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Silicon-based anodes for use in lithium-ion batteries are promising, but their fast
degradation is not fully understood. Bao et al. apply gas titration chromatography
for trapped Li-Si alloy quantification, revealing that interphase-consumed lithium
is the primary reason for inferior cycle stability.
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SUMMARY

Silicon with a high theoretical capacity (3,579 mAh/qg) is a promising
anode candidate for lithium-ion batteries. However, commercializa-
tion is still impeded by low Coulombic efficiency, caused by solid
electrolyte interphase (SEl) formation and trapped lithium (Li)-sili-
con (Si) alloy during repeated volume change. Quantifying capacity
losses from each factor is crucial to formulate rational design strate-
gies for further improvement. In this work, titration-gas chromatog-
raphy and cryogenic transmission electron microscopy are applied
to characterize the evolution of trapped Li-Si alloy and SEI growth
in a silicon thin-film anode. It is found that continuous growth of
the SEIl is the dominant factor for lithium inventory loss during
cycling, with only a marginal increase in trapped Li-Si alloy. This
study offers a quantitative approach to differentiate Li in the SEI
from trapped Li in Li-Si alloy through a silicon thin-film anode,
providing unique insights into identifying critical bottlenecks for
developing Si anodes.

INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are used widely in portable consumer elec-
tronics and electric vehicles and show great promise for large-scale grid energy stor-
age. LIBs with high energy density, long cycle life, and low cost have been the main
driving forces for developing new electrode materials. Silicon (Si) is a promising
candidate for next-generation LIB anode material because of its high specific capac-
ity (lithium [Lil3 75Si, 3,579 mAh/g), low alloying potential (0.4 V versus Li*/Li), and
relatively high abundance in the earth’s crust."~ However, Si suffers severe volume
expansion during the electrochemical lithiation process. This mechanical deforma-
tion usually results in more Si surface exposure to the liquid electrolyte, where
side reactions occur to form excess solid electrolyte interphase (SEI) with Li inventory
loss.”® Extensive studies have proposed that SEI properties have a critical effect on
Sianode cycling performance. On one hand, it is believed that inorganic SEl species,
such as lithium fluoride (LiF) and Li,O, contribute to better cycling stability because
the ionic bonds can facilitate hopping-type transport.® Inorganic SEI components

can also adapt to the plastic deformation caused by volume expansion because of
"Department of NanoEngineering, University of
47 - ) ) ) ) California, San Diego, La Jolla, CA 92093, USA
alloy.™” On the other hand, the Si SEI is a group of Li compounds, including 2Materials Science and Engineering, University of

Li,COg3, LiF, Li,O, LiSiOy, dilithium ethylene glycol dicarbonate (Li,EDC), and California, San Diego, La Jolla, CA 92093, USA

their high Young’s modulus and high interfacial energy (low adhesion) with Li-Si

ROLi (where R depends on the solvent).®”"" Excess formation of Li-containing SEI 3Lead contact
species consumes limited active Liions in a full cell, reducing the reversible capacity *Correspondence: shmeng@ucsd.edu
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Figure 1. Schematic of two types of active Li loss in silicon anodes
(A) SEl formation.
(B) Trapped Li-Si alloy.

Multiscale characterizations have been employed to investigate continuous SEl
growth for Si anodes.'® Veith et al.’ applied in situ neutron reflectometry (NR) to
identify SEI thickness on Si thin-film anodes, revealing SEI thickening upon lithiation
and SEI thinning with delithiation. Zheng et al.* reported the same findings via
atomic force microscopy (AFM). Tip-enhanced Raman spectroscopy (TERS)' and
scanning spreading resistance microscopy (SSRM)'® have been applied to demon-
strate that SEI chemical properties changed during cycling because of significant
volume expansion. Qualitative analysis has been carried out to study the Si SEl's dy-
namic nature, but a quantitative understanding of SEI growth during cycling and its
correlation to Li loss remained unclear.

