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Abstract

Alloying anode materials for lithium-ion batteries, such as silicon (Si), are an important focus
of materials research due to the demand for increased energy density for electric vehicles and
stationary grid storage. However, progress towards next generation anode materials has been
hindered by poor capacity retention due to the instability of the Si active material and the solid
electrolyte interphase (SEI). In this work, the evolution of the active Si material and the SEI are
simultaneously investigated from the perspective of chemical, structural, morphological, and

electronic evolution in the Si wafer model system through its cycling life, using time-of-flight
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secondary ion mass spectrometry (TOF-SIMS), scanning transmission electron microscopy
(STEM), atomic force microscopy (AFM), and scanning spreading resistance microscopy
(SSRM). The results illustrate a dynamic evolution of the SEI and active Si material through
cycling. Through an improved understanding of evolution of SEI and Si active material within
the Si wafer model system, mitigation strategies may be designed to extend the lifetime of Si

anodes.

Keywords: Lithium-ion batteries; silicon anode, solid electrolyte interphase, scanning probe microscopy, time-of-flight secondary ion mass

spectrometry, scanning transmission electron microscopy

1. Introduction

Increased demand for energy density in lithium-ion batteries (LIBs) for applications in
electric vehicles and grid storage has motivated research into alternative anode materials.® A
widely studied anode material candidate has been silicon (Si), due to its high theoretical energy
density over current state-of-the-art graphite anodes (3,579 mAh g* for Si vs. 375 mAh g for
graphite), natural abundance, and well-understood material processing.l? The principal
challenges to advancing Si as an anode for LIBs arise from the large volumetric change between
lithium (Li) insertion and extraction and the instability of the solid electrolyte interphase (SEI)

anode passivation layer.*
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SEI is known to form from electrolyte and electrolyte additive decomposition products, and
serves a key role in preventing sustained reduction of electrolyte and maintenance of anode
integrity.® While the functional importance of SEI has been recognized, it is still poorly-
understood due to its nanometer-regime thickness and selective solubility in electrolyte.*> The
initial SEI formation is also highly sensitive to the initial anode surface; on Si anodes, the surface
generally features a native oxide with a thickness of approximately 2 nm.® In situ synchrotron
X-ray reflectivity (XRR) and ex situ X-ray photoelectron spectroscopy (XPS) have identified
an SEI bilayer structure formed on native oxide terminated Si wafers, with an outer SEI, rich in
organic products, and an inner SEI, composed of inorganic SEI products.? Recent results
obtained via cryogenic scanning transmission electron microscopy (cryo-STEM) electron
energy-loss spectroscopy (EELS) have confirmed a bilayer SEI formed on native oxide Si, with
an inner amorphous layer featuring LixSiOy formed from the lithiation of the original oxide and
an outer organic layer arising from EC decomposition products, including amorphous lithium
ethylene dicarbonate (LEDC) and crystalline Li2O.” While non-intercalating electrodes have
also demonstrated a bilayer SEI structure,® well-passivating SEI formed on carbon anodes has
shown a compact, inorganic rich (Li20, LiOH, and Li2COs) composition.®
As SEI forms from electrolyte decomposition products, electrolyte chemistry necessarily
affects SEI composition.® In the aforementioned studies, the electrolyte was comprised of
carbonate-based organic solvents (ethylene carbonate (EC) and dimethyl carbonate (DMC)? or
alternatively diethyl carbonate (DEC)” °) and a lithium-containing salt, LiPFe. Other

experimental studies of SEI formed on Si have employed technigues such as XPS, transmission
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electron microscopy (TEM), time-of-flight secondary ion mass spectrometry (TOF-SIMS) and
neutron reflectometry (NR).1%%* In recent years, atomic force microscopy (AFM)-based
techniques have been applied to SEI, yielding additional knowledge of this system.15-2

