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ABSTRACT: Understanding and ultimately controlling the
properties of the solid—electrolyte interphase (SEI) layer at the
graphite anode/liquid electrolyte boundary are of great significance
for maximizing the performance and lifetime of lithium-ion
batteries (LIBs). However, comprehensive in situ monitoring of
SEI formation and evolution, alongside measurement of the
corresponding mechanical properties, is challenging due to the
limitations of the characterization techniques commonly used. This S ——
work provides a new insight into SEI formation during the first
lithiation and delithiation of graphite battery anodes using
operando electrochemical atomic force microscopy (EC-AFM). Highly oriented pyrolytic graphite (HOPG) is investigated first
as a model system, exhibiting unique morphological and nanomechanical behavior dependent on the various electrolytes and
commercially relevant additives used. Then, to validate these findings with respect to real-world battery electrodes, operando EC-
AFM of individual graphite particles like those in commercial systems are studied. Vinylene carbonate (VC) and fluoroethylene
carbonate (FEC) are shown to be effective additives to enhance SEI layer stability in 1 M LiPF,/ethylene carbonate/ethyl methyl
carbonate (EC/EMC) electrolytes, attributed to their role in improving its structure, density, and mechanical strength. This work
therefore presents an unambiguous picture of SEI formation in a real battery environment, contributes a comprehensive insight into
SEI formation of electrode materials, and provides a visible understanding of the influence of electrolyte additives on SEI formation.
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1. INTRODUCTION

During the electrochemical operation of lithium-ion batteries

and additives.”* Although the formation, composition,
morphology, and long-term structural and chemical evolution

(LIBs), a solid—electrolyte interphase (SEI) layer is formed on
the anode (graphite) surface due to side reactions with the
electrolyte solvent and salt." This SEI is ionically conductive
but electronically insulating, acting as a physicochemical
barrier that suppresses both co-intercalation of anion
molecules from the edge plane and further solvent decom-
position on the electrode surface.” Ideally, the SEI layer should
be a dense and thin film with high ionic (Li*) conductivity and
good mechanical strength, uniformly distributed over the
anode surface. It should also be fully formed during the first
(formation) cycle and remain stable in the following
electrochemical cycles and for the remainder of the cell
lifetime.> The formation of the SEI layer causes an initial
irreversible capacity loss in the cell, but it is vital for its long-
term cyclability, rate capability, self-discharge characteristics,
and safety." Therefore, the formation of a robust and stable SEI
layer on the graphite anode during the formation cycle is
essential. According to the chemical composition analysis, the
SEI generally contains a lower inorganic layer and an upper
organic layer, which are mainly comprised of Li,COj; and alkyl
carbonates, respectively, depending on the type of electrolytes
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of the SEI layer have been widely studied, these properties are
still poorly understood due to difficulties during sample
preparation, transfer or characterization processes such as the
sensitivity of samples to the atmosphere, and the limitations of
using liquid electrolytes in vacuum conditions.

In situ/operando observation of SEI formation is a direct
and efficient method to reveal the electrochemical reaction
mechanism of batteries in their initial stages. Various
spectroscopy and microscopy techniques have been employed
to characterize the chemical and physical properties of battery
materials and their degradation during electrochemical
processes.’ For instance, the chemical environment of
electrodes has been probed via a range of diffraction/
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spectroscopy techniques including X-ray diffraction (XRD),”
X-ray photoelectron spectroscopy (XPS),* Raman spectrosco-
py and Fourier-transform infrared spectroscopy (FTIR);’ the
morphology and structural information of electrodes are
obtained by imaging techniques such as scanning electron
microscopy (SEM),10 transmission electron microscopy
(TEM),"" and X-ray computed tomography (X-ray CT)."”
However, the above methods cannot efficiently provide
accurate structural information of SEI formation on electrodes
during electrochemical cell operation due to limitations in
either their resolution, operational requirements (e.g.,
vacuum), or adverse influence on electrode behavior.®

Built on the backbone of “contact” and “tapping” imaging
modes, atomic force microscopy (AFM) with a mechanical
probe can reveal the three-dimensional (3D) topography of a
sample surface with nanoscale resolution in a nondestructive
way."> A form of tapping mode, peak-force tapping AFM,
provides pN-level interaction force resolution, while simulta-
neously probing the morphology of a surface. Thus, by
performing peak-force tapping AFM on electrodes under
electrochemical operation in liquid electrolytes (i.e., perform
electrochemical AFM, EC-AFM) the nanoscale topography
and surface mechanical properties can be determined as a
function of electrode potentiz1l.14'15 Therefore, EC-AFM can
deliver operando analysis of battery electrodes during cycling
and identify SEI morphology as well as assessing the SEI
properties.