Volume expansion not only introduces excess SEl formation but also leads to loss of
electrical contact between the active materials and the conducting network."” Addi-
tionally, growth of the SEI and the increase in electrode tortuosity during cycling
blocks diffusion of Li ions and the electron conduction channels.'® As a result, part
of the Li is trapped irreversibly within the Si electrode.'” However, lack of proper
characterization has hampered quantification of the remaining Li in Si anodes.
Two types of Li inventory loss are shown in Figure 1: continuous formation of the
SEI during cycling and trapped Li in Li-Si alloy because of kinetic hindrance. Quan-
tifying Li loss caused by different factors is thus key to elucidate the degradation
mechanism of Si anodes.

Here we quantitatively studied the SEI formation process through an amorphous Si
thin film to prevent binder and conductive carbon interference in data interpreta-
tion.”>?" In addition, the volume expansion of an amorphous Si thin film is isotropic
without two-phase lithiation conversion.? Thus, the aim of this research is maximally
simplified. In this work, we set up a method based on titration-gas chromatography
(TGC) to quantify Li loss in Li-Si alloy. The primary chemical mechanism is that the
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Li-Si alloy can react with the inert protic solvent and produce hydrogen (H,) but the
SEI components cannot.”” This method allowed us to quantitatively distinguish
the loss of active Li consumed by SEI formation and the trapped Li-Si alloy caused
by the kinetic limitation. We investigated SEI evolution in the first cycle, and SEI
growth in subsequent cycles was studied thoroughly under controlled electrochem-
ical conditions. The results show that SEl formation starts at 0.5 V and stops growing
when the lithiation voltage reaches 0.24 V (versus Li*/Li) at the first cycle. This indi-
cates that the SEl does not grow linearly in a Si thin-film anode during the whole lith-
iation process. Upon subsequent cycling, accumulation of SEl is the dominant factor
for Li loss, with only a marginal increase in trapped Li-Si alloy. These findings provide
a unique understanding of SEl growth and evolution in amorphous Si thin films and
quantitative information about Li inventory loss caused by different factors. The
developed workflow can be applied widely to study Li inventory loss for other con-
version or alloy-type anode materials.

RESULTS AND DISCUSSION

Solvent screening for the TGC methodology

To develop the TGC method for Li quantification in Li-Si alloy, we first explored the
reaction mechanisms between Li-Si alloy and protic solutions (water/ethanol). The
chemical reaction formula is

2Li,Si(s) + 2xH* (aqg.) =2xLi* (aq.) +2 Si (s) + xH, (Equation 1)

Pure Si is one of the reaction products, and it undergoes multi-step reactions with
H,O to generate H, gas.”* Therefore, a suitable solvent needs to meet the following
criteria: (1) chemically inert with Siand only reacting with Li-Si alloy to generate H, gas
and (2) chemically inert with the SEl components with no H, generation. Starting with
three common solvents, H,O, H,SO4, and C;HsOH (EtOH), a controlled TGC exper-
iment was conducted with fully lithiated Si thin-film electrodes and nano-Si with/
without LiF mixtures. Figure 2B shows that the amount of H, generated from the
lithiated Si thin film (lithiated to 0.01V versus Li*/Li) varies when using different titra-
tion solvents. The theoretical amount of H; calculated based on Equation 1 is shown
as a green horizontal line for reference. The amounts of generated H, when using
H,SO,4 and EtOH are close to the theoretical value (see details in Figure S2). The
excess Hy amount for H,O solvent shows that H,O undergoes side reactions with
the lithiated Sianode, as discussed above. Another control experiment was conduct-
ed using nano-Si powder to confirm this observation; the related discussion can be
found in Figure S3 and Note S1. Figure 2C shows that H, is generated from bare
nano-Si when mixing with H,O, but no H, can be detected when using H,SO,4 or
EtOH solvents. Previous studies reported that concentrated alkaline solutions
accelerate Si oxidation to produce H,.?> In addition to Li-Si alloy, the solubility and
reactivity of SEl components in the three solvents also has to be considered (SEl com-
ponents and results are summarized in Figure S4 and Table S2). Most of the SEI com-
ponents are stable with selected solvents except for LiF. Figure 2D shows that nano-Si
mixed with LiF reacts and generates H, when H,SOy4 solvent is used. This is due to
HF(Hydrofluoric acid) formation from LiF in acidic environments, which further reacts
with Si to yield H,.?° Neither H,O nor H,SO, solution is suitable for TGC experiments
for quantification of Li in Li-Si alloy. EtOH as a mild protic solvent is chemically stable
with Si SEI components. EtOH can also react with Li-Si alloy to generate H; for Li
quantification. Therefore it was chosen as the solvent for the subsequent TGC study.

