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A B S T R A C T   

Lithium-ion batteries energy and power density strongly depend on the type of active material and the electrode 
design parameters. An in-depth understanding of the effect of battery design parameters on their electrochemical 
performance is experimentally expensive and hence requires the utilization of cheaper continuum scale models. 
Here, using a lithium-ion cell composed of LiFePO4 cathode, Li4Ti5O12 anode and a porous separator filled with a 
liquid electrolyte as an example, we demonstrate the use of an experimentally validated pseudo-two-dimensional 
(P2D) model in one-dimension to explore the effects of different cell design parameters on the discharge capacity 
at different current rates. The model is simulated in two-dimensional to instantly visualize the concentration 
distribution of Li ions in the electrode at high discharge current rates. The continuum model unravels that the 
solution phase diffusion limitation is the main factor inhibiting the performance of thick electrodes at high 
current rates and the Li4Ti5O12 anode is the limiting electrode. These findings using continuum models provide 
guidance for and accelerate the optimization of electrode architecture for enhancing the performance of lithium- 
ion batteries.   

1. Introduction 

Lithium-ion batteries (LIBs) are the most dominant battery technol
ogy used in portable electronic devices, electric vehicles, and residential 
systems due to their high specific energy density, long cycle life, low and 
decreasing costs [1–3]. However, the ever-growing demand of energy 
storage for electric vehicles requires that the energy density of current 
commercial LIBs should be increased from 200 − 250 Wh kg− 1 to about 
350 Wh kg− 1 at the cell level (short term goals). Considering that these 
requirements are just the short-term goals, meeting the long-term goal of 
500 Wh kg− 1 with over 1000 cycles [4] would demand the discovery of 
high energy density cathode materials. An alternative practical 
approach involves increasing the loading amount of the active materials 
and the thickness of the electrodes, which leads to a decrease in the 
volume fraction of the inactive components (packaging, separator, and 
current collectors). Increasing the thickness of the cathode enhances the 
specific energy of LIBs to a greater extent [5–7], however cathode 
thickness above 50 µm results in sluggish electronic and ionic 

transportation networks [8,9] which affects the operation heterogeneity 
and electrode performance under high voltage cycling conditions [10, 
11]. 

To categorically study and predict the effect of various electrode 
designs, in particular the thickness of the cathode, anode, and separator 
on the rate performance of LIBs in a cheap and time effective way, a high 
fidelity experimentally validated continuum model is desirable [12–14]. 
This is because over the years continuum models have proven to be 
effective in explaining the electrochemical characteristics and predict
ing cycle performance of batteries with different electrode configuration 
and composition [15–20]. For instance, 1D continuum physics-based 
models have been used to unravel the effect of cathode thickness and 
porosities on the transport of Li ions [5,6] and explain the 
plating-stripping mechanisms in batteries [21–24]. Moreover, contin
uum models have been adopted to design and optimize natural graph
ite/LiFePO4 full cells [25] and Li/LiNi01/3Mn1/3Co1/3O2 half cells [26] 
by varying the thickness and porosity of the cathode. Recently, Li et al. 
revealed the impact of the thickness and porosity of separator on the 
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electrochemical performance of 38,120-type graphite/LiFePO4 battery 
using an electrochemical-thermal coupled model [27]. Previous reports 
in literature usually consider the optimization of LIBs with respect to 
either the cathode or the separator or the anode, but not all three 
simultaneously. In addition, all the above listed works considered 
graphite anode-based LIBs, thus there are limited reports on 
modeling-based optimization of LIBs employing Li4Ti5O12 as the anode. 
Moreover, the visualization of Li ions concentration distribution in the 
cathode at high current rates is not well demonstrated. 