While the SEI evolution and Si degradation through cycling have been studied individually,?*
25 a full understanding of SEI formation and evolution, paired with analysis of the evolving Si
anode material, has been limited. The Si wafer model system has the advantage of an ideal
surface to study the interfacial phenomena critical to battery passivation but is ultimately not
suited for long cycle life in the commercial battery. The ordered structure of single crystal Si is
also helpful in studying Li insertion behavior, as the crystalline Si is necessarily amorphized by
lithiation; these properties of the Si wafer model system permit investigation of SEI formation
behavior at the superficial Si interface and phase transformation the o-Si/c-Si interface.!l: 26
While there are major differences between Si wafers and Si nanomaterials in their mechanical
resilience to volumetric change, in their pristine state, wafers, nanoparticles and nanowires all
share crystalline Si structure and native oxide surface termination.57 In this work, multiple
characterization schemes are integrated with electrochemical analysis to interpret the
incremental evolution of SEI and Si active material through its evolution in the Si wafer half-

cell, contributing to the understanding of these interdependent material systems.

2. Materials and Methods

2.1 Si Anode Half Cell Assembly
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Si wafers (Addison Engineering, Czochralski process, (100) orientation, single side polished,
native oxide, 150 mm diameter, 675 um thickness, B doped to 0.001-0.005 Q-cm) were laser
cut to 1x1 cm squares and given an RCA clean to remove surface contamination.?” The HF acid
etching step was omitted to maintain the initial native SiOx surface.

Electrodes were dried overnight in a vacuum oven at 100 °C prior to cell assembly. Si anodes
were used as working electrodes in the coin cells with lithium metal as the counter electrode.
Coin cells were assembled with 260 pm thickness glass microfiber filters (Whatman, GE
Healthcare Life Sciences), Celgard 2325 separators, 500 um thick stainless-steel spacers and
300 um thick stainless-steel springs. 4.3 pL of electrolyte (1.2 mol L LiPFs in a solution of
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with an EC:EMC ratio of 3:7 by
weight) were added to each cell. Assembly was completed with an automatic coin cell crimper
(Hohsen Co, Japan), sealing the half cells with 4 s of applied pressure. All stages of assembly

were carried out in an Ar-filled glovebox (with measured ppm Oz and H20 below 0.5).

2.2 Electrochemical Cycling Protocol

Half cells were cycled under galvanostatic conditions with potential and time limitations
according to the following protocol: (i) 3 h rest at open circuit voltage (OCV); (ii) apply
lithiation current at 6.82 LA cm until 0.01 V potential vs Li%* or 2 h time duration is reached;

(iii) apply delithiation current at 6.82 WA cm until 1.5 V potential vs Li%* or 2 h time duration
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UA cm2 until 0.115 V potential vs Li%* is reached; (vi) hold at 0.115 V potential vs Li%* for 10

min.

2.3 Cell Disassembly and Sample Transfer

After cycling, cells were disassembled immediately in an Ar-filled glovebox and soaked in
dimethyl carbonate (DMC) for 2 min to dissolve excess salt accumulation at the surface.
Samples were dried under vacuum in a glovebox antechamber, then transferred for ex situ

characterization via air-free transfer vessels.

2.4 Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)

TOF-SIMS depth profiles were carried out on cycled Si wafers with a hybrid ION-TOF TOF
SIMS V instrument. The hybrid system includes the standard configuration 30 keV three lens
BiMn primary ion gun as well as a TOF-SIMS generation IV sputter gun and detector. The
sputter rate was calibrated to a reference of known thickness, with 1 keV Cs and O sputter ion
beams. Depth profiles were carried out with a 150x150 um? sputter beam raster area and a
50x50 um? analysis area, where the primary ion dosage was 1E11 ions cm, below the static

SIMS limit.

2.5 Scanning Transmission Electron Microscopy (STEM)
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An FEI Nova 200 focused ion beam (FIB) work station was used to prepare the cross-
sectional sample via a conventional FIB lift-out method using Ga+ ions with an ion-beam energy
of 5 kV to reduce ion-beam damage. The thin sample was then investigated in an FEI Tecnai
F20 UltraTwin field-emitting gun (FEG) STEM operated at 200 kV. Electron energy-loss
spectroscopy (EELS) and elemental mapping was carried out in the Tecnai F20 STEM using a
Gatan Model 977 Enfinium ER EELS spectrometer and DigitalMicrograph software. At all

stages of the STEM process, air- and moisture-free sample transfer systems were employed.

