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ABSTRACT: Li-alloy-based anode materials are very promis-
ing for breaking current energy limits of lithium-ion battery
technologies. Unfortunately, these materials still suffer from
poor solid-electrolyte interphase (SEI) stability, resulting in
unsatisfied electrochemical performances. The typical SEI
formation method, electrochemical decomposition of electro-
lytes onto the active material surface, lacks a deliberate control
of the SEI functions and structures. Here we propose a general
method of manipulating the formation process, chemical
composition, and morphology of the SEI for Li-alloy anodes,
using Si and Ge nanoparticle anodes as the platform. The SEI
was fabricated through a covalent anchoring of multiple
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functional components onto the active material surface, followed by electrochemical decomposition of the functional
components and conventional electrolyte. Click reaction, serving as the covalent anchoring approach, allows an accurate control
of the SEI composition and structure at the molecular level through tuning the chemical structure and amount of variety of
functional components and provides an intimate contact between the SEI and the Li-alloy material surface contributed by the
covalent bonding. The optimized Si nanoparticle SEI, functionalized by a unique combination of diverse components and
containing a high concentration of organic components attributed to the preanchored functional components, presented a stable
composition and durable morphology during cycling and led to an improved first cycle efliciency of Si nanoparticle anodes and
its long cycle life in a full cell. This general method displays potential benefits to construct stable SEIs for other Li-alloy anodes.

B INTRODUCTION

Li-alloy-based anode materials from group IV (Si, Ge, etc.) and
group V (P, Sb, etc.) are some of the most promising anode
candidates for next-generation Li-ion batteries (LIBs), with
capacities several times greater than that of the conventional
graphite anode.'™ These materials undergo a huge volume
change and pulverization and more importantly present poor
stability of the solid-electrolyte interphase (SEI) during
lithiation—delithiation.”” Despite considerable efforts on
advanced material designs of nanostructures,” "> compo-
sites,"*'® and functional polymer incorporation'”'® to address
issues resulting from volume changes, the poor stability of the
SEI is still a major obstacle to achieving the desired
electrochemical performance of Li-alloy anodes. The typical
SEI, generated from electrolyte decomposition, presents not
only insufficient integrity and a weak contact with active
material surface, resulting in cracking and peeling-off issues
during volume changes, but also a less efficient surface
passivation, causing the electrolyte penetration (Figure la).
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These facts occurring in each cycle consume additional
electrolyte and material for the SEI repair and cause a poor
electrochemical performance of the anode.'”™*’

Two general strategies have been developed to address SEI
stability issues. One is to insert a protective layer between Li
alloy anodes and the electrolyte, either serving as an artificial
SEI**™* or forming a stable SEI on the protective layer
surface,”* ™ circumventing the undesired SEI chemistry of Li-
alloy anodes. During repeated volume changes upon cycling, it
is still challenging to sufficiently protect Li-alloy anode
materials from reactions with the electrolyte due to electrolyte
penetration from cracks and defects in the protective layers.
The second strategy is to optimize SEI compositions of Li-alloy
anode materials by tunin§ the electrolytes, including Li
salts,*”* aprotic solvents,” and additives.””**~* Despite
improvements in the flexibility and surface passivation of the
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Figure 1. Schematic illustration of the CR-SEL (a) A conventional SEI contains high-concentration inorganic Li salts and presents weak interactions
with electrode material surface, showing poor tolerance to the volume change and insufficient surface passivation. During cycling, it breaks and loses
contact with the electrode material surface, resulting in severe consumption of electrode material and electrolyte and accumulation of “waste SEI”.
(b) The CR-SE]J, reinforced by diverse preanchored SEI components, with high-concentration organic oligomers and covalent bonding interactions
(e.g, Si—C bonds) with the electrode material surface, presents good stability during cycling. Pristine SiNP was first anchored with multiple
functional components (red and yellow lines) and used for electrode and cell fabrication. At the first lithiation, the CR-SEI was in situ formed,
composed of the preanchored components after electrochemical activation and conventional SEI components (blue) from electrolyte

decomposition.

