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SUMMARY

The effect of physical and chemical properties on the performance of both positive and negative electrodes is studied for
lithium-ion (Li-ion) batteries. These properties include the lithium diffusivity in the active electrode material, the electrical
conductivity of the electrode, and the reaction rate constant at electrode active sites. The specific energy and power of the
cells are determined at various discharge rates for electrodes with different properties. In addition, this study is conducted
across various cell design cases. The results reveal that at moderate discharge rates, lithium diffusivity in the active
negative-electrode material has the highest impact on cell performance. The specific energy and power of the cell are
improved ~11% by increasing the lithium diffusivity in the active negative-electrode material by one order of magnitude.
Around 4% improvement in the cell performance is achieved by increasing the reaction rate constant at the active sites of
either electrodes by one order of magnitude. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The lithium-ion (Li-ion) battery is a high-capacity recharge-
able electrical energy storage device with applications in
portable electronics and growing applications in electric
vehicles, military, and aerospace [1–3]. In this battery,
lithium ions move from the negative electrode to the positive
electrode and are stored in the active positive-electrode
material during discharge. The process is reversed during
charging. The lithium intercalation compounds act as active
materials to store a large amount of electrical energy and
are usually employed to fabricate both negative and positive
electrodes of a Li-ion cell. At present, new materials with
special properties to improve the cell performance are being
developed for both electrodes [4,5]. The commercialized
materials are also being altered or doped to enhance certain
physical and chemical properties of the electrodes, such as
lithium diffusivity, electrical conductivity, and reaction
rate constants, to improve cell performance. For example,

LiMn2O4, as an active positive-electrode material is being
improved by substitution of nickel and aluminum within
its spinel structure [6,7]. Development, altering, or doping
materials may significantly affect the physical and chemi-
cal properties of an electrode. According to our literature
survey that is summarized in Table I, some of the electrodes
properties may vary several orders of magnitude by alteration
or doping. The comprehensive survey accomplished by Park
et al. in 2010 [8] also confirms this statement. The value of
electrode properties in Table I were determined based on com-
plicated experimental methods, and the reader can refer to the
cited papers in this table to learn about these methods.
Although there are some experimental methods to determine
the electrode properties, there is no answer for the question,
‘how much does the change of electrode physical and chemi-
cal properties affect cell performance?’ In this study, we
answer this question by conducting a comprehensive study
on the effect of physical and chemical properties of both the
positive and negative electrodes on Li-ion cell performance.
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Although this study can be performed by experimental
methods, these methods are complicated and expensive. Thus,
we conduct this study based on mathematical modeling. The
result of this study is important because identifying the effect
of electrode properties might enable the assembly of a cell
with better electrode performance and tailored for the
discharge rate of a specific application.

Computer simulation of Li-ion cells is an efficient tool
for guiding material development, pinpointing areas of
future improvement, and optimizing cell performance
[27,28]. From computer simulation, some electrode prop-
erties may be shown to have negligible impact under
certain cell design and operating conditions. In this study,
the impacts of physical and chemical properties of
electrodes – including the lithium diffusivity in active

material, electrical conductivity, and reaction rate constant
at active sites of the electrode – on the specific energy and
power of the cell at various discharge rates are quantified.
To achieve generalized results, this study is conducted
for multiple cell design cases including cells with various
electrode thicknesses, volume fractions of active electrode
material, and initial electrolyte salt concentrations.

2. MODELING AND COMPUTER
SIMULATION

In this study, the mathematical model developed by
Newman’s group [29] was employed for computer simulation
of the Li-ion cell. In this model, it is assumed that both

Table I. The values suggested in literature for physical and chemical properties of electrodes for Lithium-ion cells.

Material Suggested in literature

Lithium diffusivity in active
electrode material (m2/s)

Natural graphite (LixC6) 10�14 to 10�9 (0.04< x< 0.4) [9]
10�14 to 10�13 (x=0) [10]
10�13 to 10�11 (0.1< x< 0.95) [11]

Graphitized MCMB (LixC6) 10�14 to 10�12 (0.15< x< 0.8) [12]
LixMn2O4 10�15 to 10�13 (x=1) [13]

10�15 to 10�12 (0.5< x< 1) [14]
1.23×10�15 (x=1) [15]
10�12 (x=1) [16]
2.7 × 10�15 (x=1) [17]