The objective of this study is to analyze how variations in electrode 
and separator thicknesses and porosities impact the electrochemical 
performance of LIBs using a validated continuum physics-based model. 
Battery cells comprising varying thicknesses and porosities of LiFePO4 
cathode, Celgard separator, and Li4Ti5O12 anode were employed to 
generate voltage profiles at different current rates to validate a one- 
dimensional (1D) continuum model. The model is extended to a two- 
dimensional model (2D) to simulate the concentration distribution of 
Li ions in the three domains (cathode, separator, and anode) of the cell at 
a high current rate. To gain insights on the simultaneous effect of 
different cell designs on the rate performance, we used the validated 
model to predict the discharge capacities at different current rates and 
electrode thickness as a function of the separator thickness. This study 
reveals the limitations of thick electrodes and separators especially at 
high current rates. The data generated and the model used in this study 

is converted into a COMSOL Multiphysics-based app and made readily 
available for designing and optimizing different electrode designs [28]. 

2. Model development 

The data presented in this work was obtained from continuum model 
simulation of a lithium-ion cell consisting of an Li4Ti5O12 anode and an 
LiFePO4 cathode. The porous part of the electrodes was assumed to be 
filled by a liquid electrolyte whose transport and kinetic properties as 
well as the parameters used for the simulation are given in Tables 1 and 
2. The initial concentration of the electrolyte was assumed to be uniform 
across the cell. The pseudo two-dimensional (P2D) model developed by 
Newman et al. [29,30] and used widely many researchers [5,15,31–36] 
was adopted to model the electrochemical performance of the cell in 1D 
and 2D. The main purpose for performing this simulation in 2D was to 
understand the variation of different electrode thickness visually and 
instantly on the various concentration profiles across the cells. The 
model equations used in this study are similar to those described pre
viously by [37] and hence are not listed in this paper. 

In general, the P2D model relies on accounting for material balances 
within the solid phase of both electrodes and the liquid electrolyte. This 
encompasses the participation of Li ions in all reactions as well as 
adherence to Ohm’s law in both the solid and liquid phases. The elec
trochemical processes transpiring at the electrode surfaces were eluci
dated through the Butler-Volmer equation, specifically designed for Li- 
ion intercalation and deintercalation reactions. The collection of equa
tions employed in the P2D model, along with their associated boundary 
conditions, can be found in Table 3. Notably, the model omits energy 
balance equations due to the simulations being conducted at low current 
densities. At such levels, the temperature distribution across the cell 
remains relatively constant under a given operational temperature. The 
simulation was executed using the COMSOL Multiphysics lithium-ion 
battery module. The simulation set up of the cell modeled in this 
study is presented in Fig. 1. 

3. Experiments 

Electrode Preparation and Cell Assembly: The cathode composition was 
set to 90 wt% LiFePO4 (LFP, Hanhwa Solutions, Korea), 5 wt% poly
vinylidene fluoride binder (PVdF, KF-1300, Mw = 350,000, Kureha Co., 
Japan), and 5 wt% conductive carbon (Super P ® Li, Imerys, Belgium). 
An N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, U.S.A.) slurry having 
all the electrode components was cast on an Al current collector foil (15 
μm, Sam-A Aluminum, Korea). The coated slurry on the Al foil was first 
dried in an oven at 130 ◦C for 1 h and then roll-pressed to a targeted 

Table 1 
Cell design parameters used for the simulation.  

Parameters Symbol LiFePO4 LiTi5O12 

Electrode thickness, μm a Li 30, 40, 50 68 
Volume fraction electrolyte a εs,i 0.2 0.3 
Reaction rate constant, mol/m2 s c k0

i 8 × 10− 10 8 × 10− 10 

Maximum concentration, mol m− 3a cmax
s,i 22,836 22,852 

Electrode conductivity, S/m b σ1i 10 100 
Separator thickness, μm a Lsep 20, 40, 60 
Separator porosity a εsep 0.37 
Initial salt concentration, M a c0

l 1.15 
Diffusion coefficient, m2/s b D0

1,i 3.0 × 10− 14 1.15 × 10− 14 

Particle radius, μm a ri 1.7 0.5 
Diffusion coefficient in electrolyte, m2/s d D0

2,i 3.0 × 10− 10 

Ionic conductivity of electrolyte, S/m d σ2i 0.927 
Transference number d t+ 0.363  

a Parameters set in cell design. 
b Parameters based on literature value [37]. 
c Fitted parameter. 
d Obtained from COMSOL library. 

