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Performance Degradation, Failure Mechanisms, and Safety
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Abstract: Calendar aging proceeds markedly faster in silicon-based batteries than in
graphite-based systems, and this gap has become a bottleneck to commercialization.
Performance degradation of silicon-based batteries during storage aging is the focus of this
review: decay is surveyed across capacity, impedance, gas generation, and safety, and an
attempt is made to relate failure mechanisms to performance evolution. For gas toxicity and
flammability, quantitative assessments available in the literature—carried out with the
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fractional effective dose (FED), fractional irritant concentration (FI/C), Purser lethality model
(Lss), and maximum explosion index (K,,) —are integrated rather than reproduced. The
discussion is organized at three levels, material design, manufacturing process, and system
application, along the thread of "strategy rationale—key findings—characterization methods-
open questions. " Quantitative results from SECM, variable open-circuit voltage-reference
performance test (OCV-RPT) protocols, ultrasonic scanning, high-precision leakage current
measurements, and FIB-EDS tomography receive particular attention; long-term aging data of
Ah-level pouch cells and commercial 18650 cells are also drawn upon. Taken together, SECM
separates silicon SEI passivation degradation into global chemical dissolution and localized
mechanical cracking, with chemical degradation dominating. The variable OCV-RPT protocol
distinguishes storage-induced chemical degradation from cycle-induced mechanical damage;
the chemical contribution grows once the cell has rested for a month or longer. The relative
contributions of the loss of active material (LAM) and the loss of lithium inventory (LLI) shift
with silicon content and SOC. Leakage current measurements link the parasitic reaction rate
of silicon anodes linearly to capacity fade caused by imbalanced charge loss. Ultrasonic
imaging records the cycle of "lithium migration-SEI destruction-side reactions." Four-year
aging data attribute long-term decay mainly to electrolyte consumption rather than HF erosion.
On the countermeasure side, formation potential <0.75 V (vs. Li'/Li), overlithiation of about
20%, multivalent additives, and storage at 30—60% SOC each applies within its own
boundary. In short, chemical degradation of SEI passivation is what promotes calendar aging,
and SiOx content is an intrinsic determinant of the aging rate. Most fine mechanistic
conclusions, however, derive from coin cells, model electrodes, and short-term tests;
validation toward Ah-level commercial cells remains inadequate. A trilemma framework that
weighs overlithiation, calendar life, and safety over periods of 12 months or longer is
recommended, together with unified calendar aging test standards.

Keywords: Silicon-based batteries; Calendar aging; SEIl passivation degradation; Failure

mechanisms; Thermal safety
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Fig. 9 Time evolution of relative capacity as a
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Table 3 Comparison of multi-dimensional performance degradation characteristics during calendar aging ™
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Fig. 16 Conceptual framework of the multi-
dimensional performance degradation atlas
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Table 4 Symbol descriptions for the gas toxicity/

explosion assessment model®****"
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18 (a)-(d) 0-13F OCVE:E, Cu-SiAEEREIEE; (e)-(h) =445, Cu-SiFMEBRE/ZLL0E™
Fig. 18 (a) - (d) 0 - 13 weeks OCV hold: the F-rich layer at the Cu - Si interface thickens; (e) - (h) 3D volumes:
delamination/cracking at the Cu - Si interface intensifies™
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Table 6 Binder and conductive network design strategies

H & kg7 (PVA@LB20)*

H & A K45 77)(SA@Borax)*!

3D 5:H1 4% (nSi/N-CNTs/g-PAN )%

Si/C: PVA@LB20 (PVA:LS=100:
ERREMRAEM 20); FEZRHEMN (R FEC); 2501k
RN
250 [l 75 f {553 87.8%; XPSIIESL

4l S KRRL; SA@Borax: 1 M LiPF,
EC/DEC+2%VC+10%FEC; 500 XfE¥

500 [& it i L 75 B 1655.8 mAh/g; [ #1 &

nSi (50 - 70 nm) @N-CNT+g-PAN (70:
28:2 wt%) H&45H; 1100 IKAEFR

1100 flJ5 b 28 5 1370 mAh/g; =443k —

K LR FAE & LiIF SEI (LiIFIgRA 20— © " . AT]: 1D N-CNT 2 fltfi7ifi#%, 2D g-PAN
HpERr fiig= LERH 5¢ L
SOMRTE, PVARTIALG S Fp SRR R e SRR, PSR SE)
XPS (SEI4 % EAIHE: F1sdLIF E5. SEM/TEM/XRD/Raman/XPS (Z5tTE5mn);
A XPS (SEULZEIS . LFWASERD  LiPF LkPO,F, [HE): SEM (il HRTEMESRAT R RSt (50 [ g-PAN
JESiE RS ; CVIEIS/GITT CHEAITEFE) ;s X ERIRAIE =450 W Bk
TR R R T AR, 178 E LA P T i SEV e e . e B T T UFl (AL o £