Generally, during the first discharge of a graphite anode, SEI
layer formation is driven below 1.4 and then 0.9 V,
corresponding to the decomposition of additives and electro-
Iyte solvents, respectively, followed by the lithium intercalation
below 0.2 V (all potentials vs Li/Li").” However, the SEI layer
that forms is rarely uniform, with significant variations in the
structural and chemical properties across an unevenly
distributed and poorly ordered layer being common; this is
determined by the solvent, lithium salt, and electrolyte
additives used.'® In addition, the properties of the SEI are
also significantly affected by temperature, concentration of the
electrolyte salt, and reduction current.'” It is well understood
that lithium ions only intercalate into graphite layers through
the edge plane rather than the basal plane.” This increased flux
drives more interphasial species to accumulate at step edges,
causing differences in the SEI layer structure.

Alongside in situ analysis of the morphological and chemical
properties of the SEI as it forms, understanding its mechanical
properties is also important in revealing the electrochemical
mechanisms and degradation processes.'® The Young’s
modulus of the SEI is known to change as the electrochemical
processes, resulting in inhomogeneity over the anode surface.'”

Although changes in morphology have been demonstrated
during lithiation of highly oriented pyrolytic graphite (HOPG)
using in situ EC-AFM,*°~** with other studies showing select
mechanical data,>'®'***7%¢ this pristine carbon is far from
representative of the graphite utilized in commercial cells.
Commercial graphite particles can be coated with pyrolyzed
carbon for better interfacial stability, have a high density of
step edges, consist of small or mixed-size particles, and offer
less ordered strain behavior. All of these effects will modify
behaviors observed in real battery carbons from those seen on
HOPG. An operando AFM investigation correlating morpho-
logical and mechanical changes during SEI growth at both
pristine and battery-industry-relevant graphite is still missing
from the literature.””**

In this work, operando EC-AFM is applied to investigate SEI
formation on graphite anode materials during the first
discharge/charge in 1 M LiPF4/ethylene carbonate/ethyl
methyl carbonate (EC/EMC) electrolytes with and without
additives of vinylene carbonate (VC) and fluoroethylene
carbonate (FEC). SEI formation and corresponding mechan-
ical property evolution are first observed on the model surface
of HOPG. These observations are then, for the first time,
corroborated on individual graphite particles that are
representative of those used in commercial systems, in the
same cell configuration. Similar morphological and mechanical
changes are noted during SEI layer formation and evolution
process, but important differences are found. Therefore, this
work provides a link between the fundamental discoveries at
model anode systems and real-world applications, driving
battery optimization.

2. MATERIALS AND METHODS

2.1. Materials. Working electrode HOPG (grade ZYB) with S X §
mm? area and 1 mm thickness was purchased from Bruker Corp and
back-contacted via a copper foil substrate, connected via Ag adhesive.
Graphite sheets (15 ym particle size, surface area 120—150 m* g™")
were purchased from Sigma-Aldrich and supported on HOPG and Si
substrates by sonicating in acetonitrile for 10 min, before being drop
cast onto the support and dried under Ar. The graphite particles acted
as isolated “islands” on the flat substrate surface for a better scanning
condition for the AFM probe.

