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Broader context

Despite great achievements that have been made by designing bilayer solid
electrolyte interphase (SEI), it still remains a tremendous challenge to further improve
the mechanical properties and ion diffusion kinetics of the SEI layer on Si-based
materials. In this work, we innovatively designed a fine-grained SEI layer through a
meticulously controlled pulsed electrochemical activation strategy, marking the first
application of this approach to optimize the electrochemical kinetics and long-term
stability of Si/C anodes. By precisely modulating the pulse parameters, the multiple-
layer fine-grained SEI is well constructed and consists of uniform fine inorganic
particles (such as LiF and Li3N) in each layer and interspersed with buffer oligomer
organics. Benefiting from the fine-grain strengthening effect, the constructed SEI not
only features enhanced rigidity and flexibility characteristics to accommodate the
volume changes, but also achieves a much smaller Gibbs free energy to promote Li*
diffusion kinetics. Notably, this pulsed electrochemical activation maneuver bridging
the gap between fundamental interfacial science and practical battery applications not
only offers a novel and scalable pathway for interface engineering, but also presents a
promising and industrially viable strategy for improving cycle stability in commercial

lithium-ion batteries.
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Tailoring Multilayer Fine-Grained Solid Electrolyte Interphase by
Pulse Electrochemical Activation Maneuver for Stable Si/C
Anodest
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DOI: 10.1039/x0xx00000x Silicon (Si) is widely regarded as one of the most promising anode materials for lithium-ion batteries due to its exceptionally
high specific capacity. However, the significant volumetric changes (up to 400%) of Si anode degrades the solid-electrolyte
interphase (SEl) and significantly hinders its practical application. Herein, we modulate the formation of fine-grained SEI
composed of multiple layers by pulse electrochemical activation mode, where each layer is uniformly distributed with fine
inorganic particles and interspersed with buffer organics. This tailored multilayer fine-grained SEI effectively promotes the
lithium-ion diffusion kinetics through SEI featuring a small Gibbs free energy (0.235 eV), which is only 1/5 of the typical
double-layer SEI, as well as smaller charge transfer resistances during the whole electrochemical processes. Moreover, it
exhibits a high Young’s modulus of 12.5 GPa in comparison to that of the typical double-layer SEI (5.1 GPa) and much-
inhibited stress and strain, so as to generate lower thickness expansion/shrinkage ratios. Consequently, the assembled Si/C
|| LiFePO, full cell, operating at a current density of 1 A g1, demonstrates a remarkable capacity retention of 93.6% after
583 cycles, which also shows a practical application by powering an unmanned aircraft. This interfacial engineering
maneuver sheds light on enhancing the electrochemical performance of other high-capacity electrode materials with

Published on 03 2025. Downloaded on 18.06.2025 17:21:41.

substantial volume changes.

Introduction

Driven by social progress, the demand for environmentally
friendly, high-capacity batteries is growing, and silicon (Si) stands out
of the anode materials due to its high theoretical specific capacity
(4200 mAh g™).% 2 However, the substantial volumetric expansion
(approximately 400%) leads to the vital solid-electrolyte interphase
(SEI) continuously reshaping, resulting in electrolyte depletion and
loss of active materials.® 4 Constructing stable SEI layers to maintain
the Si particle integrity has been demonstrated as an efficient
method, which has made a great stride. Research in this area has
primarily focused on two key strategies: firstly, pre-constructing an
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artificial coating layer on the surface of Si-based materials to serve as
the SEI film, isolating the active material from direct contact with the
electrolyte, and mitigating undesirable side reactions.>” The second
approach involves optimizing the electrolyte composition to enable
the in-situ formation of a stable SEI film by electrochemical methods,
including the use of electrolyte additives®!! and novel electrolyte
systems12-16,

