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HIGHLIGHTS

o Analytical overpotential expressions are derived from P2D model.

e Four overpotential components contribute to the total battery overpotential.

e Four overpotential components are coupled together by the reaction rate distribution.
o Fluctuations in overpotential components are related to the reaction rate distribution.

ARTICLE INFO ABSTRACT

Keywords: The overpotential of Li-ion batteries is one of the most relevant characteristics influencing the power and energy
Overpotential densities of these battery systems. However, the intrinsic complexity and multi-influencing factors make it
P2D model

challenging to analyze the overpotential precisely. To decompose the total overpotential of a battery into various
individual components, a pseudo-two-dimensional (P2D) model has been adopted and used for electrochemical
simulations of a graphite-based porous electrode/Li battery. Analytical expressions for the total overpotential
have been mathematically derived and split up into four terms, associated with the electrolyte concentration
overpotential, the Li concentration overpotential in the solid, the kinetic overpotential, and the ohmic over-
potential. All these four terms have been separately analyzed and are found to be strongly dependent on the
physical/chemical battery parameters and the reaction-rate distribution inside the porous electrode. The
reaction-rate distribution of the porous electrode is generally non-uniform and shows dynamic changes during
(dis)charging, resulting in fluctuations in the four overpotential components. In addition, the disappearance of
the phase-change information in the voltage curve of the graphite-based porous electrode/Li battery under
moderate and high C-rates is ascribed to the Li concentration overpotential among solid particles, resulting from
the non-uniform reaction-rate distribution.

Reaction-rate distribution
Porous electrodes
Li-ion batteries

1. Introduction

Li-ion batteries (LIB) have been successfully applied in portable
electronic devices, electric vehicles (EV), and hybrid electric vehicles
(HEV) due to their high energy and power density, high coulombic and
energy efficiency, and low cost [1]. For EV and HEV applications, the
power density is expected to be high to meet the dynamic power

requirements under real-life driving conditions. However, the internal
battery resistance generates an overpotential, leading to an additional
change in the battery voltage during operation. The resulting over-
potential will inevitably decrease the useable power and energy den-
sities, shortening the operating time of LIB. In addition, large
overpotentials resulting from high resistances will induce intensive heat
generation, causing major safety problems [2]. Hence, focusing on the
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overpotential is essential for the design and application of high-quality
LIB.

In general, diffusion of Li-ions inside the positive and negative
electrodes, diffusion and migration of ions in the electrolyte, charge-
transfer reactions at the electrode/electrolyte interfaces, and the elec-
tronic conduction in the electrodes and current collectors are commonly
considered as dominant factors causing overpotentials [3-10]. Among
these, Li-ion diffusion inside the electrodes is frequently considered as
the rate-determining step for LIB [4,7,11]. Besides these internal battery
properties, some external factors, such as the applied current density
[12,13], temperature [14], State-of-Charge (SoC) [15], and
State-of-Health (SoH) [15-17] also affect the overpotential. The relation
of the overpotential with all these highly coupled factors becomes
extremely complicated. In order to study these relations in more detail,
the use of electrochemical models is essential.

Physics-based electrochemical models are widely used to describe
the electrochemical performances of LIB [5,18-30]. Models based on the
Nernst-Planck equation have been applied in the analyses of over-
potentials for liquid electrolytes [26] and all-solid-state batteries [27,29,
30]. In the Nernst-Planck approach, overpotentials caused by diffusion
and migration of species are denoted as diffusion and migration over-
potential components, respectively, and the overpotential related to the
charge-transfer reaction at the electrode/electrolyte interface is denoted
as charge-transfer overpotential.

The so-called pseudo-two-dimensional (P2D) model, using a combi-
nation of the porous electrode theory and concentrated solution theory
[31,32], provides a basic theoretical framework for the physical and
electrochemical processes taking place inside LIB. The P2D model has
been extensively used to study the different above-described over-
potential components [5,18-22]. However, in the literature, there are
various notations of overpotential components. For example, the elec-
trolyte overpotential in Refs. [5,19,22] refers to the electrolyte potential
drop across the separator. In contrast, the electrolyte overpotential in
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Refs. [18,20] refers to the electrolyte potential difference across the
entire battery stack from current collector to current collector. Similarly,
kinetic, ohmic, and Li diffusion in electrode overpotentials often have
different definitions [5,18-20,22], leading to seemingly different
results.

The reaction-rate distribution inside the porous electrode, an
important factor influencing overpotential components and battery
performance, is non-uniform in real applications [33-35] and simula-
tions [36,37], and is determined by numerous battery parameters
[36-38]. However, it is frequently considered to be uniformly distrib-
uted [18,20] or added into another term called matrix overpotential [5,
19,22]. Both of these two approaches are not helpful for a complete
understanding of the dynamic behaviors of overpotential components.
Therefore, it is very important to harmonize the generally accepted
definitions and the full reflection of the battery status during (dis)
charging in terms of the overpotential analyses.

In the present work, a battery composed of a graphite-based porous
electrode and a Li metal counter electrode is selected as research subject
to reduce the complexity of a full cell with two porous electrodes. The
overpotential of a graphite-based porous electrode/Li battery is math-
ematically derived using the P2D model. The total overpotential is split
into four overpotential components. Those are separately simulated and
analyzed, resulting in various qualitative and quantitative conclusions.
The simulation results reveal the influences of the non-uniform reaction-
rate distribution inside the porous electrode on each overpotential
component, showing interesting dynamic changes during operations.
The results in the present paper help to understand the overpotential in
P2D-modeled Li-ion batteries and provide insights for further improve-
ment and optimization.

