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Cathode Chemistries and
Electrode Parameters Affecting
the Fast Charging Performance of
Li-Ion Batteries
Li-ion battery fast-charging technology plays an important role in popularizing electric
vehicles (EV), which critically need a charging process that is as simple and quick as
pumping fuel for conventional internal combustion engine vehicles. To ensure stable and
safe fast charging of Li-ion battery, understanding the electrochemical and thermal behav-
iors of battery electrodes under high rate charges is crucial, since it provides insight into the
limiting factors that restrict the battery from acquiring energy at high rates. In this work,
charging simulations are performed on Li-ion batteries that use the LiCoO2 (LCO),
LiMn2O4 (LMO), and LiFePO4 (LFP) as the cathodes. An electrochemical-thermal cou-
pling model is first developed and experimentally validated on a 2.6Ah LCO based Li-ion
battery and is then adjusted to study the LMO and LFP based batteries. LCO, LMO, and
LFP based Li-ion batteries exhibited different thermal responses during charges due to
their different entropy profiles, and results show that the entropy change of the LCO
battery plays a positive role in alleviating its temperature rise during charges. Among
the batteries, the LFP battery is difficult to be charged at high rates due to the charge trans-
fer limitation caused by the low electrical conductivity of the LFP cathode, which, however,
can be improved through doping or adding conductive additives. A parametric study is also
performed by considering different electrode thicknesses and secondary particle sizes. It
reveals that the concentration polarization at the electrode and particle levels can be
weaken by using thin electrodes and small solid particles, respectively. These changes
are helpful to mitigate the diffusion limitation and improve the performance of Li-ion bat-
teries during high rate charges, but careful consideration should be taken when applying
these changes since they can reduce the energy density of the batteries.
[DOI: 10.1115/1.4045567]

Keywords: Li-ion battery, fast charging, thermal behaviors, cathode materials, electrode
parameters, batteries, electrochemical storage

1 Introduction
The market share of electric vehicles (EVs) is growing quickly

each year as a result of the multiple advantages of EVs including
low or zero greenhouse gas emission, low cost to run and maintain,
as well as some policies and incentives issued by governments. The
state-of-the-art Li-ion batteries outperform other types of secondary
batteries in terms of the range, weight, and life and are mostly
adopted in EV applications.
The capacity of battery packs increases from hybrid electric vehi-

cles to plug-in hybrid electric vehicles to battery electric vehicles
(BEVs), and they are a series of products upon achieving the final
goal of zero-emission. To accelerate the shift to fully electric vehi-
cles among general public, approaches should be taken to reduce the
cost of the batteries, as well as to facilitate the use of the vehicles in
terms of extending the range and shortening the charging time. In
this matter, fast charging is one of the key technologies in achieving
this goal [1–4]. To realize fast charging, not only super chargers are
required to deliver high power outputs, the batteries should also
have the capability to receive such high power safely and without
material or performance degradation.
Fast charging may not affect batteries’ life if most of the particles

in the electrodes participate in the reactions, while the particles may
crack and get damaged if only a small number of particles undertake
the reactions, as Li et al. stated after observing thousands of electrode

nanoparticles at different states of charges (SoCs) [5]. Furthermore,
heterogeneous utilization of the active material associated with local
electrolyte depletion during the fast charge of thick electrodes can
trigger earlier degradation mechanisms, such as lithium plating
within the graphite anode, resulting in capacity fade during cycling
[6]. Several groups have proposed new or modified electrode mate-
rials specifically to address fast charging issue [7–9]. For example,
novel TiNb2O7 (TNO) anodes were synthesized and demonstrated
excellent high-rate capability on a 49Ah large-size Li-ion battery,
90% capacity can be charged in 6 min at 10 C [7]. Graphene
nanosheets were uniformly dispersed onto LiNi1/3Co1/3Mn1/3O2

cathode to enhance its rate capability. It was found that by adding
1 wt% graphene nanosheets, the SoC of the full cell at the end of
constant current charges can increase from 6.6% to 38.5% at 5 C
[8]. By coating graphite anodes with Al2O3, CR2032 coin-type
cells (LiCoO2 served as the cathodes) showed improved rate capabil-
ity than the cellswith pristine graphite anodes during tests at charging
rates between 1000 and 4000 mA g−1 (1 C is at 161 mA g−1) [9].
Besides preparing novel and modified electrodes, simulations were
also performed to identify the causes of fast-charging related side
effects and help design healthy and fast-charging schemes and
select appropriate electrode chemistries, operating temperature,
and electrolyte and microstructure properties [10–14]. For
example, von Luders et al. developed a physicochemical model to
simulate the lithium plating and stripping behaviors of Li-ion batte-
ries [15]. Subsequently, Song and Choe proposed a chargingmethod
that utilizes negative current to promote lithium striping, which
allows the recovery of the plated lithium to reduce the capacity
fading [16]. Colclasure et al. modeled that improved ionic transport
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properties, either with higher electrolyte conductivity and diffusivity
or less tortuous electrode microstructures, can noticeably delay
lithium plating and thus enable fast charging [6]. Viswanathan
et al. analyzed the battery-level heat generation of Li-ion batteries
consisting of different anode and cathode chemistries across the 0
to 100% state of charge range. They elucidated that the reversible
heat plays a key role in affecting the thermal responses of Li-ion bat-
teries and proposed that a suitable choice of cathode and anode can
mitigate the thermal management issues for EVs [17].
To facilitate and deepen the understanding of the battery