4.1.4 SiICEAZ-IAL

1E SIC E A B, B R AT SRR K I
Wom S, (HRE T H D2 A R sk =
REHF. LAYS-SIO/C@C FE -4 Nfl, I
P SiO, A% 5055 1B 1) 25 Jis AT R AR AR AL, B e fE
R B R e E AR S AL B LR R A, R TR
AR E I SENEE S 1%k} DL 0 5k = 2 S SR b
NIERL, ZKEE. B4%i4. PDDAMME. PMMA G
B e — S ALHI 1S 500 KA )G HL S B R 770
mAh/g, Raman [,/1,=0.98 3% W i /2 Gk ¢ )5 5 s
FIF Littetin. DA R EZRETIHAERE, &
WL MTE R B NI B CEAT . SENEAR K
ot KA S R e A A PP Al, AR T T ) H T
ZAL AT SIIC 5L .

4.2 HBHFIETZXR
421 AL EEARAL

TR A2 SENEAL M HUEFE, FrALE M 51l
LR R E WG SEVEIAL I RR A

b A7 B 1. McBrayer 2595 ] SECM %t kb
7Y Bk B L A% (50 nm Si/C, 1.2 M LiPF/EC:
EMC, =HE#HE3I K ML s/ EAE T
RO, HERER, B E .5 VNGRS
(k=7.2x10° m/s), iR iEfE (k=5%x10° m/s),
WESE SENR A E A i : M4 % 0.75 V (vs. Li/Li)
TR R EAL (k=6.11x10° m/s); H#EALAS WL
AL R T BAEZS (0.75 V (vs. LiTLi)EEALZS K,
A%, ~N3.03x10° m/s). R, FifR&mEIL
Yoy It e B ) ) i T A, IE B R FEL7.<0.75 V
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19 IEEILT SIIC BAR B A LHF: (a) BERIFENLL; (b) BENEST BRE. AEREK. #EHRede) ™
Fig. 19 Effect of overlithiation on the calendar aging of Si/C electrode: (a) Comparison of capacity retention;
(b) Segmented capacity analysis (Li stripping, graphite deintercalation, Si dealloying) "

TERR AT 2 TR AL . Lu Z5“R] T LFO T4
AN SIO AT R E R Kk (NCM:LFO=10:1).
fE30°C. C/3fEARTNHATII S EN W, KIE
LI EOR I [ T A E A B, XA A
Wear A2 IS #E TGRSR . SRTIT, A S = S
gy AR R I E Ve, ok B AN
22°K.

LS H P2 AR BT Cai Sl Id =

R, BTk Sififk (80% Si, P84
ki457), 1.2 M LiPF,/EC:EMC+4% FEC Hi fi#t 7% )
RIN, SiHIE0.05V vs LiT/Li T 27 S i %
73 9 NCM IEW (4.2 V) )5 4% F1 LFP IE #%
(3.8\V) [1154%. HLff AP0 240 7l 5 LFP || Si
(1.9-3.75V) FINCM | Si (2-4.15V) Hijh &
511 38% M130% (1200, MR L, EHRHRE
A R TE R AN DI 5 35 R e R e s B E



VA S VA TR = 2 R A R WATE AR A = et ik 17
TR Ab e s PR, 25 Si TR B AR BRI BT
Hl, ANFERIEICR RS AL, WMEIEARUER 4.3 Bt RFSRIGN AR
H 375 fir o 431 (e

JFRRCIRN AL A RS B S B i R AR R AR [
b FER Y. T E>6 A H LKA
RO e Hoxs P AR 2 A I RENE , R 2 R G

Data from 3-month OCV-RPT tests

16 Total capacity loss in full cell -

[ Loss of charge imbalance
Loss of cathode material

I Loss of anode material 4 o

—_
L]

Capacity Loss (mAh)
o
®

o
'

0.0
NMC||Si LFP||Si
E20 EEATLEXLFP || SiFINCM || Sia8iR%k
BZEk (31 FAOCV & U
Fig. 20 Contribution of charge imbalance to
capacity loss in LFP || Si and NCM || Si cells after
3 months of OCV storage™

TEHE H H I 2 AL AE LRI I s . BT A r it
HUR HEZE . 78 FL i S i AR TR B I EEL
HH R, WET.

4.3.2 A it 5 SR A

SOC i J& o fik & i s [ [ 22 44 1) A f 28 2
PER AR R TR, Wik 8.

Rlt, #4% SOC (30-60%) itk Ha it H
PR, PR, fEAFSIEE. ket i
WA T, SOC 5 Z AL A 56 R L IR H i 4F
it (5 4n#£ 80% SOC BT g, 14 100% SOC
i 5| CO, R AN M)

5

Tk i it H 2 A7 IR RSB L PERE
ANZ 450N, W UGN T -

e

A HI SECM #[a] 7y # HiAL 22 BRI RE SEIEAL
AR 73 Dy 4 SR A 2 A R ) F AL T 28 79 A 7 2

R7 EEEMEHZHAELISEIRIEXTEL

Table 7 Comparison of online diagnostic strategies for calendar aging of silicon-based batteries
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