2. Model development

Fig. 1a presents the layout of a graphite-based porous electrode/Li

Fig. 1. (a) Layout of a P2D model for a C-based
porous electrode/Li battery. The large gray solid cir-
cles denote active material particles, and the small
black circles represent the conducting additives. (b)
Reaction-rate distribution (jc) inside the porous
electrode, and (c) current-density distribution (ip) in
the electrolyte across the battery under three partic-
ular conditions at a 0.5 C-rate (I = —22.75 A/m?).
The black curves represent the condition of a domi-
nant reaction-rate near the SC interface, the red lines
represent a dominant reaction-rate near the CC
interface, and the blue lines represent a uniformly
distributed reaction-rate across the porous electrode.
The gray areas indicate the separator region. Note
that the ionic current density in the separator region
is always equal to the total applied current density (I).
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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battery, including a metallic Li foil negative electrode, a porous sepa-
rator membrane, and a porous graphite-based positive electrode soaked
into the liquid electrolyte. 5 denotes the thickness of the porous sepa-
rator and L the distance between the Li metal electrode and the Cu
current collector. The thickness of the graphite-based porous electrode is
equal to L — §. The Li metal/separator (LS) interface is defined at the
position x = 0, the separator/graphite-based porous electrode (SC)
interface at x = §, and the graphite-based electrode/Cu current collector
(CQ) interface at x = L. The numbers along the x-direction represent
normalized positions of the interfaces, which are derived from the
experimental data listed in Table 2. The electrochemical reactions taking
place inside this battery during (dis)charging are represented as

charge
Co-+)Li* +ye” =" LiC, ¢))
1Ischarge
. charge .
yLi = yLi" +ye . 2
discharge

Egs. (1) and (2) describe the reactions at the Cg and Li electrodes,
respectively. Cg denotes the graphite-based porous electrode, further
simplified as C. Charging the C-based electrode/Li cell implies deli-
thiation of the C-based electrode, and discharging denotes the lithiation
of the C-based electrode. Nowadays, a small amount of Si or SiOy is
frequently added to the graphite electrode to increase the storage ca-
pacity. The C-based electrode used in this work is blended with a small
amount of Si. The applied model in this work assumes a C-based elec-
trode in which the effect of Si is considered by using modified param-
eters that are reported in Section 4. A similar approach has also been
used for modeling silicon-graphite-based batteries [39] and other bat-
teries with blended active electrode materials [40-42].

The P2D model is adopted to describe the various physical and
electrochemical processes occurring in the C-based electrode/Li cell.
The governing equations are summarized in Table 1. These equations
include the mass balance in the electrolyte (Egs. T3 and T9), the electric
potential distribution in the electrode (Eq. T11) and electrolyte (Eqgs. T4

Table 1
Governing equations in the P2D model for a C-based porous electrode/Li battery.
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Table 2

P2D model parameters, values, and units.
Symbol Value Unit
&9 1000° mol m~3
D, 6.2:107100 m?s7!
Dy 2.4.107140 m?s7!
kC 4.0A10—11h 2.5 mol—O,S S—l
Ry 11.107% m
Rs 5° Qcm?
t. 0.363¢ -
T 298" K
a, aii 0.5, 0.5" -
5 25.107%% m
L 95.107° m
£m 0.39° -
£c 0.25% -
£ 0.02" -
bruggm 2.2" -
bruggc 2.95° -
x 1.58-1073¢; exp[— 0.85(c2-103)]4 Sm!
o 1000° Sm™!
a 3(1 —ec — &) /Ru m!

# Provided by the manufacturer.

b Estimated values from the model.
¢ Measured.

d Taken from Ref [11].

and T10), the charge balance (Eqs. T12 and T13), the charge-transfer
kinetics (Eqs. T1-T2, and T6-T8), and the diffusion in the spherical
electrode particles (Eq. T5). The battery output voltage is listed in Eq.
T14. All parameter definitions are listed in the nomenclature.

The battery voltage (Vjq,) is given by Eq. T14, which can be further
expanded with the help of Eq. T7, leading to

Region Governing equations Eq. nr. Boundary and initial conditions
Lifoilx = 0 Kinetics p i Finft (1 — aui)Frt T1 -
I=1 [exp (# —exp( — ﬁ
i = Fkyjc3s T2 -
Separator membrane 0 < x < § Mass balance . dcz 0 [ ,0c T3 _ Dm()Cz‘ Il -t) Dmdczl -~ DC&CZ‘
ot ox | 2 ox Zox0 T F 7 TRk X TR <
Potential in solution b -k tyﬂ 21(,“RT(1 _y )0ln Co T4 ip =1
S P F o
C-based electrode 6 < x < L Diffusion in the particle oy 10 dcy T5 dcy . 0a _
o e\ PGy lem = e Grlo =0
a(r.0)|_ = C?
Kinetics 7 aFng (1 —a)Fng T6 -
e=F [e"p( RT ) %P\ " RT
g = @1 — d3 — Uc(c§, T) T7 -
i(c) = Fk¢ (cTux _ ':Sl )ﬂ((ci)l—rx(cz)a T8 _
Mass balance ocy a dco . T9 dcy dcy dcy
o = o [Dga +aje(l - ty) DY lxms = D5 vy DE Ikt =0
Potential in solution . 0Py  2kcRT dln ¢ T10 25 =Lizl,, =0
o 2 1-¢ =5 = Ll2lx—r
1] K o + F ( ) o
Potential in solid . 0P, T11 f1lyes = 0,1l =1
i = —6c——
ox
ih+ip =1 T12 -
gie = L2 T13 -
Yo = Fox
Battery Output voltage Vot = P1lyg — Pily_o — RfI T14 -
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Viar = @1,y — Pil,mg — Rl

= (’fcr + Uc ((’Sl) + @, )L:L - ('lﬁ + Ui+ (DZ) lico — R

3
= (¢2|x:L - q)2|x:0) + (UC (c;) e — ULi‘x:O) F ¢, — 115 — R

= (q)zl,r:L - d>2‘)(:0) + Uc (Ci) ey + ('7? lier — ’7&) — R,

where @, |,_; and @, |,_, are the electrostatic potentials at the CC and the
LS interfaces, respectively. Ry is the summation of the ohmic resistance
of the current collectors and contact resistances between the current
collectors and electrodes, U is the equilibrium potential of the C-based
electrode, @, is the potential in the electrolyte, and Uy, is the equilib-
rium potential of the Li metal electrode, by definition equal to zero. #&
and 7§} are the charge-transfer overpotentials at the C-based electrode
and metallic Li electrode, respectively. V,, is the output voltage of the
battery under non-equilibrium conditions, and I is the applied current
density.