To restrict the reaction to the electrode surface (avoiding Cu or Ag
adhesive exposure to solution), the working electrode was covered by
an adhesive polyimide film with a round area (3 mm diameter) cut
out to define the electrode area. The counter/reference electrode was
a Ni wire wrapped with lithium foil, which were placed to surround
the working electrode inside the electrolyte. The 1 M LiPF,-EC/EMC
(3/7 (v/v)) electrolyte, with 2% VC and 2% VC + 15% FEC additive
electrolytes, was supplied by SoulBrain MIL

2.2. Methods. Operando EC-AFM (Bruker Dimension Icon with
ScanAsyst) experiments were carried out in an Ar-filled glovebox
(Mbraun YKG series) with H,O < 0.1 ppm, O, < 0.1 ppm combined
with CH Instrument electrochemical workstation (Model 700E Series
Bipotentiostat). PeakForce tapping mode was adopted in all of the
EC-AFM imaging with an RTESPA-300 silicon probe with reflective
Al coating (Bruker Corp., k = 40 N m™, f, = 300 kHz). Before every
experiment, the probe was calibrated by using a standard HOPG
(modulus = 18 GPa) sample in the Ar atmosphere for a precise
measurement of the mechanical properties. Nanoindentation
mechanical measurements were conducted at the same time as the
morphology was mapped. By recording the load and displacement of
the specialized tips and cantilevers when being pressed into the
surface a load—displacement curve could be generated, which was
further used to calculate the hardness, elastic modulus, and various
viscoelastic properties of the materials. All of the results obtained by
EC-AFM were analyzed by Nanoscope Analysis software.

Cyclic voltammetry (CV) measurements and electrochemical
impedance spectroscopy (EIS) of the coin cells were conducted
using a Gamry Interface 1000. The EIS spectra were conducted with
an oscillation amplitude of 10 mV over a frequency range from 1 MHz
to 0.1 Hz at open-circuit potential (OCP). Galvanostatic discharge/
charge cycling was carried out using a Biologic BCS-800 series at
ambient temperature.

The CR-2032 coin cells were constructed from a graphite working
electrode (90% graphite, 5% PVDF, and 5% carbon black on copper
foil; an active material loading of 6.57 mg cm™2), lithium metal
counter electrode, polypropylene separator, and the same electrolytes
as in the EC-AFM cells.
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Figure 1. CV curves recorded from the EC-AFM cell (a) 1 mV s™' and coin cells (b) 1 mV s™'; (c) 0.1 mV s™" with the three electrolytes of EC/

EMC, EC/EMC/VC, and EC/EMC/VC/FEC.
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Figure 2. Operando EC-AFM images (1.0 V per capture) captured continuously from the electrochemical cell with the EC/EMC electrolyte in a
10 X 10 yum? area on the surface of the HOPG anode. The signals of height and DMT modulus are presented, and corresponding scale bars are

shown at the right side of the images. All voltages are quoted vs Li/Li".

3. RESULTS AND DISCUSSION

3.1. CV Tests of Electrochemical Cells and Coin Cells.
The LiPF,-EC/EMC electrolyte is widely considered to be the
best combination of lithium salt and solvent among a variety of
candidates, due to merits such as high ionic conductivity, low
viscosity, good thermal compatibility, good stability to
electrodes, and the relative stability of the as-formed SEI
film.”” With additives such as VC and FEC, the SEI layers that
form on the surface of the electrode materials (including Li
metal anode, Si anode, graphite anode, NMC cathode, sulfur
cathode, etc.) during the initial cycle have been demonstrated
to be more stable due to their better thermal stability and
mechanical properties.23’30’31 Therefore, in this work, 1 M
LiPF-EC/EMC (3/7) is chosen as a standard reference
electrolyte and the effects of additives of 2% VC and 2% VC +
15% FEC on the SEI formation are investigated.””

A photo and schematic diagram of the electrochemical cell
configuration used for EC-AFM studies is shown in Figure S1.
To correlate the electrochemical performance of the HOPG
anode in the EC-AFM cell with that of standard graphite LIB
anodes (copper current collector with graphite powder, see
Materials and Methods) in the coin cells, CVs were measured
in the different electrolytes (Figure 1). Figure la shows
representative first cycle CV curves for the HOPG at 1 mV s~ ..
In the cathodic scans in EC/EMC and EC/EMC/VC
electrolytes, the current shows little change until 1.0 V. By
contrast, a constantly increasing current is observed from 2.0 V
in the EC/EMC/VC/FEC electrolyte, which may be caused by
the early stage decomposition of FEC." The current peaks in
the potential range of 0.7—0.3 V for EC/EMC, 0.8—0.4 V for
EC/EMC/VC, and 1.5-0.5 V for EC/EMC/VC/FEC electro-
Iyte are due to the decomposition of additives and solvents and
the formation of the SEI layer on the surface of HOPG.
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Additionally, sharp peaks at the potential close to 0 V are
attributed to the Li ion intercalation in the graphite layers.'®
During the anodic scan, all three cells display a positive current
at potentials above 1.0 V, indicating a polarization during the
deintercalation and decomposition reactions.