responses during fast charging at both the battery and electrochem-
ical cell levels and to identify the factors that restrict the electrodes
from acquiring lithium ions, an electrochemical-thermal coupling
model is implemented in this paper to simulate the charging behav-
iors of Li-ion batteries. The model is first validated on a Li-ion
battery that uses LiCoO2 (LCO) cathodes (noted LCO battery in
the following text). It is then employed to simulate the Li-ion batte-
ries with LiMn2O4 (LMO) and LiFePO4 (LFP) cathodes for com-
parison due to their different electrode parameters and entropy
profiles. A sweep study is also carried out by using different realistic
electrical conductivities for the LFP cathode to study how it affects
the fast-charging process. Lithium plating and utilization of active
materials, which are two indicators of the fast-charging quality,
are then analyzed at the electrode level. By varying the electrode
thickness and active particle size, the indicators are compared and
discussed to help optimize the electrodes for achieving high
energy density while maintaining fast charging ability.

2 Experimental Setup
A pouch-type high-drain LCO battery is used in this work to val-

idate the model, and its specifications are given in Table 1. Two
thermal-related tests are performed on the battery: one test is to
determine the convective heat transfer coefficient at the battery
surface, and the other test is to record the voltages and temperatures
of the battery during charges for model validation. For both tests,
the battery is placed in a sealed plastic container with internal
dimensions of 150 × 100 × 50 mm for creating a similar operating
environment as in a battery case, and a k-type thermocouple is
securely attached to the battery surface center using aluminum
foil and Kapton tapes for temperature measurement at a frequency
of 1 Hz through a Pico-08 Data Logger. In the first test, the battery
is warmed up in a Thermo Scientific Oven (PR305225G) to 40 °C
before placing back to a 24 °C room condition. The cooling curve of
the battery is recorded and fitted with a simulation result to deter-
mine the convective heat transfer coefficient. In the second test,
the battery is first fully discharged to a voltage of 3.0 V at a rate
of 0.5 C using a battery analyzer (Energy Storage Instruments
PCBA 5010-4). It is then charged at constant charging rates of
0.5 C, 1 C, and 3 C until the voltage reached 4.2 V.

3 Model Description
A pseudo-2D (P2D) electrochemical and 3D thermal coupling

model is employed in this work to investigate the charging behaviors

of Li-ion batteries with LCO, LMO, and LFP cathodes and electrode
parameters. Graphite is employed as the anode material for all the
simulations since it remains the most competitive active material
of choice for the Li-ion battery anode when considering the cost,
capacity, and voltage profile [18]. In the coupling model, for each
time step, the heat generation rate calculated from the P2D electro-
chemical model is averaged over entire electrochemical cell and
applied to the battery geometry excluding the tabs as the battery
heat source in the 3D transient thermal model, while the averaged
surface temperature obtained by the transient thermal model is, in
turn, input to the electrochemical model to update the temperature-
dependent properties. Figures 1(a) and 1(b) show the schematic
geometries of the electrochemical cell and pouch battery used in
the model. As illustrated in Fig. 1(a), during the charge process,
the lithium ions deintercalate from the cathode materials and
diffuse to the anode through the electrolyte phase, while the electrons
generated during the reactions follow an opposite path through the
external circuit to complete the electrochemical reactions.

3.1 Electrochemical Model. The electrochemical model is
governed by the material and charge balance equations in electro-
lyte and electrode phases and the Bulter–Volmer equation, as sum-
marized in Table 2 [19]. The boundary conditions used in the P2D
electrochemical model are available in Ref. [19].
The overpotential η in the reaction current density equation (also

known as the Bulter–Volmer equation) is defined as

η =Φs −Φe − U (1)

Fig. 1 Schematic geometries of the (a) electrochemical cell and
(b) pouch battery used in the coupling model

Table 1 Specifications of the pouch-type high-drain battery

Parameters Value

Capacity (Ah) 2.6
Nominal voltage (V) 3.7
Voltage range (V) 3.0–4.2
Maximum charge rate (C) 5
Maximum discharge rate (C) 50
Weight (g) 62
Length (mm) 118
Width (mm) 38
Thickness (mm) 5.2
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where Φs and Φe are the electric potentials of solid phase and elec-
trolyte phases, respectively. U is the equilibrium potential. The
equilibrium potentials for graphite anode and LCO, LMO, and
LFP cathodes are selected from previous literatures and plotted in
Fig. 2(a) [20–24].
In the work from Viswanathan et al. [17], the entropy changes are

given at different state of charges (SoCs) because the electrochem-
ical model was not considered, and the heat generation rates were
calculated on the battery level at different SoCs. In this work, the
equilibrium potential and entropy changes are plotted against the
filling fraction (or stoichiometry) instead of SoCs since the electro-
chemical reactions are taken into consideration in the model. The
filling fraction is the ratio of lithium-ion concentration in electrode
particles over the maximum fillable concentration, and it can be
expressed as x and y in anode and cathode, respectively. For

example, during the charge process, the reactions taking place in
two electrodes can be expressed as

LiyCoO2 �charge Liy−xCoO2 + xLix + xe− (2)

C6 + xLi+ + xe− �charge LixC6 (3)