LixCoO2 10�14 to 10�13 [8]
4 × 10�15 to 3×10�14 (0.45< x< 0.7) [18]
8×10�16 to 6×10�13 (x=0.5) [19]

LixFePO4 2×10�19 to 1.3× 10�18 (0.1< x< 0.9) [20]
Electrical Conductivity (S/m) Graphite 3×103 to 2.5 ×104 [21]

100 [22]
LixMn2O4 10�3.5 to 10�3 (x≈1) [14]

10�4 (x=1) [8]
LixCoO2 10�2 (x=1) [8]

20 (x=1) [23]
LixFePO4 10�7 (x=1) [8]

10�8 to 10�7 (x=1) [24]
Reaction rate constant Graphite 10�7m/s [25]

4.92×10�10 A/m2.5/mol1.5 [26]
LiCoO2 5×10�7m/s [25]

1.39×10�10 A/m2.5/mol1.5 [26]

Figure 1. Schematic of the structure of a Lithium-ion cell (not to scale).
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Table II. The modeling equations in general form of partial differential equation, and their corresponding boundary and
initial conditions [29].

Transport equation
Dependent
variable Coefficients of general form partial differential equation

1-D electron transfer in negative electrode ϕe ea=0, da=0, Γ ¼ �Keff
e;neg∇ϕe, f=�Sneg jloc,neg

B.C: (�n.Γ)neg|sep =0, ϕeneg CCneg¼0j
I.C: ϕe = 0

1-D electron transfer in positive electrode ϕe ea=0, da=0, Γ ¼ �Keff
e;pos∇ϕe, f=�Spos jloc,pos

B.C: (�n.Γ)pos|sep = 0, �n:Γð Þpos CCpos¼�icell¼�Qcell�Cratej
I.C: ϕe ¼ Eref;pos t¼0ð Þ � Eref;neg t¼0ð Þ

1-D ion transfer through electrolyte in negative electrode ϕi ea=0, da=0, Γ ¼ �Keff
i;neg ∇ϕi � 2RT

F 1� tþð Þ ∇cLiþcLiþ

� �
,

f=�Sneg jloc,neg
B.C: �n:Γð Þneg CCneg¼0j , ϕineg|sep =ϕisep|neg

I.C: ϕi = 0
1-D ion transfer through electrolyte in positive electrode ϕi ea=0, da=0, Γ ¼ �Keff

i;pos ∇ϕi � 2RT
F 1� tþð Þ ∇cLiþcLiþ

� �
,

f=�Spos jloc,pos
B.C: �n:Γð Þpos CCpos¼0j , ϕipos|sep =ϕisep|pos

I.C: ϕi = 0
1-D ion transfer through electrolyte in separator ϕi ea=0, da=0, Γ ¼ �Keff

i;sep ∇ϕi � 2RT
F 1� tþð Þ ∇cLiþcLiþ

� �
, f=0

B.C: ϕisep|neg =ϕineg|sep, ϕisep|pos=ϕipos|sep

I.C: ϕi = 0
1-D Li+ mass transfer through electrolyte in

negative electrode
cLiþ ea=0, da= εneg, Γ ¼ �Deff

Liþ ;neg∇cLiþ , f ¼ 1
F 1� tþð ÞSneg jloc;neg

B.C: �n:Γð Þneg CCneg¼0j , cLiþneg sep¼cLiþ sep negjj
I.C: cLiþ ¼ csalt;initial

1-D Li+ mass transfer through electrolyte in
positive electrode

cLiþ ea=0, da= εpos, Γ ¼ �Deff
Liþ ;pos∇cLiþ , f ¼ 1

F 1� tþð ÞSpos jloc;pos
B.C: �n:Γð Þpos CCpos¼0j , cLiþpos sep¼cLiþ sep posjj
I.C: cLiþ ¼ csalt;initial

1-D Li+ mass transfer through electrolyte in separator cLiþ ea=0, da= εsep, Γ ¼ �Deff
Liþ ;sep∇cLiþ , f=0

B.C: cLiþsep neg¼cLiþneg sepjj , cLiþsep pos¼cLiþpos sepjj
I.C: cLiþ ¼ csalt;initial

2-D Li diffusion in active material (solid particles)
of negative electrode

cLi ea=0, da= r2, Γ ¼
0

�r2DLi;negactive material

∂cLi
∂r

8<
:

9=
;, f=0

B.C: �n:Γð Þneg CCneg¼0j , (�n.Γ)neg|sep = 0, (�n.Γ)r=0 = 0,

�n:Γð Þr¼Rparticle;neg
¼ � jloc;neg

F

I.C: cLi = cLi,0,neg

2-D Li diffusion in active material (solid particles)
of positive electrode

cLi ea=0, da= r2, Γ ¼
0

�r2DLi;posactive material

∂cLi
∂r

8<
:

9=
;, f=0

B.C: �n:Γð Þpos CCpos¼0j , (�n.Γ )pos|sep = 0, (�n.Γ )r=0 = 0,

�n:Γð Þr¼Rparticle;pos
¼ � jloc;pos

F

I.C: cLi = cLi,0,pos

Table III. Design and operating parameters of the base cell.

Component Parameter Value

Negative electrode
(Osaka Gas MCMB 25–10 petroleum coke)

Thickness of electrode 100μm
Thickness of current collector (copper) 25μm
Density of current collector 8930 kg/m3

Diameter of particles (active electrode material) 25μm
Volume fraction of active electrode material 0.47
Density of active electrode material 1900 kg/m3

Volume fraction of binder 0.146

(Continues)
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negative and positive electrodes of the cell are made of
uniform-sized solid spherical particles. These particles are
the active material of the electrodes. The size of these particles
is assumed to be unchanged during the cell charging and
discharging processes. Both electrodes contain uniform
composition of binder, conductive additive, and liquid electro-
lyte. The volume fraction of liquid electrolyte in electrode and
the electrode porosity are assumed to be identical. Reactions
R1 and R2 take place in the negative and positive electrodes,
respectively, and all side reactions in the cell are neglected.

Lix1Mneg→
discharge

Lix2Mneg þ x1 � x2ð Þ
Liþ þ x1 � x2ð Þe�

(R1)

Liy1Mpos þ y2 � y1ð ÞLiþ
þ y2 � y1ð Þe�→discharge Liy2Mpos (R2)

In reactions R1 andR2,Mneg andMpos represent the active
materials of the negative and positive electrodes, respectively.

It is assumed that the effective electron and ion conduc-
tivities and lithium ion diffusivity that take both porosity
and tortuosity of the electrodes into account are estimated
from the Bruggeman correlation [29]:

Keff ¼ K � ε1:5 (1)

Deff ¼ D� ε1:5 (2)

A quasi-two dimensional (2-D) model was considered
for computer simulation of the cell. In this model, one
dimensional mass and charge transports in both electrodes
and electrolyte along x-axis and 2-D lithium diffusion in
electrodes solid particles along r-axis and x-axis were
taken into account (Figure 1). The cell was simulated by
COMSOL Multiphysics® version 4.2 (COMSOL, Inc.,
Burlington, MA, USA).

Table III. (Continued)

Component Parameter Value

Density of binder 1780 kg/m3

Volume fraction of conductive additive material (carbon) 0.026
Density of conductive additive material 1900 kg/m3

Volume fraction of electrolyte (or electrode porosity) 0.357
Diffusivity of Li in active material 3.9 × 10�14m2/s
Electrical conductivity 100S/m
Reaction rate constant at active sites of the electrode 1.88×10�6A/m2.5/mol1.5

Maximum concentration of Li in the active
electrode material

26390mol/m3

Initial concentration of Li in the active electrode material 14870mol/m3

Positive electrode (LiMn2O4) Thickness of electrode 174μm
Thickness of current collector (aluminum) 25μm
Density of current collector 2700 kg/m3

Diameter of particles (active electrode material) 16μm
Volume fraction of active electrode material 0.297
Density of active electrode material 4140 kg/m3

Volume fraction of binder 0.186
Density of binder 1780 kg/m3

Volume fraction of conductive additive material (carbon) 0.073
Density of conductive additive material (carbon) 1900 kg/m3

Volume fraction of electrolyte (or electrode porosity) 0.444
Diffusivity of Li in active material 1 × 10�13m2/s
Electrical conductivity 3.8 S/m
Reaction rate constant at active sites of the electrode 2.08×10�6A/m2.5/mol1.5

Maximum concentration of Li in active electrode material 22860mol/m3

Initial concentration of Li in active electrode material 3900mol/m3

Separator and electrolyte Thickness of separator (polyolefin membrane) 52μm
Volume fraction of electrolyte in separator

