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Abstract: To address the growing demand for fast-charging lithium-ion batteries in electric
vehicles, large-scale energy storage systems, and portable electronic devices, and to
overcome the sluggish ion transport kinetics, severe polarization, and limited cycle life
exhibited by conventional electrodes under high-current operating conditions, this study
investigates the design of a multiscale three-dimensional conductive network architecture and
its optimization for enhanced ion transport.First, based on characteristic time constant theory,
the kinetic relationship between electron conduction and ion diffusion during fast charging is
quantitatively analyzed, demonstrating that ion transport becomes the dominant rate-limiting
factor at charging rates above 10 C. Accordingly, a design strategy based on dual continuity
and kinetic matching of electron and ion transport pathways is proposed. The mechanisms by
which the three-dimensional conductive network reduces transport resistance and mitigates
polarization by establishing efficient electron-conduction pathways and optimized ion-diffusion
channels are systematically elucidated. An evaluation framework centered on the
dimensionless structural efficiency factor (8 = &/r) is established, and a hierarchical
collaborative design strategy spanning the micro-, meso-, and macro-scales is developed to
identify the optimal structural parameters at each scale. A multiscale, multiphysics numerical
model is established using COMSOL Multiphysics 6.0 with clearly defined modeling
assumptions and applicability ranges (porosity 30%—55%; graphene content 2%—5%;
charging rate: <12 C). Multi-objective optimization using response surface methodology
enables precise matching between structural parameters and transport performance. The
electrodes are fabricated using an integrated process combining three-dimensional printing, in
situ sintering, and dispersion techniques, achieving a production rate of 50 electrodes per
hour and a material utilization efficiency exceeding 95%, thereby demonstrating strong
potential for scalable manufacturing. Electrochemical characterization shows that the
optimized electrode delivers a specific capacity of 138 mAh/g at a high charging rate of 10 C,
with a coulombic efficiency of 94.5% and a capacity retention of 91.3% after 1000 charge-
discharge cycles. The optimized architecture increases the lithium-ion diffusion coefficient to
1.2x10™" cm?/s and reduces the charge-transfer resistance to 75 Q -cm?. Additionally, the
electrode maintains excellent electrochemical performance over a wide operating temperature
range, from —20°C to 55°C. Finally, the broader applicability of the proposed multiscale design
strategy is discussed for silicon anodes, sulfur cathodes, and composite solid-state electrolyte
electrodes. Remaining challenges, including the long-term stability of ZrO, coating layers and
interfacial fatigue mechanisms, are also identified. These findings provide valuable theoretical
guidance and practical support for the industrial development of high-rate, fast-charging
lithium-ion batteries.

Keywords: lithium-ion battery; fast charging technology; three-dimensional conductive

network; ion transport; characteristic time constant
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FL [ 28 A B S0P IE AR S A AL, AN 0 R AR b e
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B, A AL S 1 IR AR 5 R A SRR K 17
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TE 78 BRI 25 SRR B, 7E 10 Crmfir &l
ZRLHT, FrAfERiEm s ERES S — LS
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Z LBk, ZrO, )2, 3DITEI G HF 4, Fhidh
SRR R . RAER 208, A AR A=
492 mAh/g, TSI AL N 82.3%; ik B LL
ARSI E 121 mAh/g, FEBCERCE N 89.7%;
i C [ b 28 B WA 138 mAh/g, 78I HL 2L E N
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HHAR AT IH— AR R AT DU I, MURE 5 A ZIFE 5
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TUHRZ) 31%. X — Ll AL | SRS i A IR
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BeUE 5 A AR R T IR E M R E . - SRR B (0.24 V) REE AR, RUIIEAMR A RN
Ao E I 2 R AR R I, PR ALERT SR RN . EISTNKEE AR, FE b C 1A
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800 /KX (0.008%/70), EBLH “HIIHGETER” % om? HEZFMTFEMA R I 186 Q-
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JEE £ R R S T P Bl R ) 1 AR SR gL S22 R =46 3 RN 2% 5 ZrO, (078 Btk v P [R] A1
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*2 Z{AMM10 CRERBUFROMEREXILE

Table 2 Comparison of core electrochemical performance for three groups of samples at a 10C rate

ke bs A (550 BEGhB Rt FEiHC (ZrO, i)
EL A& /(mAh/g) 92 121 138
bz s H e F P LFP Y& P 5 40 F A P LIP3 P J 4 FA Y LFP 35 P47 J5 205

TR % 82.3 89.7 94.5

1000 AGI 25 R FE 2 % 62.5 78.3 91.3
LT RS FL B/ (Q-cm?) 186 102 75
B AR L ER/(Q-cm?) 52 36 28

TR (cm?s) 4.8x10™" 8.3x107" 1.2x107"

B AR AR B B 5 /(Wh/L) 325 286 208

FLBRE 35% 42% 42%

N T EBTREPTRE o & AR TRk s, BHT T ER AR EERRIAR4.2V, S RSN
SR A (DRT) . 48 REW, FEMAK HRARTERCB B 79 iR . 451K,
DRT#7E10%~10" s X [A] I — A58 (R SEI K4 C BY-F I8 & 79 HU R $0v 1.2x10™ em’/s,
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DX Th] R e v IR 2 65%, 110 10°~10" s X TH) ey Ferb i B R sl B, R RS O E T
BN ETT B 7403408 %. DRT B f et /e @i .

