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S1. 3D microstructure-based (no volume-averaging) model of LIBs
S1.1 Governing equations
Supplementary table. 1. Model equations for each domain in the 3D microstructure-

based electrochemical model [4].
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The local exchange current density:
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S1.2 Initial and boundary conditions

An initial active material concentration, cgg, is prescribed, while the electrolyte
initial concentration is given by cj,. An initial active material potential, OCV, is
prescribed, while the electrolyte initial potential is given by 0. The boundary conditions

are given in the following table.

Supplementary table. 2. Boundary conditions for each interface in the 3D

microstructure-based electrochemical model [4].
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S1.3 Material parameters
The ambipolar diffusion coefficient of the binary electrolyte was defined as a
function of the electrolyte concentration (c;+()) and temperature (T) as:
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The ionic conductivity for the binary electrolyte was defined as a function of the

electrolyte concentration (cy;+(y) and temperature (T) as:
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The transference number was defined as a function of the electrolyte concentration

(cLi+qy) as:
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Supplementary Fig. 1. The concentration dependence of transference number.
The thermodynamic factor was defined as a function of the electrolyte concentration

(cLi+qy) as:
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Supplementary Fig. 2. The concentration dependence of thermodynamic factor.



S1.3 Material parameters

Supplementary table. 3. Material properties and model parameters.

Parameter Unit Value Source

CLi, 1 Fig. 1 Nyman et al. [1]
dlnf

m 1 Fig.2 Zavalis et al. [2]

D, m? s™! Eq.(10) Cai et al. [3]

K; Sm'! Eq.(11) Cai et al. [3]

ClLo mol m™ 1000 --

D m? s’ 2x10714 Lu et al. [4]

Cs max mol m™ 49000 Zheng et al. [5]

Op- Sm! 1.039x1073 Park et al. [6]

Cs0 mol m™ 2810 --

Vam m’ 1.199x107"3 -

o Sm! 375 Liu et al. [7]

oy 1 0.5 -

e 1 0.5 -

K, m>? s mol ' 2.07x1071° Danner et al. [8]

K. m>? s mol ' 5.24x10" Danner et al. [8]

oCcv \% Fig.3 Ebner et al. [9]

R Jmolt K! 8.314 --

T K 298 -

Note: the mass density of NMC111 used in the study is 4.7 g cm™3 [4], and the loading is 5.64 * 1077 g.



S1.4 Nomenclature

Supplementary table. 4. Nomenclature

Nomenclature
c Concentration (mol m™3) Superscript
D Diffusion coefficient (m? s™1) ~ Chemical diffusion
t Time (s) * Surface
i Current density (A m~2)
t Transfer number Subscript
€ Porosity S Solid
T Tortuosity 0 Initial
K Ion conductivity (Scm™1) a Anode
¢ Electrical potential (V) c Cathode
F Farady constant (96485 C mol™1) 1 Electrolyte
R Gas constant (8.314 ] mol~* K1) max Maximum
T Temperature (K) + Positive ion
£y Activity eff Efficient
o Electron conductivity (S cm™1) app Applied
a Transfer coefficient sep Separator
n Overpotential (V) e Electron
K Reaction rate constant Pore Pore domain
n Charge number AM Active material
Vv Volume (m?) ct Charge transfer
ocv Equilibrium potential (V) - Nagative ion
A Electrode cross-sectional area (m?) amb Ambipolar
Crate Rate of discharge/charge
S1.5 Abbreviation
Supplementary table. 5. Abbreviation
Abbreviation
LIBs Lithium-ion batteries DoD Depth of discharge
SoL. State of lithium dSoL Time differential of SoL
SST Solid-state transport ASoL Span of SoL
LST Liquid-state transport CC Constant currents
EVs Electric vehicles NMCIl111 LiNi;sMn3C0130,
P2D Pseudo-two-dimension CBD Carbon binder domain
oCvV Open circuit potential PARDISO Parallel dBirect sSparse




S2. Comparation of the experimental and simulated discharge voltage response
The voltage response at C/20 is used as the open-—circuit potential (OCV) of

NMCI111 vs. Li/Li".
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Supplementary Fig. 3. The OCV vs. DoD used for the modelling.
The particle size distribution data of NMC111 and electrochemical test datasets
used in the study are derived from the ETH Zurich library, which is available open

source from download at http://dx.doi.org/10.5905/ethz-iis-1.
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Supplementary Fig. 4. The comparison of the experimental and simulated discharge

response:- (a) reconstructed NMCI111 electrode structure; (b) comparison of the



experimental and simulated discharge voltage response for a 92 um electrode with 46%
macro-porosity at discharge rates of 0.2C, 2C, and 5C.
S3. Selection of graded porosity design scheme

Here, six types of graded porosity scheme are used. The porosity increases/reduces
by shrinking/expanding CBD, while the NMC particles are unchanged. The volume
ratio of the constituents for the electrolyte and CBD and corresponding porosity (in
blue) in the four regions as shown in the following table.

Supplementary table 6. Graded porosity design schemes

Region I II III v

Basic 0.312.(60:40)  0.312 (60:40)  0.312 (60:40)  0.312 (60:40)
Schemel 0.416.(80:20)  0.364(70:30)  0.260(50:50)  0.208 (40:60)
Scheme?2 0.416.(80:20)  0.364(70:30)  0.312 (60:40)  0.156 (30:70)
Scheme3 0.416.(80:20)  0.416(80:20)  0.260(50:50)  0.156 (30:70)
Scheme4 0.468 (90:10)  0.364(70:30)  0.312 (60:40)  0.156 (30:70)
Scheme5 0.468 (90:10)  0.416(80:20)  0.208 (40:60)  0.156 (30:70)
Scheme6 0.468 (90:10)  0.468(90:10)  0.156 (30:70)  0.156 (30:70)

Results indicate that the capacity performance of the electrode with scheme6
increases by up to 39% at 5C. Therefore, scheme6 is chosen as the scheme for graded
porosity design.

S4. Details of determining the SST-dominant depth and the penetration depth

The time differential of the average state of lithium (dSoL) of model 1, model 2,

and model 3 are shown here. As seen in Supplementary Fig. 5, according to the rules



of determining the SST-dominant depth and the penetration depth in the text, the SST-
dominant depth of model 1, model 2, and model 3 are 25 um, 43 um, and 40 um,
respectively:; and the penetration depth of model 1, model 2, and model 3 are 76 um,

100 um, and 100 um, respectively.
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Supplementary Fig. 5. The time differential of the average state of lithium (dSoL) for
different models:: (a) model 1; (b) model 2; (c) model 3.

SS. The 3D SoL distribution of particles for different models at the end stage of

discharge
Separator Model 1 Model 2 Model 3
SoL
1
0
Current collector  56%DoD 59%DoD 77%DoD 78%DoD

Supplementary Fig. 6. The 3D SoL distribution of particles for model 0 at 56% DoD,

model 1 at 59% DoD, model 2 at 77% DoD, model 3 at 78% DoD, respectively.
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