To date, substantial efforts have been devoted to exploring
strategies to modulate the electrolyte solvation structure to
construct a unique SEI structure. It has been acknowledged that the
ideal SEI possesses a bilayer structure, characterized by an inorganic
inner layer and an organic outer layer, which has been extensively
validated in lithium metal and graphite anodes.'”- 18 By modulating
the type and concentration of the solvent, the formation of the
solvation structure can be precisely controlled, thereby influencing
the characteristics of the SEI.X° Specifically, to construct the anion-
enriched solvation structure, the double-layer SEI was intentionally
constructed.?%-2> Except for electrolyte engineering, electrochemical
strategies have also been proven to generate a LiF 25 27 or t-Li,ZrFe-
rich! interfacial layer without significantly changing the solvation
structure, which could markedly accelerate Li-ion transfer and
suppress the growth of Li dendrites. However, our recent research?®
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Fig. 1 Different SEI structures constructed by different electrochemical activation methods. (a) SEI formation by linear cyclic voltammetry with an anion-

enriched solvation structure; (b)SEI formation by linear cyclic voltammetry with an anion-enriched solvation structure with additives; (c) SEl formation by the

pulse voltage intervention with an anion-enriched solvation structure with additives

has revealed that incorporating oligomer layers to anchor inorganic
particles is available to accommodate destructive volume expansion
of Si anodes to maintain interphase stability. Despite these advances,
the large particle size and non-uniform distribution of inorganic
components may still exhibit a large lithium-ion (Li*) diffusion barrier
within SEI.231 In this regard, Wang et al. pointed out that
downscaling the crystal size of the electrode materials is the
essential parameter to diminish the lithiation kinetics.3? The smaller
grain sizes with a larger grain boundary area as preferential channels
for Li* migration. Therefore, the reduced diffusion distance and
energy barrier of Li* is conducive to enhancing the diffusion kinetics
during the electrochemistry process. Similarly, finer grains have also
been shown to contribute to the synergistic effect of high strength
and good ductility for most metallic materials to accommodate stress
and strain.32 33 And when applied to lithium-ion batteries (LIBs), the
fine-grained cathode and anode materials can effectively enhance
the specific surface area, reduce the ion diffusion path, and improve
the structural stability.3% 3> How about exploring the ion diffusion
kinetics and electrochemical performance by tailoring a fine-grained
SEl on the Si surface, an approach that has never been considered?
Herein, a multilayer fine-grained SEI layer was first proposed to
construct on Si surface by pulse electrochemical activation mode. By
precisely regulating the decomposition potentials of individual

2| J. Name., 2012, 00, 1-3

electrolyte components and the growth time of inorganic species in
each layer, the grain size can be controlled and uniformly distributed
within the organic matrix of each SEI layer. The fine-grained SEI
consists of multiple layers, with small inorganic particles evenly
distributed from the inside out, bonded with flexible organic
components. Moreover, the multilayer fine-grained SEI offered
uniform ionic pathways, thereby obtaining a lower Li* diffusion
barrier, which is only 1/5 of the typical double-layer SEI. Additionally,
Young's modulus of the multilayer fine-grained SEl is 12.5 GPa,
significantly higher than that of the typical double-layer SEI (5.1 GPa).
The strengthened rigidity and flexibility characteristics enhanced the
structural stability of SEI and enabled it to accommodate the huge
volume expansion of the Si anode during cycling. The feasibility of
this approach has been rigorously examined through both
experimental characterizations and theoretical analysis, with further
studies into the interface properties and Li* diffusion mechanisms
after grain refinement. To be specific, the Si/C anode exhibits
excellent capacity retention (84.5%) after 400 cycles at a loading of 3
mg cm~2, Further, the Si/C || LiFePO, full battery remains at 93.6%
of its capacity after 583 cycles at a current density of 1 A g™,

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

Multilayer Fine-grained SEI structure design

The electrochemical performance of Si-based anodes is
primarily influenced by both the composition and structure of SEI. It
is generally accepted that the anion-enriched solvation structure is
able to generate classical SEI bilayer structures through two-step
reduction, the anion reduction at a high plateau (stage ) and
solvent reduction at the low voltage (stage ®) (Fig. 1a).36 37 While
the increased inner bulk inorganic components provide good rigidity,
the incompatible organic polymers fail to effectively bind the
nonadjacent bulk inorganic material together. This results in low Li*
diffusivity and poor flexibility, which hampers its ability to
accommodate the huge volume expansion of the Si anode during
long-term cycling.3® Recently, the additive was deliberately
introduced to participate in an anion solvation sheath to generate
low molecular weight oligomers after anion reduction (stage @) (Fig.
1b).28 The short-chain structure of oligomers facilitates the binding
of bulk inorganic species, making the SEI structure both rigid and
flexible. This enables the SEl to better adapt to the volumetric
expansion of the Si anode during cycling.