Table 2 
Comparison data for cells with different cathode and separator thickness.   

Separator thickness (µm) 

Parameter 20 40 60 

30 μm cathode thickness    
x0a 0.990 0.990 0.990 
y0a 0.001 0.001 0.001 
1C rate (mA cm− 2) 1.030 1.030 1.030 
R contact (Ω cm2)a 0.975 0.975 0.975 
40 μm cathode thickness    
x0a 0.990 0.990 0.990 
y0a 0.001 0.001 0.001 
1C rate (mA cm− 2) 1.370 1.370 1.370 
Rcontact (Ω cm2)a 0.625 0.625 0.625 
50 μm cathode thickness    
x0a 0.990 0.990 0.980 
y0a 0.001 0.001 0.001 
1C rate (mA cm− 2) 1.720 1.720 1.720 
Rcontact (Ω cm2)a 0.440 0.440 0.440  

a Fitted. 
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thickness using a gap-control-type pressing machine (CIS, Korea). The 
anode was prepared by the same procedure as the cathode with 
composition of 90 wt% Li4Ti5O12 (LTO, Posco Chemical, Korea), 5 wt% 
PVdF, 5 wt% conductive carbon, and Cu collector foil (10 μm, Iljin 
Materials, Korea). LiFePO4/Li4Ti5O12 cell was assembled in the glove
box using 2032-type coin cell parts. As the liquid electrolyte, a mixture 
of 1.15 M LiPF6 in ethylene carbonate/ethyl methyl carbonate (EC/EMC 
= 3/7, v/v, ENCHEM, Korea) was used without further purification. 
Depending on the experimental conditions, 1, 2 or 3 sheets of poly
ethylene separator (20 μm, F20BHE, Toray, Japan) was used. All the 
coin cells were aged over 12 h before electrochemical characterization. 

Electrochemical measurements: The rate capability of LiFePO4/ 
Li4Ti5O12 cells was evaluated by increasing the discharging c-rate from 
0.5 to 10C (constant current, CC mode, 0.5, 1, 2, 3, 5, 10 and 0.5C), 
while maintaining the charging current c-rate at 0.5C (constant current/ 
constant voltage, CC/CV mode, cutoff current: 0.1C) between 1.0 and 
2.5 V. Each cycle was repeated five times in a temperature-controlled 
chamber at 25 ◦C using a TOSCAT-3100 series battery test system 
(TOYO SYSTEM Co., LTD., Japan). 

4. Results and discussion 

4.1. Experiments 

To understand the effect of the distance between the cathode and the 
anode, and the thickness of the cathode on the electrochemical perfor
mance of LIBs, we studied the rate capabilities of LiFePO4/Li4Ti5O12 
cells with separator and cathode of various thicknesses and presented 
the outcome in Fig. 2. Regardless of the thicknesses of the separator and 
cathode, all the cells showed similar capacity retention at lower c-rates 
of 0.5 C and 1C. Above 1 C, the effect of the distance between the 
cathode and the anode on the capacity retention became pronounced 
especially at high C-rates of 5 C and 10 C. As observed in Fig. 2a, b and c, 
the thickness of the cathode did not have a significant effect on the ca
pacity retention up to 5 C. Nevertheless, the capacity retention was 
relatively better for the cell with the cathode thickness of 40 µm and a 
separator thickness of 60 µm (Fig. 2b) than those with cathode thickness 
of 30 µm (Fig. 2a) and 50 µm (Fig. 2c), and a separator thickness of 60 
µm. In principle, cells with thin electrodes exhibit better rate perfor
mance than those with thicker electrodes. However, this was not the 
case for the cells examined in this study and the abnormalities in the 

Table 3 
Pseudo-two-dimensional model governing equations for LiFePO4/ Li4Ti5O12 cell.  

Region  Governing equations Eq. 
No. 