SEI, the SEI peeling-off issue remains unsolved. More
importantly, the current technologies are not able to
deliberately control the SEI composition and structure with
desired properties. It is desirable to develop an approach
capable of designing and controlling the SEI to understand
composition—structure—property relationships of the SEI and
direct further SEI optimization.

We herein propose a general SEI reinforcement strategy for
Li-alloy-based anode materials (Figure 1b), one manipulating
the SEI formation process and chemical composition using a
combination of diverse functional components to reinforce its
stability during cycling. The altered SEI formation process
contains two steps. First, a variety of functional components
were one-step covalently anchored onto the Li-alloy material
surface with precisely controlled structure and amount via a
click reaction. Second, these preanchored components were
electrochemically activated along with the electrolyte decom-
position, forming a chemically reinforced SEI (CR-SEI). The
CR-SEI presents reinforced tolerance to volume changes and
enhanced surface passivation, owing to the addition of the
preanchored components. Also, the covalent bonding between
the preanchored components and the Li-alloy material surface
provides a durable contact between the SEI and the active
material surface.

A Si nanoparticle (SiNP) material was employed as a
platform to demonstrate the CR-SEI concept because it has a
very high specific capacity and presents severe SEI issues, which
presents a poor electrochemical performance when using SiNP-
only fabricated anodes.”” A variety of single components and
their combinations were covalently bonded onto the SiNPs to
investigate their effects on SEI reinforcement. Among those
components, an SEI reinforced by a combination of two
organic oligomer components with a moderate anchoring
amount presents the most optimized SEI stability. Unlike the

conventional SEI, the CR-SEI is a thin layer intimately
contacted to the SINP surface that contains extensively
increased concentrations of organic species, contributed by
the preanchored functional components. Owing to these
reinforced characteristics, it exhibits a durable chemical
composition and morphology during cycling. Compared to
SiNP electrodes with electrolyte additives, SINP-only fabricated
electrodes with a CR-SEI in the absence of any electrolyte
additives show significantly improved electrochemical perform-
ance, including increased first cycle Coulombic efficiency (CE),
improved cycling CE and capacity retention, and limited
increase in electrochemical impedance. This strategy was
applied to the SEI reinforcement of Ge nanoparticle materials
(GeNP), and significantly increased stability was also achieved,
verifying its applicability to other Li-alloy materials.

B RESULTS AND DISCUSSION

Structural Screening and Optimization of the CR-SEI.
Diverse preanchored components including four individual
compounds and their combinations have been prepared for SEI
reinforcement (Figure 2a). 2’ (O-(2-aizdoethyl)-O-methyl
undecaethylene glycol) and 3’ (O-(2-aizdoethyl)-O-methyl
triethylene glycol), containing the repeating unit of ethylene
oxide with different lengths, were designed as organic
oligomers. 4’ (4-azidomethyl-S-methyl-1,3-dioxol-2-one) and
5’ (4-aizido-S-fluoro-1,3-dioxolan-2-one) were designed as
analogues of vinylene carbonate (VC) and fluoroethylene
carbonate (FEC). Combinations of 2'—4’ and 3'—4' were
designed to functionalize the SEI synergistically.

All SiNPs with various preanchored components with
different anchoring amounts were synthesized via Cu(I)-
catalyzed click reaction (Figures 2a, S1). Briefly, preanchored
components and SiNPs were first modified with azide and
alkyne end groups, respectively, and then covalently bonded
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Figure 2. Structural design and screening of the chemically reinforced SEL (a) Structural design and synthesis of SiNPs with various functional
preanchored components. All these materials were prepared by the modular and high-efficiency click reaction. (b) Structural optimization of SiNP
with preanchored components depicted in a half-cell cycling performance measurement. The combination of 2'—4’ (in the highlighted box) shows a
better performance. (c) Optimization of the anchoring amount of SiNP with 2—4 through half-cell testing. The SiNP with the optimized loading of