(separator porosity)
~1

Initial salt concentration of electrolyte
(LiPF6 in 2 : 1 EC:DMC)

2000mol/m3

Salt diffusivity of electrolyte 7.50×10�11m2/s
Cationic transport number in electrolyte 0.363
Density of electrolyte 1324 kg/m3

Total contact resistance between the cell components 97.345×10�4 (Ω m2)
Cell temperature 298K
Cell cross-section active area 24 cm2
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In the computer simulation by COMSOL, only the
general form of partial differential equations shown
in Eq. 3 was employed to build the system of transport
equations:

ea
∂2u
∂t2

þ da
∂u
∂t

þ ∇�Γ ¼ f (3)

In this equation, u is the dependent variable, and the
parameters of ea, da, Γ , and f are the mass coefficient,
damping coefficient, conservative flux, and source term,
respectively. The value of these parameters for all
transport equations in simulation of Li-ion cell are listed
in Table II.

The active area per unit volume of the electrode and the
local current generated per unit active area are determined
from Eqs. 4 and 5, respectively [29]:

Figure 3. Ragone plots displaying the effect of lithium diffusivity in the active positive-electrode material on the performance of the
cells with (a) thin electrodes, (b) thick electrodes, (c) low active material volume fraction in electrodes, (d) high active material volume
fraction in electrodes, (e) low initial electrolyte salt concentration, and (f) high initial electrolyte salt concentration (y-axis in all graphs is

specific energy (Wh/kg), and x-axis is average specific power (W/kg)).

Figure 2. Effect of lithium diffusivity in the active positive-elec-
trode material on the base-cell performance.
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Sℓ ¼
3νℓ

Rparticle;ℓ
; ℓ∈ neg; posf g (4)

jloc;ℓ ¼ κℓ c
0:5
Liþc

0:5
Li;ℓ; r¼Rparticle;ℓð Þ cLi;ℓ;max � cLi;ℓ; r¼Rparticle;ℓð Þ

� �0:5
(
exp

F ϕe � ϕi � Eref;ℓ
� �

2RT

0
@

1
A

�exp �
F ϕe � ϕi � Eref;ℓ
� �

2RT

0
@

1
A); ℓ∈ neg; posf g

(5)

To demonstrate the results of the computer simulation,
the Ragone plot is employed. This plot is useful to interpret
changes in both specific energy and power of the cell at
various discharge rates (Crate). To build this plot, the

Figure 4. Effect of lithium diffusivity in the active negative-elec-
trode material on the base-cell performance.

Figure 5. Ragone plots displaying the effect of lithium diffusivity in the active negative-electrode material on the performance of the
cells with (a) thin electrodes, (b) thick electrodes, (c) low active material volume fraction in electrodes, (d) high active material volume
fraction in electrodes, (e) low initial electrolyte salt concentration, and (f) high initial electrolyte salt concentration (y-axis in all graphs is

specific energy (Wh/kg), and x-axis is average specific power (W/kg)).
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specific energy and power of the cell should be calculated
from the following equations [29]:

Ecell ¼ icellð Þ
ωcell

∫
tdischarge

0
vcellð Þ dt

¼ Qcell Crateð Þ
ωcell

∫
tdischarge

0

ϕe;ccpos � ϕe;ccneg � Rcontact Qcell Crate
� �

dt

(6)

Pcell ¼ Ecell

tdischarge
(7)

Where, tdischarge is the cell discharge time to reach a
given cut-off voltage, and ωcell is the total mass per unit
area of the cell, which is calculated from Eq. 8.

Figure 6. Effect of electrical conductivity of the positive elec-
trode on the base-cell performance.

Figure 7. Ragone plots displaying the effect of electrical conductivity of the positive electrode on the performance of the cells with (a)
thin electrodes, (b) thick electrodes, (c) low active material volume fraction in electrodes, (d) high active material volume fraction in
electrodes, (e) low initial electrolyte salt concentration, and (f) high initial electrolyte salt concentration (y-axis in all graphs is specific

energy (Wh/kg), and x-axis is average specific power (W/kg)).
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ωcell ¼ δneg ρMneg
νMneg þ ρel εneg þ ρbinder;negνbinder;neg

�
þρconductive material;negνconductive material;negÞ
þδpos ρMpos

νMpos þ ρel εel;pos þ ρbinder;posνbinder;pos
�

þρconductive material;posνconductive material;posÞ
þδsep ρsep νsepþ ρel εel;sep

� �
þ ρccnegδccnegþ ρccposδccpos

(8)

3. RESULTS AND DISCUSSION

A comprehensive parametric study was conducted to
investigate the effects of lithium diffusivity in the active
material, electrical conductivity, and reaction rate constant
at active sites of both electrodes on the specific energy and
power of Li-ion cells. The cell with design and operating
conditions listed in Table III was considered as the base

Figure 8. Effect of electrical conductivity of the negative elec-
trode on the base-cell performance.

