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ABSTRACT

As research on secondary batteries becomes important, interest in analytical methods to examine the condition of secondary
batteries is also increasing. Among these methods, the electrochemical impedance spectroscopy (EIS) method is one of the
most attractive diagnostic techniques due to its convenience, quickness, accuracy, and low cost. However, since the obtained
spectra are complicated signals representing several impedance elements, it is necessary to understand the whole electro-
chemical environment for a meaningful analysis. Based on the understanding of the whole system, the circuit elements con-
stituting the cell can be obtained through construction of a physically sound circuit model. Therefore, this mini-review will
explain how to construct a physically sound circuit model according to the characteristics of the battery cell system and then
introduce the relationship between the obtained resistances of the bulk (Ry), charge transfer reaction (R,,), interface layer (Rsg1),
diffusion process (W) and battery characteristics, such as the state of charge (SOC), temperature, and state of health (SOH).
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1. Introduction

There are many advantages to using electrochemi-
cal impedance spectroscopy (EIS) for understanding
the power delivery capability in lithium-ion battery
systems. EIS can separate and quantify the cell resis-
tance of the bulk (Ry), interface layer (Rgg;), charge
transfer reaction (R), and diffusion process (W) by a
single experiment. Measuring EIS spectra does not
require disassembly of the battery cell, which is very
advantageous in preventing sensitive samples from
being contaminated with moisture and oxygen. It is
also possible to carry out EIS measurements under
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operating conditions, which is helpful for obtaining
spectra without any disrupting influences on the cell.
Finally, EIS analyses need only a small amount of
time and cost.

This powerful analysis tool was firstly initiated by
Oliver Heaviside, proposing the concept of "imped-
ance" in the 19th century [1]. Subsequently, Warburg
was able to include lithium-ion transportation in the
impedance spectra interpretation by defining the term
“Warburg impedance”, which is associated with the
chemical diffusion process [2]. Since then, the devel-
opment of bridge models has been spurred through
the study of diverse combinations of circuit elements
[3]. In the 1950s, the capacitive characteristics of the
electrical double layer deposited on the electrode sur-
face were outlined by D.C. Grahame [4]. Along with
the advancement of theories and measurement meth-
ods, the development of an EIS analyzer called a
dynamic "frequency response analyzer" (FRA)
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enabled the measurement of impedance spectra at
frequencies less than 1 mHz in the late 1970s [5-8].
With this continued technological improvement,
research on EIS has been carried out in various fields
such as corrosion [9-11], catalyst [12,13], superca-
pacitor [14,15], and fuel cell [16-18]. However, han-
dling of EIS spectra is not very straight forward. To
analyze complex electrochemical systems, such as
lithium-ion batteries, it is essential to understand the
whole system first. By understanding the system
completely, a physically sound circuit model can be
constructed, and this model is necessary to interpret
the characteristics of the impedance spectrum.
Basically, a lithium-ion battery is composed of a
cathode, an anode, a separator, current collectors, and
an electrolyte. During electrochemical reactions,
electrons and lithium ions pass through each compo-
nent of the battery that has resistive and capacitive
properties. In other words, the battery components
and the double layer on the interface are the circuit
elements constituting the lithium-ion battery circcuit
model, which connects these components in parallel
and/or series. Although the impedance properties of
the circuit elements vary depending on the cell type
and character of the components [19], generally the
total impedance value can be obtained by scanning
the AC frequency in the 100 kHz ~ 10 mHz range
[20,21]. The frequency range of EIS analysis is
depending on typical response time with contained
cell’s components. Therefore, the slow transport pro-
cess of chemical lithium diffusion which denoted as
Warburg impedance represented in the low-fre-
quency of 10 Hz to 10 mHz. And subsequently fol-
lowed by the typical times constants, the impedance
related to the charge transfer reaction can be obtained
in the middle-frequency range of 10 kHz to 10 Hz
region and the relatively fast transport process
through the interface layer is measured in the high-
frequency of 100 kHz to 10 kHz. The corresponding
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impedance values for each frequency range can be
analyzed through EIS spectral fitting based on the
determined equivalent circuit model [22].