The total overpotential (1) is considered as the difference between
the battery output voltage (Vj,) under non-equilibrium conditions and
the equilibrium potential (Upy,), with Upq = Uc — Uy = Uc in the pre-
sent, specific, case with Uy; = 0. 7, can then be written as

Nyt = Voar — Upar = (‘1>2|X:L - <I>2|X:0)+

(UC (CJI) ‘x:L — Uc (El> ) + ("ISL;ZL - '7;_’; ‘x:()) — R

Npee 1S NOW composed of four terms:

(€3]

(i) The electrolyte potential difference between the CC and LS in-
terfaces (@,],_; — P2l,_o), further denoted as the electrolyte
overpotential (17,),

(ii) the potential difference between the electrode potential at the CC
interface and the equilibrium potential of the C-based electrode
caused by non-uniform Li concentrations in the electrode
(Uc(¢$)|,—r, — Uc(tr)), further denoted as Li concentration over-
potential in the electrode (15),

(iii) the kinetic overpotential related to the charge-transfer reactions
at the CC and LS interfaces (n&|,_; — #%|,_o), further denoted as
kinetic overpotential (), and

(iv) the pure electrode ohmic contributions ( — RI), further denoted
as nf.

These four terms and the total overpotential will be explained in
detail in Sections 2.1-2.5.

2.1. Electrolyte overpotential

Egs. T4 and T10 describe the electrolyte potential in the separator
and the porous electrode region. Performing integration along with the
x-coordinate leads to the following expressions

D (x,1) = D2(0,1) = —1 [y ot

m (7,
2RT [* (5.1
o (I —t.(y,1))dIn ca(y, 1), 0 <x <8,
0

Dy (x,1) — Dy(0,1) = — f§ D — [robndy

JO Kk (y,1) & kc(y.1)
WRT [ ’ ‘ (5.2)
o (I =t:(y,1))dIn c2(y, 1), 6 <x <L,
0

where x, and k¢ represent the effective ionic conductivity in the sepa-
rator and C-based porous electrode region, respectively. The potential
difference in the electrolyte between the CC and LS interfaces, denoted
as the electrolyte overpotential (1,), can therefore be written as
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My =@y — Do, = Pao(L, 1) — P2(0, 1)
_ 71/5 dy /L (v, 1)dy )
0 Km(yvt) 8 KC(y7t)

2RT [*
T (1 7t+(yvt))dln62(y7t)v
0

which can be split into two parts. The first two terms after the third equal
sign of Eq. (6) can be defined as the electrolyte ohmic overpotential (73)
and the third term considers the electrolyte concentration overpotential
(5). Eq. (6) can then be rewritten as

=@l — Oof g =105 +115 (7.1)
. 2RT [*
= [ (L=t(y,0))dnca(y,1) (7.2)
0
* dy iy (y, 1)dy
”:71/ f/ 2D ) (7.3)
™ o Km(y,1) s ke(,1)

where 75 is a function of the transference number of Li-ions (t,) and
electrolyte concentration gradients across the battery, assuming that the
temperature (T) and thickness (L) are constant. ng is a function of the
applied current density (I), the current density distribution in the elec-
trolyte (iy), the porosity of the porous electrode and separator (¢n,, £c),
and the effective ionic conductivities (ky and «¢), assuming that thick-
nesses of the separator and porous electrode (5, L — §) are constant.
During short-time or low-current applications, when hardly any
electrolyte concentration gradients can be built up, xm, kc and t, are
constant. Egs. (7.2) and (7.3) can then be further simplified to

2RT e (L 1)
=20 (1—1,)1 8.1
M F ( t.) ncz(O,t) 8.1)
s 1 [t
n2=—"—— [ iy,Hdy (8.2)

Km Kc Js

respectively. From Eq. (8.2), it follows that the ionic current density in
the electrolyte (i2) is a key variable for the calculation of 7%. From the
charge conservation in Eq. T12 and boundary conditions T4, T10, and
T11, it follows that iy in the separator region always equals I and de-
creases from I at the SC interface to 0 at the CC interface.

In the porous electrode region, two boundary cases and one average
case of the distribution of i can be considered, leading to minimum,
maximum, and average values for n5. These particular cases are
numerically calculated and shown in Fig. 1b and c. Fig. 1b shows the
reaction-rate distribution (jc), and Fig. 1c shows the ionic current den-
sity in the electrolyte (i) at a 0.5 C-rate (1C = 45.5 A/m?). The black
curves represent a situation when the reaction-rate is dominant near the
SC interface, leading to a minimum value of 5. The red lines represent a
dominant reaction near the CC interface, leading to a maximum value of
75, and the blue lines represent a uniformly distributed reaction rate
across the porous electrode, leading to an average value of 7735. Egs. (S1-
S6) in the Supporting Information give the derivations of 3§ for these
three particular cases.

2.2. Li concentration overpotential in the electrode
The second term in Eq. (4) represents the potential difference be-
tween the particle surface potential at the CC interface and the equi-

librium potential. It is called the Li concentration overpotential in the
electrode (15), which is defined as

W= Ue(e}) ],y — Ue () . ©

The particle surface potential in the electrode is expressed as a
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function of the Li concentration at the particle surface (cj), which
changes along the x-direction of the porous electrode. The equilibrium
potential is a function of the average Li concentration (c;) in the elec-
trode under equilibrium conditions. To further derive Eq. (9) into
separate overpotential components, a so-called local average Li con-
centration ¢! in each particle needs to be defined, namely ¢ = ¢%(x,t)

= R% f(f "¢y (x,r,t)r?dr. ¢, and ¢ are, in general, not equal to each other,

because ¢, =7i(t) =5 f: cla(x,t)dx. With these notations, Eq. (9) can

be expanded to

i = Uc(e}) o — Uc <51>

= Uc (o)l = Ue (e} |irt (10.1)
Ue(ct') ], — Uc (El>
=1+
in which #¢ and 7} are defined as
= Vel V()]s 102
and
= Ue ()], — Ue (z) 7 10.3)

respectively. In Eq. (10.2), 7 represents the Li concentration diffusion
overpotential in the electrode particles at the CC interface, which is
generated by the concentration gradient in the radial direction of these
particles. In Eq. (10.3), #} denotes the Li concentration overpotential
among all solid particles. 7] is formed by the Li concentration gradient
across particles, which is a result of the non-uniform reaction-rate dis-
tribution. The explained two concentration gradients together form the
Li concentration overpotential in the electrode (175). When the current is
switched off ;1‘{ , and 5] will drive the concentrations within each particle
and across all particles equal, i.e. ¢ =c!® =¢;. The movement of Li-ions
across different particles is caused by the overpotential, which leads to
electrochemical reactions at the electrode particle interfaces [43]. Note
that the total net influx of Li ions for all solid particles is equal to zero
during a zero-current period.

