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A poor understanding of the solid-electrolyte interphase has hindered the
commercialization of silicon as a next-generation lithium-ion battery anode
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electrolyte additives for enhanced cyclability.
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SUMMARY

Progress and Potential

The commercialization of the silicon (Si) anode has been hindered by the instability of
its solid-electrolyte interphase (SEI), yet a comprehensive understanding of SEI properties remains underdeveloped owing to the challenge of characterizing this nanoscale passivation layer. In this work, we visualize the structure and chemistry of the
SEI on silicon anodes using atomic-resolution cryogenic (scanning) transmission electron microscopy (cryo-(S)TEM) and electron energy loss spectroscopy (EELS),
revealing its evolution over the first cycle. We discover the origin of the Si SEI instability in ethylene carbonate (EC) electrolytes, owing to the high reversibility of the
SEI. The role of the critical electrolyte additive fluoroethylene carbonate is revealed,
which extends the cyclability of the Si anode through deposition of an electrochemically irreversible polycarbonate layer on the anode surface. These findings provide a
nuanced view into the Si anode instability in commercial EC-based electrolytes and
the role of additives for SEI stabilization.

Improved lithium-ion batteries are
critical to the adoption of electric
vehicles. Replacing conventional
graphite anodes with silicon
anodes will greatly improve the
energy density of next-generation
lithium-ion batteries; however,
progress has been hindered by a
poor understanding of why silicon
anodes rapidly fail. Using atomicresolution cryogenic electron
microscopy and spectroscopy, we
preserve and image the silicon
anode at various states of charge
and identify the source of its
instability in standard electrolytes.
We further reveal the origin of the
silicon anode stabilization in
enhanced electrolytes. Our results
shed light on the failure modes of
silicon and guide engineered
electrolytes for high-energydensity battery chemistries.

INTRODUCTION
To sustain the increasing energy-storage demands of portable electronics and electric vehicles, high-energy-density battery chemistries are needed.1 Next-generation
lithium-ion (Li-ion) chemistries with silicon (Si) negative electrodes (anodes) are
promising owing to the high specific capacity (3,579 mAh g 1) of Si, approximately
ten times as high as that of conventional graphite anodes (371 mAh g 1).2–5 However, the high lithium (Li) storage capacity of Si results in a large volume change during lithiation (300%), leading to continuous fracture and reformation of the solidelectrolyte interphase (SEI),6 a passivation layer present on all low-potential Li-ion
battery anodes. The SEI arises from the electrochemical reduction of electrolyte
molecules at the low potentials of the anode and is critical to battery operation, as
it kinetically stabilizes the electrolyte against the low potentials at the anode and mediates Li-ion transport between the electrolyte and electrode.7,8 In conventional
graphitic anodes, high cycling stability is achieved due to the stability and selflimiting growth of the SEI; however, in next-generation battery anodes such as Si,
the SEI is continuously fractured and reformed owing to the massive volume change
of the active material, making it the principal source of capacity loss in the battery.9
Hence, the structure and chemistry of the SEI are critical parameters for the reversibility of the Si anode.
Given the importance of the SEI, significant effort has been expended on its characterization via X-ray photoelectron spectroscopy,10–12 secondary ion mass spectrometry,13,14 Auger electron spectroscopy,15 and X-ray and neutron reflectometry.16–18
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These techniques have revealed the chemistry of the SEI, with LixSiOy, Li2O, LiF,
Li2CO3, and organic carbonates as key components in the SEI. However, the SEI is
a nanoscale structure; while these techniques give excellent spectral resolution,
they probe large ensembles of the electrode surface. The arrangement of SEI species is unknown due to the challenge of structural and chemical characterization
with high in-plane spatial resolution. Whereas atomic force microscopy19,20 and
scanning electron microscopy (SEM)21 offer high spatial resolution but poor chemical sensitivity, transmission electron microscopy (TEM)22,23 has the potential to offer
structural and chemical information at high spatial resolutions, but the electron
beam sensitivity and air reactivity of lithiated Si precludes high-resolution analysis.
Nonetheless, these studies have revealed phenomena such as the ‘‘breathing’’ or
reversibility of the Si SEI on delithiation,16,18,24,25 the passivating properties of the
lithiated native Si oxide,13,26 and the dynamics of Li insertion.16,27 Still, the structure
and chemistry of the Si SEI have yet to be revealed at the atomic scale.