Figure 1b,c displays the CV curves of the graphite LIB
anodes at scan rates of 1 and 0.1 mV s/, respectively. At 1 mV
s™!, similar processes can be observed as those seen for the
HOPG for all three electrolytes, except that anodic reactions
occur at a lower potential, indicating an alleviated polarization
due to lower electronic resistance in the coin cells. At a slower
scan rate, the three cells show very similar discharge and charge
processes, with the only difference being the starting point of
the SEI formation (Figure 1c). According to previous reports,
the lowest unoccupied molecular orbital (LUMO) energy
levels for VC (—0.88 eV) and FEC (—0.84 V) are lower than
EC (—0.40 eV), which means that VC and FEC additives have
higher reduction capability to accept electrons under reductive
environments.”” This accounts for the earlier onset of SEI
formation during discharge in the above CV scans. In addition,
with VC and FEC additives, a more stable SEI on the graphite
anode surface is expected to form, which prevents continuous
electrolyte decomposition reactions occurring during further
charge and discharge cycles.”*

3.2. Operando EC-AFM of HOPG in EC/EMC. Figure 2
presents a series of operando EC-AFM images of the HOPG
anode with the EC/EMC electrolyte discharged from 3.0 V
(open-circuit potential) to 0.0 V and then charged to 3.0 V.
Each image was captured over 1.0 V, which took 512 s for one
capture (scan rate = 1 Hz, 512 lines X 512 dots), i.e., the
potential was scanned during image capture. Height and
Derjaguin—Muller—Toporov (DMT) modulus (reduced
Young’s modulus calculated according to the DMT model,
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Figure 3. Enlarged images of height (a) and modulus (b) of the HOPG surface between 1.0 and 0.0 V (vs Li/Li*) (column 3 in Figure 2, scanned
from top to bottom within 512 s) and section line data as marked correspondingly. (c—e) Force—distance curves of the three spots from area (¢, d,

e) in (b).

explained in the Supporting Information) are presented within
a square scan area of 10 X 10 ym® The images were captured
from the top to bottom for 3.0—2.0 V, bottom to top for 2.0—
1.0 V, and so forth (as indicated in the figure). The first
column of images and Figure S2 (enlarged figures and section
line data) displays the morphology of the initial (3.0-2.0 V)
HOPG surface. The freshly cleaved HOPG has a very clean
and smooth surface after it is submerged into the electrolyte.
The long vertical lines are graphite edge planes, which show
the presence of carbon terraces with step heights up to 4 nm (a
4 nm step is indicated by the white arrows), corresponding to
~10 carbon layers. The DMT modulus (20—25 GPa) is
uniformly recorded along each line scan and over the whole
area, which is close to the theoretical value of graphite (18
GPa)."” From ~1.5 V (second column) to ~0.7 V (third
column), the measured modulus decreases by ~5 GPa. This is
concurrent with the cathodic current increase, and therefore,
this can be attributed to the early stages of electrolyte
decomposition, forming an intermediate radical anion near the
surface of the graphite.’