However, the presence of such large inorganic particles will
result in low Li* diffusivity. To address this issue, we hypothesize
constructing fine-grained inorganic particles constituted SEI layer by
optimizing the electrochemical activation method. Theoretically,
different electrochemical reactions occur under different potential
conditions. Thereupon, we deliberately manipulate the growth
behavior of inorganic and organic species by controlling the voltage
and reaction time during the reduction process (Fig. 1c). To be
expected, the resultant multilayer fine-grained SEI exhibits improved
rigidity and flexibility, allowing it to better accommodate the
significant volumetric expansion of the Si anode during long-term
cycling. More importantly, the numerous fine-grained interfaces are
beneficial to boost ion diffusion kinetics. A kind of localized high-
concentration electrolyte with 10% fluoroethylene carbonate (FEC)
and 5% lithium nitrate (LiINOs) additives (LHCE-FL) has been proven
to produce bilayer structures with oligomers with good rigidity and
flexibility.3® 40 Herein, LHCE-FL is also used as a proof-of-concept,
while the molecular aggregation states and the molecular dynamics
snapshots are depicted in Fig. 2a and S1, respectively. Density
functional theory (DFT) calculations then compare the activation
energy changes of dimethyl ether (DME), FEC, lithium
bis(fluorosulfonyl)imide (LiFSI), and LiNOs, as well as their theoretical
decomposition voltages (Fig. 2b and S2). Clearly, the lithium salts,
LiNOs and LiFSI, are the first batch to be reduced to inorganic LisN
and LiF at above 1.4 V, while FEC and DME are prone to generate
oligomers and high molecular weight polymers at about 1.1 and 0.8
V. Then, linear sweep voltammetry (LSV) was conducted on Si/C
anode to ascertain the decomposition voltages of each ingredient. As
shown in Fig. 2c, there are three obvious di/dV peaks, located
between 1.28-1.51, 0.90-1.12, and 0.75-0.85 V consistent with the
results of LSV (Fig. S3), corresponding to different electrochemical
reduction processes. To more precisely confirm the optimal

This journal is © The Royal Society of Chemistry 20xx

decomposition voltages, discharging at a constant voltgge is adopted
to compare the coulombic efficiency (CE) oPthelrelet3ible capaeity
(Fig. 2d). Specifically, it was found that the constant voltages at 1.4,
1.0, and 0.8 V correspond to the highest CE for each respective stage,
as shown in Fig. 2e and Fig. S4-S6.

Based on the above results, a pulse constant voltage
decomposition experiment was designed, as shown in Fig. 2f. The SElI
was constructed at the decomposition voltages of LINO3/LiFSI (1.4 V),
FEC (1.0 V), and DME (0.8 V), respectively, for a short time. And then
repeated several times to control the grain particle size, which is
referred to as “consSEl-xth”, where x indicates the number of
repeating times. For comparison, the common electrochemical
method to construct SEI layer is referred to as “w/o consSEl”. The
differences in the initial CE and discharge capacity are obvious with
constructing different times, as depicted in Fig. 2g and Fig. S7-S11,
where the Si/C electrode with consSEI-100th shows the highest
average initial CE and capacity of 86.3% and 1244 mAh g™
Furthermore, consSEI-100th maintains the highest specific discharge
capacity even after 100 cycles at a current density of 1 A g (Fig. 2h).
Morphology and structure analysis of SEI layer

The unique structure of the multilayer fine-grained SEI on Si/C
anode is then investigated. Cryo-transmission electron microscopy
(Cryo--TEM) in Fig. S12 reveals the typical bilayer structure of w/o
consSEl, consisting of an inorganic inner layer and an organic outer
layer. In comparison, the consSEl-xth shows superimposed
structures, while the more repeating times, the more superimposed
layers (Fig. 3a, S13-514). Furthermore, as confirmed by electron
diffraction (Fig. 3b and S13b), it is evident that LiNOs/LiFSI
decompose to form the inorganic components LisN and LiF during SElI
construction, and these materials are present in each layer of the SEI.
As expected, the consSEI-100th features a layered structure with
small LizN and LiF particles present in each SEl layer, as shown in Fig.
3¢, while w/o consSEIl shows larger inorganic particles in inner side
for comparison (Fig. 3d). This suggests that the pulse electrochemical
method of consSEI-100th forms a fine-grained SEI layer with a
multilayered structure distinct from that of w/o consSEI.