Figure 2(a) shows that the three cathodes work in different ranges
of filling fractions. Their physical properties used in the model are
also different, as summarized in Table 3. Parameters used in the
model are selected from the available literature to ensure the accu-
racy of the simulation results. The electrolyte ionic conductivity (k)
is salt concentration-dependent, and the data used in this paper are
based on the work from Doyle et al. [25].
In this work, the tested LCO battery serves as the reference

battery. Its anode, cathode, separator, and current collector thick-
nesses are measured and used in the simulation to estimate the
initial lithium-ion filling fraction in anode and LCO cathode
during the charge process. Specifically, we first set the maximum
solid-phase concentrations in anode and cathode same as the litera-
ture. Following that, voltage curves are simulated by using different
initial filling fractions, which are compared with the measured
voltage curves to determine the closest stoichiometry. To have a
reasonable comparison of LCO, LMO, and LFP batteries, the thick-
nesses of the LMO and LFP cathode are adjusted to ensure the
lithium-ion filling fraction ranges in the graphite anode (i.e., from
x1 to x2 in Fig. 2(a)) as well as the inward electrode current
density (9.8 A m−2 at 1 C) are the same with the reference battery.
LFP has been known to be a poor conductor, and this property is

highly dependent on many factors, such as carbon content, carbon
coating quality, calendaring, and doping materials [38–40]. There-
fore, as shown in Table 3, three electrical conductivities of 0.005,
0.01, and 0.5 S m−1 are selected for LFP cathode after a review
of relevant literature articles [31–33], which shows that an electrical
conductivity between 0.001 and 1 S m−1 is reasonable.
An Arrhenius equation describes the temperature dependence of

the exchange current density, solid and electrolyte phase diffusion
coefficients, as well as the electrolyte phase conductivity. A
general form is

Ψ = Ψrefexp
EΨ
act

R

1
Tref

−
1
T

( )[ ]
(4)

where Ψref is a general property value as a reference temperature
(Tref) of 25 °C. The activation energy EΨ

act for the anode and
cathode exchange current densities, anode and cathode diffusion
coefficients, and electrolyte diffusion coefficient and conductivity
are 30, 30, 4, 20, 10, and 20 kJ mol−1, respectively [19].

3.2 Thermal Model. The battery temperature can be deter-
mined from the governing equation of the thermal model,

ρcp
dT

dt
= ∇ · (k∇T) + qrev + qj + qr (5)

where ρ is the density, kg m−3, cp is the specific heat capacity,
J kg−1 K−1, k is the thermal conductivity, W m−1 K−1, qrev, qj,
and qr are the reversible, ohmic, and reaction heat sources, respec-
tively. The reversible heat source can be described in the following
equation:

qrev =

�ln+ls+lp
0 jLiT

∂U
∂T

dx

l
(6)

where ln, ls, lp, and l are the thicknesses of the negative electrode,
separator, positive electrode, and entire electrochemical cell,
respectively; jLi is the reaction current density, A m−3. The revers-
ible heat is an important contributor to the overall heat generation. It
is associated with the entropy change of the active material, and

Table 2 Equations in the electrochemical model

Conservation equations

Material balance, electrolyte phase εe
∂ce
∂t =

∂
∂x Deff

e
∂ce
∂x

( )
+ (1− t0+)

F jLi

Material balance, solid phase ∂cs
∂t =

Ds
r2

∂
∂r r2 ∂cs

∂r

( )
Charge balance, electrolyte phase − keff ∂Φe

∂x

( )
+ 2RT(1− t0+)

F keff ∂(ln ce)
∂x

( )
= ie

Charge balance, solid phase −σeff ∂Φs
∂x = is

Reaction current density jLi = asi0 exp 0.5F
RT η

( )
− exp − 0.5F

RT η
( )[ ]

Effective electrolyte ionic
diffusivity

Deff
e = Deε1.5e

Effective electrolyte ionic
conductivity

keff = kε1.5e

Effective solid-phase electrical
conductivity

σeff= σɛs

Specific interfacial surface area as = 3εs
Rs

Fig. 2 (a) The equilibrium potentials and (b) entropy changes of
graphite anode and LCO, LMO, and LFP cathodes
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they are related through the following equation:

ΔS = nF
∂U
∂T

(7)

where n is the number of electrons per reaction and equals to 1; F is
the Faraday constant and has a value of 96,485 C mol−1. It is
common to see the entropy changes in the literature; we thus
convert it to the ∂U/∂T form to make it easier to be used in
Eq. (6). The entropy terms of graphite anode, LCO, LMO, and
LFP cathodes were collected from the literature and replotted in
Fig. 2(b) [20–22,24]. The other two heat source terms are ohmic
heat qj and reaction heat qr, and they are collectively known as
the irreversible heat. The expressions of these two heat sources
are [41] as follows:

qj =

�ln+ls+lp
0 σeff

∂Φs

∂x

( )2

+ keff
∂Φe

∂x

( )2

+
2keffRT

F
(1 − t0+)