Figure 3a,b gives enlarged images of the height and modulus
data in Figure 2, column 3 (1.0—0.0 V). Here, it can be seen
that prominent morphological changes are initiated at 0.7 V.
The height difference of the marked step (white arrows, Figure
2) sharply increases from up to 4 nm to eventually over 200
nm (~0.25 V, green line in Figure 3a), forming “mountains”
along the step edges. An average height increase of about 36
(£5) nm per carbon layer is calculated. In addition, particle-
like structures simultaneously form on the basal plane of the
graphite, producing a rough surface with a height difference of
40—50 nm. The height increase of the mountains is much
larger than that of the basal plane area, which is consistent with
previous reports of preferential SEI formation at the step edges
of graphite.'®*>¢
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At 0.75 V (red line and area c in Figure 3b), the modulus is
consistently ~15 GPa across basal planes and step edges,
which is slightly lower than the starting value. Comparatively,
the modulus value at 0.25 V (blue line, Figure 3b) shows a
significant difference between the basal plane (area d) and step
edge (area e), which are ~14.5 and 0.2—1.5 GPa, respectively.
Representative force—distance curves from the three regions
indicated in Figure 3b (labeled , d, and e) are shown in Figure
3c—e. The shapes of the curves at spots ¢ and d, both on the
basal plane, are quite alike, leading to similar Young’s modulus.
The deformation distance between the start of the repulsive
interaction (~180 nm) to the utmost force between the probe
and sample surface (200 nm) can be used to estimate the
thickness of the soft SEI layer. At spots d and e, this is
calculated at 20 and 80 nm, respectively. From the force—
distance curve of areas d and e, the withdrawing of the probe
from the mountain region at the step edge has a much larger
dissipation energy due to the stronger adhesion. This confirms
that the SEI layer at the basal plane has a higher modulus,
suggesting greater density and smaller thickness, while the SEI
layers at the edge plane are much softer and thicker. These
results are consistent with other reports by FTIR and XPS
analyses that the SEI layer at step edges is mainly composed of
loosely packed organic lithium alkali carbonates and polymeric
compounds and the SEI layer at the basal plane contains more
inorganic materials like Li,O, LiF, and Li,CO5.””*"*® It has
also been reported that the SEI layer is composed of a soft,
polymeric upper layer and a hard, saltlike lower layer covering
both edges and basal planes of graphite.”

The fourth column of Figure 2 shows a well-established SEI
layer over the whole area after 0.0 V. Beyond 1.0 V on the
reverse scan, most of the SEI particles at the basal plane appear
to dissolve, while the SEI at the step edges remains. Figure S3
presents the enlarged images of column 6 (2.0—3.0 V, Figure
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Figure 4. 3D images of height (upper row) and modulus (lower row) obtained in the different electrolytes of (a) EC/EMC, (b) EC/EMC/VC,
and (c) EC/EMC/VC/FEC at the stages of 3.0—2.0 V (column 1), 1.0—0.0 V (column 2), and 2.0—3.0 V (column 3). All of the images have a
scan area of 10 X 10 um? Height and modulus scale bars are shown at the right side of each image. All voltages quoted vs Li/Li".

2), which exhibits partially recovered morphology, including
dissolved basal plane SEI particles and slightly reduced
mountain height. The modulus is also recovered to a higher
level than that of 0.0—1.0 V.

To eliminate the possibility that the moving probe has an
influence on the sample during imaging, a second discharge
process at 1 mV s~ was carried out while a larger area of 20
um” was scanned, as shown in Figure S4. The probe has an
insignificant influence on the observed morphology, peak force
error, and modulus, as observed from the inner 10 X 10 pm?
square area and zoomed-out area. In addition, little change is
observed during the second discharge due to the stabilized SEI
layer on the HOPG surface.

3.3. Operando EC-AFM of HOPG in Different Electro-
lytes. To investigate the influence of electrolyte additives on
the morphology and properties of the SEI layer, operando EC-
AFM was conducted via the same processes as above in
different electrolytes with VC and FEC additives. Figure 4
shows three sets of 3D images of height and modulus obtained
in the different electrolytes (a) EC/EMC, (b) EC/EMC/VC,
and (c¢) EC/EMC/VC/FEC at the stages of 3.0-2.0 V
(column 1) 1.0—0.0 V (column 2), and 2.0—3.0 V (column 3).
Figure SS shows this data in more detail. As with the EC/
EMC, during a potential sweep of 3.0—2.0 V, no changes to the
HOPG surface are observed in the electrolytes with VC and
FEC additives. The surface remains flat (step height up to 4
nm) and uniform modulus value (~20 GPa) is maintained
over the 10 X 10 um® area. Subsequently, within the voltage
range of 1.0—0.0 V, thick SEI mountains appear along the edge
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of the graphite and particle SEI forms at the basal plane area in
all samples. However, different from the EC/EMC electrolyte
(Figure 4a, 1.0—0.0 V), obvious morphology change occurs at
a slightly higher voltage (about 0.8 V) in the two other
electrolytes (Figure 4b,c, 1.0—0.0 V), which agrees well with
the CV curves (Figure 1). This is attributed to a lower
reductive activation energy (13 kcal mol™) and higher
reduction potential (1.05—1.4 V vs Li/Li*) for VC than that
of EC (24.9 kcal mol™! and 0.65-0.9 V vs Li/Li",
respectively). SEI forms at higher potential (0.1—0.2 V higher)
in VC-containing electrolytes, which is reported to possess
improved stability due to higher mechanical strength.”* It is
observed that with VC or VC/FEC additives, the height
increase of the mountain region is much smaller than without
any additive. As calculated, the height increment is 22 (+S)
nm per carbon layer in EC/EMC/VC and 25 (+5) nm in EC/
EMC/VC/FEC, both notably smaller than 36 (£5) nm per
layer in EC/EMC.