To further investigate the regulatory effect of consSEI-100th on
SEl components at the Si/C anode surface, the interface composition
after SEI construction was analyzed using X-ray photoelectron
spectroscopy (XPS). Before that, the decomposition products at
different voltages are validated. Fig. S15a and S15d show that LiNO3
and LiFSI decompose at 1.4 V, their highest concentrations of LisN
and LiF indicate much organics is produced at this voltage. Sweeping
to 1.0 V (Fig. S15b and S15e), the ratios of LisN and LiNO, of N 1s
decrease, while the ratio of LiF barely changes suggesting that some
inorganic compounds are also generated during FEC decomposition.
Finally, at 0.8 V (Fig. S15c and S15f), where DME decomposes to only
produce organic materials, the ratio of LiF in F 1s and that of LizN and
LiN,Oy in N 1s all decreases.

To further validate our hypothesis regarding the construction
of multilayer fine-grained SEI, we conducted an in-depth analysis of
the interphase during the formation process using ex-situ XPS.

J. Name., 2013, 00, 1-3 | 3

Page 4 of 12


https://doi.org/10.1039/d5ee02060c

Published on 03 2025. Downloaded on 18.06.2025 17:21:41.

Ch €

ARTICLE Journal Name
FEC Li View Article Online
a b g, it r|4 DOI: 10,1039/D5EE02060C
. 09 ' END 0‘9;':%0 T i L|| Lll ll
>
2. ! LFSI 0=85—N—5=0 +Li*+e — \ 0=8—N—5=0
> 0.6 i | I Il
% v 0 W 0 0
= "4 + CO L|
™ 2 0.3 YJ/F +Lit+te — Hy + F
& o
0.0 , DME C /\/ \CH e \I\
/
Reaction Coordinate
C 4 d , € 100 1t 1
5
20 ocv §. 904
= o Constant voltage 2 i 0;8_ 0/109\0 1.4
k=] fAY e s X AN N e b o ] g & | ' 5 .
o 0T I Y S Constant current 2 80 q/\
Oligomer . -E
-204 Polymer Anion & 70+
=]
40 SEI formation o 8
06 09 12 15 18 " 08 /09 10 1113 14 15
Voltage (V) Time Voltage (V)
f s " g h 800
! consSEl-xth H <
g’ n_,QQ w/o consSEl| og
144 E A @ consSEI-100th "o ,D‘3>°‘°=0:322?_::o—0 consSEI-100th
pee < 700+ P _e -0
10V 2 P Q Q E 4 wi/o consSEl
08v{ QAP g < El-200t
e a
_ — 8 o consSEI-10th 8 consSEI-10th
<0.0 &, 0] consSEL-500tn §600 1 o—q_o—9~0_a—9—a~2consSEI-500th
= 8 %
%0.4 : S N 1At
g : 2 ° g
508 LINO,/LIFSI [\
U ) 500 T T T T
0 m mx 78 81 84 87 0 25 50 75 100
Time (s) Initial coulombic efficiency (%) Cycle number

Fig. 2 The design principle for constructing a fine-grained SEl layer. (a) The solvation structure of LHCE-FL electrolyte based on molecular dynamics simulation;

(b) Different activation energies for decomposition of LiNO;, LiFSI, FEC, DME,

and corresponding de-composition reactions; (c) The derived dI/dV—voltage

curves from LSV; (d) The schematic of constant voltage discharging and corresponding (e) coulombic efficiency; (f) The schematic of designed pulse constant
voltage discharging and corresponding (g) initial coulombic efficiency and discharge capacities, and (h) long-term cycling performance.