The stability of the Si anode relies critically on electrolyte additives; among the most
commonly used is fluorinated ethylene carbonate (FEC). FEC is indispensable to the
lifetime of the Si anode;28–30 however, its role on the Si SEI remains poorly understood. FEC is believed to decompose into fluoride anions, generating LiF, along
with vinylene carbonate (VC) radicals, prior to reduction of other electrolyte components.31,32 The deposition of FEC decomposition products modifies the SEI chemistry and properties, with the performance enhancement attributed to either the
deposition of electrochemically stable LiF14,22,29 or elastomeric polymerized
VC.18,21,31,33 Ultimately, the role of FEC on local SEI chemistry and its explicit role
in anode stabilization is poorly understood due to the lack of high-spatial-resolution
characterization techniques.
Here, we leverage recent advances in cryogenic transmission electron microscopy
(cryo-TEM) to visualize the Si SEI with atomic resolution. Cryo-TEM has recently
been shown to stabilize beam-sensitive and air-reactive battery materials in the
TEM column at liquid nitrogen temperature and to provide high-resolution structural
and chemical characterization of the SEI on the metallic Li anode34–36 and oxidized
copper.37 The SEI is commonly assumed to be a monotonically growing structure;38
using this nascent technique, we stabilize the Si anode for high-resolution TEM and
reveal the dynamic nanostructure and chemistry of the Si SEI upon lithiation and delithiation. Furthermore, we examine the atomistic role of the electrolyte additive
FEC; using cryo-TEM, we reveal its role on the SEI structure and chemistry and link
the physicochemical characteristics of the SEI to the anode cyclability. From this
work, we build a more complete picture of the lithiation and delithiation of the Si SEI.

RESULTS AND DISCUSSION
Growth and Lithiation of Silicon Nanowires on the TEM Grid
TEM necessitates electron-transparent specimens; to prepare Si anodes for TEM
with minimal processing, we developed a process to grow Si nanowires (NWs)
directly on a TEM grid via a vapor-liquid-solid (VLS) process.2,39 This offers two
main advantages: Si active material is electronically connected to the TEM grid current collector, eliminating the need for binder or conductive additives and thus
reducing heterogeneity from porous electrode models,8 and eliminating the need
for sample preparation such as microtomy or focused-ion beam, which may introduce chemical or mechanical artifacts.40 Scanning electron microscopy (SEM) images of the as-grown NWs show their growth out of the TEM grid sidewalls along
with their high aspect ratio (Figures 1A and 1B). High-resolution TEM (HRTEM) shows
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Figure 1. Growth of Si Nanowires on the TEM Grid and Comparison of Conventional
and Cryo-TEM
(A and B) SEM of the Si nanowires (NWs) grown on the TEM grid.
(C) HRTEM of the as-grown Si NWs and native-oxide termination.
(D) Conventional TEM of a lithiated Si NW at room temperature.
(E) Conventional TEM of the lithiated Si NW from (D) after high-magnification imaging at room
temperature.
(F) Li K-edge EELS spectra of the lithiated Si NW after high magnification under room-temperature,
conventional TEM, and cryo-TEM conditions.
(G) Bright-field cryo-TEM of a Si NW lithiated to 100 mV.
(H) Bright-field cryo-TEM of a Si NW lithiated to 10 mV.
(I) Bright-field cryo-TEM of a Si NW lithiated to 10 mV, then delithiated to 1 V.

the crystallinity of the as-grown NW, along with a thin native oxide termination of
1–2 nm (Figure 1C).