2.6 Atomic Force Microscopy (AFM) and Scanning Spreading Resistance Microscopy (SSRM)

AFM and SSRM measurements were carried out using a Veeco Dimension 5000 system
installed in an Ar-filled glovebox chamber. AFM maps of surface morphology were captured in
tapping mode using Olympus AC160TS-R3 Si probes.

SSRM resistivity vs. depth profiles were measured using Bruker DDESP-V2 conductive
diamond-coated electrical probes with an applied bias voltage of —1 V to avoid possible probe
evolution caused by plating of Li. Profiles are developed by investigating the local resistivity at
different depths within the SEI/Si anode structures through careful control over probe contact
force during raster scans. After resistivity maps were captured, the depth of measurement is
determined by a low probe force height measurement of the milled site. This technique is

described in further detail in our prior publication.®
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3. Results and Discussion

Samples were characterized after 1, 10, 50, and 300 cycles with a variety of characterization
tools to investigate the degradation of the Si anode through evolution of the SEI and active Si

material.

3.1 Electrochemical Behavior

Comparison of the 1%, 10™, 50%, 150™, 300" electrochemical cycles are plotted below as
potential vs. time plots (Fig. 1a). The 1% electrochemical cycle shows the typical behavior
associated with initial amorphization of the c-Si to an a-LixSi, occurring with flat plateau at 0.1
V vs. Li%* during the lithiation half cycle.* 28 Previous investigations into this phenomenon have
shown a uniform propagation of the crystalline to amorphous phase boundary for both planar c-
Si and nanoparticle ¢-Si during the initial lithiation half cycle.* 28-30 The 10™ cycle shows stable
cycling behavior, whereby the potential vs. Li%* drops rapidly to approximately 0.28 V, then
decreases more gradually until the time limitation is reached at approximately 0.1 V. Upon
starting the delithiation half cycle, potential vs. Li%* quickly rises to 0.28 V, increases at a near-
constant rate between 0.45 and 0.55 V, then increases more rapidly to the delithiation cutoff
voltage of 1.5 V. The 50™ cycle shows very similar behavior to the 10" cycle for the lithiation
half cycle, but shows slightly higher potentials vs. Li%* during the delithiation, consistent with

a thicker SEI that is more restrictive of the Li extraction from the Si working electrode. By the
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150" cycle, lithiation proceeds to lower potentials vs. Li%*, while the delithiation cutoff potential
is reached significantly before the 2 h time limitation. Examining the 300™ cycle, the potential
vs. time profile has changed substantially. During lithiation, the potential vs. Li%* tracks the
decrease seen at 10 and 50 cycles but requires a voltage of 0.15 V lower to drive Li into the
anode and reaches the lithiation potential cutoff of 0.01V before the 2 h time limitation,
indicating the increased impedance upon the extensive cycling. In the delithiation half cycle, the
potential vs. Li*® quickly recovers to 0.35 V then increases to prematurely reach the delithiation
potential cutoff of 1.5 V. The inset graph (Fig. 1b) summarizes the electrochemical behavior in
terms of the final lithiation potential and the initially recovered delithiation potential. These two
potentials initially are quite close to each other but diverge through the cycling life of the half
cell. As discussed below, this divergence is expected to be caused by a combination of SEI
thickening, whereby diffusion of Li is inhibited,®! and irreversible fouling/disruption of the Si,
whereby the electrochemically active Si material is located at increasing depths within the Si
structure. Figure 1c shows the differential capacity (dQ/dV plots for the same cycles. The first
cycle dQ/dV plot shows characteristic behavior for Si anodes including a delithiation doublet
peak originating from the initial amorphization of Si and LixSiy formation,3'-*2 while subsequent
cycling results in a shift to higher voltage during delithiation concurrent with a shift to lower
voltage during lithiation, consistent with an increase in the resistance on the surface of the
electrode due to SEI thickening.3! Ultimately, by 300 cycles, the lithiation cutoff potential is
reached, preventing the formation of fully lithiated Si phases.®! The reduction in peak intensity