In this mini-review, the basic principles of EIS
and the process of constructing a meaningful equiv-
alent circuit model for lithium-ion batteries are
introduced. Then, practical applications of EIS for
understanding lithium-ion battery systems are
explained.

2. Principle of EIS

EIS analysis is a technique that measures resistance
(R), capacitance (C), and inductance (L) by monitor-
ing the current response while an AC voltage is
applied to an electrochemical cell.

When a DC voltage is applied, the relation among
R, V and I satisfy Ohm's law, as shown in Fig. 1(a).
Similarly, when an AC voltage is applied to an elec-
trochemical cell, the impedance Z(®) (o= 2nf is the
angular frequency of the applied AC voltage) can be
expressed as V(o) / I(w), which is the equation for
Ohm’s law in an AC circuit. Therefore, the imped-
ance is defined as the resistance that interrupts the
current flow when an AC voltage is applied to the cir-
cuit. These interruptions are represented by various
circuit elements, such as resistors, inductors, and con-
ductors, which constitute the overall impedance in a
circuit. In an actual system, the electrochemical cell
contains various circuit elements with diverse combi-
nations. Thus, it is more accurate to use the concept
of impedance than a circuit model consisting solely
of a resistor to represent an electrochemical system.
Additionally, when V is applied with the angular fre-
quency o, V and I have a phase difference of Q.
Therefore, the above V and I values in the AC circuit
can be expressed by the equation shown in Fig. 2. In
these equations, V,, and I, represent the maximum
values of V and [, respectively.

(b) AC voltage

V(w)
Z(w) = _I(a;)

1 Cycle

Fig. 1. Schematic diagram and equation showing Ohm’s law for (a) DC circuits where DC voltages are formed by direct
current and (b) AC circuits from which AC voltage is derived by alternating current.
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V) or I(t)

V =V,sin(wt)

I =1,sin(wt — ¢)

Fig. 2. The illustration and equation about the relationship between the voltage and current when applying an AC voltage
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Fig. 3. Electrochemical Impedance Spectroscopy representation by Nyquist plot (left) and Bode plot (right).

The above equation for V and I can be modified by

using the complex function j = /<1 = exp(j?).

V= V,exp(jot) (1)

I = Lexpli(or-0)] 2

V and I satisfy Ohm's law for the AC circuit model
shown in Fig. 1. Therefore, the impedance Z(®) can
be expressed as:

_ VpexpQo)y) .
T Lexpli@i-0)] 7;‘”‘"(’@) &)

Equation (3) can be simplified using Euler’s for-
mula, exp(jQ) = cos(@) + jsin(D). Thus, equation (3)
becomes:

Z(w) = -[I{mexp(jﬂ) = -I[{m[cos(g) + jsin(9)]
= Zy[cos(Q) +jsin(9D)] @)

By dividing the above equation into real and imag-
inary parts, the following equation can be obtained:

Z(w) = Zycos(D) + Zysin(D)j ®)]

*7' = Zycos(D): R(resistance)

real —
*Z" g = Zosin(Q): C(capacitance) + L(inductance)

Based on equation (5), the impedance spectrum
can be represented in two different ways: (i) the
“Bode plot” that shows the phase shift and magnitude
changes in the applied frequency ranges and (ii) the
“Nyquist plot” that represents the real and imaginary
parts of Z(®) using cartesian coordinates. The Bode
plot has great advantages for observing phase mar-
gins in which the system becomes unstable (violent
phase or magnitude changes). Therefore, it is useful
for the study of sensors, filters, and transistors in
electronic devices. The Nyquist plot provides insight
into the possible mechanism or governing phenom-
ena in an equivalent circuit model system. Among
these two types of representations, the Nyquist plot is
more often used to analyze the characteristics of lith-
ium-ion batteries due to its convenience for analyzing
the active reaction mechanism.

3. Circuit Model

The circuit model for EIS consists of electrical cir-
cuit elements such as resistors (R), capacitors (C),
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and inductors (L). The designated circuit model rep-
resents the entire system of the electrochemical cell.
Therefore, understanding the circuit model is criti-
cally important to understand the entire electrochemi-
cal system. To construct an accurate circuit model,
suitable electrical components that represent the
overall system should be utilized. The aim is to con-
struct an optimal circuit model that is physically
meaningful and minimizes the number of variables.