2.3. Kinetic overpotential

The third term in Eq. (4) expresses the charge-transfer overpotential
difference between the LS and CC interfaces, denoted as the kinetic
overpotential (n*). For both the C-based porous electrode and Li metal
electrode, the Butler-Volmer equations apply and can be written as

0 ct ct
. aFpd\ 7(1 —a)Fn
Je=% {exp (—RT ) exp( —Rr (11.1)
I=i |ex % —ex ,% (11.2)
Li | ©XP RT p RT .

accordingly. Eq. (11.1) applies to each particle surface across the porous
C-based electrode, and Eq. (11.2) only holds at the metallic Li surface.

For convenience, we now define a function Gy;(n) = exp(yzy) —
exp( — (1 —y)zn), wherey = aand z = F/RT. Egs. (11.1) and (11.2) can
then be represented by

;0

. 1~ .
Jjo= %Ga,F/(RT) (&) (12.1)
1=i{,Gey, ryer) (n15) (12.2)

respectively. With these notations, the charge-transfer overpotentials of
the C-based and Li metal electrode can now be expressed as
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-1 jcF
e =G ryar) (?) as.n

; _ 1
= Gm",_’F/(RT) (17) (13.2)
Li

where G,. 1 is a function inverse to Gy. In these notations, the kinetic
overpotential term in Eq. (4) can be expanded as

1 =n¢l— — Mkl
_ Fjc _ I a4
—G! Jc G
= YaF/(RT)\ 0 |4\:L — Y, F/RT)\ S0
Ic I

Eq. (14) includes the charge-transfer overpotentials at the CC and LS
interfaces.

2.4. Electrode ohmic overpotential

The last term in Eq. (4) is the electrode ohmic overpotential (% = —
R¢D), resulting from the ohmic resistance from the electrode and current
collectors, including the SEI film resistance and the connection issues
between current collectors, metal leads, and other electronic compo-
nents. This electrode ohmic overpotential is considered a minor
contribution and adopted as an empirical constant in the present paper.

2.5. Total overpotential

Combining the results from the previous sections, the total over-
potential of the C-based porous electrode/Li battery can be described by
Mo = Voar = Usar = 1y +115 + 0" 07 =10 + 05 + 0"+ +05 . (15.1)

Finally, the following concise set of equations can be used for
calculating the four overpotentials

ny =i+ = (Ue(e]) e = Ue(ef)]ior.)

(15.2)
+ <Uc (Clla) [, — Uc (51) ) ,
2RT (*
ns=—[ (1-t)dlnec,, (15.3)
F Jo
¢ _ Fjc _ 1
" = G/ (?I> = G ) (l(—) : (15.4)
m=—Rl, (15.5)
5d L - d
,ﬁ:_(,/_%r/ﬂ) (15.6)
0 Km s Kc

3. Experimental

Fresh commercial 18650-type cylindrical batteries manufactured by
Tianjin Lishen Battery Co., Ltd were dismantled in an argon-filled glove
box, and pieces of C-based anodes were taken out. Prior to the mea-
surements, the active material on one side of the double-coated C-based
electrode was carefully scraped off with a sharp blade and cut into discs
with a diameter of 14 mm (the active material mass is around 17.5 mg).
2032-type coin cells were subsequently assembled using the as-prepared
C-based electrodes as the working electrodes and Li metal foil as the
counter electrodes. A 2400-type Celgard separator (thickness 25 pm)
and 1 M LiPFg electrolyte in the solvent mixture of EC:DMC:DEC with a
1:1:1 volume ratio were used.

The electrochemical properties of the assembled cells were measured
by a Neware battery cycler in the voltage range of 0.01-2 V at 25 °C.
Before the test, the cells were equilibrated for 12 h and then activated for
four cycles with a 0.2 C-rate current (1C = 7 mA or 45.5 A/mz) in the
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constant-current charging mode (delithiation of C-based electrode) and
the constant-current constant-voltage (CCCV) discharging mode (lith-
iation of C-based electrode). The cut-off current in CCCV mode was set at
0.04C. Then, characterization cycles were performed, in which a 0.2 C-
rate discharge current was used in the CCCV mode, and a set of constant
charging currents (0.04, 0.1, 0.2, 0.5, 1.0, and 1.4C) was applied in
sequence. The rest period between charging and discharging was set to
30 min. The pseudo open-circuit voltage (OCV) was obtained at a 0.01 C-
rate current under 25 °C.

Simulations were performed in the software Matlab R2018b. The
finite volume method was used to discretize the partial differential
equations (PDE) listed in Table 1. The forward Euler method was
adopted to solve these equations. The parameter values are listed in
Table 2. The temperature in the simulation was set to 25 °C, which is the
same as that in the experiments.
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Fig. 2. (a) Comparison of the experimental (symbols) and simulated (black
lines) voltage charging curves at various C-rates. The golden line represents the
OCV of a C-based electrode/Li cell. (b) Comparison of experimental (symbols)
and simulated (lines) overpotentials at various C-rates. The x-axis at the bottom
gives the transferred charge in mAh, and the x-axis at the top gives the corre-
sponding specific capacity in mAhg-1. The active electrode material is graphite
blended with a small amount of Si. The theoretic capacity is in the range from
477.51 to 554.90 mAhg™, considering the atomic ratio of Si/C of 1.41-2.35 %,
which is obtained from multiple Scanning Electron Microscope (SEM) tests
equipped with Energy-dispersive X-ray Spectroscopy (EDX). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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4. Results and discussion