We assembled Si NW TEM grid half-cells using the Si NW TEM grid as the working
electrode, and lithiated the Si via linear sweep voltammetry (LSV). Owing to the large
inelastic scattering cross-section of Li alloys such as LixSi,41 the lithiated Si anode is
highly sensitive to electron-beam-induced damage at room temperature (Figures
1D and 1E). Imaging of the lithiated Si NW TEM grid at room temperature using conventional TEM results in significant structural changes; as the image is magnified and
the electron dose rate increased for HRTEM imaging, the LixSi undergoes structural
and chemical changes (Video S1). Secondary phases nucleate out of the NW and the
NW deforms under electron irradiation owing to mass loss, followed by structural
stabilization once the Li atoms have been fully ejected from the NW. Electron energy
loss spectroscopy (EELS) of the NW after attempted HRTEM imaging reveals an
absence of the Li K-edge, indicative of selective mass loss of the weakly bonded

Matter 1, 1–14, November 6, 2019

3

Please cite this article in press as: Huang et al., Dynamic Structure and Chemistry of the Silicon Solid-Electrolyte Interphase Visualized by Cryogenic Electron Microscopy, Matter (2019), https://doi.org/10.1016/j.matt.2019.09.020

Li. This suggests that the secondary phase nucleated out of the NW during conventional TEM imaging is metallic Li, with amorphous, delithiated Si remaining (Figure 1F). In contrast, cryo-TEM at liquid nitrogen temperature stabilizes the LixSi under electron irradiation, and the Li K-edge remains robust even after HRTEM, making
cryogenic stabilization requisite for accurate analysis of lithiated Si and its SEI.
Structural and Chemical Characterization of LixSi in Ethylene Carbonate
Electrolyte
To preserve the native structure and chemistry of LixSi and its SEI, all following (S)
TEM images presented in this work were taken under cryogenic conditions. In addition to structural and chemical stabilization under electron irradiation, cryogenic
sample preparation and cryo-TEM imaging serves to prevent side reactions with
air and water during sample insertion.34 Si NWs were partially lithiated to 100 mV
versus Li/Li+ in the standard Li-ion battery electrolyte of 1:1 (v/v) ethylene carbonate/diethyl carbonate (EC/DEC) with 1.0 M LiPF6 salt, revealing an atomically abrupt
interface between the crystalline Si core and an amorphous LixSi shell (Figures 1G
and 2A), in line with previous in situ TEM observations.27 This confirms that in real
battery operating conditions with liquid electrolyte, Si lithiation proceeds radially,
and crystalline Si is amorphized by Li alloying. The structure of the native-oxideterminated NW remains amorphous beyond the crystalline Si core out to the outer
SEI/vacuum interface, where the NW is terminated by a layer of crystalline Li2O in
the SEI (Figure 2B). However, owing to the lack of a resolvable interface between
amorphous LixSi and amorphous LixSiOy, the boundary between LixSi and the SEI
is poorly defined. Through cryo-STEM EELS mapping, the SEI can be distinguished,
and a core/shell/shell structure is observed consisting of a Si-rich core, a Li-rich inner
shell, and a Li-, C-, and O-rich outer shell (Figure S1).
On full lithiation to 10 mV versus Li/Li+ (Figure 1H), amorphous LixSi crystallizes into
Li15Si4, the most stable phase of LixSi at room temperature,42 and the SEI becomes
distinguishable from Li15Si4 (Figure 2C). The lithiated native oxide, LixSiOy, remains
as an amorphous layer interfaced with the Li15Si4, possibly due to kinetic factors such
as incomplete lithiation to the most lithiated phase of Li4SiO4 or impeded crystallization due to lattice mismatch between Li15Si4 and Li4SiO4. Above this amorphous
LixSiOy is the SEI originating from the decomposition of electrolyte molecules
such as EC, consisting of amorphous organic components embedded with Li2O (Figure 2D). Comparison of the Li K-edge of the Si SEI in EC/DEC electrolyte to a Li2O
reference confirms that the SEI is rich in Li2O (Figure S17). Structurally, the fully lithiated SEI at 10 mV is similar to the SEI of the partially lithiated NW at 100 mV, which is
unsurprising considering that lithiation occurs radially; the SEI is interfaced with LixSi
in both cases, with low potentials of 100 mV and 10 mV, far below the EC decomposition potential of 0.9 V.38 Cryo-STEM EELS analysis of the carbon K-edge from the
SEI reveals the strong carbonate bonding characteristic of the organic SEI components (Figure 3C), indicative of alkyl carbonate species such as Li ethylene dicarbonate (LEDC).43 While the lithiation of SiOx has been suggested to form Li2O via a conversion reaction into Si and Li2O,44 thermodynamic calculations have revealed this
reaction to be improbable.45 The positioning of the observed Li2O on the outer
interface, away from the LixSiOy layer, suggests that the Li2O arises from the decomposition of EC. This SEI nanostructure differs greatly from the ‘‘mosaic’’ nanostructure observed on the metallic Li anode in EC/DEC electrolyte,34 likely due to the
presence of the Si native oxide. This built-in passivation layer in the case of the Si
anode results in an amorphous SEI at the Li15Si4/SEI interface, which partially passivates the anode and increases the overpotential for EC decomposition. Further EC
decomposition on top of this LixSiOy layer then results in a thin, EC-derived SEI
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Figure 2. Lithiation of Si NWs in EC/DEC Electrolyte
(A) HRTEM of Si NW partially lithiated, to a cutoff voltage of 100 mV and (inset) fast-Fourier
transform (FFT).