Boundary or initial condition 

Anode Diffusion in solid particles ∂c1,n

∂t
= D1,n

1
r2

∂
∂r

(

r2∂c1,n

∂r

)
E1 c1,n(r,0)|t=0 = c0

1,n − D1,n
∂c1,n

∂r
|r=0 = 0, − D1,n

∂c1,n

∂r
|r=Rp,n

= jn  

Potential in solid phase 
σeff

1,n
∂2Φ1,n

∂x2 = a1,nFjn 
E2 σ1,n|x=Ln

= 0− σ1,n
∂Φ1,n

∂x
|x=0 = 0  

Material balance in solution 
phase ε2,n

∂c2,n

∂t
=

∂
∂x

(

ε1.5
1 D2,n

∂c2,n

∂x

)

+
(
1 − t0+

)
a1,njn 

E3 
c1|t=0 = c0

1 − D2,n
∂c2,n

∂x
|x=0 =

Iapp(1 − t+)
F

,D2,n
∂c2,n

∂x
|x=Ln

=

D2,sep
∂c2,n

∂x
|x=Ln  

Potential in solution phase 
−

∂
∂x

(

ε1.5
2,nκ

∂ϕ2,n

∂x

)

+
2RT

(
1 − t0+

)

F
∂

∂x

(

ε1.5
2,nκ

∂lnc2

∂x

)

=

a1,nF 

E4 
κn

∂Φ2,n

∂x
|x=Ln

= 0,κn
∂Φ2,n

∂x
|x=Ln

= κsep
∂Φ2,sep

∂x
|x=Ln  

Butler-Volmer kinetics 
jn =

i0n
F

[

exp
(

0.5F
RT

ηct
n

)

− exp
(

−
0.5F
RT

ηct
n

)] E5 –   

i0n = Fkn
(
c1,n,max − c1,n,surf

)0.5c0.5
1,n,surf c0.5

2,n 
E6 –   

ηct
n = Φ1,n − Φ2,n − U0

n E7 –  
OCV U0

n = 0.8470exp( − 78.7354SOC)
+1.5595exp( − 0.0152SOC)

E8  

Separator Material balance in solution 
phase εsep

∂c2

∂t
=

∂
∂x

(

ε1.5
sep D2,sep

∂c2

∂x

)
E9 c2|t=0 = c0

2 D2,n
∂c2

∂x
|x=Ln

= D2,sep
∂c2

∂x
|x=Ln 

D2,sep
∂c2

∂x
|x=Ls

=

D2,p
∂c2

∂x
|x=Ls  

Potential in solution phase 
− ε1.5

sep κ
∂ϕ2,sep

∂x
+

2RT
(
1 − t0+

)

F
ε1.5

sep κ
∂lnc2

∂x
= 0 

E10 
κsep

∂Φ2,sep

∂x
|x=Lp

= κp
∂Φ2,p

∂x
|x=Lp

− κ
∂Φ2,n

∂x
|x=Ln

= − κ
∂Φ2,sep

∂x
|x=Ls 

Cathode Diffusion in solid particles ∂c1,p

∂t
= D1,p

1
r2

∂
∂r

(

r2∂c1,p

∂r

)
E11 c1,p(r, 0)|t=0 = c0

1,p − D1,p
∂c1,p

∂r
|r=0 = 0− D1,p

∂c1,p

∂r
|r=Rp,p

= jp  

Potential in solid phase 
ε1.5

1,p σ1,p
∂2Φ1,p

∂x2 = a1,pFjp 
E12 

− σ1,p
∂Φ1,p

∂x
|x=Ls

= 0− σ1,p
∂Φ1,p

∂x
|x=Lp

= Iapp  

Material balance in solution 
phase ε2,p

∂c2,p

∂t
=

∂
∂x

(

ε1.5
1 D2

∂c2,p

∂x

)

+
(
1 − t0+

)
a1,pjp 

E13 
− D2,p

∂c2,p

∂x
|x=Lp

= 0,D2,sep
∂c2,p

∂x
|x=Ls

= D2,p
∂c2,p

∂x
|x=Ls  

Potential in solution phase 
−

∂
∂x

(

κeff,p
∂Φ2,p

∂x

)