Figure 9. Ragone plots displaying the effect of electrical conductivity of the negative electrode on the performance of the cells with (a)
thin electrodes, (b) thick electrodes, (c) low active material volume fraction in electrodes, (d) high active material volume fraction in
electrodes, (e) low initial electrolyte salt concentration, and (f) high initial electrolyte salt concentration (y-axis in all graphs is specific

energy (Wh/kg), and x-axis is average specific power (W/kg)).
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cell in the parametric study. In addition to the base cell, the
parametric study was carried out for six different cell de-
signs including a cell with thick electrodes (δneg = 200 μm),
a cell with thin electrodes (δneg = 50 μm), a cell with
high active material volume fraction in the electrodes
(νMneg ¼ 0:67), a cell with low active material volume
fraction in the electrodes (νMneg ¼ 0:37), a cell with high
initial electrolyte salt concentration (csalt,initial = 3 mol/l),
and a cell with low initial electrolyte salt concentration
(csalt,initial = 0.5 mol/l). In this study, the ratios of the
electrodes thickness (δneg/δpos) and the volume fraction
of active electrodes material (νMneg=νMpos ) for different

cell designs studied were kept constant:

δneg
δpos

� �
case study

¼ δneg
δpos

� �
base cell

(9)

νMneg

νMpos

 !
case study

¼ νMneg

νMpos

 !
base cell

(10)

The volume fraction of electrolyte in the electrodes
of the cells with high and low active material volume
fractions is determined from Eq. 11:

νelð Þcase study ¼ νMð Þbase cell þ νelð Þbase cell

� νMð Þcase study (11)

In the following section, the results of the parametric
study are presented.

3.1. Lithium diffusivity in the active
positive-electrode material

Figure 2 depicts the effect of lithium diffusivity in active
material of the positive electrode on the base-cell perfor-
mance. The computer simulation results indicated that this
diffusivity should be more than 1 × 10�14m2/s to achieve a
high cell performance. Of course, attempts to improve this
diffusivity would not yield better cell performance if its
value is more than 1 × 10�13m2/s. From the modeling
point of view, if the measured value for this diffusivity is
estimated to be more than one order of magnitude lower,
it could significantly affect the modeling result. At
moderate discharge rates, there will be a 22% error in
prediction of both specific power and energy when diffu-
sivity is estimated to be two orders of magnitude lower
than in the base cell. In order to have a reliable computer
simulation result, it is recommended that special attention
is paid to measure the diffusivity for new active positive-
electrode materials if its value is less than 1 × 10�14m2/s.

In addition to the base cell, the effect of this diffusivity
on the cell performance was studied for all six different cell
designs introduced in the last section. The results of this
study are shown in Figure 3. The results revealed that the
effect of lithium diffusivity is less significant for the cells
with thick electrodes or high active electrode material

volume fractions. Active materials with lithium diffusivity
less than 1 × 10�14m2/s are not recommended for the
positive electrode of cells with thin electrodes. It seems
that the electrolyte salt concentration has negligible impact
on the effect of this diffusivity on the cell performance.

3.2. Lithium diffusivity in the active
negative-electrode material

The effect of lithium diffusivity in the active material of
negative electrode on the base-cell performance is illus-
trated in Figure 4. As shown in this figure, diffusivity
significantly affects the cell performance. Selection of an
active material with lithium diffusivity of less than
3.9 × 10�14m2/s leads to a significant decrease in the cell
performance. However, attempts to select an active
material with diffusivity greater than 3.9 × 10�13 would
not yield better cell performance. If the lithium diffusivity
in the active negative-electrode material of the base cell is
boosted by one order of magnitude, specific energy and
power of the cell are enhanced by 11%. From the modeling

Figure 10. Effect of reaction rate constant at active sites of
the (a) positive electrode and (b) negative electrode, on the

base-cell performance.
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point of view, inaccurate measurement of this parameter
may cause large error in the computer simulation results.
At moderate discharge rates, there will be a 40% error
in both specific power and energy of the base cell once
diffusivity is estimated to be one order of magnitude
lower than in the base cell. Thus, special attention
should be paid to selecting the lithium diffusivity mea-
surement technique [30].