The total amount of Li within the Si anode equals the sum of the Li amount in the SEI
(Li") and Li-Si alloy because some Li reacts with Si to form Li-Si alloy, whereas some is
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Figure 2. TGC solvent screening for the Si anode
(A) Schematic of the titration-gas chromatography (TGC) workflow conducted on the Si thin film.

H, measurement

Cell Rer_)orts )
Physical Science

! Injection

Detector 1 port

| [

o

Column pooer|
Panel " l
D
25
©® H,S0, Nano-Si+LiF
<
S 20 @ EtOH
x o
S 154 > v
0 15 @
<
T a‘:&e’
5 1.0 o
Q ) W
(]
2 0.5
g~ Background
o o ®
0.0 T T T T
0 5 10 15 20 25

Test Time (min)

(B-D) Titration solvent selection for TGC measurements of (B) lithiated Si thin film, (C) nano-Si, and (D) nano-Si + LiF.

consumed irreversibly to form the SEI during lithiation. The Li content in Li-Si alloy
can be determined by the TGC method. The Li content in the SEI can be calculated
using the total Li amount obtained from electrochemical testing. To verify that the Li-
Si alloy is fully reacted with the titration solvent, inductively coupled plasma mass
spectrometry (ICP-MS) was conducted on Si thin-film samples after titration with
EtOH. No additional Li ions were detected in the filtered solution, indicating that
the EtOH solvent fully reacted with the Li-Si alloy samples (Figure S5; Table S3;
Note S2).

Quantification and qualification of first-cycle Li loss in the Si thin-film anode
Different lithiation/delithiation states were selected by controlling the Li | Si half-cell
cutoff voltage or capacity to quantify Li-Si alloy by the TGC method (see more details
in Table S4). Figure 3A displays the electrochemical discharge profiles of the lithia-
tion processes with the corresponding TGC results. From the electrochemical data,
at point of lithiation (PL) 1 (0.5 V), the lithiation capacity is 0.0045 mAh. However, no
H, was detected at 0.5 V (PL 1) when the lithiation reaction starts, indicating that SEI
formation occurs before the Li-Si alloying reaction. H, gas was detected from 0.35V
versus Li*/Li (PL 3), suggesting that the beginning of the alloying reaction is between
0.4V and0.35V versus Li*/Li (PL 2 and PL 3). The Li-Si alloy and SEl amounts increase
when they reached potential for PL 4 and PL 5. The SEI stops growing after 0.24 V
versus Li*/Li (PL 5) and remains the same until 0.01 V versus Li*/Li (PL 8). Completion
of SEI growth demonstrated that new surfaces would no longer be formed at the
initial lithiation process of the Si thin-film anode.

The electrodes were charged to different delithiation states after being discharged
to 0.01V (versus Li*/Li) (Figure 3B). From PD 1 to PD 5, Li should be delithiated grad-
ually from the Li-Si alloy. The TGC results reflect the process clearly, showing a
decreasing trend of Li-Si alloy amount during the delithiation process. However,
the SEI amount has no noticeable change during the delithiation process. At the
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Figure 3. Li quantification in the Si anode at the first cycle

(A) Charge and discharge profiles of Si thin film and TCG results of the lithiation process with
different cutoff voltages.