(B) Magnified HRTEM and FFT of the solid-electrolyte interphase (SEI).
(C) HRTEM and FFT of Si NW fully lithiated to 10 mV.
(D) Magnified HRTEM and FFT of the SEI.
(E) STEM EELS mapping of the Si NW lithiated to 10 mV. The white arrow indicates the low Liintensity layer.
All images are acquired under cryogenic conditions.

containing LEDC, the amorphous organic product of EC decomposition, along with
Li2O from further EC reduction. The resultant SEI nanostructure is a bilayer structure,
of amorphous LixSiOy at the inner interface and a mixed layer of amorphous LEDC
and crystalline Li2O at the outer interface, reminiscent of the ‘‘layered’’ SEI nanostructure observed for Li metal grown in FEC.34
Chemical distributions of anode and SEI components such as Li, Si, C, and O
in the fully lithiated NW can be further revealed through Cryo-STEM EELS
mapping (Figure 2E). The annular dark-field (ADF) image shows a high-intensity
core consisting of Li15Si4, along with a lower-intensity outer shell due to a low-density SEI. ADF contrast arises from both diffraction and mass-thickness contrast;40 the
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Figure 3. Delithiation of Si NWs in EC/DEC Electrolyte
(A) HRTEM and FFT of Si NW lithiated to 10 mV, then delithiated to 1 V.
(B) Magnified HRTEM and FFT of Si NW SEI.
(C) EEL spectra of the C K-edge from the Si NW edge when lithiated to 10 mV and delithiated to 1 V.
(D) STEM EELS mapping of the Si NW when delithiated to 1 V.
All images are acquired under cryogenic conditions.

high-intensity core is likely due to diffraction from crystalline Li15Si4 along with massthickness scattering from electron-dense Si. The lower intensity in the SEI arises from
the weak scattering of low-density amorphous SEI components. C and O from SEI
components such as LEDC, Li2O, and LixSiOy are localized to the outer shell as
well, while Si remains confined to the core. Li extends throughout the entire structure, with the highest intensity in the core arising from the Li-rich Li15Si4 phase.
The Li intensity is second highest at the outer interface, as a result of Li-rich SEI components such as LEDC and Li2O from the EC-derived SEI. Between the Li-rich Li15Si4
core and the outermost Li-rich SEI is a region of lower Li intensity, indicated by the
white arrow in Figure 2E, due to the relatively low Li concentrations in LixSiOy. EELS is
sensitive to bonding environments; the metallically bonded Li in Li15Si4 exhibits a
different spectral signature compared with ionically bonded Li in the SEI (Figure S2).
These differing Li fine structures can be further mapped through multiple linear least
squares (MLLS) fitting to delineate Li in the core from Li in the SEI (Figure S3). Despite
the use of a fluorinated salt, LiPF6, fluorine is not detected in the EELS spectrum (Figure S4), indicating that fluorinated decomposition products such as LiF are not a
principal component of the compact SEI on the Si surface, although they may exist
elsewhere on the electrode surface.
Reversibility of the Si SEI on Delithiation in Ethylene Carbonate Electrolyte
We further investigated the delithiation behavior of the Si SEI in EC/DEC electrolyte
(Figure 1I). On delithiation, the Si anode is amorphized, as shown in Figure 3A and its
fast-Fourier transform (FFT). While the SEI is terminated by a Li2O layer in the
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lithiated state, on delithiation the SEI becomes fully amorphous (Figure 3B). This indicates reversibility of the Li2O layer arising from EC reduction. The Li2O delithiation
reaction is further supported by selected area electron diffraction of a single NW
(Figure S5); crystalline reflections from Li15Si4 and a polycrystalline ring from Li2O
are visible in the lithiated state; and on delithiation, broad rings characteristic of
amorphous Si are evident. The polycrystalline ring from Li2O is not detected.