The effect of lithium diffusivity in the active material of
the negative electrode on the performance of the cells with
various design parameters is shown in Figure 5. The results
indicated that the effect of this diffusivity is more signifi-
cant for the cells with thin electrodes or low active material
volume fractions. For these cell designs, the active material
with lithium diffusivities less than 3.9 × 10�13 m2/s is
not recommended. It seems that the electrolyte salt

concentration has negligible impact on the effect of this
diffusivity on the cell performance.

3.3. Electrical conductivity of the
positive electrode

The effect of electrical conductivity of the positive elec-
trode on the base-cell performance is demonstrated in
Figure 6. The results of the computer simulation indicated
that the reduction in electrical conductivity to less than
0.38 S/m leads to a significant drop in the cell performance,
especially at moderate discharge rates. This states the
importance of using a sufficient amount of conductive
additive materials in positive electrode to eliminate perfor-
mance limitations because of the electrical conductivity. Of
course, adding more conductive material to the positive

Figure 11. Ragone plots displaying the effect of reaction rate constant at active sites of the positive electrode on the performance of
the cells with (a) thin electrodes, (b) thick electrodes, (c) low active material volume fraction in electrodes, (d) high active material
volume fraction in electrodes, (e) low initial electrolyte salt concentration, and (f) high initial electrolyte salt concentration (y-axis in

all graphs is specific energy (Wh/kg), and x-axis is average specific power (W/kg)).
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electrode of the base cell will not cause any observable
improvement in the cell performance because this elec-
trode already has sufficiently conductive materials.

The effect of electrical conductivity of the positive
electrode on the performance of the cells with various
design parameters is shown in Figure 7. The results indi-
cated that the effect of electrical conductivity is more
significant for the cells with thick electrodes (because of
a longer electron migration path), low active material
volume fractions, or low initial electrolyte salt concentra-
tion. For these cell designs, electrical conductivity less than
3.8 S/m is not recommended. For the cell designs with thin
electrodes, high active material volume fractions, or high
initial electrolyte salt concentration, the conductive addi-
tive material in the positive electrode may be reduced

without any significant impact on the cell-specific power
and energy.

3.4. Electrical conductivity of the
negative electrode

The effect of electrical conductivity of the negative elec-
trode on the base-cell performance is shown in Figure 8.
The computer simulation results confirmed that varying
electrical conductivity of the negative electrode from 1
to 104 S/m has no significant impact on performance
of the base cell at all the discharge rates studied. Fur-
ther, Figure 9 illustrates that this statement is valid for
the cell designs with thin and thick electrodes, the cells
with low and high active material volume fractions, and

Figure 12. Ragone plots displaying the effect of reaction rate constant at active sites of the negative electrode on the performance of
the cells with (a) thin electrodes, (b) thick electrodes, (c) low active material volume fraction in electrodes, (d) high active material vol-
ume fraction in electrodes, (e) low initial electrolyte salt concentration, and (f) high initial electrolyte salt concentration (y-axis in all

graphs is specific energy (Wh/kg), and x-axis is average specific power (W/kg)).
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the cells with low and high initial electrolyte salt con-
centrations. Therefore, the conductive additive material
in fabrication of negative electrodes can be minimized.
Of course, it cannot be neglected because this additive
material increases the contact surface area between the
electrode particles that are point-to-point connected to
each other. The increased contact surface area between
the particles facilitates the electron migration in the
electrode. From the cell modeling point of view, it is
not necessary to measure the electrical conductivity of
new negative electrodes with high accuracy because it
has a negligible effect on the computer simulation results.

3.5. Reaction rate constant
at electrodes active sites

The effect of reaction rate constant at the active sites of the
positive and negative electrodes on the base-cell perfor-
mance is shown in Figure 10. Even at slow discharge rates,
an improvement in the performance of this cell is observed
if the reaction rate constant for either positive or negative
electrodes is increased to around 2 × 10�5 A/m2.5/mol1.5.
However, no further performance improvement is seen if
the reaction rate constant is beyond this value. The specific
power and energy of the base cell can be increased up
to 3% or 4% by improving the active material reaction
rate constant in either positive or negative electrodes,
respectively.