Fig. 2a compares the experimental and the simulated voltage curves
of the C-based electrode/Li battery with the optimized parameter set in
Table 2 using 0.2, 0.5, 1.0, and 1.4 C-rate charging currents. Fig. 2b
shows the experimental and simulated overpotentials. Note that
charging the C-based electrode/Li cell implies delithiation of the C-
based electrode. The black circles and lines represent the experimental
and simulated results, respectively. Good agreement is found between
the simulations and experiments for the voltages (Fig. 2a) and over-
potentials (Fig. 2b) at all C-rates. The gold-colored curve in Fig. 2a
shows the OCV of the battery. The OCV of the battery shows several
plateaus and slope regions, which are related to the two-phase and one-
phase during Li-intercalation in the graphite electrode [44,45]. These
features become less visible when a current is applied, especially at
C-rates >0.2. Due to a lack of space between the 0.2C voltage curve and
OCV curve in Fig. 2a, the experimental and simulated results for 0.04
and 0.1C are presented individually in Fig. S1, in which these plateau-
and slope-features still can be observed. Other researchers have also
found the disappearance of the plateau and slope features in the voltage
(dis)charge for C-based electrodes [46,47] at higher C-rates. Switching
off the current periodically followed by relaxations at moderate (or
high) C-rates makes the stages appear again at the end of relaxations, as
indicated by the open-circle dash lines of GITT measurement in Fig. S2,
where the currents of 0.1, 0.2 and 0.5C are used during the current
pulses. Intuitively, the overpotentials should be responsible for these
observations. It can be seen that evident variations and dynamic changes
are found near the sloping regions of the OCV, as indicated by the
shaded areas in Fig. 2. To investigate these intrinsic phenomena, an
analysis of the various overpotential components is presented in Sec-
tions 4.1-4.5 with the model described in Section 2 and the optimized
parameter set listed in Table 2.

To understand the dynamic behavior of the various overpotential
components, presented in Sections 4.1-4.5, the (normalized) reaction-
rate distribution is introduced. The reaction-rate distribution (j¢) in-
side the porous electrode, as represented by Eq. T6, is a common and
recurring state in this work and leads to coupled relations among the
various overpotential components. At short-time scales j¢ is determined
by a few key battery parameters, such as effective ionic and electronic
conductivity, applied current density, and exchange current density [37,
38], and can be derived analytically. At long-time scales, jc is an implicit
function of the parameters indicated for the short-time scale, and all
fluxes and concentrations in the system and therefore can only be ob-
tained numerically.

Fig. 3 shows the numerically calculated normalized reaction-rate
distribution (jc/j¢) as a function of normalized position and trans-
ferred charge to at (a) 1.4, (b) 1.0, (c¢) 0.5, and (d) 0.2 C-rate. The
normalized reaction-rate distribution is obtained through dividing jc by
the uniform reaction-rate distribution (j§), a constant at each C-rate,
which is calculated according to

I

e a-or ae

When adopting j¢ for a porous electrode model, the model becomes a so-
called average model (AM) [18,48]. Fig. S3 shows j¢ at various C-rates as
a function of normalized position and charge. It can be seen that ji
obviously is constant at each C-rate, but the level is strongly dependent
on the C-rate.

In Fig. 3, each figure is a combination of a surface plot and a semi-
transparent pink plane. The surface plot represents jc/j¢, and the pink
plane represents the constant reaction-rate distribution jc/j§ = 1. It
should be noted that j; behaves exactly the same as j¢ /ji because j¢ is a
constant at each C-rate. Using jc/j¢ will give a direct comparison of
(non)uniformity of j¢ at various C-rate. When j¢ is more non-uniform, jc/
j¢ deviates much from the pink planes. Contrastingly, when jc
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Fig. 3. Normalized reaction-rate distributions (jc /j¢) as a function of normalized position and transferred charge at (a) 1.4, (b) 1, (c) 0.5, and (d) 0.2 charging C-rate.
jc represents a non-uniform reaction-rate distribution from the model and j{ represents a uniform reaction-rate distribution as shown in Eq. (16). The rectangular

frames at the normalized position of 0.26 and 1 represent the SC and CC interfaces.

approaches uniformity, jc/jé converges to the indicated planes. It can be
seen that jc is non-uniform for all C-rates, and that non-uniformity in-
creases at higher C-rates. For each C-rate, the largest deviations take
place at the SC interface at 0-2 mAh of the transferred charge, while
only minor reactions happen inside the electrode at this charge range.
After 2 mAh, jc /j¢ is fluctuating around the pink planes, indicating the
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reactions are relatively uniform compared to the range of 0-2 mAh.

In addition, various waves can be observed in jc/j¢ at all C-rates in
Fig. 3. The waves propagate from the SC to the CC interface as a function
of transferred charge and position inside the porous electrode. From
literature [32,43] and simulations presented here, it can be concluded
that the wave of jc/j¢ is caused by the sloping (solid-solution) regions in
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Fig. 4. (a) Comparison of electrolyte concentration overpotential (1$) at various C-rates with the OCV as a reference. (b) The c; profile as a function of normalized
position and transferred charge under a 0.5C charging current. (c) #5 at various C-rates with assumptions of j¢. (d) c, profile at 0.5C with j¢. The normalized position
at 0, 0.26, and 1 represents the LS, SC, and CC interface.
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the OCV curve, and the number of waves is therefore equal to the
number of the sloping regions in the OCV curve. For example, the first
wave in Fig. 3a-d corresponds to the first sloping region in the OCV
curve at a transferred charge of around 2.5 mAh (golden curve in
Fig. 2a). It is worth mentioning that the battery OCV determines the
evolution of the waves in jc/j¢ (or jc) through dictating the particle
surface potential (Uc(cj)) [49]. Fig. S4 presents Uc(cj) for each particle
as a function of transferred charge at various C-rates. During the oper-
ations, Ug(cj) is changing with the position inside the porous electrode
and transferred charge. The sloping regions in Ug(c}) for each particle
(Fig. S4) cause the disturbances in the local charge-transfer over-
potential, finally resulting in the wave formation and evolution in j¢
[49]. Moreover, the variation of Uc(c]) among all particles (e.g. hori-
zontal direction of various lines in Fig. S4) is small at low C-rates but
large at high C-rates (Fig. S4), explaining why the waves in jc/ j¢ (or jc)
cross over wide ranges in the transferred charge at high C-rates.