2" and 4’ exhibits the best cycling stability (pink line in b and c).

together via a triazole linker. This high-efficiency reaction has
no selectivity to the structures of both material and
preanchored components, presents nearly 100% yield, and is
conducted under mild conditions without byproduct forma-
tion.***” These advantages enable the strategy to serve as a
facial and general approach for SEI construction and
optimization of Li-alloy anodes. The syntheses were verified
by NMR, X-ray photoelectron spectroscopy (XPS), Fourier-
transform infrared spectra (FTIR), and thermal gravimetric
analysis (TGA) (Figure S2).

The screening and optimization of these components were
carried out based on their half-cell performances. First, the
effects of different functional components were investigated
(Figure 2b). The addition of 2, 3, 4, 2—4, or 3—4 improves the
cycling performance of SINP anodes, implying the enhance-
ment of SEI stability. Interestingly, the combination of 2—4 or
3—4 shows better cycling performance than any single
component, indicating the benefits of multifunctionalizing the
SEL Second, we studied the effects of different anchoring
amounts of the combination of 2—4. As shown in Figure 2,
SiNPs with a molar ratio of SiNP:2":4" = 100:1:1.5 exhibit the
most optimized cycling performance. SiNPs with a lower
anchoring amount of 2—4 (SiNP:2:4’ = 100:0.5:0.5) show
faster capacity fading, indicating an insufficient functionalization
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of the SEL The higher anchoring SiNPs (Si:2":4’ = 100:2.5:2.5)
present a decreased specific capacity but a good cyclability,
since the high loading of preanchored components may have
lowered the electrical conductivity of the entire SEIL

Finally, the CR-SEI reinforced by 2—4 with a moderate
anchoring amount was used for further analysis. In this CR-SEI,
2 containing ethylene oxide chains has strong noncovalent
interactions with conventional SEI components such as lithium
vinylene carbonate (ROCO,Li), lithium carbonate (Li,CO,),
and lithium oxide (Li,O) and enhances the flexibility of the
entire SEL** 4 is electrochemically activated in situ and forms
oligomeric species with the electrolyte, and thus improves the
surface passivation of the SEI. Meanwhile, the covalent bonding
between both preanchored components and the SiNP surface
allows the CR-SEI to have intimate contact with the SiNP
electrode surface during cycling.

Electrochemical Characterization of CR-SEl. To inves-
tigate the reinforcing effects of the CR-SEI, we next evaluated
the electrochemical performance of SiNP electrodes with the
CR-SEI in the absence of any electrolyte additives and
compared it with the performance of SiNP electrodes
containing conventional electrolyte-derived SEI (conventional
SEI) and a conventional electrolyte with a fluoroethylene
carbonate additive-derived SEI (FEC-SEI).
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Figure 3. Electrochemical performance of SiNPs with the chemically reinforced SEL (a) Voltage profile and SEI formation of SiNP electrodes with a
CR-SEI, FEC-SE], and conventional SEI during initial cycles. The SiNP electrode with a CR-SEI shows a much lower capacity related to SEI
formation, implying the decreased consumption of electrode and electrolyte materials. (b) Specific capacities and Coulombic efficiencies (CE) of
SiNP electrodes with a CR-SEI (pink), FEC-SEI (blue), and conventional SEI (gray) in half-cells. Compared with a SINP electrode with an FEC-SEI
or conventional SEI, a SiNP electrode with a CR-SEI presents greatly improved cycling life and cycling CE, indicating its benefits to cycling
performance. The significantly increased first cycle CE of a SiNP electrode with a CR-SEI also indicates the decreased consumption of electrolyte
and material by SEI formation, consistent with the findings in a. (c) EIS measurements of SiNP electrodes with a conventional SEI, FEC-SEI, and
CR-SEI after different cycles. The resistance of a SiNP electrode with a CR-SEI increases quite slowly, indicating limited SEI accumulation and good
stability during cycling. (d) Full-cell capacity retention and CE of SiNP electrodes with a CR-SEI (pink) and FEC-SEI (blue), paired with a
LiNij sCoy,Mn, 30, cathode. A SiNP electrode with a CR-SEI delivers dramatically improved capacity retention and CE, compared with a SiNP
electrode with an FEC-SE], resulting from its enhanced SEI stability, especially the decreased consumption of Li source during cycling.

