cm? lithiated EG/SiC
sample using 1 M LiPF¢ in 1:1 EC/DMC electrolyte for (a) Li 1s, (b)
F 1s, (c) C 1s, and (d) O 1s.

centered on the beam path after the sample. The diffraction data from
the SEI (i, intensity vs momentum transfer, q,, measured near the
surface normal direction) was extracted from the Roper CCD images
by masking-out the true specularly reflected X-ray beam from the
images, integrating the image along gq,, and plotting the remaining
near-specular scattering intensity vs g.. Using Nika software, the MAR
CCD images were converted into reciprocal space maps and ‘pole
figures’ were extracted.>® For the LiF (002) pole figure, a combination
of MAR CCD images were taken at incident angles of 5° and 10.384°.
10.384° is the local specular position for LiF (002), meaning that LiF
crystals with their (002) planes parallel to the SiC (0006) planes
satisfy the Bragg condition at this incident angle. The pole figure for
LiF (111) was extracted from those same two images and an image
near to the local specular from the Roper CCD (see Supporting
Information, S3). The extracted data for both LiF (002) and (111)
were merged, as was pro})osed by Baker et al. to remove artifacts
created by the geometry.’

The sample for HRTEM was prepared using focused ion beam
milling procedures, as described previously.>’ HRTEM was performed
using a JEM-2100F TEM (JEOL) at 200 kV.

B RESULTS AND DISCUSSION

Ex situ XPS was utilized to investigate the surface composition
of the SEI formed on EG/SiC. The resulting spectra for a 14
mAh/cm? lithiated EG/SiC sample using 1 M LiPF in 1:1 EC/
DMC electrolyte are shown in Figure 1, and peak positions
with proposed assignments are given in Table 1. The Li 1s

Table 1. Binding Energies and Proposed Assignments for the
XPS Spectra for a 14 mAh/cm’® Lithiated EG/SiC Sample
Using 1 M LiPF in 1:1 EC/DMC Electrolyte

binding

element energy (eV) proposed assignment ref

Li 56.1 LiF 8 10, 15,
16
Li 54.7 Li—O (R-CH,0CO,Li, LiOH and Li-O- 8, 15
graphite) or polymer

F 686.2 LiF 8, 10
C 286 Polymer (PEO) 10
C 288.1 R-CH,0CO,Li 10
C 289 R-CH,0CO,Li 10
(¢] 533.4 C—O bonds 8, 10
P 13§ unassigned 15
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Figure 2. X-ray scattering data from an in situ lithiated EG/SiC sample. (a) Diffraction pattern extracted from the images taken using the Roper
CCD camera in the specular geometry for the sample at open circuit and at 0.51 mAh/cm? lithiation. (b) CCD images around the LiF (002) Bragg
peak (incidence angle of 10.609°) at different lithiation stages. The LiF (002) Bragg peak is observed at q, = 3.11 A™!, while the small central spot in
each image (at g, = 3.16 A™") corresponds to the scattering intensity from the surface rod of EG/SiC interface. (c) Domain size and integrated
intensity of the LiF (002) Bragg peak in the window of the Roper CCD at different lithiation states.

spectrum shows a strong peak at a binding energy of 56.1 eV
indicating the formation of LiF.*'*'*'® There is also a peak at
54.7 eV corresponding possibly to Li—O bonds (e.g, R-
CH,0CO,Li, LiOH, and Li-O-graphite) or a lithium
containing polymer.*"® In Figure 1b, the F 1s spectrum
shows a peak at 686.2 eV, further indicating LiF.*'® Note that
there is no peak at 688 eV, which would indicate residual
LiPFé.m’16 In the C 1s spectra, there are three peaks at 286 eV,
288.1 eV, and 289 eV. The peak at 286 eV could be a polymer
such as polyethylene oxide (PEO) with C—O bonds, which can
be formed via the polymerization of EC."° The other two peaks
can be assigned to the two carbons in R-CH,0CO,Li."° There
is no evidence for Li,CO3, which has a peak between 290.5 and
291.5 eV. The O 1s spectrum is shown in Figure 1d with a
strong peak at 533.4 eV, which is consistent with a variety of
C—0 bonds.*'® There is also a peak from the P 2p at 135 eV,
which is not LiPF4 and cannot be assigned.15 These SEI
compounds are consistent with those found previously on
graphite with similar electrolytes.®'>'>¢