(B) Delithiation process with different cutoff capacities. PL, point of lithiation; PD, point of
delithiation.Error Bars Representing the Standard Errors

delithiated state of PD 6 (1 V versus Li*/Li), H, gas was still detectable, indicating the
presence of trapped Li-Si alloy. Thus, Li loss during the first cycle in the Si thin-film
anode comes from the SEl and the trapped Li-Si alloy. Specifically, 91% of the capac-
ity loss in the first cycle is due to SEl formation, and the remaining 9% is due to the
trapped Li in the Li-Si alloy.

Cryo-transmission electron microscopy (TEM) coupled with cryogenic lift-out meth-
odology was applied to investigate the trapped Li-Si alloy after the first cycle. Cryo-
genic condition is critical here because lithiated Si is highly sensitive to the electron
beam, inducing sample damage at room temperature.?’ In Figure 4A, the pristine Si
thin-film sample is in the middle layer of the Pt (top) and Cu current collector
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(A and D) TEM images for (A) pristine and (D) cycled Si thin-film anode samples.
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(B, C, E, and F) HRTEM images of (B) pristine and (C) cycled Si thin-film electrode and (C and F) SAED patterns corresponding to (B) and (E).

(bottom). The as-deposited Si thin film is 500 nm thick with a negligible native oxide
layer on the surface, confirmed by EDS mapping of Pt, Si, O, and Cu in Figure S6A.
No crystal lattice was identified in the pristine Si thin-film sample in the high-resolu-
tion TEM (HRTEM) image (Figure 4B) in the region highlighted by the green squares
in Figure 4A. The selected area electron diffraction (SAED) in Figure 5C shows halo
features, demonstrating the amorphous nature of the deposited Si sample. After the
first cycle, the electrode thickness increased to 530 nm, and a 20-nm-thick SEl was
formed on the surface. The SEl layer can be depicted by the uniform elemental dis-
tribution of O and F on the surface, as shown in Figure S6B. The region highlighted
by the orange frame in Figure 4D was analyzed further by HRTEM and SAED (Figures
AE and 4F). It can be confirmed from the SAED pattern in Figure 4E that the SEl is
composed of polycrystalline and amorphous species, including Li,O, Li,CO3, and
LiF.?7% In addition, the (1 0 5), (2 1 1), and (4 2 2) crystallographic planes of
LiysSi4 are also found in the SAED pattern. The presence of LiysSis is consistent
with the TGC results showing that trapped Li-Si alloy exists in the Si thin-film anode.
The HRTEM image (Figure 4E) also shows that the trapped Li-Si alloy regions inter-
mixed with the SEI. This suggests that blocking the electron pathway can induce for-
mation of trapped Li-Si alloy from the SEI during the delithiation process.

Quantifying extended cycles of Li loss in the Si thin-film anode

We further investigated the SEl and trapped Li-Si alloy amounts during extended cy-
cles. The charge-discharge profiles and cycling performance of Si thin-film half cells
are shown in Figures 5A and 5B. The current density used in the first cycle was 0.025
mA/cm? and then switched to 0.10 mA/cm? for subsequent cycles. The initial lithia-
tion capacity was 0.42 mAh/cm? with an initial Coulombic efficiency of 93%. No ca-
pacity decay was observed during the initial 30 cycles, whereas severe degradation
occurs with decreased Coulombic efficiency thereafter. The TGC measurements

6 Cell Reports Physical Science 2, 100597, October 20, 2021
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Figure 5. Li quantification in the Si anode at following cycles

(A and B) Charge/discharge voltage profiles (A) and cycling performance (B) of Si thin film in half-cell.