And the changes in SEI composition during the voltage transitions in
the initial cycle from open-circuit voltage skipping to 1.4 V (Stage 1),
then to 1.0 V (Stage 1 to 2), and finally to 0.8 V (Stage 1 to 2 to 3)
were analyzed. Fig. S16 has carried out the normalization and it
shows that with increasing construction stages, the organic is formed
so as the content of LiF and LisN decreases, indicating that each SEI
layer is composed of inorganics wrapped in organics. Additionally,
the SEI structure of consSEI-100th was analyzed by XPS and Ar*
sputtering depth profiling. Fig. 3e and 3f demonstrate that, with
increasing Ar* sputtering time, the organic and inorganic
components of the SEI remain almost consistent, indicating uniform
distribution across each SEI layer. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) also indicates the uniform spatial
distribution of the different SEI components. The three-dimensional
images in Fig. 3g, along with Fig.S17 and 3h, show little variation in
the spatial distribution of inorganic LiF,~, LiN~, and organic fragments
such as CHO;™ and CH3O". This indicates that the oligomers derived
from FEC and the organic components produced by DME
decomposition are uniformly within the SEI, interwoven with the
inorganic LizN and LiF to form a stable and intertwined structure.?34!

4| J. Name., 2012, 00, 1-3

Furthermore, Fig. 3i illustrates the close correlation between
the inorganic LiF,~, LiN-, and organic fragments (CHO,™ and CH307) in
SEl layer. This phenomenon can be attributed to the formation of the
multilayer fine-grained SEI, wherein the smaller grain size facilitates
an increased number of reaction sites. Consequently, the
composition within each layer of the SEI is more uniformly
distributed,
components.

leading to stronger correlations among individual

Advantages of the multilayer fine-grained SEI layer

Theoretically, the SEI with inorganic particles of varying sizes
significantly influences the ion diffusion kinetics. As the grain size is
refined to create a higher number of grain boundaries, the diffusion
path is significantly shortened, allowing Li* to move more easily
through the SEI (Fig. 4a), which is beneficial to enhance the rate
capability. Then, to investigate the mechanism behind the multilayer
fine-grained SEI layer of consSEI-100th, the Li* diffusion energy
barrier for both w/o consSEl and consSEI-100th was calculated using
first principles. Due to the increased grain boundary contact between
LisN and LiF in consSEI-100th (Fig. S18), the energy barrier is 0.235 eV

This journal is © The Royal Society of Chemistry 20xx
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for consSEI-100th as illustrated in Fig. 4c, which is much lower than
that for w/o consSEl in Fig. 4b (1.078 eV). The lower diffusion energy
barrier in consSEI-100th indicates more efficient ion transportation.
To verify this, in-situ electrochemical impedance spectroscopy (EIS)
was used to analyze the charge transfer kinetics (Fig. S19). By
converting the EIS data into a relaxation time distribution function in
the time domain, a continuous curve with distinct peaks, where each
one corresponds to a specific dynamic process, can be obtained. As
shown in Fig. S20, the peak around 107 —10-3 s corresponds to the
ohmic internal resistance (Rop), While that at 1073 —102s and 1072—
107! s corresponds to the ohmic impedance (Rsg) and the charge
transfer impedance (R).*? Clearly in Fig. 4d, the R during the whole
Si/C alloying and dealloying reaction for w/o consSEl is consistently
higher than that for consSEI-100th. Furthermore, the diffusion
behavior of Li* in different Si/C electrodes was compared by

This journal is © The Royal Society of Chemistry 20xx

galvanostatic intermittent titration technique (GITT), and the Li*
diffusion coefficient (Dri+) was calculated using equation (1):4347

" () (G
D=2\ Ts AE.

where t=3600s, n@ and VI are the molar and molar volume of Si/C,

and the electrode area is 1.13 cm2. As depicted in Fig. S21, the
calculated average Dpi+ for consSEI-100th during lithiation and de-
lithiation is 4.53x1071° cm?s!, an order of magnitude higher than
that for w/o consSEl (5.51x10%! cm?s71). These results indicate that
the multilayer fine-grained SEl is beneficial in reducing interfacial and
charge transfer resistances, leading to enhanced electrochemical
performance.