through cycling is evidence of irreversible capacity loss and the inability to form fully lithiated
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LixSiy.3® A further discussion of the coulombic efficiency, charge capacity, and discharge
capacity is included in Supplementary Information (see Figure S1). First cycle coulombic
efficiency was measured to be 84.7%, typical of the high first cycle irreversible capacity loss
measured for Si-based anodes, with the subsequent ~140 cycles showing consistent coulombic
efficiency at approximately 99.1%. By later stages in cycling, oscillation is observed in the
charge and discharge capacities and resulting coulombic efficiency,3* suggestive of spallation
or delamination of SEI and degraded Si material,> such that a fleeting restoration in capacity
occurs following the removal of kinetically limiting material at the anode surface. Additional
electrochemical analysis incorporates structural characterization data presented in this work to

examine capacity in the Si wafer anode (see Figure S2).
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Figure 1. (a) Plots of potential vs. time for distinct stages in electrochemical cycling investigated
(b) Inset graph shows the shift in the final lithiation potential and the initial delithiation potential

through the cycle life of the Si anode, consistent with overpotential resulting from SEI growth.3!
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(c) Differential capacity (dQ/dV) plots of the same stages in cycling, showing peaks associated
with amorphization and silicide formation in the initial cycle, followed by an incremental shift
to higher potentials of delithiation concurrent with decreasing potentials of lithiation through

successive cycles.

3.2 Chemical Characterization via TOF-SIMS

To investigate the evolving chemical composition through cycling, TOF-SIMS was carried
out at the initial stage of cycling (1 cycle) and at the final stage of cycling (300 cycles) for the
model system (Fig. 2). TOF-SIMS depth profiles are plotted (for a subset of the measured
species: Si, Li, fluorine (F), and the sum of organic species measured) to depict evolution of the
SEI and active material. Signals measured after the 1% cycle are shown in dashes, while those
measured after the 300" cycle are shown in solid traces. Arrows depict the shift in intensity
between the two samples.

Intensity of Si begins at a minimum in each sample, then increases to respective maxima,
indicative of SEI thickness. Maximum Si intensity occurs at a depth of ~7 nm after 1 cycle and
~30 nm after 300 cycles, representing differences in total SEI thickness between the two
samples. Li intensity is at a maximum for both samples near the surface, suggestive of the
presence of Li-containing species such as LixSiOy, LiF and Li2O in the SEI and at the SEl/a-Si
interface. As ion diffusion into Si is expected to increase via the amorphization of Si, the

presence of Li and F species within the Si may be useful for understanding the propagation of
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Si amorphization. Li intensity begins to decrease at a shallower depth in the 1 cycle sample,
suggesting that the initial amorphization has propagated to a lesser extent (Figs. 2 and S3).
Similarly, F intensity in the 1 cycle sample decreases rapidly just after the Si maximum intensity
is reached, indicating that diffusion of F into the Si is limited after 1 cycle. After 300 cycles, the
F intensity also begins to decline after Si maximum intensity is reached, but at a much slower
rate, indicating that significant diffusion of F, enabled by the extensive or full amorphization
and resulting expansion of the Si structure, has occurred. In the supplementary information,
TOF-SIMS depth profiles are depicted over a broader depth scale to provide further evidence of
the differential Li and F presence at deeper depths within the structures, including a dramatic
drop in Li for the 1 cycle sample at a depth of ~40 nm, suggestive of a kinetic limitation at the
a-Si/c-Si interface (Fig. S3), as identified by Liu et al in ¢-Si nanowires.®® The intensity of
measured organic species shows a lower relative intensity after 1 cycle, with intensity for both
samples decreasing from the surface within the first few nanometers, consistent with
experimental results showing an organic rich superficial SEI layer.> 2> This indicates that
organic species (i.e., reduction products of the EC/EMC electrolyte carbonate solvent) are
predominantly located in the superficial SEI, and may have formed incompletely after just the
first electrochemical cycle. Even after extensive cycling, the organic SEI layer segregated at the

surface is very thin, on the order of several nanometers.
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Figure 2. TOF-SIMS depth profiles for Si, Li, F, and C-species after 1 cycle (dashed traces)
and 300 cycles (solid traces). Arrows above the plot denote the intensity and depth shifts

between the species from 1 cycle to 300 cycles.