During the first lithiation, SINP electrodes with the CR-SEI
show a capacity of about 280 mAh/g in the voltage range of 1
to 0.1 V (Figure 3a), which is mainly due to initial SEI
formation. In contrast, the capacities for forming the conven-
tional SEI and FEC-SEI in SiNP electrodes are 515 and 523
mAh/g (Figure 3a), respectively. This result indicates much less
consumption of electrolyte and electrode material for CR-SEI
formation. This result is consistent with the increased first cycle
efficiency to 91.3% in SiNP with CR-SEI, compared to 73.2%
for a conventional SEI and 81.6% for the FEC-SEI (Figure 3b).
In addition, the SiNP electrode with CR-SEI presents
significantly improved cycling stability with a specific capacity
of 2280 mAh/g for up to 200 cycles and a high cycling CE of
99.6% in 200 cycles (Figure 3b). This is in dramatic contrast
with the FEC-SEI and conventional SEI, which only deliver
specific capacities of 1613 and 784 mAh/g after 100 cycles and
CEs of 98.5% and 97.3%, respectively (Figure 3b). Meanwhile,
the CE of the SiNP electrode with the CR-SEI reaches 99% in
the ninth cycle and maintains this level afterward, indicating the
accelerated formation of a stable SEI (Figure 3b). Furthermore,
electrochemical impedance spectroscopy (EIS) measurements
of a SiNP electrode after different cycles were also monitored.
The overall charge transfer resistances of SiNP electrodes with
a CR-SEI are quite low and remain stable during cycling, in
contrast to the continuously increasing resistances of electrodes
with both SiNP with FEC-SEI and a conventional SEI (Figure
3c). Finally, we evaluated full-cell performances using the SiNP
only as the anode paired with a commercial Li-
Nij sC0y,Mn,;0, cathode to further verify the stability of the
CR-SEL As shown in Figure 3d, the full cell displays discharge
capacity retentions of 90.2%, 83.0%, and 72.0% after 20, 80, and
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200 cycles, respectively, and a high average CE of 99.7% during
240 cycles. This is much better than the performance of SiNPs
with an FEC-SEI, which exhibits discharge capacity retentions
of 50.5%, 29.5%, and 13.8% after 20, 80, and 200 cycles,
respectively, and a low CE of 98.7% in S0 cycles. As the Li
source in the full-cell system is limited, the significantly
improved cycling life and CE of the full cell using the SiNP CR-
SEI demonstrates a dramatic enhancement of the CR-SEI
stability and the suppressed Li consumption during cycling.
Overall, these improvements in electrochemical performance
strongly verify the effective reinforcement of the preanchored
components that leads to SEI stability. Since a pure SiNP
electrode with high areal capacity faces very extreme SEI issues,
this is one of the best cycling performances, as far as we are
aware.

We also applied this optimized CR-SEI to a GeNP anode,
another promising Li-alloy anode. Following a similar synthetic
approach, a GeNP with 2—4 was synthesized (Figure S4). A
GeNP anode with the CR-SEI exhibits greatly enhanced cycling
performance and CE compared with GeNPs with an FEC-SEI
and a conventional SEI (Figure SS).

