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1. Experimental Section

Synthesis: Commercial SiOx powder was mechanically ball milled for 20 h at 350 rpm after being received. Red P was
washed with deionized water and dried in a vacuum oven at 60°C for 2 h to remove the natural oxide layer on its surface.
SiOx@P was synthesized via ball milling using the as-obtained SiOx powder and red P powder in the weight ratio of 97: 3 an
Ar atmosphere for 6 h at 350 rpm.

Electrolyte preparation: 1.3 M LiPFg in ethylene carbonate (EC) / ethyl methyl carbonate (EMC) (EC/ EMC = 3/ 7 by volume
fraction) (LP), fluoroethylene carbonate (FEC), and vinylene carbonate (VC) were purchased from Duoduo Chemical
Technology Co., LTD (Suzhou, China). The electrolyte consists of LP with 1 wt.% VC and various content of FEC additives (0, 5,
10, 20, 30 wt.%, denoted as LPO, LP5, LP10, LP20, and LP30, respectively) were prepared in an Ar-filled glove box (water and
oxygen contents < 0.01 ppm) according to the weight value presented in Table S1. The LP20 was used in this work for
testing, otherwise stated.

Structural Characterizations: X-ray diffraction (XRD) was conducted using a Philips X’ Pert diffractometer with Cu Ka
radiation (A = 1.5418 A) to identify the phase information of the samples. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) mapping of samples were performed by a GeminiSEM300 field-emission SEM under an
acceleration voltage of 5 kV. X-ray photoelectron spectra (XPS) measurements were carried out on an AXIS-ULTRA DLD
spectrometer with Al Ka radiation. Transmission electron microscope (TEM), high-resolution TEM (HRTEM), high-angle
annular dark-field scanning TEM (HAADF-STEM), energy dispersive X-ray (EDX) mapping images (STEM-EDS), and selected
area electron diffraction (SAED) patterns were acquired using FEI Talos f200x, working on an acceleration voltage of 200 kV.
Derjaguin-Muller-Toporov (DMT) modulus images were obtained from commercial atomic force microscopy (AFM, Bruker
Multimode 8 with a Nanoscope V controller) using an insulating silicon AFM tip (k = 26 N m-1, fo = 300 kHz) in an argon-filled
glove box with peak force tapping mode. The force-displacement curves were analyzed by Nanoscope Analysis software.
Raman spectroscopy was performed on a Renishaw RM2000 confocal Raman spectrometer with a 532 nm excitation laser
(laser spot size of 0.5 um) operated at a low power level (~ 2 mW). Fourier transform infrared (FT-IR) spectra were obtained
by Bruker Vertex 70 equipped with an Attenuated Total Reflectance (ATR) module with a scanning range of 400-4000 cm-!
at room temperature. For ex-situ characterizations of SEM, TEM, Raman, and FTIR, the cells were disassembled in an Ar-
filled glove box, and the electrodes were collected and washed with dimethyl carbonate (DMC) to remove any residual Li
salts from the surface of the electrodes.