In summary, TOF-SIMS results elucidate two main phenomena: the composition/thickness
shift for SEI through cycling and the condition of the Si material beneath. As reported previously
on multiple Si anode model systems, SEI grows through cycling, forming a thicker SEI.10-1% 36
Investigation of the Li and F signals after Si maximum intensity has been reached demonstrates
that after 300 cycles there is a much greater presence of these species within the Si material,
suggestive of a greater material diffusivity due to amorphization. Moreover, while both samples
were investigated at the same state of charge, high Li intensity is maintained at more than 100
nanometers into the Si in the 300 cycle sample, whereas the Li intensity begins to drop in the 1
cycle sample approximately 20 nm after Si maximum intensity has been reached (Fig. S3). This

difference in Li intensity at depth suggests two results: i) compared to amorphization induced
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by the first cycle, amorphization has proceeded to much deeper depths by 300 cycles, and ii)
after continued cycling, significant Li has been irreversibly lost within the superficial anode
material, via SEI byproduct formation (e.g. LiF) or through fracture-induced electronic isolation

of the Si active material.

3.3 Structural and Chemical Characterization via STEM HAADF and STEM EELS

At an intermediate point in cycling of the Si anode (50 cycles), a cross-sectional sample was
prepared via FIB liftout techniques for STEM imaging. A high-angle, annular, dark-field
(HAADF) image and EELS areal density maps of C K, Si L, Li K, F K and O K edges are shown
below, in Figure 3.

HAADF imaging reveals a planar phase transformation boundary between the a-Si and the
c-Si; consistent with past observations with in situ TEM.% In contrast, the SEI/Si interface
shows significant heterogeneity, likely induced by expansion and contraction during repeated
cycles of lithiation and delithiation. The planar phase transformation of lithiation-induced
amorphization is consistent with the molecular dynamics simulations and experimental in situ
STEM performed on Si nanowires by Wang et al.>° and on nanoparticle Si by He et al.® From
the HAADF image, the thickness of the a-Si layer is measured to vary from 50 nm to 70 nm in
thickness. This measured thickness of the Si active material is further investigated alongside
TOF-SIMS results (Fig. S3) to calculate the specific capacity of the Si active material and its

fade through cycling, as presented in Supplementary Information Figure S2.
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The EELS C K edge areal density map shows significant presence of C in the Pt, deposited
to protect the sample surface during the FIB liftout, with C originating from the SEI adjacent to
the a-Si layer. The Si L edge areal density map shows overlap with the identified layers from
the HAADF image, with slightly lower intensity detected over the a-Si layer due to an expected
lower atomic Si density. Li K and F K areal density maps show high intensity overlap, with Li
distributed more uniformly through the a-Si, SEI, and extending into the Pt. This likely indicates
that the SEI and near-surface Si are relatively porous, permitting electron beam deposited Pt to
invade the structures. The overlap between the intermediate intensity locations of the Li K and
Si L signals suggests that Li is present in a-Si, but to a limited extent in the c-Si. The O K areal
density map shows a high intensity across the interface of the Pt and Si (i.e. SEI), with a lower
intensity region visible in the e-beam deposited Pt. STEM EDS elemental mapping to validate
the layered structure of the cross-sectional samples are shown in Supplementary Information

Figure S4.
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Figure 3. (a) STEM HAADF image and EELS areal density maps of C K, Si L, Li K, F K, and
O K edges on a FIB-prepared cross-sectional Si wafer anode after 50 cycles. STEM HAADF
image shows a linear phase transformation from c-Si to a-Si with significant superficial
heterogeneity induced by volume expansion after the amorphization of Si. Scale bar applies to

all images. (b) Line scans across the SEI/Si interface showing relative intensity of EELS areal

density maps.

