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A detailed understanding of the electrochemical behaviour of the internal resistance at 
the interface between porous electrodes and electrolytes for lithium-ion batteries leads to an ideal device 
design with high performance that simultaneously achieves high energy and high power density. Here we 
propose a novel analytical approach of determining the internal resistance that combines transmission line 
model theory for cylindrical pores and electrochemical impedance spectroscopy using symmetric cells. 
The individual internal resistance components of the actual porous electrode/electrolyte interface obtained 
can be described as the following four parameters: electrical resistance (Re), electrolyte bulk resistance, 
(Rsol), ionic resistance in pores (Rion), and charge-transfer resistance for lithium intercalation (Rct). We have 
succeeded in separating the four internal resistances at the porous electrode using the proposed combined 
electrochemical analysis.
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Ni electrodes for hydrogen production.(11,12) Many 
studies concerning the equivalent circuit of the 
internal resistance behavior for actual electrodes have 
only reported the apparent charge-transfer resistance 
(Rct, app.) obtained by assuming a simple “planar” 
electrode/electrolyte interface, which considers  
a parallel circuit of resistance and capacitance as  
a semicircle (Fig. 2(a)).(13-16) However, it is difficult 
to fully explain the power capability of actual Li-ion 
batteries using only Rct, app. because the electrochemical 
processes at the porous electrode exhibit a time 
distribution such as that shown in Figs. 2(b) and (c).

We recently proposed a new analytical approach, 
which is a combination of a theory based on the 
transmission line model (TLM) for cylindrical pores 
and an EIS analysis technique using symmetric cells 
(EIS-SC).(17,18) TLM has been widely used to describe 
such porous electrodes as a cylindrical pore for both 
faradaic (ideally polarized electrode, Fig. 2(b)) (4-9) 
and non-faradaic (ideally non-polarized electrode, 
Fig. 2(c)) (19-25) processes. TLM for cylindrical pores is 
applied either to estimate Nyquist plot profiles or to find 
individual internal resistances by fitting experimental 
data. In the EIS-SC technique, two identical electrodes 
are prepared at the same potential before measurement 
and used as both electrodes in the symmetric cell. 

1. Introduction

In lithium-ion batteries for automotive applications, 
high-power performance is required, especially for 
cells with high energy density using thick electrodes. 
The internal resistance of the electrode/electrolyte 
interface strongly influences the power capability. 
Elements that influence the internal resistance are 
the electrode and electrolyte materials, and structural 
factors including thickness, composition, and porosity, 
which affect tortuosity. As shown in Figs. 1(a) and (b), 
the actual electrodes of lithium-ion cells have several 
types of porous structures consisting of a mixture 
of active material, carbon-conducting agent, and 
binder. As shown in Fig. 1(c), the internal resistances 
at the porous electrodes can be expressed by four 
parameters: electric resistance (Re), electrolyte bulk 
resistance (Rsol), ionic resistance in pores (Rion), and 
charge-transfer resistance for lithium intercalation 
(Rct).

Analysis using electrochemical impedance 
spectroscopy (EIS) and an equivalent circuit, like those 
shown in Fig. 2, is a useful method for investigating 
the internal resistance of devices such as Li-ion 
batteries(1-3) and electric double-layer capacitors,(4-10) 
as well as other electrochemical systems like porous 
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Fig. 1    (a), (b) SEM images of the LiNiO2-based positive electrode surface. (c) Schematic illustration  
 of respective internal resistances at porous electrodes for lithium-ion batteries.
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Fig. 2    Schematic representations of electrode structures and their equivalent circuit models.

(a) Faradaic processes at planar electrode

(c) Faradaic processes at porous electrode

(b) Non-faradaic processes at porous electrode
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In conventional EIS measurements for positive or 
negative electrodes, lithium metal is often used as  
a counter electrode. The resulting impedance spectrum 
includes the impedance behavior of the lithium-metal 
electrode and consequently gives a mixed impedance 
profile (Z(ω) = Z+(ω) + ZLi(ω)), as shown in Fig. 3(a); 
therefore, these EIS measurements are not suitable for 
expressing the accurate internal resistance of the actual 
porous electrode. In contrast to the conventional EIS, 
EIS-SC provides the impedance spectra of the true 
electrode/electrolyte interface without interference 
from counter electrodes (Z(ω) = 2Z+(ω), as illustrated 
in Fig. 3(b) and (c)).