Electrochemical Characterizations: The SiOx@P and SiOx electrodes consisted of active materials, super P, and PAA binder
with a weight ratio of 8:1:1, which were fabricated through a slurry method. CR2032 coin-type half cells were assembled in
an Ar-filled glove box using Celgard 2500 polypropylene (PP) membrane as the separator. In a typical half cell, a 3-cycle 0.1
C formation process was conducted before the test (1 C = 1500 mAh g1), and the voltage range for cycling was 0.01-1.0 V
(vs. Li*/Li). The LiNio.sC00.2Mno202 (NCM622) electrodes consisting of active materials (90 wt.%), super P (5 wt.%), and
polyvinylidene fluoride (PVDF, 5 wt.%) were used for full pouch cell assembly. The typical mass loadings of the anode and
cathode were ~ 1.8 and 9.3 mg cm?, respectively. The details of the Ah-level NCM622| | SiOx@P laminated pouch cell were
listed in Table S4. The galvanostatic charge/discharge measurement voltage range was 2.5-4.2 V for NCM622| | SiOx-based
full cells. The charging protocol for full cells was optimized with the combination of constant current and constant voltage
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(CCCV) charging. The current densities for CC charging varied from 1to 6 C (1 C = 1.67 mA cm2). The CV charging was
conducted at 4.2 V for the NCM622 cathode. The corresponding total charging times (CC+CV) were fixed at 60 min, 30 min,
20 min, 15 min, and 10 min for 1C-CV, 2C-CV, 3C-CV, 4C-CV, and 6C-CV, respectively. The discharging current was set at 0.2
C. The full pouch cells were tested in the voltage range of 2.5-4.2 V. Before the assembly of the full pouch cell, the SiOx@P
and bare SiOxelectrodes were electrochemically pre-cycled in Li metal half cell (1 cycle). Energy density was calculated
based on the total weight of the cathode and anode (excluding the mass of the current collector). Galvanostatic
charge/discharge measurements were performed on the Neware battery testing system (CT-4008T-5V-50mA-164,
Shenzhen, China). Galvanostatic intermittent titration technique (GITT) measurements were performed on LAND CT2001A
testing instruments. The electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and alternating current (AC) voltammetry were conducted on a Biologic VMP3 electrochemistry workstation. The EIS
was tested in the 100 mHz-100 KHz frequency range with an amplitude of 10 mV. The alternating current (AC) voltammetry
test was conducted in the 1.0 to 3.0 V (vs. Li*/Li) potential range with a frequency of 10 Hz and an amplitude (A) of 5mV.
Calculation methods: The DFT calculations were conducted utilizing the Vienna Ab-initio Simulation Package (VASP),1,
which was based on the Projector Augmented Wave (PAW) method.2 The exchange-correlation function employed was the
Perdew, Burke, and rnzerhof (PBE) form, along with van der Waals corrections using the DFT-D3 method.3 The kinetic
energy cutoff for the electronic wave function was set to 520 eV. Brillouin zone sampling was carried out using the
Monkhorst-Pack scheme. 4 The adsorption energies (Eqas) were calculated as follows:

E.=E E.o, —E

Where Esiab-ads is the total energy of species adsorbed surface, Esiab is the energy of SEI surface, and Eads is the energy of

ads slab-ads ads
adsorbed species, respectively.

Classical molecular dynamics simulations (MD) were conducted using LAMMPS. The initial periodic systems were
constructed through PACKMOL and Moltemplate (http://www.moltemplate.org/).2 For the solvents, we employed the OPLS
force-field parameters combined with RESP charges.> The CVFF force-field parameters were also utilized for P, SiO, and Si.®
7 The parameters for Li* and PFs ions were obtained from previous reports. 8° Throughout the simulations, the electrodes
were held fixed. Initially, Langevin dynamics were applied to randomize the initial molecular configurations at 500K for 1 ns.
Subsequently, the simulation proceeded with NVT runs at 500 K for 1 ns to achieve system equilibrium. 8 Following this, a 10
ns NVT run was conducted at 300 K. The electric double layer (EDL) structures were determined by statistically analyzing
the data from the final 5 ns of the trajectory. VESTA and VMD were employed for visualizing the electrolyte structures.0