The height of the SEI formed at the basal plane in the three
electrolytes is all in the same range (all have a peak/trough
hight variation of ~S0 nm), meaning which means that the
thicknesses of basal plane SEI layers are all approximately equal
to 40—S0 nm (Figure S6). However, compared to that in EC/
EMC, the basal plane SEI height profiles in EC/EMC/VC and
EC/EMC/VC/FEC show a smoother shape, indicating a more
consistent and homogeneous SEI structure. Both of them also
have a higher overall SEI modulus than that in EC/EMC,
indicating a greater density or different layer structure. Also
different from the EC/EMC electrolyte, the basal plane SEI in
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electrolytes. All voltages quoted vs Li/Li*.

the latter two electrolytes is maintained after the discharge/
charge cycle (2.0—3.0 V), suggesting greater SEI stability. This
could reduce additional SEI formation on subsequent cycles,
leading to lower irreversible capacity losses. Although the EC/
EMC/VC electrolyte leads to a higher modulus at the basal
plane than that of EC/EMC/VC/FEC, the latter exhibits a
more uniform modulus between the basal plane and edge plane
areas than the former.

To study the structure and mechanical properties of SEI
more precisely, terraces in the three samples were selected as
marked (white double arrows) in the first column in Figure 4.
For a fair comparison, all three terraces have the same original
step thickness of 1 nm, which is ~3 carbon layers (section line
height in Figure S7). The height, width, and modulus of the
“mountain” SEI formed along the three terraces (one spot
selected every 1 ym over the ~10 ym edge) after the first CV
scan (data obtained from 2.0—3.0 V images) are compared in
Figure Sa—c, respectively. In Figure Sa, a larger mountain SEI
height in EC/EMC is demonstrated, compared to its
counterparts with additives. Although the EC/EMC/VC
produced a similar SEI height as that of EC/EMC/VC/FEC,
the mountain width is much larger and more dispersed (Figure
Sb). As can be seen from Figure 4b column 3, the mountain
region is spread widely, while the other two samples have
relatively slim and straight mountain morphology. After the
discharge/charge process, the mountain area SEI modulus in
the EC/EMC electrolyte is much lower than that with
additives, as shown in Figure Sc. The mountain area SEI in
the EC/EMC/VC/FEC electrolyte has the highest and most
consistent modulus values, indicating a uniformly robust SEL
In fact, the calculated standard deviation (SD) based on the
height, width, and modulus data in EC/EMC/VC/FEC are the
smallest, revealing better overall uniformity of the edge-plane
SEI layer than others.
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For a more comprehensive comparison of modulus values,
three representative regions (i, i, and iii) were selected as
marked in Figure 4, column 2 (1.0—0.0 V). Figure Sd—f shows
the evolution of the modulus (average value of each marked
region) during the CV test. On the basal plane areas (i and ii),
the modulus values decrease slightly upon SEI build-up. The
SEI modulus in EC/EMC recovered to ~10 GPa after the
discharge/charge cycle. By contrast, within EC/EMC/VC and
EC/EMC/VC/FEC electrolytes, the modulus recovered to
15—20 GPa. At step edges (region iii), the SEI modulus in all
electrolytes drops significantly as the cell approaches 0 V.
However, the EC/EMC/VC/FEC system maintains a higher
value of ~10 GPa after the CV test, while the others showed
much lower modulus, <1.0 GPa for EC/EMC and <3.0 GPa
for EC/EMC/VC. This means that the mixed VC/FEC
additive system has a denser SEI, enabling greater stability and
better protection of the graphite anode.