Evidently, the structure of the Si SEI is reversible on the first cycle.
Cryo-STEM EELS mapping of the delithiated Si NW reveals that not only the SEI
nanostructure but also the chemistry is reversible. Li K-edge mapping reveals that
no Li remains in the NW, confirming that the NW is fully delithiated; however, no
Li is detected in the surface SEI layer (Figures 3D and S6). An oxygenated surface
layer remains, and C counts become more dilute while surface enrichment of C is
no longer detected. Analysis of the C K-edge fine structure with cryo-EELS reveals
that the carbonate peak intensity at 290 eV is undetectable in the delithiated state,
with only insulating olefinic or aromatic carbons remaining. Sparse crystalline Li2CO3
can be observed in some regions on the delithiated NW (Figure S7), indicating that
Li2CO3 is a stable species against oxidation and a minority contribution to the carbonate signal in the C K-edge. Li2CO3 does not appear to be a majority component
in the compact SEI directly on the electrode surface, likely indicating its instability
against the highly reductive Li15Si4 surface. Indeed, simulations by Leung et al.
have predicted that Li2CO3 is thermodynamically unstable on Li surfaces, and decomposes to Li2O.46 This instability was also speculated to occur on LixSi surfaces
and is a likely pathway for the abundant Li2O within the SEI in the lithiated state.
Their calculations also predict that Li2CO3 is stable against Si in the delithiated state,
consistent with our observations. The low intensity of any carbon-oxygen bonding in
the carbon fine structure along with lack of Li counts in the SEI indicates that the surficial oxygen layer arises from SiOx rather than LixSiOy or LEDC.
These observations reveal that not only the Si lithiation but also the Si SEI are reversible. While Li2O is thermodynamically stable against Li15Si4 in the lithiated state,
Li2O is reactive to Si and can form LixSiOy on delithiation.15,46 Although Li4SiO4,
the most Li-rich phase of LixSiOy, is reported to be irreversible,47–49 the lack of crystalline Li4SiO4 observed in the lithiated Si (Figures 2C and 2D) suggests that
this phase is kinetically limited and is not reached on the first cycle. Thus, a mix of
Li-poor LixSiOy phases are likely formed on lithiation (and Li2O reaction with Si on
delithiation), which are delithiated on the first cycle. Furthermore, not only are the
inorganic components in the SEI reversible, but so too are the organic carbonates.
The reduction in carbonate peak intensity revealed with cryo-EELS reveals that EC
reduction products such as LEDC are also reversible. These observations support reports of ‘‘breathing,’’ or reversible SEI behavior of the inorganic Si SEI components,16,18,25 while unifying these observations with the oxidation of organic SEI
components.43,50 The SEI is typically thought to monotonically grow with increasing
electrolyte decomposition; this is not the case, as both inorganic and organic SEI
components are dynamic with state of charge. This oxidation of organic and inorganic Si SEI components may be beneficial during initial cycling of the Si anode in
EC-based electrolyte; however, the lack of a stable SEI results in poor cycling stability and rapid failure of Si.
Impact of FEC on the Si SEI
While the Si anode rapidly fails in EC-based electrolyte, the electrolyte
additive FEC greatly extends its cycling stability (Figure 4A) while conversely
decreasing the first-cycle Coulombic efficiency (Figure 4B). The use of FEC is
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Figure 4. Lithiation of Si NWs in EC/DEC + 10% FEC Electrolyte
(A) Cycling stability of Si nanoparticle electrodes in EC/DEC and EC/DEC + 10% FEC electrolyte.
(B) Capacity curves and initial Coulombic efficiency of the first lithiation of Si nanoparticle
electrodes in EC/DEC and EC/DEC + 10% FEC.
(C) HRTEM of Si NW partially lithiated, to a cutoff voltage of 100 mV and (inset) FFT.
(D) Magnified HRTEM and FFT of the SEI.
(E) HRTEM and FFT of Si NW fully lithiated to 10 mV.
(F) Magnified HRTEM and FFT of the SEI.