AEMX 73 ZrO, WA JZ W EAE . 102~107 s 4 MR B 247 % GITT Hdls o al 71, Al AT
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Kt BRUEERS N[ AR L 74 2 S AR, T RER {E 10% A1 90% DOD i 73 Ji) 4 5.5%107™" Al 4.8x
WL, ZgE SR ERT WBRINELZK, 107 om?s. X — LR IF K T LFP 19 AH SR AL
REHR TR, PO ZREE AW AR Z ) —— R L, LitrE pyAR Ak i sz
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MF102~10" s (A RUEER o /2, BDGE e AOLLEMRE R A9 0.58 #2871 %2 0.85. IX4R 1 —4
A fid 510 T AR 25O R AT B RS O A B ) ok k. BRRTRBOE R 2 RUZ =48 T 28 AR
ER . X—HLEfRRE S XPS T4 R —3 (Zr3d & T HCRBIA XA, SEH0H] T e AH SR 51 S
W8 Zr—O—P R K, RWIZrO, 5 LFPRI W9 HUR B8, ML H B £E 4 SOC i [ Y £

RAE TSR AR B SR B AR R RE ) X — R SR B T
(2) B TAmREER IS i TR E B EEE
KA GITT I3 20 M i (0 B 8 19 BOR 455 B BINEE R, X B A% s E BEAT IR

MR A0 10 CHEF A H 10 min, & & 30 min, AT AIKT, FE AL A 8 — JRUE 5 F ) 25 LR 465
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Fig. 3 Comparison of Li* diffusion coefficients
versus depth of discharge (DOD)
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Table 3 Error comparison between predicted values from numerical model and experimentally measured

values
PEREFEIR THMIME SeiE AR BIEEIRE
10 C thz8 &/(mAh/g) 142 138 2.9 1.8
e R LFP /&) i LFP & M4 i i 2 — —
BB TP B R B (cm?s) 1.15x10™" 1.2x10™" 4.2 1.9
FLTAT S L BH/(Q-cm?) 78 75 4.0 17

H5 VAN I B> W e K> 22 FLIRBR R > S FLBR %
>ZrO, (078 J2 J5 5 o T X A RH B o 5 5 5 T e o
MR EALBRZ . U R RE T, % HEUE
HLBR A BT P R S R 2S H), P IR TS S i e
Ekz o E. Kb, fEERINEXH
AE B RE e B 9 2 3, 4R N N 2% 38 2 3% I,
Lb R 3T 18.3%, (HININEEE 3% /5, AR
WKETTrE, ERRERSEERE TR EUK
JCIA KN 500 um. EEJE 80 um i tERE AL, BEJE
e IS R S, BRI AR
WL, BN B BRI R AN A s FLBR R
PTH AT FRAR B T8 B Ay $RFHTERE S, (HALBR
HiId 45% 5, HARREE 2 I U W,
DR K B fI FL B R B 5 7E 42%,  SEPLEN 112 5 il R
R ZILBERKIR . ZrO, .78 2 )R B 1
RIE A, & e A 22 2 2 5 B35 AR i AR
L mTERe, AHAF Re % B RAN A AR . ZrO,
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S AR, SEIFSAEK. S yiReE: 2
JE 5T 10 nm 5 8 il Si 4L I, TR 32
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P WAL . HAR F P = TR bR A e
EREAT XA,
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MBS SH& T E. K, SN SEGE
WIME3% RESED, ZILRIKKAE 3 pm. &
& 10% (RESED, Wi IRG R TiaK
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K A42%, ZrO,fu7H 2 )EE 8 nm. il % T2 N
3D FTEP#AIE 200°C « Tikesh i JE 300°C . JR i hedh
5% 800°C, HZARHIET0.1 MPa, ZrO,i# k5
TR I AL S5 455 9 i 52 500°C

AL GRS CAE10 C s B e TR,
bk 2% 2 138 mAh/g, fE 35 1000 X J& 25 & R £ %
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IR R AR T A B i S R P 2 T S R
A
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7E10 C K VL BN B 19 s B 7 4% I [A]
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PRAH FFMI. ket 17 “ BT 58T XES:
H# R 13t Hax, L TR ENSH
“EER R T B=elr” I L TEI A R . I
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PEY BRI 78 25 [A], E 200 um JE . 10 mg/em? &
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RE SRR REACTF b Pl . AEL RE =47
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