To further examine the effect of SEI grain refinement on the
stress and strain of the Si/C anode, finite element simulations were

J. Name., 2013, 00, 1-3 | 5
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electric field intensity distribution, the changes of the maximum electric field intensity for w/o consSEl and consSEI-100th models at different current densities,
the effects of stress engineering by the COMSOL modeling; Quantitative nanomechanical mapping of the cycled Si/C anode with (f) w/o consSEl and (g) consSEI-
100th, inset show the corresponding AFM morphologies; Spectral diagram of 3d profiler: (h) pristine, (i) w/o consSEl, (j) consSEI-100th, and corresponding (k)
Roughness.

performed using COMSOL Multiphysics. The variation in current  Li-Si alloying/de-alloying behavior. For further exploring the impact
(I/10) and electric field intensity (E/Eo) were introduced to assess the  of the multilayer fine-grained SEI on the physical properties of the
stress and strain of the Si/C anode.*® 4° Fig. S22 shows enlarged  Si/C anode surface, atomic force microscopy (AFM) was employed.
images of the original states for both w/o consSEl and consSEI-  As shown in Fig. 4f and 4g, the surface Young's modulus of the Si/C
100th, where it is evident that the SEl structure on the surface of anode with consSEI-100th is 12.5 GPa, significantly higher than that
Si/C particles in consSEI-100th is more refined. As illustrated in Fig.  of w/o consSEl (5.1 GPa). Moreover, comparing the morphology of
4e, the evolutions of the simulated electric field intensities both  the original state of the Si/C anode (Fig. S23) and high-resolution
increase with the rising of current increases. Compared to consSEI-  AFM images (Fig. S24), the morphological development of consSEI-
100th, the electric field strength for that with w/o consSEl is always ~ 100th is minimal in comparison with that of w/o consSEl. Finally, to
more pronounced with increasing current, hinting at the enhanced investigate the overall state of the Si/C anode after SEI
stress and strain in the Si/C electrode to lead to severe structural  construction, 3D optical profilometry was also used. Fig. S25 shows
damage and failure during repeated cycling.>° This indicates that  that during SEI construction, the electrode surface becomes flatter
the consSEI-100th feature of the multilayer fine-grained SEI  as the SEIl construction progresses, indicating the formation of
structure is more rigid and flexible, enabling it to better organics with flexible properties gradually increases during the SEI|
accommodate the volume expansion of the Si/C anode caused by

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Electrochemical performances of Si/C anodes with different SEI layers. (a) Comparison of the rate capabilities of Si/C anode with different SEI layers; (b)
Cycling stabilities of Si/C anode with mass loading of 3 mg cm= at 1 A g™%; (c) Cycling performance of the Si/C electrode with consSEI-100th at 0.5 A g%; (d)
Long-term cycling stability of the Si/C electrode with consSEI-100th in the Si/C || LiFePO, coin-cell and (e) in comparison with previous works, the inset in (d)
gives the three-electrode profile of the Si/C || LiFePO, full cells; (f) Cycling capability of the Si/C || LiFePO, pouch cell in consSEI-100th, the insets are the
picture of this Si/C || LiFePO, pouch cell in drone application; (g) Thickness variation of the Si/C electrode during the charging and discharging process and
corresponding (h) volume expansion rate; (i) Comparison of particle size of the Si/C composites before and after cycling.

construction process and provides the electrode with some flexibility
and smoothness. Furthermore, Fig. 4h—j and S26 demonstrate that
after cycling, the pole pieces of consSEI-100th are more uniform
compared to the counterparts. To further quantify the flatness, Fig.
4k calculates that the roughness of the consSEI-100th electrode is
reduced to 1.77 far less than w/o consSEl (4.22), and shows smoother
characteristics. Therefore, it demonstrates that the multilayer fine-
grained SEI possesses both excellent flexibility and rigidity, making it
more adaptable to the significant volume expansion of Si/C anode
during the cycling process.