+
2RT

(
1 − t0+

)

F
∂

∂x

(

κeff,p
∂lnc
∂x

)

=

a1jpFp 

E14 
− κp

∂Φ2,p

∂x
|x=Lp

= 0κp
∂Φ2,p

∂x
|x=Lp

= κsep
∂Φ2,sep

∂x
|x=Ls  

Butler-Volmer kinetics 
jp =

i0p
F

[

exp
(

0.5F
RT

ηp

)

− exp
(

−
0.5F
RT

ηp

)] E15 –   

i0p = Fkp
(
c1,p,max − c1,p,surf

)0.5c0.5
1,p,surf c

0.5
2,p 

E16 –   

ηct
p = Φ1,p − Φ2,p − U0

p E17 –  
Diffusion coefficient 

D1,p =
D0

1,p

(1 + SOC)1.6 

E18   

Reaction rate constant kp = k0
p exp( − 3 × SOC) E19   

OCV U0
p = 3.5 + 0.65811tanh(2.8080SOC + 0.1278)

−
(

1/(1 − SOC)0.14
)
− 0.0130exp

(
5.2620SOC8)

+0.4405exp( − 4(SOC − 0.0834))

E20  

Battery Output voltage Vbatt = Φ1|x=Lp
− Φ1|x=0 − Rf Iapp E21 –  
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capacity retention of the thin electrode cells can be attributed to the 
poor contacts between the active materials and the conductors [38]. 

4.2. Model validation 

To confirm the fidelity of the model, we compared the model pre
dicted discharge voltage profiles to those of experiments obtained from a 
coin cell consisting of LiFePO4 cathode and LiTi5O12 anode at a variety 
discharge current rate of 0.5 C, 1 C, 2 C, 3 C, 5 C and 10 C and presented 
the results in Fig. 3. The short dashes represent the simulated results and 
are based on the cell design parameters in Tables 1 and 2, while the solid 
lines represent the experimental data at the various discharge current 
densities. There is a high correlation between the model prediction and 
the experimental data as observed in Fig. 3. This was achieved by 
treating the contact resistance (Rcont), the initial concentration of Li ions 
at the surface of the cathode and anode (c0

s,i) as fitting parameters. In 
addition, we expressed the rate constants and diffusion coefficient in the 

cathode as a function of the state of charge (SOC) to reflect the two- 
phase transition behavior of LiFePO4 cathode material. The conditions 
for the simulation were similar for all the cell designs and the difference 
was only in the cathode and separator thicknesses. The discharge ca
pacities strongly depended on the discharge current rates. In addition, as 
the discharge current rates increased, the IR drop in the discharge pro
files also increased and the drop was critical at high discharge current 
rates due to the internal ohmic resistance in the cell. The effect was more 
pronounced in the cells with longer distance between the cathode and 
the anode (thicker separators) especially at higher discharge current rate 
above 2C. However, the cells with a cathode thickness of 40 µm 
exhibited a smaller IR drop compared to those with cathode thicknesses 
of 30 µm and 50 µm respectively, making them the optimal cell design. 