(G) STEM EELS mapping of the Si NW lithiated to 10 mV. The white arrow indicates the low
Li-intensity layer.
All images are acquired under cryogenic conditions.
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Figure 5. Delithiation of Si NWs in EC/DEC + 10% FEC Electrolyte
(A) HRTEM and FFT of Si NW lithiated to 10 mV, then delithiated to 1 V.
(B) Magnified HRTEM and FFT of Si NW SEI.
(C) EEL spectra of the C K-edge from the Si NW edge when lithiated to 10 mV and delithiated to 1 V.
(D) STEM EELS mapping of the Si NW when delithiated to 1 V.
All images are acquired under cryogenic conditions.

clearly advantageous to the Si anode lifetime; in this section, we discuss its impact
on the SEI chemistry and structure. The lithiation behavior of Si in EC/DEC + 10
vol % FEC proceeds similarly to Si in EC/DEC electrolyte alone; at 100 mV, a crystalline Si core is surrounded by an amorphous LixSi shell (Figure 4C). When fully
lithiated to 10 mV, the LixSi crystallizes to Li15Si4 (Figure 4E), verifying that FEC
does not change lithiation dynamics, and that the SEI is the main source of
increased performance. Closer inspection of the Si SEI in EC/DEC + 10% FEC reveals a drastic change in SEI nanostructure; the Si SEI is fully amorphous (Figures
4D and 4F), consisting of the lithiated SiOx, LixSiOy, along with an amorphous
outer layer. The lack of fluorine (Figure S8) and strong carbonate signal in the C
K-edge (Figure 5C) confirms this amorphous outer layer is not amorphous LiF,
but rather polycarbonates arising from VC polymerization. The Li2O layer seen in
the case of Si lithiated in EC/DEC is absent, further reinforcing that Li2O arises
from EC decomposition rather than from conversion of SiOx. The SEI formed in
the presence of FEC thus consists of an amorphous bilayer structure, with amorphous LixSiOy on the inner interface and an amorphous poly(VC) layer on the outer
interface. While LixSiOy partially passivates the Li15Si4 surface, the poly(VC) layer
completes the passivation, inhibiting further decomposition of EC into LEDC
and Li2O. Cryo-STEM EELS mapping reveals the SEI is rich in Li, C, and O, elementally similar to the SEI formed in EC-based electrolyte. The Li spectra can be further
mapped to the different bonding environments in the core and SEI through MLLS
fitting, as discussed previously (Figures S9 and S10). Only with high-resolution imaging through Cryo-HRTEM can the SEI structure be unambiguously resolved.
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On lithiation it can be observed that the SEI nanostructure is altered by the addition
of FEC, and is fully amorphous due to poly(VC) deposition. Still, the source of the
enhanced cycling stability of the Si anode with the FEC additive is not immediately
obvious. Inspection of the Si in the delithiated state reveals the conversion to amorphous Si, maintaining an amorphous interphase (Figures 5A and 5B). The C K-edge
of the SEI reveals a persistent carbonate peak in the delithiated state, indicative of an
electrochemically stable poly(VC) layer coating the NW surface (Figure 5C), along
with a strong Li K-edge peak (Figure S11). Whereas Cryo-EELS revealed the oxidation of organic carbonates such as LEDC in the EC-derived SEI, with the addition
of FEC, an organic polycarbonate SEI is formed that is stable against oxidation.
Cryo-STEM EELS mapping of the delithiated Si NW with FEC additive, shown in Figure 5D, reveals a low-density surface layer in the ADF image, coincident with a Li-, C-,
and O-rich surface layer. While the O map likely has contributions from SiOx as well
as poly(VC), the Li and C map indicates the presence of lithiated organic species such
as poly(VC), even in the delithiated state. In comparison, the delithiated Li15Si4 in EC
alone showed no Li and reduced C in the SEI.