∂(ln ce)
∂x

∂Φe

∂x

[ ]
dx

l
(8)

qr =

�ln+ls+lp
0 jLi(Φs −Φe − U)dx

l
(9)

where σeff and keff are the effective conductivities of active materials
and electrolyte, respectively, in S m−1; R and F are the Faraday’s
constant (96,487 C mol−1) and universal gas constant
(8.3143 J mol−1 K−1), respectively; t0+ is the transference number
of Li+ ion with respect to the velocity of solvent; ce is the concen-
tration of Li+ ion in electrolyte phase, mol m−3. The first term on the
right-hand side of Eq. (8) refers to the charge transport in the solid
electrode and the last two terms describe the heat from charge trans-
fer in the liquid electrolyte.
In the thermal model, a convection cooling boundary condition is

applied to battery surfaces. As an example, the heat dissipation in
the x-direction is given as follows:

−k
∂T
∂x

= h(T − Tamb) (10)

where h is the convection heat transfer coefficient, W m−2 K−1, T is
the battery temperature, and Tamb is the ambient temperature.
As described in Sec. 3.1, the cathode thicknesses of LMO and

LFP are adjusted to match with the reference graphite anode. As
a result, the battery thicknesses in the thermal model are different
for the LMO and LFP batteries, 5.7 mm for the LMO battery and
5.96 mm for the LFP battery.

4 Results and Discussion
4.1 Model Validation. The convection heat transfer coeffi-

cient at the battery surface is first extracted from model-experimen-
tal comparison and then used in the thermal model to validate the
coupling model. To extract the heat transfer coefficient, the
cooling curve of the LCO pouch battery from an initial temperature
of 40 °C to a room temperature of 24 °C was recorded, and it was
used to compare with the temperature profile obtained from the
thermal model using different heat transfer coefficients. The
cooling process can be described by

ρcp
dT

dt
= ∇ · (k∇T) (11)

The density ρ and specific heat capacity cp of the battery are aver-
aged on a volume basis across the electrochemical cell, while the
thermal conductivities in the x-direction and y- and z-directions
(Fig. 1(b)) are calculated by

kx =
∑

i li∑
i

li
ki

(12)

ky = kz =
∑
i

li
l
ki (13)

where li and ki are the thickness and thermal conductivity of each
component in the electrochemical cell. The convection heat transfer
coefficient value has been fitted (6 W m−2 K−1) to match numerical
results with experimental measurements, as shown in Fig. 3. There-
fore, this coefficient was used in the rest of the simulations.
Figure 4 compares the measured and simulated voltage and tem-

perature curves of the pouch battery at 0.5, 1, and 3 C rates. The
root-mean-square errors (RMSEs) of the simulation results are
also calculated at an SoC interval of 0.005 and summarized in
Table 4. The simulated voltage profiles have similar RMSEs at
the tested C rates, and the maximum error occurs at the beginning
stages of charges, as shown in Figs. 4(a), 4(c), and 4(e). This
error is probably a result of the selected initial Li+ ion concentration
for the anode, and a lower initial voltage can be obtained when
having a smaller stoichiometry. However, several trials were con-
ducted, and it was found that the selected initial Li+ ion concentra-
tion is the closest one that can provide good predictions of the
voltages at SoCs of greater than 0.1. Regarding the simulated tem-
perature curves, their RMSE increases at higher charging rates. The
increased RMSE is possibly caused by the neglected contact

Table 3 Electrochemical and thermal parameters used in the coupling model

Parameter Graphite Separator LCO LMO LFP Al foil Copper foil

l(μm) 34.5a 18a 26a 35c 39.5c 8d 6d

Rs(μm) 5 [26] – 1 [19] 6.5 [28] 0.0365 [30] – –
De(m

2 s−1) 2.6 × 10−10 [19] 2.6 × 10−10 [19] 2.6 × 10−10 [19] 2.6 × 10−10 [19] 2.6 × 10−10 [19]
Ds(m

2 s−1) 8.86 × 10−15 [21] – 8.93 × 10−16 [27] 3.98 × 10−14 [28] 8.0 × 10−18 [31] – –
ɛs 0.58 [19] 0.5 [26] 0.6b 0.559 [28] 0.435 [30] – –
ɛe 0.332 [19] 0.5 [26] 0.3b 0.33 [28] 0.33 [32] – –
cs,max(mol m−3) 31858 [21] – 49,973 [21] 23,230 [28] 22,806 [30] – –
cs,0(mol m−3) 1911b – 44,949b 22,068b 21,666b – –
ce(mol m−3) 1200 [19] 1200 [19] 1200 [19] 1200b 1200b

σ(S m−1) 100 [19] – 10 [19] 3.8 [29] 0.005, 0.01, 0.5 [31–33] – –
t0+ 0.363 [19] 0.363 [19] 0.363 [19] 0.363b 0.363b – –
i0(A m−2) 36 [19] – 26 [19] 26 [26] 3.18 [34] – –
k(W m−1 K−1) 1.04 [35] 0.15 [37] 1.58 [35] 1.58b 1.58b 238 [35] 398 [35]
ρ(kg m−3) 1347 [36] 1009 [36] 2500 [37] 2500b 2500b 2702 [35] 8933 [35]
cp(J kg