The above results directly confirm the previous first-
principles computational studies that VC and FEC additives
lead to more compact and stable SEI layers than those formed
in EC electrolytes without additives.”” The VC and FEC
additives in the electrolyte induce a controlled growth of the
SEI layer with more inorganic and stable polymer species. In
contrast, in the electrolyte without such additives, the SEI layer
growth is uncontrolled due to unstable external layers that are
easily attacked by radical species promoting sustained growth,
which exhibits a much larger thickness of the SEI layer at the
edge plane.”” In addition, VC and FEC are suggested to
promote the polymerization of VC with cross-linking and
formation of the LiF nanoparticles in the SEI layer,
respectively, both of which lead to a high SEI stiffness.*’ In
summary, with VC and FEC addition, a thinner and stronger
SEI layer formed on the HOPG surface leading to a higher
stability, which impedes the decomposition, evolution, and
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Figure 6. Operando EC-AFM of an individual graphite sheet on the HOPG substrate in the electrolyte of EC/EMC. Height (a) and modulus (b)
images of four potential steps of OCP ~3.0, 0.75—0.5, 0.25—0.0, and 0.75—1.0 V are presented. All of the captured images have a 4 X 4 ym? area
and same scale bars for each row. (c) Height and modulus information of the corresponding section line marked in (a) and (b). All voltages are

quoted vs Li/Li".

thickening of the SEI during the following discharge/charge
cycles.

3.4. Electrochemical Study of the Coin Cells. To
compare the EC-AFM data with actual battery performance,
coin cells containing graphite vs Li were tested with the three
electrolyte systems. Electrochemical impedance spectroscopy
(EIS) and galvanostatic discharge/charge cycling performance
tests were conducted.

Figure S8a presents the EIS Nyquist plots of the three coin
cells with different electrolytes before and after the first CV
scan at 0.1 mV s™'. For the freshly assembled cells, all spectra
consist of a depressed semicircle in the higher frequency range
and a sloping line in the lower frequency range, corresponding
to the charge transfer resistance (R,) and diffusion resistance
(Wiarburg)y respectively. All three cells show a similar charge
transfer resistance (~120—130 Q), indicating a similar basic
bulk resistance (R,) (including current collector, electrolyte,
and separator) and R before SEI formation. After the CV
scan, all three cells show decreased overall resistance due to the
established SEI layer, which is favorable for ion trans-
portation.”" The simplified equivalent circuit and correspond-
ing resistance components are shown in Figure S8b, and the
fitted resistance data are given in Table S1. The higher
frequency area could be subdivided into two depressed
semicircles, corresponding to the resistance of SEI (Rgg)
layer and R..** The cells with EC/EMC and EC/EMC/VC
exhibit the lowest and highest sum of Rgg; and R, respectively.
Cell impedance is influenced by factors including SEI
thickness* and chemical composition.** Tt is also reported
that ion transport is sluggish in the rigid polymer chains of the
VC-induced SEI layer,” thus the sum value of Rqg; and R, in
EC/EMC electrolytes is the lowest due to better ionic
mobility. However, there is a sacrifice of the SEI layer stiffness
in contrast to the other two electrolytes with additives. In
addition, compared with EC/EMC/VC, the FEC-added
electrolyte shows a lower sum resistance of Rgy and Ry,

suggesting that ion transportation is improved by FEC due to
the inorganic LiF SEI component.*®