STEM HAADF and EELS results provide insight into the elemental composition and

structure of the SEI and active Si material after 50 cycles. The presence of a uniform O layer at
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the SEI/a-Si interface suggests that the native oxide has been transformed to LixSiOy and Li20,
as reported previously.b” 3% C, Li and F are present throughout the SEI structures, with
particular heterogeneity observed in the F K EELs map. F in the SEI has generally been
attributed to LiF formation,? which is supported by the full overlap between the high intensity
regions of the F K EELS and Li K EELS maps. The STEM HAADF image provides a
particularly interesting result: lithiation of the crystalline Si anode occurs along a planar phase
transformation boundary, with heterogeneity developing in the a-Si material, inducing a
superficially rough SEl/active Si interface. Drawing an association between the HAADF image
and F K EELS map, the high F intensity corresponds to an area visible in the HAADF image
with observable localized expansion of the a-Si; localized expansion and resulting strain at the
site might have exposed LixSiy beneath the LixSiOy, presenting a more reactive surface for
decomposition of LiPFe.3%4° These regions are labeled for easier recognition in the

Supplementary Information section (Fig. S5).

3.4 Morphological Characterization via AFM

Morphological investigation of the evolution of the electrode surface was carried out after 1,
10, 50, and 300 cycles. The resulting 1x1 pum images are shown below (Fig. 4), depicting
characteristic surface morphology for each sample, with root mean squared (RMS) roughness

calculated from larger 5x5 pum areas on each sample (Fig. S6).
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The initial pristine electrode shows the original ideal 2-D surface, which evolves and
roughens through cycling, as demonstrated by recent in situ EC-AFM studies.?® After 1 cycle,
the morphology roughens compared to the original electrode, with minor morphological
development that may include some residual salt accumulations still intact after the DMC
rinse.*! After 10 cycles, the electrode shows significant heterogeneous coarsening, with greater
roughness and larger island features developing, likely due to an accumulation of electrolyte
decomposition products. This increase in roughness is consistent with previous AFM
investigations of the morphological evolution in early SEI formation on Si.*> After 50 cycles,
the larger island-like features have further evolved into smaller heterogeneous features, but low
height pitting features begin to appear in larger images (Fig. S6), resulting in a different
morphology but a similar RMS roughness. After 300 cycles, the roughness has increased by an

order of magnitude.
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Figure 4. (a) AFM images (1x1 pm) of the pristine Si anode surface and after 1, 10, 50, and 300
cycles. The RMS roughness for each sample, calculated from larger, 5x5 pum images (Fig. S6),
is show at the bottom right. The first AFM image shows the lateral scale (uniform for all images)
as well as the location of (b) line scans that run diagonally across each image. Note: height

scales are distinct for each AFM image.
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Despite differing morphological features, RMS roughness (Fig. 4) shows little change
between 10 and 50 cycles, suggesting a relatively stable cycling of the electrode between these
stages. Similarly, potential vs. time profiles (Fig. 1) show comparable electrochemical behavior
for the 10 cycle and 50 cycle samples. The AFM image of the 50 cycle sample (Fig. 4a)
demonstrates the appearance of low-height regions, or pitting. The STEM HAADF image (Fig.
3) of the same sample reveals that morphological differences likely originate from the
nonuniform amorphized Si zone, rather than from the SEI accumulation. Thus, pitting features
likely represent localized regions that have experienced less Si expansion beneath; the linear
orientation of pitted features in larger AFM images (Fig. S6) indicate an ordering in the
propagation of the heterogeneous Si expansion observed through amorphization, as observed
previously on Si in out-of-plane deformation, or buckling.*® The order-of-magnitude increase in
RMS roughness (Fig. 4) from 50 to 300 cycles corresponds to the observed shift in
electrochemical behavior (Fig. 1). The roughening of the surface morphology and the loss in
cyclability at 300 cycles is suggestive of excess SEI formation as well as significant disruption
of the Si material. Disruption of the Si may include fracture,* ?* 2844 induced porosity?® leading
to fouling of the Si by electrolyte species (Fig. 2), and ultimately, separation of fractured Si

material leading to electronic isolation and electrochemical deactivation.?®

3.5 Electronic Resistivity of SEI and Si via SSRM Resistivity vs. Depth Profiling
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SSRM resistivity vs. depth profiling was performed for all the studied samples to investigate
the SEI films and the Si material beneath. The resistivity profiles for each sample (pristine, 1
cycle, 10 cycle, 50 cycle and 300 cycle) are shown (Fig. 5a) alongside extracted results depicting
the evolution of the superficial SEI resistivity (Fig. 5b) and the underlying Si resistivity (Fig.
5¢) through cycling. While SEI “breathing” has been reported between states of charge,!® 1345
46 this phenomenon is not within the purview of this study, as all samples were evaluated at an
equivalent state of charge, as administered by the final 10 min potentiostatic lithiation hold prior
to cell disassembly.