Now a good overview of jc inside the porous electrode is given, and
the analysis of each overpotential components will be described in detail
below.

4.1. Electrolyte concentration overpotential

Using the mathematical analysis in Sections 2.1 and 2.5, the elec-
trolyte concentration overpotential (#75) can be analyzed and explained.
According to Egs. (15.3) and (7.2), 75 depends on ca, t;, T, and the
battery geometric parameters. Fig. 4a presents the simulated 75 as a
function of the transferred charge at different charging rates. The OCV
(gold-colored line) is shown again as reference curve. It can be seen that
15 increases with increasing C-rates and shows clear fluctuations at all C-
rates. These fluctuations become more pronounced near the sloping
regions in the OCV curve, i.e. at 2-3 and 4-6 mAh of transferred charge.

According to Eq. (15.3), 1§ is only related to c; as the other param-
eters are constant. To explain the fluctuations in 735, Fig. 4b shows the
profile of c; in the battery as a function of transferred charge and
normalized position upon charging with 0.5C. Fluctuations in ¢, can be
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observed with increasing charge, especially near the current collector.
As described by the governing equations of the mass balance in the
electrolyte (Eq. T9 for the porous electrode and Eq. T3 for the separator
region), ¢z depends only on the mass transport in the separator region,
while both the mass transport and j¢ influence ¢, in the porous electrode
region. In the simulations, the mass transport parameters (t, and Dy) are
set constant (Table 2). Therefore, jc is responsible for the fluctuations in
¢z, which further determines the changes in #5. The corresponding jc
profiles in Fig. 3c at 0.5C show multiple waves, clearly corresponding to
the fluctuations in 7§ and ¢, in Fig. 4a and b, respectively.

To prove the explanation above, simulations have been performed
with the assumption of a constant j{, as indicated by Eq. (16) and Fig. S3.
Fig. 4c shows the simulation results of n for all C-rates and Fig. 4d shows
the corresponding c, profile at 0.5 C-rate under the same assumption.
Comparing Fig. 4b with d shows that ¢, in Fig. 4d does not reveal any
fluctuations after a very short transient state, also leading to flat 5
curves in Fig. 4c without any fluctuations. This clearly indicates that the
fluctuations in 7§ are caused by changes in c5, which in turn is caused by
the dynamic behavior of j¢ in Fig. 3. The increase of 7§ as a function of C-
rate in Fig. 4a is therefore the result of increasing gradients in cy at
higher currents.

4.2. Li concentration overpotential in the electrode

1§, the concentration overpotential in the electrode (Eq. (15.2)),
results from the Li concentration gradient in the electrode particles, as
mathematically explained in Section 2.2. Fig. 5a shows 7§ at various
charging C-rates together with the OCV curve as a reference, the inset
shows corresponding enlargements. Apparently, 5§ reveals only very
small values at the beginning of charging but becomes very large at the
end. In addition, two interesting features can be observed: (i) negative
values for 7§ at about 3 and 5 mAh, and (ii) these values become wider
and more negative with increasing C-rates.

To explain the features observed in Fig. 5a, the two components
contributing to 7§ (Eq. (10.1)), ;ﬁ and 7}, are separately shown in Fig. 5b
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Fig. 5. (a) Comparison of the Li concentration overpotential (77) in the electrode at various charging C-rates and the OCV curve as a reference, (b) the separation of
%5 into n¢ and #; at 0.5 C-rate, (¢) Uc(c3)|y—r,» Uc(c¥®)|,_; and Uc(c:) voltage curves at 0.5 C-rate, and (d) various particle-related concentrations as a function of
transferred charge. The insets in (a) and (c) are magnifications of the indicated shaded regions.
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for a charging current of 0.5C. As defined in Section 2.2, #¢ represents
the Li diffusion overpotential within the particles at the CC interface (Eq.
(10.2)), which is the result of the Li concentration gradient in the radial
direction of the particles at the CC interface. #] denotes the Li concen-
tration overpotential across solid particles (Eq. (10.3)), which is a result
of the Li concentration gradient across all solid particles induced by the
non-uniform jc. It can be seen in Fig. 5b that 79 (black line) always shows
positive values and is responsible for the high values of 7§ (red line) at
the end of charging. »] (blue line in Fig. 5b) always shows negative
values and is therefore (most) responsible for the negative valleys in 75.
At the negative valleys of 75, #¢ also shows right-shifted positive peaks
with respect to the sloping regions in the OCV.

Since the equations of ¢ and #} are composed of Uc(cS)|,—;,
Uc(c)|,_, and Uc (1), these three terms are shown separately in Fig. 5¢
for charging at 0.5C to explain the features observed in Fig. 5a and b.
Note that all these three potentials are a function of the Li concentration
in the solid. For this reason, ¢§ and c for the particles at the CC inter-
face, and ¢; are shown in Fig. 5d as a function of transferred charge.
During charging (delithiation of the graphite-based electrode), ¢] must
be smaller than c!* because lithium is withdrawn from the particles
surface (compare black and blue curves in Fig. 5d). Consequently, the
potential Uc(c$)al,_; is higher than or nearly equal to Uc(c!%)|,_; in
Fig. 5¢, leading to a non-negative #¢ as shown in Fig. 5b. Between the
sloping regions of Uc(ci)|,., and Uc(c®),_;, n¢ Uc(cs)]
Uc(c)|,_;) shows right-shifted positive peaks with respect to the
sloping regions in the OCV curve (Uc(c;) in Fig. 5¢).

It should be noted that the Li concentrations in the particles are the
cumulative results of jc values through the whole previous period since
the beginning of battery operation. That means jc must be integrated
over time to obtain the amount of Li extracted from a particle at a
particular position in the electrode (see Fig. S5 for the cumulative
calculation of Fig. 3c). As mentioned in literature [38,43,50-53] and
shown in Fig. 3c and Fig. S5, considerably more reaction is taking place
near the SC interface at the beginning of the charging, implying that
cl|,_, is larger than ¢; as shown by blue and gold curves in Fig. 5d. It is
interesting to observe the same behavior until the end of the process, as
the blue curve is always higher than the gold line. This difference makes
Uc(c)|,_, smaller than or nearly equal to Uc(¢;) in Fig. Sc, causing 7}
approaching zero or becoming negative, as found in Fig. 5b. Between the
sloping regions in Uc(c?)|,_; and Uc(c1), #; shows wide negative
valleys.