Compositional Analysis of the CR-SEl. To study the
reinforcement mechanism of the preanchored components to
the CR-SEI, we analyzed the chemical composition and
compositional evolution of a CR-SEI during cycling. High-
resolution XPS measurements of both a cycled SiNP electrode
with a CR-SEI and a SiNP electrode with a conventional SEI
reveal clear differences in their chemical compositions because
of the presence/absence of preanchored SEI components
(Figure 4a). The conventional SEI shows peaks at 289.2 and
282.3 eV attributed to C=0 and R—Li, respectively, in the C
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Figure 4. Compositional analysis of a CR-SEL High-resolution XPS spectra (a) and FTIR analysis (b) of a SINP with a CR-SEI (top) and a SiNP
with a conventional SEI (bottom) after 30 cycles. Compared with a conventional SEI, newly appearing peaks in the spectra of a SINP with a CR-SEI
are assigned to the increased concentrations of the organic and oligomeric species in the chemically reinforced SEI, demonstrating the presence of
the preanchored components in the SEL Elemental concentration analysis of a conventional SEI (c) and a CR-SEI (d) after different cycles. This
trend analysis of the concentrations of C, O, Li, F, P, and Si in the SEI reveals that the CR-SEI contains significantly increased organic species and its
composition remains stable during cycling. High-resolution XPS spectra (e) and TGA (f) of the Si with a CR-SEI residue (pink) and Si with a
conventional SEI residue (black). After removing the SEI by the wash and ultrasonic treatment, the Si with a CR-SEI presents the characteristic
signals of preanchored components in the XPS spectrum and 8% weight loss below 450 °C, both indicating the durable bonding of preanchored

components on an electrode material surface.

1s spectrum, peaks at 532.2 and 531.2 eV corresponding to
C=O0 and Li,CO;, respectively, in the O 1s spectrum, and
peaks at 686.5 and 684.5 eV assigned to Li,PO,F, and LiF,
respectively, in the F 1s spectrum. This result is consistent with
previous studies of SEI compositions using carbonate-based
electrolytes.”"*”* As for the CR-SEL new peaks appeared at
291.1 and 534.5 eV belonging to the oligomeric species of
4.”* The concentrations of C—O in both C 1s and O 1s
spectra are considerably increased, caused by the addition of
both the ethylene oxide repeating unit from 2 and the C-O
from 4. This result clearly affirms the introduction of the
covalently bonded components into the CR-SEIL Additionally,
the concentration of LiF is quite low and the Li,PO,F, signal is
negligible, implying that LiPF4 decomposition is limited due to
the effective surface passivation of the CR-SEL*® FTIR results
are consistent with the findings from high-resolution XPS
measurements (Figure 4b). Spectra of a SiNP electrode with a
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CR-SEI and a SiNP electrode with a conventional SEI electrode
both display peaks from electrolyte-decomposed products,
including ROCO,Li with peaks at 2959 and 2865 cm™" (vC—
H), 1624 cm™' (1 C=0), 1462 cm™ (6C—H), 1332 cm™
(vC=0), and 1108 cm™" (¥C—0) and Li,CO; with peaks at
1509 and 941 cm™'. Notably, the peaks at 1775, 1249, 1050,
and 831 cm™ in the spectra of the SiNP electrode with a CR-
SEI are assigned to the organic oligomeric species,49 which are
absent in the spectrum of the SiNP electrode with a
conventional SEI, suggesting the presence of preanchored
components in the CR-SEL

Apart from compositional analysis, the compositional
evolution during cycling provides useful information on SEI
stability. XPS elemental analysis of the SiNP electrodes after 0,
1, 5, 50, and 100 cycles was carried out. In the LiPF/carbonate
electrolyte system, Li and F concentrations in the SEI are
related to the amount of decomposed LiPF4 species.

DOI: 10.1021/jacs.7b07584
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Figure 5. Morphological observation on a CR-SEL (a—e) EF-TEM images of a SINP with a CR-SEI display its thickness of about 10 nm and the
uniform distribution of lithium (c), oxygen (d), and carbon (e) after 30 cycles. (f—j) TEM images of a SiNP with a conventional SEI: fresh Si (f),
cycled Si after 1 cycle (g), S cycles (h), SO cycles (i), and 100 cycles (j). The accumulation of “waste SEI” and the diminished SiNP imply the huge
consumption of electrolyte and SiNP and the unstable conventional SEIL (k—o) TEM images of a SiNP with a CR-SEL: 3 (k), cycled Si after 1 cycle
(1), 5 cycles (m), SO cycles (n), and 100 cycles (o). Clear-edge SiNPs with retained size and limited electrolyte-decomposed products were captured
after 50 and 100 cycles, evidencing the good stability of the CR-SEL All samples were prepared at the delithiated status.