In this study, we first introduce the basic idea and 
interpretation of the proposed combined analysis and 
then discuss the results of temperature dependence 
for internal resistances. In particular, we believe that 
lithium-ion movement in the electrolyte-filled pores 
influences the internal resistance in the thick electrodes 

(to be discussed in detail in the next paper). When  
a charge-transfer reaction occurs, the charge-transfer 
resistance has been often interpreted to include the 
ionic resistance in pores. In order to consider the 
internal resistance independently, those two resistances 
should be distinguished.

2. Impedance Theory for Cylindrical Pores 
	 according to the Transmission Line Model 
	 (TLM)
 

For non-faradaic (Fig. 2(b)) and faradaic (Fig. 2(c)) 
processes at porous electrodes, the overall impedance 
is expressed as Eqs. (1) and (2), respectively.(19,20,25)

Z
R

j C r

R j C rL

non faradaic
L

A

L A

− =
⋅

⋅ ⋅

ion,

dl,

ion, dl,

ω π

ω π

2

2coth

�

� (1)

Z
R R
j R C r

R j

faradaic
L A

A A

L

=
⋅

+ ⋅ ⋅

⋅ +

ion, ct,

ct, dl

ion

( )

coth
(

,

,

1 2

1

ω π

ωω πR C r
R

LA A

A

ct, dl

ct,

⋅ ⋅, ) 2
� (2)
�
�
�

The limiting values of the real (Z’ω) as ω → 0 in 
non-faradaic and faradaic processes are shown in 
Eqs. (3) and (4), respectively.
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where Rion is the mobility of Li ions inside the porous 
electrodes. From these mathematical equations, Rion 
can be expressed as shown in Eqs. (5) and (6).

R R L
nion ion,= ×L		  　   ,� (5)
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Fig. 3	 Schematic cell configurations: (a) asymmetric 
cell for conventional and classical impedance 
measurements, (b) symmetric cell without separator 
including electrolyte for electric resistance (Re) 
measurements, and (c) symmetric cell with 
separator including electrolyte for ionic resistance 
in pores (Rion) and charge-transfer resistance of 
lithium intercalation reaction (Rct) measurements.

Positive
electrode

Negative
electrode

Z（ω） = Z+（ω） + Z-（ω）

Positive
electrode

Z（ω） = Z+（ω） + ZLi（ω）

Li metal
electrode

Potential controlled 
positive electrode

Z（ω） = 2Z+（ω）

(a)

(c)
Positive
electrode

Z（ω） = 2Z+（ω）

Positive
electrode

(b)



http://www.tytlabs.com/review/

20

© Toyota Central R&D Labs., Inc. 2017

R&D Review of Toyota CRDL, Vol.48 No.3 (2017) 17-24

respectively. The experimental results of the Nyquist 
plots at SOC = 0 (Fig. 5(a)) and 50% (Fig. 5(b)) are in 
agreement with theory, as shown in Figs. 4(a) and (b), 
respectively. At SOC = 0%, the Nyquist plot shows 
a typical electrical blocking behavior. This behavior 
suggests that only the formation of an electric double 
layer capacitor occurs. No charge-transfer reactions 
(i.e. lithium intercalation) occur at the interface despite 
using the charge-transfer-active LiNiO2 electrode. This 
result reflects the lithium-ion conduction in the bulk 

where Rion, L is the ionic resistance per unit pore length. 
In addition, Rct is expressed as Eq. (7).

	            ,� (7)R
R
rLct
ct,= A

2π
 

where Rct,A is charge-transfer resistance per unit 
electroactive surface area. Using this combined 
approach, we have succeeded in separating 
the individual electrochemical parameters and 
corresponding kinetic interpretation from the 
temperature dependence.