The right-shifted positive peaks in ¢ and wide negative valleys in 7}
(Fig. 5b) are all because of the deviations of Uc(c!%)|,_; from Uc(c1),
which is induced by a non-uniform j¢ (Fig. 3). To investigate this phe-
nomenon in detail, additional simulations have been performed with j&
(Eq. (16)) and the results are shown in Fig. S6. In this particular case, the
local average concentration is equal to the total average concentration, i.
e. cll“ = ¢1, which can be seen from the blue and gold curves in Fig. S6¢.
That makes Uc(c¥%)|,_; = Uc(c1), causing 7} equal to zero, and therefore
no negative values are found in i} 7§ is therefore in this case equal to ;.
From Fig. S6a it can be seen that the peaks in 7¢ (= 7$) appear at the
same moment as the sloping regions in the OCV curve, i.e. without shifts
to the right.

Fig. S7 decouples 7 (a) into ;1‘11 (b) and #} (c) at various C-rates.
Obviously, 79 increases with C-rate at the end of charging, obviously
indicating larger concentration gradients within solid particles at higher
C-rates. It can also be seen that the positive peaks in ¢ continuously shift
to the right with increasing C-rates. The negative valleys in 7] also
become wider and more negative at higher C-rates. This effect is a
consequence of jo becoming more non-uniform at higher currents as
revealed in Fig. 3. It is worth mentioning that the term ‘solid Li con-
centration overpotential’ in literature [23,25] frequently refers to the Li

x=L —
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concentration diffusion overpotential in solid, i.e. to #¢ rather than 7§ in
the present paper.

4.3. Kinetic overpotential

In the present model, the kinetic overpotential () is equal to the
difference between the charge-transfer overpotential at the CC and the
LS interface, as given in Eq. (15.4). It should be noted that the charge-
transfer overpotential at the CC interface is far more dominant in
comparison to that at the Li metal interface.

Fig. 6a shows 5 at various C-rates again with the OCV curve as
reference. As expected, 5 increases with applied current and apparent
fluctuations can be seen for all C-rates. From Eq. (15.4) it can be derived
that both i|,_; and jc|,_; are responsible for the fluctuations because all
other parameters are constant, and the charge-transfer overpotential of
Li metal (at the LS interface) is negligibly small. It is also shown that
i2|,_; is inversely proportional to 7, while jc|,_, is directly proportional
to 7 in Eq. (15.4). Note that both i2 and jc have a distribution across the
electrode thickness, and only the values of ig and j¢ at the CC interface
(i|,_; and jcl|,_;) influence 5. To reveal the dependency of 5 on i,_;,
simulations at 0.5C charging have been performed with a constant i
(Fig. S8). It can be seen that evident fluctuations emerge even though i2
is constant (blue line in Fig. S8). These simulations demonstrate that the
fluctuations in 7 are not caused by i2. However, high values of 4 at the
beginning and the end of charging disappear in the case of constant i2.
Such high values of #° with a non-constant i (red line) are caused by the
Li concentration in the solid, as can be seen from Eq. T8. At the begin-
ning of delithiation, ¢§ ~ ¢[™* and therefore iQ is low. At the end of
operation, c¢§ approaches zero, again making i2 small. In both cases 7 is
high because, according to Eq. (15.4), it is inversely proportional to i2.

To reveal the relation between 7 and jc|,_;, Fig. 6b shows 7 with a
non-uniform and uniform distribution of the reaction rate (jc|,_; and
jéle—r) at 0.5C. The total distribution of jc and j{ across the porous
electrode is shown in Fig. 3c and Fig. S3c, respectively. In Fig. 6b, the
simultaneous fluctuations of 7 and j¢|,_; illustrate the high correlation
between these two under a non-uniform condition, while j¢|,_; results in
a smooth 7. Since we have already demonstrated that i does not in-
fluence the fluctuations in 7%, it can now be concluded that jc|,_; is
exclusively responsible for the fluctuations in #*. In addition, Fig. 6a
shows that the peaks in 7 move to the right with increasing C-rate. This
feature is traced back to more non-uniform behavior of jc at higher
currents, resulting in the peaks in jc|,_; moving to the higher values of
transferred charge (see Fig. 3).

In general, a real electrode interface is more complex than in the
presented model because it includes, for example, a solid electrolyte
interface (SEI) surface film and an electrical double layer. These addi-
tional factors may cause additional overpotentials. The presence of an
electrical double layer has a strong influence on the transient state,
especially at the beginning and end of (dis)charging [54,55].

4.4. Ohmic overpotential

The ohmic overpotential includes the electrolyte ohmic over-
potential (3), and the electrode ohmic overpotential (7{?) caused by the
SEI film and other contact electrode resistances [56,57]. In the presented
model, 73 is considered constant during constant-current (dis)charging.
Since this work focuses on disclosing the dynamic behavior of the
overpotential, only 73 will be discussed further. As shown in Eq. (15.6),
the current distribution in the electrolyte (i) and the effective ionic
conductivity of the electrolyte (ky, and xc) determine 75 for a given set of
parameters. According to the transformation of Eq. T13, i; can be ob-
tained by the integral of jc, indicating that jc is involved in determining
75 implicitly.
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Fig. 6. (a) Kinetic overpotential () at various C-rates and OCV curve and (b) comparison of 7 with a uniform and non-uniform reaction-rate distribution (jc|,_;
and ji|,_;) at 0.5 C-rate. (c) Electrolyte ohmic overpotential (775) at different C-rates and OCV, and (d) 7§ at different C-rates with j&.