−1 K−1) 1437 [35] 1200b 1270 [35] 1269b 1269b 903 [35] 385 [35]

aMeasured data.
bEstimated data.
cCalculated data.
dThe thicknesses of the current collectors are 1/2 the actual thicknesses since two adjacent electrochemical cells share the current collector.
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electrical resistance between the clamps and battery tabs, which can
warm up the battery due to Joule heating, especially at a higher rate.
In Figs. 4(b), 4(d ), and 4( f ), simulated temperatures show bigger
discrepancies from the experiments at an SoC of around 0.6.
Factors such as the additives used in the electrodes, purity of the
active materials, and the varying particle sizes can to some extent
lead to the discrepancies.
As shown in Figs. 4(b), 4(d ), and 4( f ), the battery temperatures

drop initially at all charging rates, which is attributed to the endother-
mic effect of both the graphite anode and LCO cathode. To explain
this effect, the lithium stoichiometries of anode and cathode at the
beginning of the charging process are labeled in Fig. 2 as x1 and
y1, respectively. After checking the corresponding values of the
entropy changes in Fig. 2(b), it is seen that the entropy change is pos-
itive in anode and negative in the cathode. Consequently, both elec-
trodes absorb the heat according to Eq. (6), in which the current
density is negative in anode and positive in cathode.

4.2 Effect of Cathode Materials. Three common cathodes
materials, LCO, LMO, and LFP are compared in this section. In
Fig. 5(a), the simulated voltage curves of the LCO battery at
charge rates of 1 C, 5 C, and 10 C are plotted. It is seen that as
the charge rate increases from 1 C to 10 C, the time spent to
charge the battery to 4.2 V drops from 3543 s to 252 s. Since the
reference battery is designed for fast charging, its thin electrodes
facilitate the ion diffusion and only produce a small increase in
overpotential, as reflected from the change of the voltage plateaus.
The battery eventually attains almost 70% of the total capacity
during the 10 C constant rate charge.
In Fig. 5(b), the total heat generation rates of the battery with and

without considering the reversible heat are plotted in solid and
dotted lines, respectively. The total heat without considering the
reversible heat part can be regarded as the irreversible heat, and
its generation rates are relatively flat during the entire charges.
With considering the reversible heat, the total heat generation
varies significantly during the charges due to the strong SoC depen-
dency of the reversible heat of the LCO battery. It is seen that the
battery has negative heat generation rates at the beginning stage
of charges. As charge processes proceed, the heat generation rate

reaches 0 W m−3, and the battery reaches a zero heat generation
rate earlier at a higher charge rate due to the concentration polariza-
tion effect. Thereafter, the total heat generation rate shows a wave
shape, which is the combined effect of the anode and cathode
entropy changes.
The temperature curves of the battery with and without consider-

ing the reversible heat are plotted in Fig. 5(c). It is seen that the
reversible heat source of the LCO battery is helpful in alleviating
the temperature rises during high rate charges. It is noteworthy
that although the reversible heat source of the LCO battery is ben-
eficial to the charging process, it will increase the total heat gener-
ation during discharges due to the reverse of the current flow. This
thermal feature is suitable for future BEV applications, where high-
rate charges for convenience and low-rate discharges for long
ranges are expected. Since the LCO battery has the disadvantages
of high cost, short lifespan, and low heat tolerance [42], material
scientists may design novel electrodes by blending other metals,
such as nickel, manganese, aluminum, etc. with the LCO electrode,
and adjusting the contents of the metals to achieve an overall neg-
ative entropy change while ensuring high performance and safety
standards.
In Fig. 6, the simulation results of the LMO battery are given. It

can be seen that the battery has a similar charging capability as the
LCO battery during high rate charges, and it can achieve around 0.7
SoC at the end of the 10 C charge. In comparison, the thermal
responses of the LMO battery are different from the LCO battery.
Although the heat generation rate and temperature curves excluding
the reversible heat are similar to that of the LCO battery, the total
heat generation and the temperature are much higher than the
LCO battery when considering the reversible heat source, indicating
that the overall reversible heat in the LMO plays a positive role in
increasing total heat generation. As shown in Fig. 2(b), the entropy
change of the LMO cathode is negative at most stoichiometries,
which means that the positive reversible heat generation of entire
battery is mainly attributed to the exothermic behavior of the graph-
ite anode during charges. Research shows that the lithium titanate
anode generates less reversible heat than the graphite during
charges, but it leads to a relative low operating voltage [43].
Future research could prepare new anode or modify the graphite
anode to make them less exothermic during charges to promote
the fast-charging technology.
The LFP is a well-commercialized cathode due to its low cost and

high safety, but it suffers the drawbacks of low solid-phase diffu-
sion coefficient and poor electrical conductivity. As the data
given in Table 3, the relevant parameters are around two orders
lower than that of the other two cathodes. To offset the solid-phase
diffusion limitation, the LFP active materials are usually prepared in
nano-size particles [5,44]. In addition, the LFP cathode can be mod-
ified through doping and adding conductive additives to improve
the electrical conductivity.
In this part, simulation is first carried out on the LFP battery with

a cathode conductivity of 0.005 S m−1, which is close to the con-
ductivity of raw LFP materials and has been used in several articles
[31]. The simulation results are shown in Fig. 7. It is seen that the
LFP battery can be fully charge at a 1 C rate, but the charged capac-
ity dramatically drops as the charge rate increases, with SoCs of
0.21 and 0.07 at the end of 5 C and 10 C constant rate charges,
respectively. Since the LFP cathode is the limiting electrode
during the high rate charges, the ratios of the average Li+ ion con-
centration over the maximum concentration in the LFP particles at
the end of the charge processed are plotted in Fig. 7(b), which
reveals the Li+ ion deintercalation ratio on the cathode. At 1 C
rate, Li+ ions are mostly deintercalated from the LFP at the end
of charge, and only a small region on the left of the cathode is par-
tially occupied by Li+ ions. However, when the charge rate
increases to 5 C and 10 C, it is seen that only the right region
that closes to the current collector releases the Li+ ions, while
most of the cathode is at a Li+ ion-rich state, which indicates
that the poor electrical conductivity impedes the charge reaction
to proceed. In Fig. 7(c), the irreversible heat generation rate (i.e.,