Particularly, the F concentration directly represents the LiPF,
decomposition since LiPF; is the only F source. As shown in
Figure 4c, the conventional SEI presents high Li and F
concentrations, both of about 15% after one cycle, suggesting a
severe decomposition of LiPF4 and the formation of a large
amount of Li salt species in the SEI Their concentrations keep
increasing to 25% after 100 cycles, while the C and O
concentrations remain relatively low (both below 30%). In
contrast, with the CR-SE], the Li and F concentrations are 5.6%
and 6.4% after one cycle and increase to 10.5% and 13.9% after
100 cycles, respectively, remaining at a low level. Meanwhile,
the C and O concentrations are relatively high (~40%) and
remain consistent during cycling (Figure 4d). The high
concentration of organic oligomeric species in the CR-SEI
represents the effective suppression of Li salt consumption,
demonstrating a good stability of the CR-SEIL Additionally, the
intensity of Si signal reflects the SEI thickness during cycling.
The more strongly the Si signal is detected, the thinner the SEI
is on the Si surface.”” The pristine SiNP electrode surface
before cycling contains 34.3% Si (Figure 4c), and the value for
the uncycled SiNP electrode with 2—4 is 17.9% because of the
presence of preanchored components and surface oxidation
through the preparation process (Figure 4d). After one cycle,
the apparent Si concentrations of the SiNP electrode with a
conventional SEI and with a CR-SEI decrease to 3.3% and
7.0%, respectively, indicating that the electrode surfaces are
both covered by the SEI The Si concentration of the SINP
electrode with a conventional SEI further drops to 0.7% after
five cycles, and the Si signal cannot be observed after 50 cycles,
reflecting the formation of a large amount of “waste SEI”. In

contrast, the apparent Si surface concentrations of the SiNP
electrode with CR-SEI are 5.4%, 2.1%, and 1.1% after the S, 50,
and 100 cycles, respectively. The long-lasting presence of the Si
signal on the surface proves that CR-SEI remains thin and has
very limited accumulation during cycling. To further verify the
long-lasting anchoring of preanchored components within the
SEI on the Si surface during cycling, we studied the cycled
SiNP electrodes with the conventional SEI and CR-SEI after
100 cycles by XPS and TGA techniques after a thorough wash
and ultrasonic treatment. No obvious carbonate-based species
at 289.2 eV was detected by XPS measurements of the SINP
electrode with a conventional SEI, indicating that the
conventional SEI components are removed (Figure 4e). In
contrast, the characteristic peaks of 2 and 4 such as C—O
(286.2 eV), oligomeric O—C=0 (291.3 V), and triazole
(399.5 eV) were still observed on the Si with a CR-SEI surface,
confirming the covalent bonding of preanchored SEI
components to the SiNP surface after many cycles (Figure
4e). Meanwhile, TGA of the SiNP electrode with a CR-SEI
after a wash and ultrasonic treatment shows an 8% weight loss
below 450 °C, compared with the SiNP electrode with a
conventional SEI This finding also verifies the presence of the
preanchored SEI components (Figure 4f).