The beneficial role of FEC is thus to polymerize on the NW surface, forming a
conformal poly(VC) SEI that is stable against oxidation. The irreversibility of the
FEC-derived SEI is thus reflected in the first-cycle Coulombic efficiency; while Si
cycled in EC alone exhibits a higher initial Coulombic efficiency (ICE) owing to the
oxidation of SEI components, the Si cycled in FEC is stable on delithiation, leading
to a lower ICE. The low ICE of Si cycled with FEC is accordingly coupled to its latecycle stability. In addition to its electrochemical stability, this poly(VC) coating
readily crosslinks, giving the SEI elastomeric behavior.31 These elastomeric properties likely contribute to the stability as well, maintaining a conformal SEI as the Si
repeatedly cycles and undergoes massive volume changes. We thus reveal the
role of FEC on the cycling stability of Si; FEC decomposition results in the polymerization of VC radicals on the anode surface, resulting in an amorphous SEI with a
bilayer structure: an inner layer of LixSiOy characteristic of native-oxide-terminated
Si, with an outer layer of poly(VC). The poly(VC) layer grants electrochemical and mechanical stability to the SEI owing to its resistance to oxidation and elastomeric properties. LiF is not detected in appreciable quantities within the SEI, and we instead
ascribe the performance enhancement of FEC to the polymerization of VC radicals.
Conclusion
Through a combination of cryo-(S)TEM and EELS, we stabilize LixSi for electron microscopy and spectroscopy and reveal the structure and chemistry of the SEI on
the Si anode across the first cycle. In standard EC/DEC electrolyte, the lithiated Si
(Li15Si4) is interfaced with a bilayer SEI, consisting of an inner amorphous layer
from the lithiation of the SiOx, yielding amorphous LixSiOy, and an outer layer arising
from EC decomposition, consisting of amorphous LEDC and crystalline Li2O. On delithiation, the SEI exhibits structural and chemical reversibility; Li2O reacts with Si to
form LixSiOy, which can be further delithiated, and organic carbonates such as LEDC
are oxidized. With the addition of the electrolyte additive FEC, an amorphous SEI is
formed on lithiation, consisting of organic poly(VC) deposition over an inner, inorganic layer of LixSiOy. We attribute the enhanced stability of the Si anode in FEC
to the delithiation behavior of the FEC-derived SEI; on delithiation, the poly(VC)
components are stable against oxidation and a conformal SEI remains on the anode
surface. These observations are graphically depicted in Figure 6. The studies herein
unambiguously image the dynamic structure and chemistry of the Si SEI, and further
the understanding of the role of electrolyte additives toward the stability of the Si
anode.
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Figure 6. Schematic of the Lithiation of Oxide-Terminated Si in EC/DEC and EC/DEC + 10% FEC Electrolyte

EXPERIMENTAL PROCEDURES
Silicon NW Synthesis
Si NWs were grown via a one-step gold-catalyzed VLS growth method in a loadlocked, lamp-heated, rapid-thermal, 8-inch quartz cold-wall chemical vapor deposition chamber with a base pressure of 3 3 10 7 Torr. Si NWs were grown on stainless-steel TEM grids (100 mesh, SPI supplies) soaked in an HF acidified 40-nm gold
colloidal solution (Alfa Aesar J67001 and Sigma 741981). Silane (SiH4) was used as
the Si source at a partial pressure of 0.7 Torr, diluted with hydrogen to a total pressure of 30 Torr. The colloid-coated TEM grids were annealed at 530 C in pure
hydrogen for 4 min before a 30-min growth step at 530 C. NWs have an approximate
diameter of 50 nm (Figures S12 and S13).
Lithiation and Delithiation of Silicon NW TEM Grids
Type 2032 coin cells were assembled in an argon glovebox with a polymer separator
(Celgard 2325), Li metal foil (Alfa Aesar) as the counter/reference electrode, and a
Si NW TEM grid as the working electrode. The electrolyte used was 1.0 M LiPF6 in
1:1 (w/w) EC/DEC. In studies with FEC electrolyte additive, 1.0 M LiPF6 in 90 vol %
1:1 (v/v) EC/DEC and 10 vol % fluoroethylene carbonate was used. In all cases, cells
were assembled with 75 mL of electrolyte.
Lithiation and delithiation were achieved using LSV at 0.05 mV s 1 (Biologic VMP3)
owing to the low capacity of the Si NW TEM grid. After reaching the voltage of interest, the cell was maintained at that voltage for 8 h before disassembly (Figure S14).
For delithiation, the potential was swept to 10 mV, held at 8 h at 10 mV, followed by a
linear voltage scan to 1 V and a potentiostatic hold at 1 V for 8 h (Figure S15). Separate specimens were prepared at each individual voltage due to the difficulty in
recovering the same specimen from the TEM column.