Nyquist plots for non-faradaic processes calculated 
using Eq. (1) are shown in Fig. 4(a) for various Rion 
values. The plot is linear with a 45-degree slope from 
the real axis in the high-frequency region and transitions 
to a constant Z’ω value in the low-frequency region. 
The length of the straight line with a slope of 45° in 
the high-frequency region increases with increasing 
Rion. In contrast, as shown in Fig. 4(b), Nyquist plots 
for faradaic processes calculated using Eq. (2) for 
various Rct values show linearity with a 45-degree 
slope from the real axis in the high-frequency region 
and semicircle behavior in the low-frequency region. 
When Rct is increased to large values, the Nyquist 
plot calculated using Eq. (2) becomes similar to that 
calculated using Eq. (1).

List of Symbols
L	 unit pore length, cm
r	 pore radius, cm
ρ	 electrolyte resistance, Ωcm
S	 electrode surface area, cm2

n	 number of pores per unit electrode surface area
Cdl, A	 electric double-layer capacitance per unit  

             electroactive surface area, F cm2

Cdl	 total electric double-layer capacitance  
             (Cdl = Cdl, A 2πrL), F

3.  Impedance of Porous Electrodes of the Symmetric 
    Cell

The symmetric cell (Fig. 3(c)) results for 
LiNiO2-based positive electrodes, which are composed 
of LiNi0.75Co0.15Al0.05Mg0.05O2, carbon black conducting 
agent, and polyvinylidene fluoride binder (85:10:5 
weight ratio), with SOC = 0 and 50% were characterized 
as being due to non-faradaic and faradaic processes, 

Fig. 4	 Simulated Nyquist plots for a cylindrical pore, 
L = 1 cm, r = 0.5 cm, Cdl = 0.1 mF cm−2, as predicted 
by: (a) Non-faradaic processes calculated from 
Eq. (1) and (b) Faradaic processes calculated from 
Eq. (2) when using the listed values.
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and 50%, respectively, at temperatures between 10 and 
60°C. In the Nyquist plots at SOC = 0% (Fig. 6(a)), with 
decreasing temperature, the real impedance component 
at 100 kHz, which determines the value of Rsol, shifts 
toward more positive values, and the length of the 
45-degree-slope line, which reflects Rion, increases. 
This indicates that these two internal resistances 
gradually increase with decreasing temperature. In the 
Nyquist plots at SOC = 50% (Fig. 6(b)), the semicircle 
in the low-frequency region, which corresponds to Rct, 
becomes larger with decreasing temperature.

Equivalent circuits from the TLM for the cylindrical 
pore model were used to obtain the quantitative 
internal resistance parameters from the experimentally 
recorded Nyquist plots at temperatures between −30°C 
and 60°C. As shown in Fig. 5, the impedance profiles 

electrolyte and in the electrolyte-filled pores, which 
are expressed as the electrolyte bulk resistance (Rsol) 
and the ionic resistance in pores (Rion), respectively. 
While the Nyquist plot at SOC = 50% (Fig. 5(b)) is 
almost the same as that seen for SOC = 0% (Fig. 5(a)) 
in the frequency region greater than 20 Hz, the plot 
appears as a semicircle at low frequencies. The Nyquist 
plot contains information on Rsol and Rion in the 
high-frequency region as well as the charge-transfer 
resistance for the lithium-intercalation reaction (Rct) in 
the low-frequency region. The overlap of the Nyquist 
plots in the high-frequency region for SOC = 0 and 50% 
is an interesting and important experimental result. 
This result suggests that Rion exists independently 
and can be separated using the results from Rct in the 
porous electrodes for faradaic processes.

4. Temperature Dependence of Individual Internal 
    Resistances of Porous Electrodes

The temperature dependence of Nyquist plots is 
used to build a kinetics interpretation of the individual 
internal resistances. Figures 6(a) and (b) show the 
temperature dependence of Nyquist plots at SOC = 0% 

Fig. 5	 Nyquist plots for symmetric cells using two positive 
electrodes in 1.0 M LiPF6 in EC/DMC/EMC  
(30/40/30) at 20°C. Electrodes prepared at:  
(a) SOC = 0% (squares) and (b) SOC = 50% 
(circles). The solid lines are the best-fit results with 
the equivalent circuits using Eqs. (1) and (2), for 
(a) and (b), respectively.