(C) TGC results of the Si thin film at different cycles.Error bars represent the standard error.
(D) EIS Nyquist plots of an Si thin-film half cell at different cycles.

were conducted at cycles 10, 30, and 50 to pinpoint the degradation mechanism.
The total capacity loss, amount of SEl, and trapped Li-Si alloy were obtained by
Equation 2:

N N N
> Qcapacity loss = Y, Qser+ > Qtiapped Lis (Equation 2)
1 1 1

where N represents the cycle number and Qcapacity loss: Qsel, and Qtrapped Li refer to
capacity loss from each component at each cycle. As shown in Figure 5C, the primary
capacity loss during cycling is continuous formation of the SEI, which accumulates
much faster than trapped Li-Si alloy. Electrochemical impedance spectroscopy
(EIS) was conducted to explore the interphase impedance changes during extended
cycles. Figure 5D shows a correlation between interphase impedance and SEl
growth. The interphase impedance is 92.6 Q at the first cycle and increases to
115.3 Q, 123.7 Q, and 209.1 Q over 10, 30, and 50 cycles respectively, indicating
that the SEI changed upon cycling.

Cross-section images were captured using cryogenic focused ion beam scanning
electron microscopy (FIB-SEM). Figure 6A shows a dense and flat 500-nm-thick Si
thin film as the pristine state, but cracks appear on the surface because of volume
change after the first cycle. After 10 and 30 cycles, the surface starts to pulverize
into small fragments. Considering that the specific capacity barely changes within
30 cycles, the total amount of active material should not be affected by those cracks.
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Figure 6. Cryo-FIB-SEM for cross-section and top-view surfaces of the Si thin-film electrode
(A) Pristine.

(B) After 1 cycle.

(C) After 10 cycles.

(D) After 30 cycles.

As shown in Figure 6, the electrode thickness increases after the cycling. Conse-
quently, these cracks drastically increase the surface area of exposed Si and lead
to continuous SEI growth.

The TGC results show that the initial SEI growth stops after the first lithiation to
0.24 V. Itis possible that the majority of the capacity is achieved with a voltage lower
than 0.24 V, where no SEIl grows. This indicates that voltage control should be effec-
tive for improving Si anode cycling. The upper cutoff voltage can be lowered to vali-
date this hypothesis. Figures 7A and 7B show the cycling performance of the Si thin
film in half cells with different upper cutoff voltages, including 0.6 V, 0.8 V, and 1.5 V.
The initial Coulombic efficiencies are 77.96%, 85.37%, and 94.76%, respectively.
The decreased ICE is due to incomplete delithiation because of limitation from
the upper cutoff voltage. The average CEs from the second and 50th cycles for
0.6 V, 0.8V, and 1.5V cutoff are 99.74%, 99.41%, and 99.19%, and the capacity
retention values are 96.67%, 86.53%, 72.26%, respectively. The cycle stability and
Coulombic efficiencies are improved significantly with the decrease in delithiation
potential. The TGC results also show (Figure S7) that the amounts of SEl and trapped
Li-Si alloy were reduced in 0.6-V cells compared with 1.5-V cells. The decrease in the
total SEI amount reduces the chance of the Li-Si alloy being isolated by the SEl,
reducing the amount of trapped Li-Si alloy. The percentage of used Si anode
controlled by the cutoff voltage can be mimicked in a full-cell setup. Changing the
capacity ratio between the negative and positive electrodes (N/P ratio) would
have a similar effect as the voltage control.

Correlating the amount of Li inventory loss with micro- and nanostructures, we pro-
pose a mechanism of Li loss in the amorphous Si thin-film anode. The dominant
reason for Li inventory loss is formation of the SEI: the electrolyte decomposes on
the electrode surface to form organic and inorganic Li-containing compounds.
Despite the conventional understanding that large volume changes in Si anodes dur-
ing the lithiation process result in continuous SEI growth, the quantitative analysis
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Figure 7. Cycling performance with different upper cutoff voltages
(A and B) Charge/discharge voltage profiles (A) and cycle performance (B) of the Si thin film at
voltage ranges of 0.01-0.6 V, 0.01-0.8 V, and 0.01-1.5 V.