To understand the atomic structure of the SEI components
during growth, we utilized in situ synchrotron X-ray scattering.
Figure 2 shows the scattering data taken using the Roper CCD
near the specular reflection condition for the SiC. The
diffraction pattern (Figure 2a) shows four peaks between 2.2
A™" and 7 A™! that increase in intensity after lithiation (0.51
mAh/cm?). These peaks correspond to the (111), (002),
(220), and (004)*® for cubic LiF in the rock salt structure, as
indicated in Figure 2a. There appears to be nonzero intensity at
the peak location for LiF (222) at open circuit due to
interference from the SiC (0 0 0 13) quasi-Bragg peak. There is,
however, a trace of LiF present at open circuit voltage as can be
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seen by the nonzero (002) and (004) peaks (this intensity
corresponds to <5% of the total LiF that was observed at 0.51
mAh/cm” lithiation). The strong peaks at about g, = 2.5 A™
and S A™' and the weaker peaks near g, = 4.1 A™' and 6.6 A™"
correspond to diffuse scattering originating from the SiC (0 0 0
6),(00012), (000 10),and (00 0 16) Bragg and quasi-Bragg
peaks, respectively (the data at and very near the SiC Braggs
have been excluded in this plot). There is no additional
scattering intensity from other potential SEI components, all of
which would be expected to diffract in this g-range; therefore,
we conclude that LiF is the only crystalline component in the
SEL

Figure 2b shows the scattering pattern near the LiF (002)
Bragg peak at different lithiation stages, where the small oval
spot is the true specular surface reflection, and the broader line
of intensity derives from the (002) LiF Bragg peak. It should be
noted that due to the >2° LiF mosaic width the intensity and
peak shape for LiF (002) do not change appreciably between
this position and the local specular position, where the peak
aligns with the surface reflection. These scattering patterns
show that the intensity of this peak increases with lithiation, but
without any significant change in the mosaic width.
Furthermore, the central spot in the images, corresponding to
the surface specular reflection of EG/SiC, is unchanged at
different lithiation stages (in either intensity or shape),
indicating that the graphene structure is not disturbed.>" Figure
2c shows the evolution of the LiF (002) Bragg peak integrated
intensity and vertical domain size at various lithiation states.
The average crystal size (measured along the surface normal
direction) increases monotonically with increasing lithiation
and reaches a value of ~50 nm at 0.51 mAh/cm? The
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Figure 3. (a) In situ diffraction pattern of 0.51 mAh/ cm? lithiated EG/SiC taken with the MAR CCD at an incidence angle of 5°. The arrow in the
image indicates the diffuse SiC (0006) peak. (b) Extracted pole figure for the image shown in part a and images at the specular positions for the LiF
(111) (right y-axis) and (002) peaks (left y-axis), with background subtraction and polarization correction, stitched near to 90° in y.

integrated intensity of the LiF (002) in the window of the
Roper CCD increases nearly linearly with charge.

These data also reveal information concerning the
orientation of the LiF crystals. The intensity of the LiF (002)
peak is more than an order of magnitude larger than that of the
LiF (111) peak, indicating a preferential orientation of the LiF
(002) planes approximately parallel to the SiC (0006) planes.
Since the intensity ratio calculated for a LiF powder is 4:3,>
this suggests that a large fraction of the LiF has the (002)
orientation. While the LiF (002) peak is most intense along the
specular direction (here, indicated as q, = 0 A™"), we do not see
any contribution from the LiF (002) Bragg peak to the surface
reflectivity, suggesting that while the LiF is preferentially
aligned, it is not epitaxial with the graphene.

We have also employed a large area detector to collect the
powder rings of LiF (002) and LiF (111) to probe the full LiF
texture.””*°~** Figure 3a shows the diffraction pattern of EG/
SiC lithiated to 0.51 mAh/cm? taken using the MAR CCD at
an incidence angle of 5°. At g below 2.3 A~Y, there is additional
diffraction intensity from the Kapton window>* and the
electrolyte (note that the sample holder clips this image for
g, < 0.7 A7! causing the shadow).