Fig. 6¢ shows the simulations of 7§ at different C-rates. For all C-
rates, 5 fluctuates with the transferred charge. To investigate the cause
of these fluctuations, x and i, are analyzed. x is dependent on the elec-
trolyte concentration (Table 2). Fig. S9 shows simulation results of ;732 ,in
which « is constant. In this case, % still increases and fluctuates with the
transferred charge. Fig. 6d shows ;% for the case of a j4 (Eq. (16)) and a
concentration-dependent «. In this case, 5 increases sharply at the very
beginning of charging, which is a result of the concentration gradient
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formation in the electrolyte (Fig. 4d), and remains more or less constant
afterwards. Therefore, the fluctuation of 5 is attributed to a changing i,
during charging, which is influenced by the non-uniform jc. Note that 75
increases with C-rate, mainly because the value of i, increases with
increasing current.
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Fig. 7. An overview of the various overpotentials as a function of transferred charge at (a) 1.4C, (b) 1C, (c) 0.5C, and (d) 0.2C. The solid lines represent model
simulations, and the circles represent experimental data. The insets in (b-d) show partial enlargements of the figures.
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4.5. Total overpotential

Fig. 7 shows the comparison of all overpotential components at
various C-rates, which have been explained in detail in Section 4.1-4.4.
In general, 73 is the major contributor to the total overpotential during
charging. 7! take the second contribution. 7¢ increases rapidly at the end
of charging and therefore contributes significantly in that region. 7] is
negative and small in magnitude, mainly responsible for the fluctuations
in the total overpotential. The contributions from 75 and #$ are negli-
gibly small.

The total overpotential shows some valleys near the sloping regions
of the OCV (Figs. 2b and 7). 15, nd, n*t and § (Figs. 4-7) all show minor
peaks or fluctuations near these OCV regions, therefore they do not
considerably contribute to the valleys in total overpotential. In contrast,
1, shows negative valleys near the sloping regions in OCV and is mostly
responsible for the valleys in total overpotential, which cause the
disappearance of the sloping regions for the voltage curves at higher
currents. It has been concluded in Section 4.2 that #] is largely affected
by the non-uniformity of jc, which makes that the delithiation of par-
ticles near the CC interface is delaying particles near the SC interface.
Larger non-uniformity of jc at higher currents causes much delay of
delithiation among particles and subsequently generates wider and
more negative valleys in »] (Fig. 5 and Fig. S6), which lead to the
disappearance of distinct plateaus and sloping regions in the voltage
curves.

Fig. 8 shows a summary of the complex interactions between the
various overpotential components in the P2D model. Four major over-
potential components, shown by the green areas, are coupled together
through jc (yellow rectangle). n is expressed as the charge-transfer
process at the LS and CC interfaces and is mainly determined by j¢ at
the CC interface. Moreover, 7 is also dependent on the electrolyte
concentration (cz) and Li concentration in solid (c¢;) through the ex-
change current density. 77 depends on the electrolyte concentration (c2),
which is considerably governed by jc. 5 is the summation of 7¢ and 7},
caused by Li diffusion in the solid and jc, respectively. The ohmic
overpotential contains the electrolyte ohmic (%) and other pure elec-
trode ohmic overpotentials (3. 775 shows a strong dependency on the
electrolyte properties and the current distribution, which is the integral
of jc. In short, 75, nd, u;, n and 5§ are all influenced by jc and are
coupled together through jc. jc is governed by a set of physical/elec-
trochemical battery parameters, which are shown in the blue oval. In
addition, c; and c2, shown in the orange rectangles, also influences jc.

Reducing the overpotential in batteries is essential for the design and
application of high-quality and high-performance LIBs. Based on the
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analyses in the present paper, several suggestions can be offered to
reduce the total overpotential. To reduce 73, which is found to be the
highest overpotential component in this work, more optimized designs
of electrolytes, porous electrodes, and separators have to be considered.
An electrolyte with high ionic conductivity is always helpful. Optimizing
the porosity and tortuosity of the porous electrodes and separators
would also lead to lower overpotentials. 15 will be decreased by
improving the transport parameters of the electrolyte and optimizing the
designs of porous electrodes and separators. Decreasing the particle size
will decrease the diffusion length and therefore reduce 5. 7} is negative
for delithiation and is largely influenced by the reaction-rate distribu-
tion. However, one should not strive for even more negative 7} values at
the expense of 5%, because only the sum of these two components con-
tributes to the total overvoltage. The ideal case is that the reaction-rate
distribution is uniform, inducing #} to approach 0. 7 can be reduced by
increasing the exchange current density, which can be improved by, for
example, surface modifications. In addition, several other factors can be
considered for further optimization, such as specific battery operating
conditions, for example, high-energy or high-power applications.

5. Conclusions

The present paper mathematically describes the overpotential of a C-
based electrode/Li battery in the porous electrode model framework.
Four mathematically defined overpotential terms, including the elec-
trolyte concentration overpotential, the Li concentration overpotential
in the solid, the kinetic overpotential, and the electrolyte ohmic over-
potential, are derived and studied. The overpotential behavior as a
function of the applied current, the reaction-rate distribution, and other
model variables has been illustrated. The electrolyte concentration
overpotential is determined by the electrolyte concentration gradient
across the battery, which is influenced by the reaction-rate distribution.
The Li concentration overpotential in the solid is decoupled into the Li
concentration overpotential within a single particle and among all
particles. These two terms are induced by the Li diffusion within one
particle and the non-uniform reaction-rate distribution, respectively.
The kinetic overpotential and the electrolyte ohmic overpotential are
also (in)directly influenced by the reaction-rate distribution.

The four overpotential terms are coupled and show dynamic fluc-
tuations during operation due to the dynamic changes of the reaction-
rate distribution. Specifically, the disappearance of the phase-change
information in the voltage curve of the graphite-based porous elec-
trode/Li battery under moderate and high C-rates is ascribed to the Li
concentration overpotential among solid particles, resulting from the
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distribution

Electronic Jc
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@
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Electrolyte concentration
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Fig. 8. The relationships between the battery parameters and various overpotentials. The one-way arrow represents that the variables at the beginning of the arrow
influences the variables at the end of the arrow. The double-sided arrow denotes that the variables at both sides of the arrow influence each other.
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non-uniform reaction-rate distribution. The conclusions drawn in this
paper for charging also hold for discharging (lithiation). The four
overpotential components are always present and play an important role
in determining the voltage curves and storage capacities. In addition, the
approach used in this work can be straightforwardly extended for bat-
teries with two porous electrodes.
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