conducted in this work shows no clear relationship between volume expansion and
SEl growth. The SEl stops growing after 0.24 V during the initial lithiation process. An
increase in the SEl during the subsequent cycling is likely due to formation of cracks
during the delithiation process, which increases the specific surface area of the elec-
trode. Therefore, controlling the delithiation process and its corresponding volume
change is critical for achieving improved cycling stability. The second reason for Li
inventory loss is formation of trapped Li-Si alloy, which was identified by TGC and
cryo-TEM results. Trapped Li-Si alloy during cycling contributes to capacity loss.
Crystalline LiysSis is the most stable phase of Li-Si alloy at room temperature, and
it is derived from amorphous Li,Si after lithiation to 0.01 V (versus Li/Li*).2" The
cryo-TEM image shows that trapped LiysSiy is encapsulated by the insulating SEI,
leading to loss of electron conduction pathways. This indicates that the amount of
trapped Li-Si alloy can be reduced by controlling the amount of SEI formed. The
TGC resultsin Figure S7 demonstrate that a more controlled SEl can reduce the trap-
ped Li-Si alloy. Li inventory loss in amorphous Si thin-film anodes consists of the SEI
and trapped Li-Si alloy. The SEl is the primary reason for capacity decay.

Here, a TGC method was designed to investigate Li inventory loss in Si thin-film
anodes. The choice of titration solvent is crucial for accurate quantification, and
the chemical properties of the Li-Si alloy and SEI components need to be consid-
ered carefully. Ethanol was selected as the titration solvent because only the Li-Si
alloy can be titrated to generate Hy, rather than other side reactions induced by
common SEI components. With the optimized TGC method, we demonstrated
that inventory Li loss in Si thin-film anodes is mainly caused by continuous SEI for-
mation along with cycling. For the first lithiation process, SEl formation stops when
the voltage reaches 0.24 V, whereas the SEl amount shows negligible changes dur-
ing the first delithiation process. Trapped Li-Si alloy can be detected after delithia-
tion to 1.5 V by TGC and cryo-TEM and is intermixed with the insulating SEI com-
ponents. The trapped Li-Si alloy and SEI grow with cycling, but the SEI consumes
most of the Li inventory. We believe that the cracks induced by the volume change
increase the surface area of Si so that more SEI will be formed with trapped Li-Si
alloy. Controlling the upper cutoff voltage can mitigate SEI formation, resulting
in less trapped Li-Si alloy and better cycling stability. We validate the TGC method
in Si thin-film anodes and increase our understanding of the Si anode degradation
mechanism. We believe that this approach can be applied universally in Si-based
or other alloy-type anode material to accelerate development of high-energy-den-
sity secondary batteries.
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EXPERIMENTAL PROCEDURES

Resource availability

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Ying Shirley Meng (shmeng@ucsd.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The authors declare that data supporting the results of this study are available in the
paper and supplemental information. All other data are available from the lead con-
tact upon reasonable request.

Preparation of the Si thin film

A Si thin film with 500-nm thickness was used as the anode in this study. The film was
deposited on Cu foil (10 pm, MTI) by magnetron sputter deposition with an RF power
supply using the Si (99.99%) target from Kurt J. Lesker (3 inches in diameter and
0.125 inches in thickness). The deposition was conducted in a Discovery 18 sputter-
ing system made by Denton Vacuum. A base pressure of 8 X 107 torr was achieved
before deposition. An argon gas pressure of 5 X 1073 torr and a power level of
350 W were applied during deposition. The density of the Si thin film was around
2.2 g/cm?, measured by quartz crystal microbalance (QCM). The morphology is
shown in Figure S1. The titrants included DI H,O, 0.07 M H,SO, solution (diluted
from 18.4 M H,SO,, Fisher Chemical), and ethanol (200-proof anhydrous ethanol,
Koptec, 99.9% or greater). Nano-sized Si powder (nano-Si, <50 nm, Alfa Aesar)
and LiF (>99.99% trace metals basis, Sigma-Aldrich) were used to demonstrate
the reaction between Si and solvent.