Table 4 RMSEs of the simulation results

C rates (C) RMSEs of voltage (V) RMSEs of temperature (°C)

0.5 0.059 0.27
1 0.059 0.34
3 0.056 0.42

Fig. 3 Comparison of the cooling curves obtained in experiment
and simulation
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w/o reversible heat) and the total heat generation rates are plotted.
Different from the LCO and LMO batteries, the reversible heat of
the LFP battery contributes only a small fraction of the total heat
generation. The reasons for the reduced proportion of reversible
heat are two-fold. First, the entropy change of the LFP cathode is
flat and close to zero, the graphite anode, therefore, becomes the
only contributor to the reversible heat generation. Second, the low
conductivity of the LFP cathode significantly intensifies the
ohmic heat generation and, therefore, increases the total heat gener-
ation and weakens the impact of the reversible heat. As the temper-
atures shown in Fig. 7(d ), the maximum temperature of the LFP
battery at the end of the 1 C charge is 30.5 C, much higher than
that of the LCO and LFP batteries.
To investigate how charge transfer affects the fast charging per-

formance of the LFP battery, a sweep study at 10 C charging rate is

carried out by using different cathode conductivities, 0.005, 0.01,
and 0.5 S m−1. These values appeared in different LFP battery
simulation articles, and they can represent the conductivity of the
LFP cathode with different degrees of electrode treatment. As
shown in Fig. 8(a), the increase of the cathode conductivity is
helpful in enhancing the fast-charging capability of the battery,
and the battery can be fully charged as the cathode conductivity
reaches 0.5 S m−1. Figure 8(b) shows the electrical potential on
the cathode. It is seen that the cathodes with electrical conductivities
of 0.005 S m−1 and 0.01 S m−1 have uneven potential distributions,
where the right end of the cathode reaches the cut-off voltage of
3.6 V while the potential on the left region is still at low levels, indi-
cating the charge transfer hinders the battery from charging at a high
rate. As a consequence, the Li+ ions on the cathodes are poorly
deintercalated, as indicated by the curves with the asterisk and

Fig. 4 Comparisons of the experimentally and numerically obtained voltage curves at (a) 0.5 C, (c) 1 C, and
(e) 3 C, and temperature curves at (b) 0.5 C, (d ) 1 C, and (f ) 3 C
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circle symbols in Fig. 8(c). The increase of the cathode conductivity
can also alleviate the thermal responses of the battery due to the
reduced irreversible heat generation. As shown in Fig. 8(d ), at the
10 C charge rate, the heat generation rate of the LFP battery fluctu-
ated at 105 W m−3, close to that of the LMO battery.

4.3 Effect of Electrode Parameters. The fast-charging capa-
bility of Li-ion batteries is affected by electrochemical parameters
including the ion diffusivity in electrolyte and electrodes as well
as the electrical conductivity of electrodes, which are directly
related to the ion and charge transfers in batteries. Approaches

have been developed to improve the ion and charge transfers,
for example, through the preparations of weakly bound solvation
structure [45], novel anodes [46], and modified electrodes [47].
In Sec. 4.2, the effect of LFP conductivity in affecting the
fast-charging performance of Li-ion batteries was discussed. In
this section, two geometrical parameters of electrochemical cell,
electrode thickness and solid electrode particle size, are investi-
gated on the LCO battery. These parameters are selected because
they are related to the ion diffusion in electrode level and particle
level, respectively, and they can easily be adjusted by battery man-
ufacturers during the electrode coating stage and active material
grinding stage.

Fig. 5 Simulation results of the LCO battery: (a) voltage curves,
(b) total heat generation rates with and without considering the
reversible heat, and (c) temperature curves with andwithout con-
sidering the reversible heat

Fig. 6 Simulation results of the LMO battery: (a) voltage curves,
(b) total heat generation rates with and without considering the
reversible heat, and (c) temperature curves with andwithout con-
sidering the reversible heat
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As the parameters shown in Table 3, the cathode thickness of the
high-drain LCO battery is 26 µm, which is already thin enough to
undertake the high current, and a further reduction in the thickness
will notably decrease the energy density of the battery. Therefore,
the thicknesses of the electrodes are increased by 50%, 100%,
and 150% to study how diffusion in electrode level can affect the
fast-charging performance of the battery. The current densities
applied to the cell are also increased by the same percentages to
match up with the thicker electrodes. In Fig. 9, the voltage and tem-
perature curves of the LCO batteries during 10 C rate charges are
plotted. It is seen that the increase of electrode thickness induces
higher voltage plateaus and lower charged capacities. The increased
overpotential also triggers intensive thermal responses due to the
significantly increased ohmic heat generation [48]. Consequently,
the battery temperature increases at higher rates in batteries with
thicker electrodes, as shown in Fig. 9(b).
To explain the causes of the reduction of charged capacity, the