In the case of a lithium-ion battery, additional ele-
ments such as the constant phase element (CPE) and
Warburg impedance (W) are used to supplement non-
ideal capacitor and lithium diffusion characteristics,
respectively. Between the electrode and the electro-
lyte, there is an electrical double layer that has capac-
itive characteristics. However, its characteristics are
far from those of an ideal capacitor. Surface rough-
ness, leakage capacitance, and nonuniform distribu-
tion have been reported to account for such nonideal
behavior. This nonideal behavior of the capacitor can
be compensated by using the concept of CPE in the
modeling of an electrical double layer [23,24]. War-
burg impedance was used to describe the impedance
created by the lithium diffusion process. Since a real
cell behaves similarly to “semi-infinite” Warburg
impedance, i.e., diffusion in one dimension that is
only bound by the planar electrode side, the imped-
ance shows 45° (90° for capacitor) in the low-fre-
quency region [25]. This will be discussed in detail
later. The Warburg impedance in a lithium-ion battery
has the following relationship W = oo™ — jow? (o
Warburg coefficient), and its details are shown in
Table 1.

The equivalent circuit model construction using the
fundamental electrochemical elements is explained
as follows.

Table 1. Circuit elements used in the equivalent circuit
model.

Equivalent Element Formula
R (Resistance) R
C (Capacitance) 1/joC
L (Inductance) joL
W (Warburg Impedance) o (\?/Z)rbfr; (J: g;af)ﬁ:;n 0
1/Q(jw)™

Qcpr: (Constant Phase Element) (0u=1 for ideal capacitor)

3.1 Equivalent circuit model of parallel R-C

The equivalent circuit model and Nyquist plot for a
parallel R-C circuit are shown in Fig. 4.

The diameter of the semicircle shown along the
real part in Fig. 4(b) indicates the resistance of R,
in Fig. 4(a). Therefore, the resistance of R; is 100
Q, which is the end of the semicircle along the
real axis. The Nyquist plot was simulated using a
capacitance of 100 mF. This capacitance value
can be determined from the maximum point of
the semicircle in the Nyquist plot. At the center
of the semicircle, where Zj,,, is at a minimum, the
values of ®,,, R; and C; satisfy the following
equation.

1

Opin = R] Cl (6)

Therefore, by identifying the R; and @ values when

Zing 1s at a minimum value, the capacitance value can
be calculated by the above equation (6).

3.2 Simplified Randles cell

The simplified Randles model includes a double
layer capacitor with bulk resistance (current collec-
tor, solution, etc.) and polarization resistance. The
polarization resistor (R;) is connected in series with
the bulk resistor (R,) and in parallel with the surface
deposited double layer capacitor, as shown in Fig.
5(a). This model is fundamental for analyzing an
electrochemical system. As real systems tend to be
more complicated, additional elements are con-
nected in this simplified Randles cell. The Nyquist
plot of a simplified Randles cell is shown in Fig.
5(b).

(a) —
Circuil model I I

100

(b)
Nyquist plot

-Z,,, [Ghm)
k]

o L] 100 180 200
Z_, (Ohm)

Fig. 4. (a) Equivalent circuit model and (b) Nyquist plot of
a parallel R-C circuit.
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In the Nyquist plot of a simplified Randles cell, the
resistance of R, shifts the starting point of the semi-
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Fig. 5. (a) Equivalent circuit and (b) Nyquist plot of a
simplified Randles cell model.
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Fig. 6. (a) Equivalent circuit and (b) Nyquist plot of a
Randles cell model.

circle to higher Z,., values. Considering that this
spectrum was generated by R, =20 Q and R|=
100 Q, the 120 Q at the end of this semicircle (low-
frequency) intercept on the x-axis is the sum of the
polarization resistance and the bulk resistance. Addi-
tionally, the diameter of the semicircle represents the
polarization resistance (in this case, 100 €2).

3.3 Mixed kinetic and diffusion control (Randles cell)

In special cases where semi-infinite linear diffu-
sion affects an electrochemical system by kinetic and
diffusion control, the Warburg impedance is used in
the equivalent circuit model.