Note $1: The SiOx@P (3%) material was synthesized by a simple chemomechanical reaction between the pristine SiOx
and red P, as illustrated in Fig S1a. The STEM-EDS mapping image recorded on the SiOx@P particle in Fig. S1b showed a
relatively uniform distribution of P elements outside the SiOx surface, reflectinga ~ 6 nm-thick P layer (Fig. S1c). Compared
to the XRD patterns of the SiOx@P and SiOx powder in Fig. S1d, the SiOx@P exhibited the typical diffusion regions without
prominent peaks, indicating no formation of a new crystalline phase. Moreover, the P 2p high-resolution XPS spectra of the
SiOx@P and bare P revealed that two peaks located at ~ 135.2 eV and ~ 134.5 eV were related to the formation of covalent
P-O-Si and P-O bonds between the SiOxand P,1! which confirmed a firm bonding of P interphase on SiOxsurface (Fig. Sle).
For the Si 2p XPS spectra of the SiOx@P and SiOx (Fig. S1f), four of all the peaks belonged to Si#*, Si3*, Siz* and Sil* of
amorphous SiOy slightly shifted right, and with the addition of phosphorus, the signal intensity of silicon in its oxidized state
also obviously increased, closely associated with the stronger electronegativity of O than P.12 SEM images of the pristine
SiOx before and after ball-milling in Fig. S2 (a-d) revealed that both the SiOx@P and SiOy after ball-milling were composed of
nanosized particles with diameters ranging from 100 to 800 nm.

Note S2:

To better understand the different specific adsorption behavior of the FEC molecule, SiOx@P || Li and SiOx|| Li cells
were assembled using the LP5, LP10, LP20, and LP30 electrolytes, respectively, and subjected to the following CV and the
galvanostatic charge/discharge measurements. The CV curves in Fig. S14a, b exhibited the more pronounced reduction
peak at ~ 1.25 V (vs. Li*/Li) corresponding to FEC reduction in the anodic scanning process for all the SiOx@P based cells
compared to the bare SiOx-based cell,13 suggesting that the interfacial interaction was dependant on the active material
interface design rather than the solvation sheath structure of Li* or the FEC concentration in bulk electrolytes. Combined
with the apparent potential plateau ~ 1.22 V (vs. Li*/Li) of the SiOx@P than that of the bare SiOx in the first cycle charge-
discharge profiles (Fig. S14c, d),* further verifying the as-forementioned preferential adsorption and catalytic reduction
behavior of FEC molecule in the inner Helmholtz plane (IHP). As shown in Fig. S16a, b, the SiOx@P cycled in the LP10, LP20,
and LP30 electrolytes all exhibited high reversible capacities (> 1050 mAh g?) at 1.0 C and excellent capacity retention rate
(> 80%) at 500 cycles. In contrast, the bare SiOx lost almost all its capacity and delivered a low capacity of less than 400 mAh
g under the same test condition. Notably, the LP20 electrolyte showed the best cycling performance among those
electrolytes through optimization. Therefore, the LP-20 was used in this work for testing, otherwise stated.



Note S3:

SiOx-P composites with different P contents (1, 3, and 9 wt.%) were fabricated, and their electrochemical performance
evaluations were conducted (Fig. S18). SiOx-P composites containing 1 wt.% P demonstrated inferior cycling stability in
comparison to SiOx@P composites with 3 wt.% P, a phenomenon potentially attributable to the incomplete P/LizP
protection layer. SiOx@P composites with 9 wt.% P manifested a lower specific capacity and inferior cycling stability. These
characteristics are likely due to the increased cell polarization (Fig. S18a) and resistance (Fig. S18c), resulting from the too-
thick layer of the P layer.

Note S4:

The fitted values of the Rgg; for Fig. 3f, g, according to the Arrhenius equation:1>
E:
——=Ae &7
Regp
Wher T, Rgg;, A, E;and R represent the absolute temperature in kelvin, the resistance of Li* through the SEI, pre-

exponential factor, activation energy, and standard gas constant, respectively. The activation energy E, is obtained by
fitting the semicircles (Rg;) in the high-middle frequency range of the symmetric cells. Rsg; represents the resistance of Li*
transport through the SEI film.