Morphological Observations on the CR-SEI. To further
demonstrate the stability of the CR-SEIL, we next carried out
morphological observations of the SEI during cycling. The
thickness and elemental distribution of the CR-SEI were
studied by energy-filtered transmission electron microscopy
(EF-TEM). The CR-SEI after 30 cycles is less than 10 nm thick
and uniformly coated on the SiNP surface (Figure Sa—e),
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consistent with its good surface passivation and close contact
with the Si surface. Furthermore, morphological changes in the
CR-SEI during cycling were compared by TEM with those of
the conventional SEI Before cycling, fresh SiNPs with/without
preanchored SEI components both show a perfectly round
shape with a sharp edge (Figure Skf). The preanchored SEI
components are veiled under this length scale. After one cycle,
the conventional SEI is rough and thick once formed. After five
cycles, a large amount of “waste SEI” accumulation and a
dramatic decrease in SiNP particle size were observed,
indicating the severe consumption of electrolyte and SiNP
material. No clear-edge SiNP particle can be recognized after 50
cycles (Figure Sgh). This result is in accord with the poor
electrochemical performance and the high concentrations of Li
and F of SiNP electrodes with the conventional SEL In
contrast, the thin SEI and clear-edge SiNPs of SiNP electrodes
with a CR-SEI were observed after one, five, and 50 cycles.
Only a small amount of “waste SEI” was found after 100 cycles,
and the SiNP kept its round shape and size (Figure Sl—o). In
addition, thickness increases of the whole electrode can also
imply the SEI accumulation. Based on the measurements of
electrode thicknesses from scanning electron microscopy
(SEM) images, the SiNP electrode with a CR-SEI presents a
limited increase in electrode thickness compared to the SINP
electrode with the FEC-SEI during cycling, indicating the
limited “waste SEI” accumulation (Figure S6). These
observations confirm the significantly improved stability of
the CR-SEI and are also consistent with results of the
electrochemical and compositional analyses.

B CONCLUSION

In summary, we present a new general strategy for deliberately
controlling formation, composition, and morphology of the Li-
alloy anodes SEI via covalently anchoring a combination of
diverse functional components with precisely controlled
structure and amount into the SEI using a one-step click
chemistry. The CR-SEI presents improved tolerance to volume
change, good surface passivation, and durable contact with the
active material surface during cycling.

This concept has been demonstrated by the significantly
improved stability of the SiNP anode SEL By optimizing
chemical structures, combinations, and surface anchoring
amounts of the preanchored SEI components, we construct a
CR-SEI, which exhibits a different chemical structure
containing a high-concentration organic species, stable
composition, and durable morphology during cycling. The
CR-SEI enables greatly enhanced electrochemical performance
of SiNP anodes, including long cycle life and high CE in both
half and full cells, elevated first-cycle efficiency, and limited
impedance increases during cycling. Moreover, this strategy has
also been applied to GeNP SEI reinforcement with dramatic
enhancement of the SEI stability, suggesting its viability for
other Li-alloy materials.

Owing to the facility and modularity of click chemistry, this
SEI reinforcement approach can be applied to other Li-alloy
materials and more potential SEI components can be
employed. This approach focuses on the interfacial con-
struction of functional groups to construct a durable SEL
However, it is still unable to address the negative effects of
pulverization on SEI stability of Li-alloy materials. Combining
multiple approaches with this strategy shows promise in further
improving SEI stability and enabling stable Li-alloy materials in
LIBs.

B EXPERIMENTAL SECTION

Synthesis of SiNP with Premodified SEI Components. The
native oxide layer of SiNPs was removed by immersion in 5% HF in
ethanol—water for 3 min under nitrogen. The product, hydrogen-
terminated SiNPs (9), were washed with an ethanol—water mixture
three times and dried in a vacuum oven. Then, dried 9 were mixed
with propargyl ether and Karstedt catalyst, Platinum(0)-1,3-divinyl-
1,1,3,3-tetramethyldisilioxane (Pt-dvs), in a molar ratio of 100:4 in
anhydrous N, N-dimethylformamide (DMF) and heated at 170 °C
with stirring for 4 h under nitrogen. The alkyne-terminated SiNPs (1)
prepared in this way were rinsed with ethanol and toluene several
times to remove unreacted residues and dried in a vacuum oven. To
synthesize the SiNP with premodified SEI components, 1 was
dispersed in aqueous solutions of azide-terminated components
including 2’, 3’, 4/, §’, combinations of 2’ and 4’, and combinations
of 3’ and 4’ in designed molar ratios, and copper(Il) sulfate
pentahydrate and sodium ascorbate were added. This reaction was
carried out at room temperature with stirring for 24 h under an air
atmosphere.”” The product was washed with deionized water and
analytical grade ethanol three times and was dried in a vacuum oven
for material characterization and electrode fabrication. GeNPs with 2—
4 were synthesized similarly.