Electrochemical Performance Measurements
Working electrodes were all prepared using a conventional slurry method. Si nanoparticles, carbon black conductive additive (TIMCAL Super P), and polyvinylidene
fluoride (Kynar HSV 900) binder with a mass ratio of 8:1:1 were dispersed in
N-methyl-2-pyrrolidone (NMP) and stirred for 12 h. After casting onto a 10-mm-thick
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Cu foil and drying at 60 C in a vacuum oven for 12 h, the samples were calendared
and cut into 1-cm2 circular disks with a mass loading of 1.0 mg cm 2. In an argonfilled glovebox, these working electrodes were assembled into type 2032 coin cells
with a polymer separator (Celgard 2325) and Li metal (Alfa Aesar) as the counter/
reference electrode. One hundred microliters of 1.0 M LiPF6 in 1:1 (w/w) EC/DEC,
or 1.0 M LiPF6 in 90 vol % 1:1 (w/w) EC/DEC with 10 vol % fluoroethylene carbonate
was added as the electrolyte with full wetting of both working and counter electrode
surfaces. Coin cells were loaded into a battery tester (Land Instruments) and cycled
between 0.01 and 1 V at a C-rate of C/4 (To fully activate the Si electrode, the first
cycle is cycled between 0.005 and 1.5 V at a C-rate of C/20). Charge/discharge rates
were calculated assuming the theoretical capacity of Si (4,200 mAh g 1). Coulombic
efficiency was calculated using the ratio of delithiation (Cdealloy) capacity to lithiation
(Calloy) capacity (Cdealloy/Calloy 3 100%).
Cryogenic Sample Preparation
The batteries were disassembled in an argon-filled glovebox and rinsed with DEC to
remove Li salts. Our rinsing procedure attempts to minimize artifacts by using minimal force and solvent volume; approximately 50 mL was carefully dropped onto the
TEM grid after the battery was disassembled. Immediately after rinsing, the sample
was sealed in an airtight container, submerged in liquid nitrogen, and the container
crushed to rapidly expose the sample to cryogen without any air exposure. While
immersed in liquid nitrogen, the sample was loaded into the cryo-EM holder (Gatan
626) and inserted into the TEM column. The cryo-EM holder uses a specialized
shutter to prevent air exposure and condensation onto the sample, which preserves
the specimen in its native state. Once inside the TEM column, the temperature was
maintained at approximately 178 C.
Electron Microscopy
All conventional and cryo-(S)TEM characterizations were carried out using an FEI
Titan 80-300 environmental (scanning) transmission electron microscope operated
at an accelerating voltage of 300 kV with an energy resolution of 1 eV. The instrument
is equipped with an aberration corrector in the image-forming lens, which was tuned
before each sample analysis. The dose rate for HRTEM imaging was 1000 e Å2 s 1
with an exposure of 0.15–0.3 s using a Gatan OneView CMOS camera. The beam
was blanked between images to minimize total e dose. Cryo-STEM EELS characterization was performed with a C2 aperture of 50 mm, a beam current of 8 pA, a camera
length of 48 mm, and a pixel dwell time of 50 ms. These settings give a convergence
angle of 9.3 mrad and an acceptor angle of 27.8 mrad. EELS spectra were acquired on
a GIF Quantum 966 with a dispersion of 0.25 eV/channel in Dual EELS mode, with the
low-loss centered on the zero-loss peak and the core-loss centered on the C K-edge.
Thus, the Li K-, Si L-, C K-, O K-, and F K-edges can be simultaneously acquired. Energy drift during spectrum imaging was corrected by centering the zero-loss peak to
0 eV at each pixel. Maps were computed through a two-window method, with a preedge window fitted to a power-law background and a post-edge window of 20–40 eV
on the core-loss signal. EELS spectra were summed over many pixels along the Si NW
edge and smoothed with a Savitsky-Golay filter. The unfiltered spectra are presented
in Supplemental Information (Figure S16). SEM characterization was carried out using
an FEI Magellan 400 XHR scanning electron microscope. Larger versions of all
HRTEM images are available in Supplemental Information.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.matt.
2019.09.020.
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