2. Supplementary Figures
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Fig. S1 (a) Schematic for the synthesis of the SiO,@P composite. (b) TEM image, STEM-HADDF images, and the corresponding Si, O, and P elements
EDS mapping images, (c) high-resolution TEM image for the SiO,@P particles. (d) XRD patterns of the SiO,@P and bare SiO,. (e) High-resolution P 2p
XPS spectra for the SiO,@P and red P. (f) High-resolution Si 2p XPS spectra of the SiO,@P and bare SiO,.
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Fig. S2 SEM images of (a) pristine SiOx, (b) pristine red P, (c) bare SiOx, and (d) SiOx@P after ball milling. (e) Full survey XPS
spectra of the bare SiOx and SiOx@P composite. (f) XRD pattern of the pristine P.
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Fig. S3 (a) The ex-situ Fourier transform infrared spectroscopy (FTIR) spectra of the SiOx@P, and bare SiOx electrodes at an

open current voltage (OCP) and discharging to 1.8 V.
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Fig. S4 Charge/discharge profiles for the SiOx@P | | Li and SiOx| | Li cells after charging to 1.5 V.
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Fig. S5 Schematic description of IHP with specific adsorption of FEC.

As illustrated, the interfacial chemistry of the SEI was correlated with the initial SiOx surface adsorption electrical double
layer at the nanoscale. Under the premise of the constant solvation sheath structure of Li* in bulk electrolytes, the
adsorption behavior of FEC molecules in IHP could be altered by introducing a functional P interphase layer on the SiOx
surface. The activation energies (Ea) of the journey of Li*, including the desolvation energy of Li* (Ea1) and Li* transportation
in SEI film (Ea2), could be significantly influenced after P coating.
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Fig. S6 (a)The atomic ratios of diverse elements. (b) The F atomic mass proportion of LiF in fluorides (including LixP,FO.
/LixPFy, C-F bond, and LiF species) in the bare SiOx and SiOx@P electrodes according to the XPS fitting results in Fig 2 (a, b).
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Fig. S7 The ex-situ Raman (a) and FTIR spectra (b) of the bare SiOxand SiOx@P electrodes after the formation cycle.

As shown in Fig. S6a, two peaks at ~ 610 cm1and ~ 720 cm-1, attributed as LiF and LixP species, respectively, were evident in
the interphase on the SiOx@P.6 The result supported the formation of LisP/LiF-rich SEl on SiOx@P. The FTIR spectra of SiOx
after the formation cycle exhibited three distinct peaks at 727,771, and 1060 cm-1, respectively, features absent in the bare
SiOx@P electrode.
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Fig. S8 Selected area electron diffraction (SAED) patterns and the corresponding FFT patterns of the A-F regions of the
SiOx@P interphase (Fig. 2 c).



Fig. S9 The STEM-EDS mapping of (a) the SiOx@P and (b) bare SiOx electrodes after the formation cycle.
The atomic ratio analysis was conducted on the regions marked by the yellow dot line rectangle. The results were shown in
Fig.510 and Table S3, demonstrating the higher F and P content on the surface of the SiOx@P compared to the bare SiOx

electrodes.
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Fig. S10 The STEM-EDS spectra results for the marked regions of (a) the SiOx@P and (b) the bare SiOx electrodes after the

formation cycle.



_ (@ ) ©)

= 200+ ——SiO,@P-5% FEC o ] Si0,@P-5% FEC

(3] ——Si0,-5% FEC < —— Si0,@P-20% FEC —~

w 160 £ X =]

2 ~ 04——SiO,- 5%FEC =

8 1204 2 =

£ 8 g Z

£ 80 (] a

5} 2_12 | o]

S 404 = c

© 0‘_.) -

> 0 15 :3)'1 84 — o= re
23 24 25 26 27 28 1.05 120 1.35 1.50 695 690 685 680

Potnetial (V vs. Li+/Li) Voltage (V vs. Li*/Li) Binding energy (eV)

Fig. S11 (a)The non-Faradaic capacitance-potential curves for the different SiOx half cells at 2.3—2.8 V using LP5 electrolyte.
(b) Initial CV curves of the different SiOx half cells at a scanning rate of 0.01 mV s between 1.0-1.7 V using LP5 and LP20
electrolytes, respectively. (c) The high-resolution F1s XPS spectra of the SiOx@P and SiOyx electrodes after the formation
cycle using LP5 electrolyte.