4.3. Effects of cell design parameters on electrolyte salt concentration 

The poor performance of the cells with thicker separators at high 
discharge rate can be attributed to the large Li ion concentration 
gradient in the electrodes due to longer diffusion length. To show this 
effect, we simulated the salt concentration, c2,i (see Eqs. (3), (9) and 
(13)) at a discharge current rate of 10 C for a variety of cell designs with 
different cathode and separator thickness. The outcome is presented in 
Fig. 4. The range of the electrolyte salt concentration as a function of the 
cell thickness was divided into three parts, namely, high, medium, and 
low concentration regions. This was achieved by dividing the concen
tration gradient from the 1D simulation at the end of discharge at 10 C 
into three parts and using them as an accumulated limit boundary 
condition for the simulations in 2D. The depth of these concentration 
regions varied with changes in the thickness of both the separator and 
cathode. For all the cells, the high electrolyte salt concentration region 
was within the anode as at the end of discharge. However, the lower 
boundary of the medium (LBM) or higher boundary of the low (HBL) 
electrolyte salt concentration region shifted to the front of the separator/ 
cathode interface as the separator thickness was increased in the cells 
with a cathode thickness of 30 µm (Fig. 4a and b). The shifting of LBM or 
HBL became more pronounced as the thickness of the cathode increased 
in the cells with a separator thickness of 60 µm (Fig. 4d and f). The 
changes in the shifting of LBM or HBM was not significant as the 
thickness of the cathode increased in the cells with a separator thickness 
of 20 µm (Fig. 4c and e). In addition, as observed in the inserted simu
lated 1D electrolyte salt concentration in Fig. 4, the salt concentration 
gradient at the end of the 10 C discharge increased with an increase in 
the thickness of the cathode for a given thickness in the separator. The 
electrolyte salt concentration reached the critical concentration of 0 mol 
m− 3 in the cells with a cathode thickness of 50 µm (Fig. 4e and f), 
indicating that, as the cathode thickness increases, solution-phase 
diffusion limitations become more pronounced at high current den
sities. This observation is similar to those reported in previous works [5, 
29]. 

4.4. Effects of cell design parameters on Li insertion particle concentration 

To understand the impact of solid-phase diffusion limitation on the 
electrochemical performance of the cell with different electrode designs 
especially at high discharge current rate, we simulated the Li insertion 
particle concentration, c1,i (see Eqs. (1) and (11)) at the end of discharge 
at 10 C and presented the results in Fig. 5. In addition, we calculated the 
concentrated region which is defined as the region where the Li con
centration is above the average concentration in the cathode. This was 
done to give a visual observation of the depth of Li intercalation in the 
cathode as a function of the various cell designs. The average concen
tration was obtained from the simulation in 1D and used as a limit 
boundary condition in Eqs. (1) and (11) for the simulation in 2D. The 
simulation in 2D was performed with the limit concentration boundary 
condition to identify the concentrated region and without the limit 
concentration boundary. For the cells with similar cathode thickness 

Fig. 1. Schematic diagram of the two-dimensional battery model set up 
comprising of an Li4Ti5O12 anode and an LiFePO4 cathode and 1 M LiPF6 in EC/ 
EMC (3:7) v/v liquid electrolyte. 

Fig. 2. Rate performance of LiFePO4/Li4Ti5O12 cells with separator thicknesses 
of 20 µm, 40 µm, and 60 µm, and a cathode thickness of (a) 30 µm, (b) 40 µm 
and (c) 50 µm. 
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(Fig. 5a and b, c and d, e and f), increasing the thickness of the separator 
resulted in a reduction in the depth of intercalated Li ions in the cathode, 
that is the size of the concentrated region reduced. However, there were 
no significant changes in the size of the concentrated region for the cells 
with similar separator thickness and varying cathode thickness (Fig. 5a, 
c, e and b, d, f). For the cells with a separator thickness of 20 µm, almost 
all the Li ions in the cells with a cathode thickness of 30 µm, and 40 µm, 
deintercalated the anode to the cathode (Fig. 5a and b) at the end of this 
discharge. However, the amount of Li ion that deintercalated the anode 
decreased as the cathode thickness was increased to 50 µm. A similar 
observation was made in the cells with a separator thickness of 60 µm 
(Fig. 5d and f) except for the cells with a cathode thickness of 30 µm. In 
principle, more Li ion should be extracted from the cells with low 
cathode thickness, however, due to the poor contacts between the active 

materials and conductors in thinner electrodes [38], most of Li ions still 
remained in the anode at the end of the discharge as observed in Fig. 5b. 
From Fig. 5, the concentration of Li in the solid phase in the anode was 
near depletion for the cells with a cathode and separator thickness of 30 
µm and 20 µm (Fig. 5a), 40 µm and 20 µm (Fig. 5c), and 40 µm and 60 µm 
(Fig. 5d). Thus solid-phase diffusion limitations occur at high current 
rate in Li ion batteries, and it is strongly influenced by the design of the 
cell. 