-30

-20

-10

0

0 10 20 30 40

実験値比較
Z" / Ωcm2
Z" / Ωcm2
Z" / Ωcm2
Z" / Ωcm2

Z'
' /

 Ω
 c

m
2

Z' / Ω cm2

0.1 Hz

(a)

(b)

20 Hz
(b)

(a)

Rct

3
ionRRsol

-15

-10

-5

0
0 5 10 15

実験値比較
Z" / Ωcm2
Z" / Ωcm2
Z" / Ωcm2
Z" / Ωcm2

Z'
' /

 Ω
 c

m
2

Z' / Ω cm2

Fig. 6	 Nyquist plots for symmetric cells using two 
positive electrodes at (a) SOC = 0% and (b) 50% 
in 1.0 M LiPF6 in EC/DMC/EMC (30/40/30) at 
various temperatures.
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where A, Ea, R, and T are the frequency factor, activation 
energy, gas constant, and absolute temperature, 
respectively. All internal resistances display Arrhenius 
behavior, as shown in Fig. 7. The activation energies 
for the individual internal resistances are calculated 
from Eq. (8) and are listed in the inset table of Fig. 7. 
The activation energies for Rsol (14.9 kJ mol-1) and Rion 
(16.3 kJ mol-1) are similar; therefore, the activation 
energies for Rsol and Rion are reflective of similar lithium-
ion conduction (or transport) in the bulk electrolyte 
and in the electrolyte-filled pores, respectively. The 
activation energy for Rct (57.6 kJ mol-1) is higher 
than those of other resistances. This large value is 
consistent with previous reports that lithium-ion 
transfer at several solid/liquid interfaces is affected 
by lithium-ion desolvation.(26,27) Thus, a higher kinetic 
barrier exists at the solid/liquid interface than exists for 
moving from the electrolyte bulk to electrolyte inside 
the pore. Simple comparison of the internal resistance 
components at porous positive electrodes reveals that 
the ordering of the activation energies is as follows:  
Ea, ct > Ea, ion ≈ Ea, sol >> Ea, e.

5. Conclusions

In this paper, the individual internal resistance 
components of a porous electrode/electrolyte interface 
have been investigated in detail by combining the 
transmission line model (TLM) theory for cylindrical 
pores with electrochemical impedance spectroscopy 
using symmetric cells (EIS-SC). We have succeeded 
in separating four internal resistances at the porous 
electrode as the following parameters: Re, Rsol, Rion, 
and Rct. The results show that despite its simplicity, 
the approach provides reasonably accurate results 
and is sufficient for analysis of the electrochemical 
characteristics of actual porous electrodes for 
lithium-ion batteries.
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fit well with the equivalent circuits using Eqs. (1) 
and (2); therefore, Rsol, Rion, and Rct can be obtained 
separately from the Nyquist plots of Fig. 6 as well. The 
inverse of the internal resistances obtained by fitting 
is plotted as a function of temperature in Fig. 7. For 
the EIS measurements of Re (Fig. 3(b)), two identical 
electrodes were assembled in direct contact (e.g., 
positive-positive electrodes) without the separator 
(electrically non-blocking condition). Re is smaller by 
2-4 orders of magnitude when compared with other 
internal resistances, and can therefore be ignored. Rion 
is larger than Rsol, but the temperature dependence of 
Rsol and Rion is similar. Rct is the largest of these four 
internal resistances for temperatures between room 
temperature and −30°C. However, Rct shows a strong 
temperature dependence and becomes smaller than Rsol 
and Rion above room temperature.

To determine the kinetic parameters of interfacial 
phenomena at porous electrodes for faradaic processes, 
the activation energies of each resistance (Rx) were 
evaluated using the Arrhenius equation,

Fig. 7	 Temperature dependence of each internal 
resistance: (a) electric resistance (Re), (b) electrolyte 
bulk resistance (Rsol), (c) ionic resistance in pores 
(Rion), and (d) charge-transfer resistance of lithium 
intercalation reaction (Rct). These resistances were 
obtained by fitting the data of Fig. 6 with Eqs. (1) 
and (2). Inset: activation energy of each internal 
resistance.
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