Electrode Fabrication and Electrochemical Testing. To
compare the performance of the SiNP electrodes with a CR-SEI,
FEC-SEI and conventional SEI, we followed the same procedure to
prepare SiNP electrodes and ran cell tests. SINP electrodes were
prepared by mixing pristine SiNPs/SiNPs with premodified SEI
components, Super P carbon, and polyimide binder (7:2:1) in N-
methylpyrrolidine to make a slurry, casting this slurry on a Cu foil, and
drying it at 200 °C in a vacuum oven overnight. The mass loading of
the electrode was about 1 mg/ cm?. Baseline electrolyte, which is 1 M
LiPF in a mixture of ethylene carbonate and ethyl methyl carbonate
(3:7, v/v), was used to generate the conventional SEI and the
conventional components in the CR-SEL. An FEC-derived SEI was
formed from the baseline electrolyte containing 10% FEC additive.
The electrolyte amount was controlled to 25 uL with a pipet.
Electrochemical tests of cells were performed in CR 2016 coin cells
under galvanostatic charging—discharging conditions at a C/3 rate (1C
= 3000 mA/g Si) between 0.01 and 1.5 V. EIS testing was conducted
with a Metrohm Autolab potentiostat (PGSTAT128N) between 0.1
and 100 000 Hz. The cells for the EIS test were held at 0.01 V for 30
min before testing. Full cell fabrication followed a preconditioning
method.* The SiNP anode was paired with a LiNij5Cog,Mng;0,
cathode with a ratio of the areal capacity of 1.6. The SiNP anode was
preconditioned for 10 cycles in the half-cell and terminated in the fully
lithiated state while the LiNijsCoy,Mn, 30, cathode was activated for
three cycles in the half-cell, which ended at the fully delithiated state.
Two precycled electrodes were paired as a coin-cell-type full cell. Cells
were galvanostatically cycled at C/3 rate (1C = 3000 mA/g Si) from
3.0 to 4.2 V vs Li/Li*.

Materials and SEI Characterization. All samples for SEI analysis
were tested once synthesized or achieved to prevent further oxidation
or reactions. After disassembling the cell in an argon glovebox,
electrode samples were rinsed and gently washed in diethylene
carbonate (DEC) solution to remove salt and soluble species. XPS
analysis was carried out on a PHI VersaProbe II scanning XPS
microprobe. Air- and moisture-sensitive samples were loaded in the
glovebox and transferred into the instrument through a vacuum
transfer vessel. FTIR spectra were obtained on a Bruker Vertex V70
spectrometer. The electrode samples were tested in diffuse reflectance
mode with a Spectra Tech Collector II cell filled with nitrogen. TGA
was performed on a Q600 SDT using air flow with a balance sensitivity
of 0.1 pg. Thirty mg SiNPs samples and 10 mg SiNP electrode samples
were used for TGA tests, respectively. TEM samples were prepared by
dispersing cycled SiNP electrodes in DEC and dripping them onto the
TEM grid. EF-TEM and TEM images were acquired from a Tecnai G2
20 XTWIN with a LaB6 source. To remove electrochemically
deposited SEI on the SiNP electrode surface, the electrodes were
ultrasonically cleaned in DEC solution under a nitrogen atmosphere
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for 3 h, washed with DEC three times, and then dried for XPS and
TGA tests. Electrode thickness measurement was conducted on a
Nova NanoSEM 630. To ensure the consistency of electrode
thickness, the same piece of electrode was used for SEM experiments.
"H NMR (400 Hz) spectra were recorded on a Bruker DRX 400
spectrometer.
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