This model was presented by the Faraday Society
in 1947, and the name of this model is taken from the
name of the creator J.E.B. Randles[26]. The circuit
model and the Nyquist plot for this cell are shown in
Fig. 6. The Warburg impedance in Fig. 6(b) appears
as a straight line with a 45° slope under semi-infinite
conditions, and one-dimensional diffusion that is
bound only by a large planar electrode on one side
[25]. Along with the bulk and polarization resistance
losses, this model represents the polarization in the
lithium diffusion reaction as well. The Warburg coef-
ficient, o in this case is 1 Q-s™"2, and the other values
are R, =20 Q, R; =100 Q, and C; = 100 mF, which
are similar to the previous models.

3.4 Lithium-ion battery circuit models

An entire lithium-ion battery cell can be modeled
using the equivalent circuit shown in Fig. 7.
Although there are still challenges in interpreting the
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Fig. 7. Entire circuit model of a lithium-ion battery. Reprinted with permission from Ref. [28]. Copyright © 2016 Wiley-

VCH verlag GmbH&Co. KGaA.
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meaning of each semicircle in EIS spectra[27], this
model follows the traditional interpretation of each
arc. However, since this circuit model has many vari-
ables, it is necessary to minimize the circuit elements
for practical impedance analysis.

Among these circuit elements, the capacitive effect
of the separator is minimal compared to that of the
other components. Therefore, it is not necessary to
consider Cy,, in setting up a circuit model[28]. Fur-
thermore, the EIS spectra mainly come from the con-
tribution of the working electrode in half-cell
conditions, so the model does not need to consider
the counter electrode. Additionally, the resistances
Rcurrent collectors Relectrolytea and Rseparator can be combined
into the bulk resistance Ry,. Moreover, since the
capacitances of lithium-ion battery components are
not ideal values, it is possible to obtain a more accurate
model by replacing them with a constant phase ele-
ment. The overall simplified equivalent circuit of a
lithium-ion battery half-cell is shown in Fig. 8.

However, in the case of a half-cell system, the
impedance value coming from the lithium counter
electrode may affect the entire impedance spectrum.
Therefore, in a certain case where the lithium counter
electrode causes a relatively large impedance, there is
an advanced measuring method assembling a sym-

llﬁll th “"“'.lﬂllll‘g
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|| ||
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100
E Ry § W
£ va | o
=3 ., ! -~
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Fig. 8. Equivalent circuit model of a lithium-ion battery
half-cell system.

- Ry: bulk resistance of the cell (electrolyte, separator, anc
electrodes)

- Rggr, CPEgpy: resistance and capacitance of the interfacial layer

* Riy CPEjectroqe: charge-transfer resistance and double-
layer capacitance

- W: diffusional effects of lithium-ion on the host material

metric cell [29] and a three-electrode cell [27,30] that
only get the EIS spectra from the target electrode.
The above circuit model is based on the most fun-
damental lithium-ion battery half-cell system. It is
useful to understand fundamental cell models; how-
ever, an equivalent circuit model representing a lith-
ium-ion battery can be diverse depending on the
electrode characteristics, cell type, and storage and
cycling conditions [31]. Therefore, there is no single
standard circuit model that may fit all battery sys-
tems. A customized circuit model can be devised by
adding or subtracting electronic elements depending
on the electrochemical cell characteristics [32-35].
After configuring the circuit model, it is necessary
to ensure its accuracy. Zhai et al. reported the EIS
determination algorithm using the digital signal pro-
cessing (DSP) system and PC communication
through ethernet/RS232 communication [36]. The
EIS determination algorithm repeatedly matches the
EIS fitting curve with the experimental data until the
unknown value is obtained based on constructed cir-
cuit model. An open-source platform, the Impedance
Analyzer, for easy-to-use physics-based analysis of
experimental EIS spectra is available as well [37].