This journal is © The Royal Society of Chemistry 20xx

Electrochemical performances

To verify the potential of in-situ construction of multilayer fine-
grained SEI layers for practical LIBs, the electrochemical properties
of the Si/C anode were investigated. Firstly, Li | | Si/C half cells were
prepared. Fig. S27 shows the initial charge and discharge curves at a
current density of 0.1 A g%, As expected, the Si/C anode of consSEl-
100th shows a lower initial discharge capacity of 1256 mAh g1,
compared with that of w/o consSEl (~1321 mAh g™1), which can be
attributed to the construction of SEl before battery testing.

J. Name., 2013, 00, 1-3 | 7
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Then, the rate capabilities at various current densities of the Si/C
anode with different SEI layers were compared. As seen in Fig. 5a,
Si/C anodes with different SEI exhibit comparable discharge
capacities at low current densities (0.1-0.5 A g™1). However, with the
rising of current density, the Si/C electrode with consSEI-100th
shows the obviously enhanced specific capacity compared with the
counterpart. Specifically, the Si/C anode with consSEI-100th could
deliver a reversible capacity as high as 567 mAh g* even at 5 A g%,
which is far beyond that with w/o consSEl (278 mAh g). Their
difference in rate performance obviously hints that the consSEI-
100th could remarkably enhance the Li-Si electrochemistry kinetics.
Fig. 5b then compares the long-cycling performance of the Si/C
anode with different SEI layers at a mass loading of 3 mg cm=2. After
400 cycles at a current density of 1 A g1, the Si/C anode of consSEI-
100th exhibits an excellent capacity of 645 mAh g1, accompanied by
a good capacity retention as high as 84.5%. As for the Si/C anode with
w/o consSEl, it only delivers an inferior capacity of 283 mAh g1 with
a low retention of 44.3%. This is logically attributed to the enhanced
mechanical strength of consSEI-100th, which not only effectively
mitigates the volume expansion of Si/C particles, but also guarantees
the structural integrity of the entire electrode during cycling.
Moreover, the Si/C anode with consSEI-100th could afford an area
capacity of 4.52 mAh cm2 at 0.5 A g™! with stable cycling for 100
cycles (Fig. 5c), highlighting the high reversibility of the Li-Si
alloy/dealloying behavior.

To further assess the practical applicability of consSEI-100th,
commercial zero strain LiFePO, cathodes and Si/C anodes were
assembled into full batteries, and the performance of the coin cell
was first tested. Prior to assembling the Si/C || LiFePO, cell, the
practical potential for constructing the multilayer fine-grained SEI
was determined by a self-made three-electrode (Si/C-Li—LiFePQy,)
setup (Fig. $28). As shown in the inset of Fig. 5d, the pulse voltages
for constructing multilayer fine-grained SEl are 2.0, 2.4, and 2.6 V,
respectively, corresponding to 1.4, 1.0, and 0.8 V in the half cell. After
constructing SEI 100 times (Fig. S29), the Si/C | | LiFePO, full battery
was then cycled. Fig. S30 shows the initial charge and discharge curve
at 0.1 A g with an initial CE of 96.2%. The long-term cycling
performance of the Si/C | | LiFePO, coin cell at a current density of 1
A gl was presented in Fig. 5d. As shown, the full cell delivers an ultra-
stable cycling capability with a capacity retention of 93.6% after 583
cycles, while the coincide charge and discharge curves at different
cycle numbers without apparent voltage polarization and capacity
decay in Fig. S31 suggests good reversibility of electrochemical
reaction. In comparison with the other recent studies on Si/C
anodes,’>® the cycling capability presented in this work
demonstrates obvious superiority (Fig. 5e and Table S1).

Encouraged by the impressive performance of the Si/C ||
LiFePO, coin-cell, a commercial Si/C | | LiFePO,4 pouch cell (about 3.0
Ah) was used to further evaluate the practical potential of the
multilayer fine-grained SEI. Fig. S32 shows the structural diagram of
the Si/C | | LiFePO,4 pouch cell. As seen, the Si/C | | LiFePO, pouch cell
achieves an initial CE of up to 94% at 0.1 A current (Fig. S33). At a
current density of 1.5 A, the reversible capacity of the Si/C | | LiFePO,
pouch cell remains at 2.47 Ah even after 200 cycles, corresponding