4.5. Effects of cell design parameters on specific capacity 

To demonstrate the predictability of the experimentally validated 
model, we simulated the effect of various electrode thicknesses and 
porosities on the specific capacity in 1D as a function of the separator 

Fig. 3. Model best fit for cells with different cathode and separator thicknesses of 20 µm and 60 µm. Simulated and experimental discharge profiles of cells with 
cathode thickness of (a), (b) 30 µm, (c), (d) 40 µm and (e), (f) 50 µm. 
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thickness at discharge current rate of 1C and 5C and presented the 
outcome in Fig. 6. The thickness of cathode, separator and anode were 
varied from of 20 µm to 100 µm, 20 µm to 60 µm, and 20 µm to 100 µm, 
respectively. The porosities of the cathode and anode were varied within 
the ranges of 0.2 and 0.5. All the other parameters (Table 1) were held 
constant when varying the parameters in Fig. 6. Increasing the thickness 
of the separator did not result in any significant changes in the specific 
capacity of the cell at a low c-rate of 1C but varied slightly at higher c- 
rate of 5C in all the four cases considered. Increasing the thickness of the 
cathode, resulted in an increase in the specific capacity until an opti
mized value of 80 µm and 40 µm at 1C and 4C respectively (Fig. 6a). A 
similar trend was observed for the changes in the thickness of the anode 
in Fig. 6b. However, the specific capacity increased linearly with an 
increase in the thickness of anode at 1C and no specific capacity was 

observed in the cells with thin anodes (20 µm and 40 µm) at 5C because 
the anode is the limiting electrode and at high c-rates the amount of 
accumulated Li ions are not enough to be readily transported to the 
cathode in a short time. The drop in the specific capacity with an in
crease in the electrode thickness is due to diffusion limitations for the Li 
ions and this effect is more pronounced at high current rates. A near flat 
surface was observed at 5C when both the cathode and anode porosities 
were varied at 5C in Fig. 6c and d respectively indicating no significant 
effect of the electrode porosity on the specific capacity at high c-rate. 
Nevertheless, the specific capacity increased with a decrease in the 
electrode porosities in Fig. 6c and d at 1C due to the increase in the 
volume fraction of the active materials in the electrodes. 

Fig. 4. Effects of cell design parameters on the electrolyte salt concentration. Simulated salt concentration at the end of discharge for a discharge current rate of 10 C 
for cells with cathode and separator thickness of (a) 30 µm and 20 µm, (b) 30 µm and 60 µm (c) 40 µm and 20 µm (d) 40 µm and 60 µm (e) 50 µm and 20 µm, and (f) 
50 µm and 60 µm, respectively. 
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Fig. 5. Effects of cell design parameters on Li insertion particle concentration. Simulated concentration of Li at surface of the cathode particles at the end of discharge 
for a discharge current rate of 10 C for cells with cathode and separator thickness of (a) 30 µm and 20 µm, (b) 30 µm and 60 µm (c) 40 µm and 20 µm (d) 40 µm and 60 
µm (e) 50 µm and 20 µm, and (f) 50 µm and 60 µm, respectively. 
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5. Conclusion 

We simulated the electrochemical performance of a lithium-ion cell 
composed of LiFePO4 cathode, Li4Ti5O12 anode and a porous separator 
filled with a liquid electrolyte using an experimentally validated pseudo- 
two-dimensional model (P2D). The results are presented in both 2D and 
1D to enable a direct visualization of the effect of the effect electrode 
design parameters on the distribution of Li ions in the electrode. From 
our simulation, we derived two significant observations. 

1. Increasing the thickness of the separator inhibits the cell perfor
mance at high discharge current rates above 5C but does not show 
any significant effect at low current rates.  

2. The major factor inhibiting the performance in the thick electrodes at 
high current rate is solution phase diffusion limitations and the 
limiting electrode is the anode. 

The results and the model (readily available as an app) presented 
here can serve as a guide to researchers and industries to develop and 
optimize electrode design parameters to accelerate the production of 
batteries. 
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