4. EIS Application to Lithium-ion Batteries

4.1 Characterization of R, in EIS spectra

R, represents the internal resistance value of the
bulk materials in a battery, such as the current collec-
tor, electrolyte and separator. Since these values have
a resistance only without capacitance or inductance,
their effect can be observed in Z,,. This bulk resis-
tance does not change significantly with the state of
charge, but as cycling continues, the bulk resistance
increases due to the depletion of the electrolyte and
microcrack formation in the particles. Therefore, the
bulk resistance is generally used as an indicator to
determine the state of health (SOH) of aged cells.

Westerhoff et al. monitored the change in the inter-
nal resistance of a lithium-ion battery while the state
of health decreased from 100 % to 86 %, as shown in
Fig. 9(a) [28]. During the aging process, the imped-
ance spectra moved gradually to higher Z,., values,
and the shape of the semicircle changed as well. This
change in the semicircle can be explained based on
the frequency defined in Fig. 9(b). The starting point
of impedance spectroscopy is referred to as f7im.0
indicating purely ohmic resistance, and the maximum
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Fig. 9. (a) The impedance spectra change as the state of health decrease from 100% to 86%. (b) The position of f7.0,
fzimmax @nd f7ivmin Values in the impedance spectra and (c) the changes of f7im.0, fZiM.max a0d fZimmin Values depending on the
state of health. Reprinted with permission from Ref. [28]. Copyright © 2016 Wiley-VCH verlag GmbH&Co. KGaA.

of the semicircle in the middle of the impedance
spectrum correlates to the charge transfer process and
is expressed as fziv.max- The starting frequency of the
diffusion process is defined as fziv.min. In Fig. 9(c),
the charge transfer associated with f71y max and lith-
ium diffusion associated with f7.min moved to the
lower f'values as SOH decreased from 100 % to 86
%. However, the f7iv o shifts to higher f'values, which
demonstrates the internal resistance. Therefore, it can
be noticed that the total resistance of the aged batter-
ies are coming from the increase in the internal resis-
tance and then the Ry, can be used as an indicator of
battery aging during cycling. An increase in the inter-
nal resistance was also observed during long-term
storage. Eddahech et al. focused on performance deg-
radation with storage time by comparing four differ-
ent cathode materials (NMC, NCA, LFP, and LMO)
with graphite counter electrodes and all of four aged
cathodes show increased R, value [38]. In addition,
Schuster et al. investigated the aging process using a
widespread aging matrix [39,40]. These reports sug-
gested the use of Ry, which is sensitive to operating
and storage conditions, as an indicator of the SOH
rather than the use of Rgg; or Ry.

The aging of lithium-ion batteries is caused by a
combination of diverse phenomena. Formation of
microcracks, gas evolution, binder decomposition,
corrosion of the current collector and electrolyte
depletion have all been reported as the cause of bat-

tery aging and performance degradation [41]. It is
challenging to distinguish these various processes
and identify the characteristics of aging. In many
cases, measuring the Ry, using EIS is a very conve-
nient and critical method to evaluate the condition of
the aged battery.

4.2 Characterization of Rgg;in EIS spectra

The first semicircle of the EIS spectrum in Fig. 8
originates from the impedance of a layer that forms
on the interface between the electrode and electro-
lyte. This interfacial layer is called the solid electro-
lyte interphase (SEI) layer, and it is generated by the
decomposition of the electrolyte. The SEI layer has a
more profound influence on the electrochemical
characteristics of the anode material than the cathode
material. The characteristics of the layer, such as sur-
face coating, gradient, surface area, etc., are changed.
In addition, some nanostructured anode materials,
such as Co0s04, Fe,O3, and MnO, shows a reversible
film formation that contributes to additional capacity
beyond the theoretical capacity [42-46]. Therefore,
by monitoring the Rgg;, we can observe the reversible
organic film formation as well as identify the charac-
teristics of the SEI layer.