Resistivity vs. depth profiles are carried out by raster scans at escalating probe forces to
laterally mill away material, exposing deeper structures within the electrode. Resistivity is
probed in the nanoscale, due to the spatial dependence of the spreading resistance propagation
from the vicinity of the probe'2. The depth of the resistivity map is determined by a subsequent
low probe force measurement over the milled site. Resistivity vs. depth profiles are terminated
when further raster scans moving deeper into the structure result in little-to-no change in
electronic resistivity, indicating that the (semi-)continuous Si material has been reached.*®

The resistivity vs. depth profile for the pristine Si wafer (with a native SiOx surface
termination) depicts the initial wafer, prior to cycling. At the surface, resistivity is relatively
high, indicative of the relatively resistive native SiOx surface oxide. As the probe moves deeper
into the structure it begins to sense the underlying c-Si. In comparison, the profile of the wafer
after 1 cycle shows a slightly more resistive surface (see Figure 5b, evolution of SEI resistivity)

and an SEI of greater thickness than the original oxide, with a slight decrease in resistivity
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associated with the underlying Si due to Li insertion.*” This initial reduction in the electronic
resistivity after 1 cycle is deceptive; later stage samples show an incremental increase in the
resistivity of the Si active material through cycling (see Figure 5c, evolution of Si resistivity).
This phenomenon is explained by the incremental disruption of the Si structures through
continued expansion and contraction; initially, the Si structures are amorphized but the resulting
decrease in electronic resistivity is offset by the insertion of Li, resulting in an overall
enhancement in conductivity. At later stages of cycling, the disruption of the Si bonding appears
to dominate over the presence of Li, resulting in an increase in electronic resistivity. After 10
cycles, the profile shows a superficially more resistive SEI consistent with full SEI development,
indicative of a greater presence of organic species that contribute to the higher measured
superficial resistivity. An increase in the resistivity of the Si active material is also observed,
revealing the onset of the material fatigue resulting in the gradual increase in electronic
resistivity of Si through cycling.*® By 50 cycles, the SEI has grown thicker and the resistivity of
Si has increased further. After 300 cycles, the superficial SEI resistivity has decreased,
indicating a disruption of passivating behavior of the SEI, while the SEI thickness and Si
resistivity have increased further; the measured increase in Si resistivity due to extensive cycling
is in agreement with prior results published by Kim et al. comparing pristine and late-stage

cycled anodes.t’-18,
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(a) SSRM Resistivity vs. Depth Profiles
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Figure 5. (a) SSRM resistivity vs. depth profiles of a pristine native SiOx terminated Si wafer
electrode and after 1, 10 50, and 300 cycles. (b) Evolution of the superficial SEI resistivity and

integrated SEI resistance, and (c) effect of electrochemical cycles on the electronic resistivity of

Si active material.
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While the SSRM resistivity vs. depth profiles provide useful data regarding the evolution of
the superficial SEI and the Si active material, information regarding the formed SEI thickness
may also be extracted. By locating the depth at which further profiling results in minimal
changes to measured resistivity, the total SEI thickness is measured. Based on the incremental
increase in total SEI thickness, the inferred SEI growth per cycle is calculated by dividing the
SEI thickness by the number of cycles completed between the points in cycling investigated. It
is important to note that the cycling parameters applied are expected have a strong impact on
the evolution to the SEI and active material.