Figure 3b shows the complete pole figures (between 20° and
160° in y, see Supporting Information, S2 for geometry) for the
LiF (111) and (002) peaks. The pole figure is extracted by
merging both the diffraction pattern at an incidence angle of 5°
and the local specular positions (shown in Supporting
Information, Figure S3), including background subtraction
and correction for the horizontally polarized X-ray beam.*”
Since the SEI layer is more than 100 nm thick,*" an incidence
angle of 5° was chosen instead of grazing incidence to reduce
the effects of absorption and beam footprint, which would
change the probed region for the two measurements.>” The LiF
(002) peak is strongest at y = 90°, while the LiF (111) is most
intense at 35° and 145°. These peaks are due to strong
texturing with crystals oriented such that the LiF (002) planes
are parallel to the graphene sheets. The full width at half-
maximum of the LiF (002) peak at y = 90° is approximately
2.4°, indicating a narrow mosaic distribution of LiF orientations
in the SEIL It should be noted that the signal from the surface
rod at this momentum transfer (g,) contributes less than 1% to
the integrated intensity of the LiF (002) peak. We also observe
a weak peak near 90° in y for LiF (111), indicating that there
are some LiF crystals that have their (111) planes parallel with
the graphene planes. Figure 4 shows that the peak at y=145°
increases more rapidly with lithiation than the other regions of
the ring corresponding to the randomly oriented crystals. This
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Figure 4. Pole figure, with background subtraction and polarization
correction, for LiF (111) at different lithiation stages extracted from
MAR CCD images at an incidence angle of 5°.

indicates that the growth of oriented crystals, with (002) planes
parallel to the graphene sheets, is favored over randomly
oriented crystals after the initial LiF nucleation.

HRTEM was used to further elucidate the morphology of the
SEL Figure 5 shows a representative ex situ HRTEM image of
the SEI near the EG/SiC surface after 14 mAh/cm? lithiation,
observed along the SiC [2 12 0] direction. The SiC (0001)
crystal lattice structure is clearly observed in this orientation.
The HRTEM image also shows a 0.32 nm spacing of graphene
between the SiC crystalline region and SEL The thick SEI layer
contains crystallites whose layer spacing closely matches the
(002) d-spacing of LiF. There is also an approximately 3 nm
thick region between the graphene and LiF crystals, as well as
small regions throughout the rest of the SEI, which appear
amorphous. The amorphous-like region at the surface of the
EG/SiC indicates that the crystalline LiF is not truly epitaxial
with EG/SiC, which is consistent with the X-ray reflectivity.
These apparently amorphous regions likely contain randomly
oriented LiF and/or other SEI components that were detected
with XPS.

H CONCLUSION

We find that the SEI formed on the EG/SiC surface is
composed of LiF and other common SEI products that are also
found on graphite. In situ X-ray scattering shows that LiF
formed on the graphene sheets is crystalline, whose amount
and vertical domain size increase with lithiation dose.
Furthermore, these crystals show texturing, which strengthens
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Figure S. Ex situ HRTEM near the EG/SIiC surface taken along the
SiC [2 12 0] for a 14 mAh/cm? lithiated EG/SiC sample, showing the
structure of the SiC, the graphene layers, and the solid electrolyte
interphase (SEI) with LiF crystals.

with lithiation, with their (002) planes aligning close to parallel
with the graphene sheets with an orientation distribution width
of 2.4° at 0.51 mAh/cm? However, no other diffraction peaks
were found, indicating that the other SEI compounds are
amorphous. Ex situ HRTEM indicates some apparently
amorphous material between the graphene surface and the
region with LiF crystallites, thus confirming the conclusion
from X-ray reflectivity that the crystalline LiF does not grow
directly on the graphene surface. There is also additional
amorphous material throughout the SEI that indicates the
formation of other SEI components or misoriented LiF. The
understanding that LiF forms textured crystals, along with other
amorphous SEI components, will allow for more accurate
modeling of Li* diffusion and stability of the SEI on graphitic
surfaces. These new models will inform ongoing efforts to
realize Li-ion batteries with improved rate capability, safety, and
lifetime.

B ASSOCIATED CONTENT

© Supporting Information

X-ray thin-film cell design, X-ray scattering geometry, X-ray
scattering data at the local specular positions for LiF (111)
(Roper CCD) and LiF (002) (MAR CCD), and pole figure
construction. This material is available free of charge via the
Internet at http://pubs.acs.org.
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