The SiOx@P demonstrated a distinct change in the potential of zero charge (PZC) in the capacitance -potential curves
(2.47 vs. 2.57 V for PZC), and a more noticeable FEC reduction peak at ~ 1.25V in the CV curves compared to that of the
bare SiOx using LP5 electrolyte (Fig. S11a, b). In addition, the LiF component in the SEI on the SiOx@P electrode, mainly
derived from the decomposition of FEC, was higher than that of the bare SiO, as evidenced by the higher peak intensity in
the high-resolution F1s XPS spectra, further confirming the enhanced FEC-specific adsorption and catalytic decomposition
(Fig. S11c).
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Upon the utilization of LP5, SiOx@P exhibited an impressively extended cycling lifespan (72.5% capacity retention at
the 450t cycle, in contrast to 23.5% at the 200t cycle) and an improved rate capacity relative to the uncoated SiOx (80.1%
versus 18.9% in terms of capacity retention).
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Fig. $20 Charging/discharging profiles of the bare SiOx (a) and SiOx@P (b) at different current densities.

13



(a) SiO,@P-before 100.cycles

~

5 1 RN,

B0 after 100%yctes

5 GPa

-0.7 GPa

! (e)| sio,@P (f) | Bare SiO, 1

©
S
3

-

Force
w
Force

: " i RS . 4
d 4 O
(c) 20ls0@P (d) - < &

= ' v Y5
815 g21 A 5 -
1) < " .
€ 1.0 214y / .
3 c K .
Go05 gor o o

00 T T T T

0 1 2 3 4 5 0 1 2 3 4 5 0 20 40 60 0 20 40 60

Young’s modulus (GPa) Young’s modulus (GPa) Displacement (nm) Displacement (nm)

Fig. $22. 2D Derjaguin—-Muller-Toporov (DMT) modulus mappings, Young’s modulus distribution curves, force -displacement

curves from the white points in the corresponding 2D DMT modulus mappings of the SEl on the SiOx@P (a, c, e) and SiOx (b,
d, f) anode after 100 cycles.

14



__44qNCMe22 | sio,

£ 40] e ——02C
= ——0.5C
2 36- ——1.0C
> ——20C
o 3.2 ——3.0C
ks ——4.0C
S 284 6.0C

241

0 20 40 60 80 100 120
Capacity (mAh)

Figure S23. Charge/discharge profiles of NCM622| | SiOx single-layer pouch cell at various current densities.
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Figure S24. Comparison of the difference value median voltage difference values for the cells. Charge/discharge voltage
profiles of NCM622| | SiOx@P and NCM622| | SiOx single-layer pouch cycled at 4 C (a) and 6 C (b) charging rates, respectively.
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Figure S25. Charge/discharge profiles NCM622] | SiOx single-layer pouch cell at 4 C (corresponding to a charging time of 15
minutes) for different cycles.
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Figure S26. Comparison of the difference value median voltage difference values for the cells. Charge/discharge voltage
profiles of NCM622| | SiOx@P and NCM622| | SiOx single-layer pouch after 200 cycles at 4 C charging rate.
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Figure S27. Cycling performance (a) and the charging/discharging profiles (b, c) of the pouch cells with different SiOxanodes
at a charging rate of 6 C.

The pouch cell based on SiOx@P anode achieved an unmatched 100-cycle lifespan with 85.2% capacity retention at 6 C. In
contrast, the cell based on bare SiOx anode showed lower capacity retention (35.4%) after 100 cycles at 6 C, along with
increased overpotential and polarization during cycling, indicating rapid capacity degradation.
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Figure S28. (a) HRTEM images of SiOx@P after 100 cycles with a charging current density of 4 C. (b-f) Magnified images of
Region I (b), Region II (c), Region III (d), Region IV (e) and Region V (f) outlined in (a) and the corresponding Fourier
transform images.
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Figure S29. HRTEM images of SiOx@P anode after 100 cycles with a charging current density of 4 C.
An SEl inner layer rich in LisP and outer layer rich in LiF, resembling a pseudo-bilayer, can be observed and confirmed as
shown in Fig. 528, 29. It could be precisely described as symbiotic LizP/LiF-rich SEI.