SEI thickness is shown to increase through cycling; however, the inferred per-cycle growth
rate continually decreases, from 7 nm in the first cycle into the angstrom range during the first
10 cycles. The stable electrochemical cycling behavior observed between 10 and 50 cycles,
alongside a measured attenuation in SEI growth rate, suggests that the SEI has passivated at
this stage of cycling. Moreover, SSRM resistivity vs. depth profiles measure a high superficial
SEI resistivity for the 10 cycle and 50 cycle samples; this electronically insulating SEI is
expected to restrict electron transport at the interface that would otherwise contribute to
additional SEI formation. After 300 cycles, the SEI has grown in thickness to 35 nm,
consistent with a further reduction in SEI growth rate. However, by 300 cycles, the surface
roughness has increased dramatically, suggesting that localized volumetric change in the Si
anode active material and resulting material fatigue is responsible for the deteriorating anode

electrochemical performance.
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Figure 6. SEI thickness variation based on number of cycles as determined by SSRM resistivity
vs. depth profiles from Figure 5 (left y-axis scale). Inferred SEI per-cycle growth rate is plotted

together with SEI thickness according to the right y-axis scale.

3.5 Interpretation of Results into an SEI/Si Evolution Model

To associate the varied characterization approaches and apply their findings to the evolution
of SEI and active Si material, a conceptual figure is presented below (Fig. 7). SIMS, STEM,
AFM and SSRM results indicate that through cycling of the Si wafer anode according to the
applied electrochemical protocols, the first cycle results in limited SEI formation and Si
amorphization (Fig. 2, 4, 5, S3). After 10 cycles, SEI formation has stabilized (Fig. 4, 5). By 50
cycles, the SEI appears to remain stable but amorphization of the c-Si anode has introduced

heterogeneity, evident on the anode surface (Fig. 3, 4). After 300 cycles, substantial Si
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disruption has occurred, resulting in poor electrochemical performance, likely due to Si fracture,

Si fouling by diffusion of electrolyte species, and excess SEI formation (Fig. 1, 2, 4, 5).

~ ‘ After 10 Cycles

After 1 Cycle
B R D St

Pristine Anode

After 50 Cycles

=

Figure 7. Conceptual depiction of the evolution of SEI and Si within the Si wafer model anode
system, from the pristine electrode to 300 cycles. After the 1% cycle, SEI formation is
incomplete and limited amorphization of the Si has occurred. By 10 cycles, a complete SEI
has formed, with additional amorphization of the Si and resulting structural changes. After 50
cycles, significant heterogeneity is induced by nonuniform expansion of the Si active material
through amorphization. At the end of the anode cycle life, SEI has grown thicker while
significant disruption of the Si has likely occurred, including fracture, fouling of the Si
through diffusion of species contained in electrolyte, fracture, and electronic isolation of Si

material through the formation of intermediary SEI.

The results presented in this study, particularly the observation via SSRM of a progressive
deterioration in the electronic conductivity of the Si anode active material through cycling,
should be addressed in future battery material design to attain cycle life advancements for the

Si-based LIB anode. If this deterioration in Si conductivity is caused by the fouling of the Si

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



28

by diffusion of electrolyte species, as suggested by TOF-SIMS depth profiles of Li and F, this
deterioration may be ameliorated by additives or electrolyte chemistries that produce a less
porous SEI, restricting this undesirable diffusion.*® Alternatively, a more electronically
conductive Si material (e.g., boron (B)-doped Si nanoparticles,* tin (Sn)-Si mixtures,-° and
magnesium (Mg) salt additives that create a Li-Mg-Si ternary Zintl phase*®) would preserve
the electronic properties requisite for electrochemical functionality over an extended battery

lifetime.

4. Conclusions

In this work, the evolution of SEI and active Si material is evaluated through the cycling life
of the Si wafer anode with a variety of characterization tools. To this end, the SEI and Si in the
Si wafer model system is evaluated after 1, 10, 50, and 300 cycles. Electrochemical, AFM,
SSRM and TOF-SIMS results indicate that the SEI requires several cycles to complete its
formation. By 10 cycles, SEI formation is complete, but the SEI continues to evolve. After 50
cycles, STEM results indicate that amorphization of the Si, while occurring uniformly along
an amorphous-to-crystalline phase transformation boundary, induces spatial heterogeneity in
the Si active material thickness and associated SEI roughness. By 300 cycles, the Si anode’s
electrochemical performance has degraded, indicating disruption of the Si active material.

This disruption due to extended electrochemical cycling is manifest in the greater presence of
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contaminant species (i.e. F") detected by TOF-SIMS, as well as the increase in the Si

electronic resistivity as measured by SSRM.
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