A thinner and stronger SEI layer, with better ionic mobility,
is expected to improve battery cycling performance.”
Galvanostatic cycling operation of the three coin cells was
carried out at 0.2C after the first discharge—charge cycle. As
shown in Figure S8c, despite a lower capacity than in EC/
EMC electrolytes, the coin cell with EC/EMC/VC/FEC
electrolytes exhibits a more stable capacity and Coulombic
efficiency during the 20 cycles. The slight capacity increase in
the initial cycles of the cell with EC/EMC is presumed to be
due to the unstable SEI formation. The unstable SEI layer
significantly weakens the battery cycling stability, attributed to
the repeated formation of new SEI and co-intercalation of Li*-
solvent clusters (which can result in graphite exfoliation).*¢
The capacity drops quickly for the cell with EC/EMC/VC
electrolytes, which might be attributed to the sluggish ion
transportation in the VC-induced SEI layer. Figure S8d—f gives
the voltage profiles in the first five cycles of the three cells. The
overlapped curves of second to fifth cycles indicate that the
stable SEI layer formed after the second cycle in the electrolyte
of EC/EMC/VC/FEC. These results are in alignment with
previous reports.33

3.5. Operando EC-AFM of Individual, Industry
Relevant, Graphite Oarticles. Operando EC-AFM monitor-
ing of an individual graphite sheet, more representative of
those utilized in commercial graphite anodes, supported on an
HOPG substrate, was carried out in the EC/EMC electrolyte
by discharging/charging at a scan rate of 1 mV s™. A 4 X 4
um?” area is presented in Figure 6 (the series of images for the
whole process is provided in Figure S9). At OCP (~3.0 V), the
graphite sheet has a ~5 nm thickness and slightly lower
modulus (10—16 GPa) than HOPG (~18 GPa). In the
potential range of 0.75—0.5 V, a height increase is detected at
the edge planes both of the background HOPG and graphite
particle. The corresponding height profile (Figure 6¢c) shows
the edge has a much larger thickness increase than the inner
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area, which agrees well with the observations on HOPG. The
height of SEI at the particle edge further increases to 50—65
nm during 0.25—0.0 V. In the central area of the graphite
particle, another sharp height increase occurs, suggesting a step
edge in the center of the sheet. The edge of the graphite sheet
shows a slightly lower modulus than that in the center at OCP
and 0.75—0.5 V. Being constantly lower than the HOPG
substrate, the modulus of the graphite sheet gradually reduced
to 1.0—3.0 GPa and shows a uniform distribution across the
graphite sheet. After being charged to 0.75—1.0 V, the graphite
sheet with an uneven height profile is no longer intact,
consistent with the disruption of the anode material due to
volume change.' The modulus over the whole graphite sheet
maintains at a lower level (0.5—2.0 GPa) than HOPG, which is
likely due to the significantly higher edge/basal ratio of the
small graphite sheet than HOPG. For the graphite anode in an
actual battery environment, SEI formation is known to be
reliant on the particle size, basal/edge ratio, pore size, degree
of crystallinity, and surface chemical composition.*” Here, it is
confirmed that for a small graphite particle with a higher edge/
basal ratio, excess SEI is formed compared with that of HOPG
with a lower edge/basal ratio. This effect is corroborated for
the in situ EC-AFM measurements of a graphite sheet on a
silicon substrate, showing that it is not driven by the
underlying substrate (Figure S10).

4. CONCLUSIONS

Operando EC-AFM characterization was carried out to
investigate the SEI formation and evolution on HOPG and
graphite sheet anodes in different electrolytes. The continuous
imaging of SEI formation on HOPG shows that obvious
morphology change starts at ~0.7 V, which simultaneously
forms two different types of SEI at the edge and basal planes of
graphite. Correlated Young’s modulus mapping and morphol-
ogy imaging of SEI formation is obtained for the first time. It is
demonstrated that SEI at edge sites is much thicker and softer
than that at the basal plane, but by adding VC and FEC
additives an enhanced SEI layer (thinner and stronger) is
developed at both edge and basal areas of the graphite. When
combined with the electrochemical measurements of battery
performance, the enhanced SEI layer is demonstrated to
improve the overall battery performance.

By correlating the fundamental discoveries made on the
model HOPG substrate with those of the individual
industrially relevant graphite particles, it has been shown that
although useful and important comparisons can be made, this
must be done with care. It is clear that the same processes
occur at HOPG and graphite particles, but the significantly
different material structure leads to different behavior and
device performance.

Overall, this work provides a comprehensive and direct
observation of SEI on graphite anode materials. The improved
understanding of the SEI formation and degradation
mechanism offered, alongside the highlighting of the benefits
of different electrolyte additives, can ultimately help drive
improvements in LIB technologies.
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