From the modeling point of view, underestimation
of the reaction rate constant of an electrode by one
order of magnitude leads to a 7.5% error in prediction
of both specific energy and power of the cell at mod-
erate discharge rates. This error is reduced to around
4.6% for slower discharge rates if the negative-electrode
reaction rate constant is underestimated by one order of
magnitude.

The effect of reaction rate constant at the active sites of
the positive electrode on the performance of the cells with
various design parameters is shown in Figure 11. The
computer simulation results indicated that the effect of this
reaction rate constant on the cell performance is slightly
more significant for the cells with thin electrodes or high
initial electrolyte salt concentrations. No significant varia-
tion in the effect of this reaction rate constant was observed
for the cells with high and low volume fractions of the
active material.

The effect of reaction rate constant at active sites of
the negative electrode on the performance of the cells
with various design parameters is illustrated in Figure 12.
The results pointed out that the effect of this reaction
rate constant on the cell performance is more significant
for the cells with thin electrodes or low active material
volume fraction of electrodes. No significant variation
in the effect of the reaction rate constant for the cells
with high and low initial electrolyte salt concentrations
was observed.

4. SUMMARY AND CONCLUSIONS

The impact of lithium diffusivity in active material,
electrical conductivity, and reaction rate constant at active
sites of both positive and negative electrodes on the
specific energy and power of Li-ion cells was quantified.
A quasi-2-D model was employed for computer simulation
of Li-ion cells. The results revealed that lithium diffusivity
in the active negative-electrode material has the highest
impact on the cell performance. This is followed by the
reaction rate constant at active sites of the negative
electrode and then positive electrode, lithium diffusivity
in the active positive-electrode material, electrical conduc-
tivity of the positive electrode, and finally, the electrical
conductivity of the negative electrode. If the lithium diffu-
sivity in the active negative-electrode material is boosted
by one order of magnitude, the cell-specific energy and
power can be enhanced around 11%. The specific energy
and power can be also enhanced around 4% by improving
the active material reaction rate constant in either positive
or negative electrodes. It was also revealed that the effect
of lithium diffusivity is more significant for the cells with
thin electrodes or low active material volume fractions.
This statement is valid for the reaction rate constant at
active sites of the negative electrode. The effect of electri-
cal conductivity of the positive electrode on the cell perfor-
mance is more significant for the cell designs with thick
electrodes, low active material volume fractions, and low
initial electrolyte salt concentrations.

NOMENCLATURE

c = concentration (mol/m3)
Crate = discharge rate (/h)
D = diffusivity (m2/s)
da = damping coefficient
ea =mass coefficient
Ecell = cell-specific energy (Wh/kg)
Eref = electromotive force (V)
f = source term
F =Faraday’s constant (C/mol)
icell = current applied to the cell (A/m2)
jloc = local current generated per unit active

area (A/m2)
K = electrical conductivity (S/m)
Li+ = lithium ion
n = normal vector to the cell surface
Pcell = cell-specific power (W/kg)
Qcell = cell capacity (Ah/m2)
r = spatial coordinate along the electrode

particles radius
R = universal gas constant (J/mol/K)
Rcontact = residual contact resistance between cell

components (Ω)
Rparticle = average radius of solid particles (active

material) in electrode (m)
S = electrode active area per unit volume (/m)
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t = time (s)
T = temperature (K)
t+ = cationic transport number (�)
u = dependent variable in general form of partial

differential equation
vcell = cell voltage (V)
x = spatial coordinate along the cell thickness

Greek letters

Γ = conservative flux (�)
δ = thickness (m)
ε = porosity (�)
ℓ = negative or positive electrode
M = denotes the active electrode material
κ = reaction rate constant (A/m2.5/mol1.5)
ν = volume fraction (�)
ρ = density (kg/m3)
ϕ = potential (V)
ωcell =mass per unit area of the cell (kg/m2)

Subscripts

0 = initial
| = interface
cc = current collector
e = electron
el = electrolyte
i = ion
neg = negative electrode
pos = positive electrode
salt = salt in electrolyte
sep = separator

Superscripts

eff = effective

Abbreviations

1-D = one dimensional
2-D = two dimensional
B.C = boundary conditions
I.C = initial conditions
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