8| J. Name., 2012, 00, 1-3
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to the capacity retention of 91.1% (Fig. 5f). By viewing the charge and
discharge curves of the Si/C || LiFePO, poueRlcéf,183Fhowr it Fig.
S34, it only shows a slight capacity decay without severe voltage drop
after prolonging the cycle number, confirming the excellent
unmanned aircraft practical potential of this SEI tailoring strategy in
high-energy LIBs (the inset pictures of Fig. 5f). Furthermore, it
demonstrates that the fine-grained SEI achieved by consSEI-100th
exhibits a more uniform structure, thereby reducing interfacial
charge transport resistance, enhancing Li* diffusion kinetics, and
contributing to improved rate performance and energy efficiency of
the battery. Additionally, this SElI possesses both rigidity and
flexibility, enabling it to accommodate volume changes in electrode
materials during charging and discharging processes, thus preventing
SEl rupture and spalling.

To explore the in-depth reason for the cycling stability of the
Si/C with consSEI-100th in half and full cells, an in-situ electrode
thickness monitor and postmortem SEM technique were carried out
to investigate the structure variation of electrodes and materials. Fig.
5g records the thickness—time curves of the Si/C electrode with w/o
consSEl and consSEI-100th in Si/C || LiFePO, coin cell during charge
and discharge. Clearly, the cell with consSEI-100th shows a smaller
thickness expansion compared with that with w/o consSEl. By
calculation, it is found that the thickness expansion/shrinkage ratios
of the Si/C electrode with consSEI-100th are 2.6%/1.7%, 1.8%/1.8%,
and 1.3%/1.5% in the first three cycles (Fig. 5h). However, for the Si/C
electrode with w/o consSEl, the thickness expansion/shrinkage ratios
are significantly enhanced. This thickness variation can also be
observed by the postmortem cross-section SEM images (Fig. S35)
and in-situ optical images (Fig. $36—37) of the cycled Si/C electrode.
Furtherly, the surface morphology of the electrode was analyzed by
SEM and in-situ optical to discover thickness of consSEI-100th varies
less, which indicates consSEI-100th can maintain the particle stability
and constrain the volume expansion of Si/C particles after cycling.
Moreover, Fig. S38 provides the postmortem SEM images of three
Si/C electrodes, while Fig. 5i gives the statistical result of the Si/C
particles. Although the grain size of the Si/C in the consSEI-100th and
w/o consSEl electrode shows obvious augmented compared to
pristine, the grain size in the consSEI-100th electrode after cycling is
obviously lower than that in the w/o consSEl. This result indicates
that the fine-grained SEI structure in the consSEI-100th electrode
with the characteristics of uniformity, rigidity, and flexibility can
effectively accommodate the volume expansion of Si/C particles,
which is in favor of avoiding the repeated construction of SEl layer
and electrolyte deterioration, eventually ensuring the long-term
cycling stability and lifespan of Si-based electrode.

Conclusion

In conclusion, we present a pulse electrochemical activation
maneuver to form a multilayer fine-grained SEI structure on Si/C
anode. This approach ensures a uniform distribution of tiny inorganic
particles (LiF/LisN) and an interwoven organic buffer layer, resulting
in arigid yet flexible multi-layered SEI. As a result, this multilayer fine-
grained SEl is able to accommodate the huge volume expansion of
the Si-based anode during cycling, thereby maintaining the integrity
of both the electrode sheet and particles. Comprehensive

This journal is © The Royal Society of Chemistry 20xx
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characterization demonstrates the viability of our strategy, while DFT
calculations reveal a reduced Li* diffusion energy barrier after grain
refinement. Furthermore, mechanical analysis confirms that the
improved rigid-flexible SEI structure effectively accommodates the Si
anode's volume changes. Consequently, the multilayer fine-grained
SEl maintains a very stable interphase and the Si-based anode
exhibits excellent capacity retention (84.5%) after 400 cycles at a
current density of 1 A g1 Furthermore, the Si/C || LiFePO, full
battery retains 93.6% of its capacity after 583 cycles at a current
density of 1 A g%. This work sheds valuable insights into the design
of SEl structures for high-volume expansion electrode materials in
high-energy secondary ion batteries.
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