Zhang et al. studied the formation of the SEI layer
on the surface of graphite using the EIS technique
under various electrochemical cycling conditions
[47]. First, the characteristics of the SEI layer were
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studied at different states of charge/discharge. A rela-
tively resistive preliminary SEI is formed at approxi-
mately 0.15 V, and then a highly conductive SEI
layer forms between 0.15-0.04 V. Accordingly, it can
be confirmed that SEI layers with two different char-
acteristics are formed according to the voltage region
in the graphite anode. The resistance of the SEI layer
also depends on the constituents of diverse electro-
lytes, such as solvents (EC, EMC, MB, etc.) and lith-
ium salts (LiBF,4, LiSO;CF;, LiBOB, LiPFj, etc.). It
was found that Rgy is very sensitive to the reactivity
of the electrolyte during the first lithiation cycle. Fur-
thermore, Steinhauer et al. monitored the SEI forma-
tion by calculating the distribution relaxation time
(DRT) from the measured impedance spectra to gain
more insight into the number of processes involved in
the cell [48]. They compared the EIS spectra for 2-
and 3- electrode cells to study the effect of SEI film
formation on the lithium counter electrode. Abar-
banel et al. investigated the cause of the impedance
increase when Li[Nij 4,Mng 4,Co0q.16]O> (NMC442)/
graphite lithium-ion cells operate at high voltages
beyond 4.4 V using the transmission line model
(TLM) [35]. It was found that the impedance
increases in the high-frequency region when operat-

ing at high voltage are mainly caused by the transfer
resistance through the SEI layer along with the
diverse influences of the contact resistance (between
the carbon conductor and active material), the electri-
cal path resistance through carbon black and the ionic
path resistance through the electrolyte solution
imbedded in the pore structure.

Moreover, in the impedance spectra of Li/C cells,
an inductive loop can be observed in some cases
because of the unstable nature of the SEI layer. Once
a stable SEI has formed, the inductive loop does not
appear in the impedance spectra. The formation and
disappearance of the inductive loop in the impedance
spectra can be used to assess the robustness of the
SEI film on the anode [49].

In addition, there is a previous report that revers-
ible SEI formation contributes to extra capacity in
high-energy sodium conversion systems. Shubhra et
al. observed the impedance spectra of a MoS, elec-
trode at eight specified potentials, as shown in Fig. 10
[50]. In the initial stage of discharge, 0.8 V, two semi-
circles are observed, which represent SEI formation
and Na ion intercalated in MoS, on the electrode sur-
face, respectively. Then, at 0.4 V, the small semicircle
in the intermediate frequency region disappears, and

ooy Discharge-charge profile at 20 mag?
: 9 Alongwith eight points where EIS were taken

" "0 108

ocv : 513
Discharge : 0.8V 451.3 124.4
Discharge : 0.4V 564.7 .
Discharge : 0.01 V 246.4 293
Charge:05V | 2397 | 3468
Charge : 1.5V 1382 | 513
Charge: 20V 118.3 71.06
li:harge 26V 1257 | 2736

Fig. 10. (a) EIS (Nyquist plot) spectra of the MoS, sodium conversion system at different states of charge/discharge. (b)
The charge-discharge profile of the 1% cycle with the point of the impedance measurement point. (¢) R, and R, values from
the equivalent circuit model fitting. Reprinted with permission from Ref. [50]. Copyright © 2015 Nature Publishing Group.
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a semicircle with a high Ry (migration resistance
through SEI layer) value was observed due to the for-
mation of a thick SEI layer on the surface and distort-
ing of the host material. At the final stage of
discharge, 0.01 V, a single semicircle in the entire fre-
quency range, dominates the impedance value of the
SEI layer. However, during charging, Ry at 0.5-1.5 V
starts to decrease dramatically and continues to
decline until the end of the charging process. This
phenomenon indicates that the thickly formed SEI
layer was dissolved or destroyed during discharge
due to the volume change of the electrode material.
As the electrode is charged to 2.0 V, the semicircle
correlating to the SEI layer is further reduced, and
incomplete MoS, formation generates a middle-fre-
quency semicircle. When charged to 2.6 V, the high-
frequency region representing the SEI layer is stably
maintained without any change. This partial decom-
position of the SEI layer resulted in the extra capacity
over the theoretical value.

The Rgg; indicates resistance from an interfacial
layer that is generated by the decomposition of the
electrolyte. Initially, the studies on this SEI layer
focused on understanding the degradation of graph-
ite electrodes by revealing the relationship between
the resistance characteristics of the SEI layer and the
cycling conditions. However, in recent studies on
nanoscale electrode materials for high-performance
lithium-ion batteries, the SEI layer began to be con-
sidered as another factor resulting in extra capacity
through reversible reactions. The reversible SEI for-
mation with extra capacity has not yet been clarified
in detail. Therefore, analyzing the SEI layer using
EIS is very useful for observing not only the resis-
tance of the anode material but also extra capacity
from reversible SEI layer formation, which is gener-
ally called a polymeric gel-like film.