electrolyte potential in the electrochemical cell and the ratio of
average Li+ ion concentration to the maximum Li+ ion concentra-
tion in graphite particles at the end of charges are shown in Figs.
10(a) and 10(b), respectively. Because only the slope of the
curves and potential difference along the electrochemical cell are
concerned, for clearer comparisons, the electrolyte potential
curves are arbitrarily relocated. As shown in Fig. 10(a), with the
increase of the anode and cathode thicknesses, the slope of the elec-
trolyte potential profile and the potential difference across the cell

become significantly bigger. For example, the electrolyte potential
difference of electrochemical cell using the thinnest electrodes is
within 0.1 V, while this value soars up to 0.432 V in the cell
using the thickest electrodes, indicating a severer concentration
polarization. The concentration polarization is an important contrib-
uting factor related to the performance degradation of Li-ion batte-
ries, since it can lead to the underutilization of active materials in
electrodes. In Fig. 10(b), the anode utilization ratio is provided
since Li+ ions intercalate into the anode during the charging
process. It is seen that the anode utilization ratio is the highest in
the thin-electrode battery and the ratio drops as the electrodes
become thicker. It is also observed that the right regions of the
anodes are better occupied in receiving the Li+ ions. This is
because during the charging process, Li+ ions are generated in the
cathode and diffuse to the anode from its right side, where the elec-
trochemical reactions will first take place. Due to the large charge
current, most of the ions are involved in the electrochemical reac-
tions at the right region of the anode prior to diffuse to the left
region, and eventually, the polarization is developed and the
cut-off voltage is reached.
Lithium plating is one of the potential safety issues, which is

associated with the fast charging. The generated lithium dendrites
can grow gradually and penetrate separators and cause an internal
short circuit. During high-rate charges, the Li+ ion intercalation
reaction in the anode is nonuniform, which can cause some
regions, especially those close to the separator, have excess Li+

Fig. 7 Simulation results of the LFP battery: (a) voltage curves, (b) cathode deintercalation ratio at the end of charges, (c) heat
generation rates with and without considering the reversible heat, and (d ) temperature curves with and without considering the
reversible heat
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ions participated the reaction. Consequently, the overpotential at
those regions can fall below the potential to produce the lithium
dendrites. To investigate the lithium plating behavior in the batteries
that employ electrodes with different thicknesses, the overpotential
on anode ϕs−ϕl is plotted along the anodes for the cells. As com-
pared with Eq. (1), the equilibrium potential for lithium plating is
taken as zero because the potential is measured with respect to a
lithium metal reference. In Fig. 11, it is seen that the cells using 2
and 2.5 times the original electrode thicknesses experience negative
overpotentials at the right ends of the anodes. Anticipated lithium
deposition could occur since a negative overpotential indicates
the onset of the side reaction [49].
Nanotechnology can significantly improve the energy and power

densities of Li-ion batteries. Many research works published by
Cui’s research group have demonstrated the advantages of using
nano-scale anodes and cathodes in Li-ion batteries [50–52]. The dis-
cussion in the Sec. 4.2 on the LFP battery also illustrates that a
smaller active material size can offset the low diffusivity of the LFP.
To study the effect of electrode particle size on the fast-charging

performance of Li-ion batteries, the particle radius of the LCO
battery electrodes is adjusted to 0.25, 0.5, 2, and 4 times of the orig-
inal sizes, and charging simulations at a 10 C rate are carried out on
the batteries. The voltage curves are plotted in Fig. 12(a). It is seen
that the charge process is terminated earlier in batteries with larger
particles. For example, as the particle sizes increase to four times of
the original sizes, less than 10% capacity can be charged into the
battery. The large particles can lead to poor utilization of the
active materials and reduce the charged capacity consequently. To
investigate the diffusion limitation and active material utilization
of the cells, the ratio of surface Li+ ion concentration to

maximum Li+ ion concentration and the ratio of average Li+ ion
concentration to maximum Li+ ion concentration are plotted for
the cells that use the largest particles and smallest particles, as
shown in Fig. 12(b). With larger particles used, significant concen-
tration differences are observed between the particle surfaces and
interiors as the arrows indicate. The high surface concentration
ratio of the large particle anode creates an illusion of well-
intercalated graphite, but as we look at the average concentration
ratio, it is at an extremely low level, indicating an underutilization
of the anode. Therefore, the particle level ion diffusion becomes
the predominant factor that deteriorates the fast charging perfor-
mance. In comparison, as the particle size drops to one-fourth of
the original size, the surface and interior Li+ ion concentration
ratio curves are basically overlapped, and the concentration polari-
zation in particle level is dramatically reduced. It is also notable that
a further reduction of the particle size will not show an evident
improvement in the fast-charging capability of the battery at a
10 C rate since the particle-level diffusion is no longer the limiting
factor. Figures 12(c) and 12(d ) shows the temperature profiles and
total heat generation rates of the batteries. Batteries with smaller
particles are found to have lower minimum temperatures, which
is because the sufficient use of the LCO cathode extends the heat
absorption stage, as shown in Fig. 12(d ).
In Fig. 13, the lithium plating overpotentials on the anodes are

plotted. The overpotential decreases as the particle size increases,
and a negative overpotential is found on the anode that uses the
largest active particles. Previous research showed that the lithium
plating can be minimized by increasing the excess anode percent-
age, but this approach reduces the energy density of batteries
[49]. Overall, batteries targeted for different applications can be

Fig. 8 Simulation results of the LFP battery with different cathode conductivities: (a) voltage curves, (b) cathode
electrical potential at the end of 10 C charges, (c) cathode deintercalation ratio at the end of 10 C charges, and
(d ) heat generation rates
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designed with different excess anode percentages and/or particle
sizes and/or electrode thicknesses to meet individual charge/dis-
charge requirements.