(e)

Figure S30. Bright-field (a), Dark-field TEM image (b), elemental mapping images (c—f), high-resolution TEM (g), and the
corresponding SEAD images (h) of the SiOx@P materials after 200 charge/discharge cycles at 4 C.
The diffraction spots in the diffraction pattern align with the (110) and (120) crystal planes of LisP.
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Figure S31. The optical images of Cu foils for (a) the SiOx@P and (b) the bare SiOx anodes in the pouch cell after 300 cycles
at4 C.
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3. Supplementary Tables
Table S1. The details of the electrolytes.

1.3M LiPFs in EC/EMC (g) FEC (g) VC (g)
LPO 4.9 0 0.1
LP5 4.65 0.25 0.1
LP10 4.4 0.5 0.1
LP20 3.9 1.0 0.1
LP30 3.4 15 0.1

Table S2. XPS peak assignments for analyzing the compositions and chemical states of the interphases on anodes.

C1s (eV) 0 1s (eV) VC (eV)
Hydrocarbon 284.8
ROCO.Li 287.2-290.0 532
Li2CO3 532
Li.O 529.5
LixPyFO; 533.3 686.1
LisPF, 687.5
LiF 684.8

Table S3. The atomic fraction and mass fraction results of the EDS measurement were conducted on the interphases on the
bare SiOx and SiOx@P electrodes after the formation cycle.

Bare SiOx SiOx@P
Atomic fraction Mass fraction (%) Atomic fraction (%) Mass fraction (%)
F 4.66 3.20 13.53 9.55
Si 94.66 96.04 84.56 88.25
P 0.68 0.76 191 2.20

Table S4. The detailed parameters of laminated NCM622| | SiOx@P pouch cell.

Parameter Value
Specific capacity 176 mAh g1 (cut-off voltage 4.2V)
NCM622 Cathode Area weight (each side) 1.64 mAh cm™
Area capacity (each side) 9.3 mg cm*?
Number of layers 7
Al foil thickness 12 um
Specific capacity 1050 mAh g1
Si0,@P anode Area weight (each side) 1.8 mg cm2
Area capacity (each side) 1.89 mAh cm2
Number of layers 8
Cu foil Thickness 20 um
Thickness 14 pm
Separator
loading 0.726 mgcm=
Electrolyte E/C ratio 3.8g Aht
Package foil Thickness 153 um
Average Voltage 3.4v
Capacity 1.2 Ah
Pouch cell Energy 3.54 Wh
Energy Energy 410 Wh kg1
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Table S5. Typical ionic conductivity of SEI components at room temperature.

SEl component lonic conductivity at room temperature (S cm-1) Ref.
LMC ~10° 17
LEMC 6.4x10 18
Li>CO3 1011 to 108 19
Li.O ~10° 20

LiF ionically insulating 21
LisP ~ 104 22

As shown in Supplementary Table S5, the values of typical ionic conductivity of conventional SEI components, including LMC,
LEMC, Li2COs, L0, and LiF, are much lower than that of LisP (~¥10* S cm™! at ambient temperature). SEI with rich Li*
conductive species could enable fast Li* diffusion within it.17-22

Table S6. Comparison of the fast-charging capability and cycling performance of reported Si-based anodes with SiOx@P.23-27

Areal capacity Rate (C) Charging Charging Cycle Capacity Cell Ref
(mAh cm-2) ate time (min) retention (%) number  retention (%) type et
2.0 0.5 120 60 400 30 Coin 23
3 20 71.4 25 30
18 5 12 77.6 30 35 Pouch 24
1.8 2 120 80.2 300 55 Coin 25
1 90 87.4 200 80
16 4 80 70 100 80 pouch 26
1.1 3 16.7 80.7 100 200 Coin 27
4 15 86.5 300 83.2 This
1.89 6 10 83.4 100 85.2 Pouch work
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