4.3 Characterization of R.;in EIS spectra

The second semicircle in the EIS results in Fig. 8 is
related to the R;. R, is linked to the kinetics of an
electrochemical reaction and is changed by the sur-
face coating, phase transition, bandgap structure and
particle size. Moreover, R, shows a dramatic change
in response to a temperature change. In particular, at
low temperatures (< 20°C), the total resistance of the
lithium-ion cell is determined by R.. Therefore,
monitoring R, is useful for understanding electrode
reaction processes that occur during the charge-dis-

charge process and the characteristics of lithium-ion
batteries depending on the temperature changes.

Lee et al. compared the R, of pristine LiNig 5.
C092Mny3,0; (x=0, 0.1, and 0.2) and clearly identified
the impedance difference according to the Ni con-
tents of the electrode material[51]. Each pristine elec-
trode had only one charge transfer-related semicircle
in the impedance spectra. The fitting results showed
the lower Ni-content NCM (523) has a higher R,
value of 127.42 Q, and the higher Ni-content NCM
(721) has a lower R, value of 79.45 Q. This report
suggested that the increase in the Ni contents in the
Co-fixed NCM system will have a beneficial effect
on the electron conductivity, showing R.; dependence
on the transition metal composition. In addition,
Zhang et al. applied the EIS analysis to confirm the
R, dependence on voltage and temperature [52]. The
Ni-based cathode/graphite cell was cycled in the volt-
age range of 3.1-4.2 'V, and it was found that R,
changed more than Ry, or Rggr. Ry, which accounts
for more than 60% of the total cell resistance, pre-
dominantly determines the cell resistance. Especially
below 3.0V, the ratio of R.; to the total resistance
exceeds 90% and reaches almost 100% in a com-
pletely discharged state. Ogihara et al. reported that
the tendency of cell resistance changes at porous
electrodes depends on the temperature by using four
parameters: electric resistance (R.), electrolyte bulk
resistance (Rs,1), ionic resistance in pores (R;,,), and
charge transfer resistance for lithium intercalation
(Re) in Fig. 11(a) [53]. The plots can be described as
TLM for cylindrical pores for faradaic processes at
all temperatures. Upon decreasing temperature, the
real impedance component at 100 kHz, which deter-
mines the value of Ry, slightly shifts toward more
positive values, and the length of the 45° slope line,
which reflects R;,,, increases, as shown in Fig. 11(b).
This indicates that two resistances somewhat increase
with decreasing temperature. However, the semicir-
cle in the low-frequency region, which corresponds
to Ry, is significantly enlarged with decreasing tem-
perature. It seems that the temperature dependence of
R is larger than that of Ry, or R;,,. Based on
recorded EIS spectra, fitting was performed for a
clear comparison of each resistance parameter. As
shown in Fig. 11(c), R, is approximately 2~4 orders
smaller in magnitude than the others, and there is
only a small change in temperature. R;,, and Ry, have
relatively large values and moderate temperature
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Fig. 11. (a) Schematic illustration of the respective resistances at porous electrodes. (b) Nyquist plots for symmetric cells
using two identical electrodes at various temperatures. (¢) Temperature dependence of each resistance obtained by the
fitting. Reprinted with permission from Ref. [53]. Copyright © 2012 The electrochemical Society.

dependencies. On the other hand, R, exhibits a
strong temperature dependence and becomes the
largest resistance value among the four resistance
parameters in the electrode when the temperature is
lower than 34.8°C.