5 Conclusion
In this paper, an electrochemical-thermal coupled charging

model is implemented to study the effects of cathode materials
and electrode parameters on the fast-charging performance of
Li-ion batteries. The voltage and temperature profiles of a high-
drain pouch LCO battery are recorded and used to validate the
coupling model. Two other batteries that use the LMO and LFP
cathodes are compared with the reference LCO battery in their elec-
trochemical and thermal behaviors. Among the batteries, the LCO
and LMO batteries can be charged with similar capacities during
high rate charges, while the LFP battery shows the worst fast charg-
ing performance especially at high rates due to its low electrical
conductivity of the raw cathode material, which, however, can be
significantly improved by electrode modification, e.g., doping and
adding additives. With having different entropy changes, the
LCO, LMO, and LFP batteries are compared in terms of their
thermal responses during high rate charges. Among the batteries,
the reversible heat of the LCO battery shows an overall endothermic
effect and helps alleviate the temperature rises during the charging
processes, while the reversible heat of the LMO and LFP batteries
plays a negative role. As a result, the LCO battery has a better
thermal response than the other two batteries during fast charging.
The diffusion limitations of fast charging at the electrode and

active particle levels are also investigated by adjusting the electrode
thicknesses and particle radiuses, respectively. Thicker electrodes

lengthen the diffusion path of ions and intensify the concentration
polarization, and eventually lead to the earlier stop of the charging
process. Moreover, a thicker anode also poses a higher risk of
lithium plating during high rate charges. Active material size can
significantly affect the Li+ ion diffusion on the particle level due
to the low ion diffusivity in the solid phase. Large particles can
lead to the underutilization of active materials since a high Li+

ion concentration is reached at the surface of particles that termi-
nates the charging process before the interiors of particles are

Fig. 10 Plots of (a) the electrolyte potentials along the electro-
chemical cells and (b) anode utilization ratios of the LCO batte-
ries with different electrode thicknesses at the end of 10 C
charges

Fig. 9 Simulated (a) voltage and (b) temperature curves of the
LCO batteries with different electrode thicknesses during 10 C
charges

Fig. 11 Anode lithium plating overpotential curves of LCO bat-
teries with different electrode thicknesses at the end of 10 C
charges
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well filled by Li+ ions. It is also found that lithium plating is prone
to appear on anodes with large active particles.
Overall, the electrochemical and thermal performance of Li-ion

batteries during fast charging can be affected by factors including
the cathode chemistries, electrode thickness, secondary particle
sizes of active materials, electrical conductivity of electrodes, etc.
The results of this work will facilitate future studies on developing
adequate cathodes and selecting optimum parameters for Li-ion bat-
teries used in fast-charging applications.
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Nomenclature
k = conductivity of different components inside cell,

W m−1 K−1

c = volume-averaged concentration of lithium in a phase,
mol m−3

h = convective heat transfer coefficient, W m−2 K−1

i = current density, A m−2

k = conductivity of electrolyte, S m−1

l = thickness or thickness of electrochemical cell, m
n = number of electrons per reaction
r = radial coordinate, m
t = time, s
x = negative electrode solid-phase stoichiometry or x-axis
y = positive electrode solid-phase stoichiometry or y-axis
z = z-axis
D = diffusion coefficient of lithium species, m2 s
F = Faraday’s constant, 96,487 C mol−1

S = entropy, J K−1

T = temperature, K
U = open circuit potential, V
as = active surface area per electrode unit volume, m2 m−3

cp = specific heat capacity of component inside cell,
J kg−1 K−1

Fig. 12 Simulation results of the batteries using electrodes of different particle sizes during 10 C charges: (a) voltage curves,
(b) anode utilization ratios of selected batteries at the end of charges, (c) temperature curves, and (d ) heat generation rates

Fig. 13 Anode lithium plating overpotential curves of LCO bat-
teries with different active particle sizes
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cs,max = maximum concentration of lithium in solid phase,
mol m−3

cs,0 = initial concentration of lithium in solid phase, mol m−3

i0 = exchange current density, A m−2

ln = thickness of negative electrode, m
lp = thickness of positive electrode, m
ls = thickness of separator, m
qj = volumetric ohmic heat generation rate, W m−3

qr = volumetric reaction heat generation rate, W m−3

qrev = volumetric reversible heat generation rate, W m−3

Eact = activation energy, J mol−1

Rs = radius of solid particles, m
jLi = reaction current density, A m−3

t0+ = transference number of lithium-ion with respect to the
velocity of solvent

Greek Symbols

ɛ = volume fraction of a phase
η = surface overpotential of an electrode reaction, V
ρ = density, kg m−3

σ = electrical conductivity of solid active materials in an
electrode, S cm−1

Φ = electrical potential in a phase, V
Ψ = general property value

Subscripts

amb = ambient
e = electrolyte phase

ref = with respect to a reference state
s = solid phase

Superscript

eff = effective value
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