Electrochemical measurements

The Si thin film with a diameter of 0.55 inches as the working electrode was assem-
bled into a 2032-type coin cell in an Ar-filled glove box. Li metal (1T mm thick, 0.5 in-
ches in diameter) was employed as the counter electrode. The electrolyte was 1 mol/
L LiPF, dissolved in ethylene carbonate (EC):dimethyl carbonate (DMC) (1:1, v/v)
with 10% of fluoroethylene carbonate (FEC), and the electrolyte amount was fixed
as 75 pl/cell. The half cell was cycled between 10 mV and 1.5V atroom temperature
at a current density of 0.025 mA/cm? during the first cycle and 0.1 mA/cm? for sub-
sequent cycles using a Neware battery tester. We controlled different lithiation
states for TGC samples during lithiation by limiting the cutoff voltage or the cutoff
capacity. Characterization of electrochemical impedance was performed using a
BioLogic SP-150 workstation under OCV with 1 MHz—10 mHz as the frequency
range.

TGC

The TGC experiments were performed using a Shimadzu GC-2010 Plus Tracera
equipped with a barrier ionization discharge (BID) detector. The split temperature
was kept at 200°C with a split ratio of 2.5 (split vent flow, 20.58 mL/min; column
gas flow, 8.22 mL/min; purge flow, 0.5 mL/min). The column temperature (RT-
Msieve 5A, 0.53 mm) was kept at 40°C, and the BID detector was held at
235°C. Helium (99.9999%) was used as the carrier gas, and the BID detector gas
flow rate was 50 mL/min. After cycling to the designed condition, the cycled cells
were dissembled in the Ar-filled glove box, and then the cycled electrode was
transferred into a glass vial with a rubber septum for air-tight sealing. The whole
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process was conducted in the glove box to prevent air exposure. Then the vials
were transferred for titrate injection. The generated gases after titration were in-
jected into the machine via a 50-uL gas-tight Hamilton syringe, as shown in
Figure 2A. The related calibration procedure can be found in the supplemental
experimental procedures and Table S1.

ICP-MS

ICP-MS (iCAP RQ, Thermo Fisher Scientific) was applied to quantify Li amount. The
sample was soaked in a 0.5-M H,SO, solution overnight for fully dissolve. Then the
supernatant was collected and diluted with matrix solution for ICP.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was conducted on a Kratos AXIS-Supra,
using an Al target as the X-ray source under 1077 torr pressure. The cycled elec-
trodes for XPS tests were rinsed with DMC and then transferred to a nitrogen-filled
glove box directly connected to the chamber without air exposure. Survey scans
were performed with a step size of 1.0 eV, followed by a fine scan with 0.1-eV res-
olution. The spectra were analyzed by CasaXPS software to differentiate chemical
species.

FIB-SEM

FIB-SEM was conducted on an FEI Scios dual-beam microscope; Si thin-film cells af-
ter cycling were disassembled in an Ar-filled glove box. The samples were trans-
ferred to the FIB chamber without any exposure to air. The electron beam operating
voltage was 5 kV, and the stage was cooled with liquid nitrogen to —180°C or below.
Sample cross-sections were exposed using a 1-nA ion beam current and cleaned at
0.1 nA.

Cryogenic lift-out methodology and cryo-TEM

The Cryo-FIB preparation process was performed as described above. The Pt was
deposited for surface protection from the ion beam and connected lamella with
the tungsten probe for lamella lift-out and mounting; more details can be found in
our previous work.?” The lift-out sample was removed from the FIB chamber under
a vacuum using an air-free quick loader (FEIl), and the sample was transferred in an
Ar-filled glove box. A TEM cryo-holder (Gatan) was used to load the sample; TEM
grids were immersed in liquid nitrogen and then mounted onto the holder via a
cryo-transfer workstation. The whole TEM sample preparation and transfer process
prevented sample contact with air at room temperature. Scanning transmission elec-
tron microscopy/energy dispersive X-ray spectroscopy (STEM/EDS) mapping, TEM
images, and SAED patterns were conducted on a JEOL JEM-2800F transmission
electron microscope equipped with a Gatan Oneview camera operated at 200 kV.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100597.
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