Ogihara et al. investigated the relationship between
the energy density and power density of LiNiO,-
based porous electrodes by monitoring the resistance
change according to the coated electrode thickness on
aluminum foil [54]. A symmetric cell was assembled
to remove the effects of the Li counter electrode, and
the TLM was used to separate R;,, and R, from the
porous electrode resistance. The electrochemical
results for various thicknesses (25~75 um) show that
as the thickness increases, the energy density
increases while the power density decreases. The
improved energy density is easily understood as an

increase in the portion of the active material relative
to the total cell volume. However, the cause of the
power density change is divided into two regions
according to decreasing tendency: region I (thin elec-
trode), the power density slightly decreases; region II
(thick electrode), the power density dramatically
decreases. These two separate regions are determined
by the correlation between R, and R;,,, which
accounts for the largest portion of the total cell resis-
tance. The EIS fitting results demonstrate that the R
value is the main influence on the thin electrode,
while the R;, value is the dominant factor in the thick
electrode. Since the R value is inversely propor-
tional to the charge-transfer active area, it gradually
decreases as the thickness increases. Conversely,
because the R;, value increases in proportion to the
lithium diffusion length, the larger the thickness is,
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the larger the amount of R;,,. Therefore, the power
density slightly decreases in region I because only R,
affects the rate capability. However, region II shows a
dramatic decrease in power density since an increase
in R as well as Ry, affects the power density.

R, is the largest value among the total cell resis-
tance at room temperature. The power density of a
lithium-ion battery is mainly determined by R.;. To
reduce the R, value, many studies have examined the
effect of electrode properties such as the Ni content,
temperature and electrode thickness on the R, value.
In addition, since R, varies depending on the charge/
discharge state, it can contribute to understanding the
reaction mechanism by comparing the resistance
changes over voltage ranges. Therefore, an analysis
of the R, value would be helpful not only in under-
standing the reaction mechanism of the lithium-ion
battery but also in research for the optimization of the
cycling performance of commercial cell systems.

4.4 Characterization of Warburg in EIS spectra

The straight line immediately after the semicircles
in Fig. 8 represents the Warburg impedance associ-
ated with the lithium-ion diffusion process of the
electrode material. The Dy ;; calculation generally
proceeds using the following equation proposed by
Ho et al. [55].

oy = (5 <(B)] )

- 'VM: mole volume of active material

- F: Faraday constant (96,486 C mol™)

- S: electrode/electrolyte contact area

- o the slope of Ziyg vs. 1/ /2 1if

- OE/6x: the slope of charge/discharge curves

Using equation (7), the diffusion coefficient can be
easily calculated from the low-frequency area. How-
ever, since the above equation does not consider the
phase transition of the electrode material, the calculation
of the diffusion coefficient is only possible for solid-
solution behavior (i.e., the single-phase region) [56].
Accordingly, the Warburg impedance analysis is mainly
used to calculate the diffusion coefficient of a cathode
material that shows a single-phase reaction, combined
with galvanostatic intermittent titration (GITT), poten-
tiostatic intermittent titration technique (PITT) and
cyclic voltammetry (CV)[57-60]. Xia et al. measured
the chemical diffusion coefficients of c-axis oriented

LiCoO; thin films using EIS and PITT and clearly
observed the order/disorder transition phase boundaries
near the composition Lig sCoO, [57]. Liu et al. synthe-
sized a LiFePO,/C nanocomposite and confirmed the
lithium intercalation and deintercalation diffusivity by
CV and EIS [60]. Xie et al. prepared a LiMn,0, thin
film by pulse laser deposition on stainless-steel sub-
strates and characterized the lithium diffusion using CV,
PITT, and EIS [61]. Rui et al. measured the chemical
diffusion coefficients of lithium ions (Dy;+) in
Li;V,(POy); by dividing the system into a two-phase
region and single-phase region [62]. The chemical diffu-
sion coefficient of the two-phase region was measured
through GITT and CV. The single-phase region from
47010 3.68 V(Liz,sVz(PO4)3 — L13V2(PO4)3) durlng the
discharge process was calculated integrally using GITT,
CV, and EIS techniques. In addition, the Warburg
impedance has been used to calculate the chemical dif-
fusion coefficient for negative electrode materials such
as Si. Ding et al. measured the diffusion coefficient by
EIS as mentioned above and compared it to the results
from different analysis techniques, such as CV and
GITT methods[63]. The diffusion coefficients of lithium
ions in nano-Si at different charge-discharge states were
determined by EIS and GITT. The Dy ;. values calcu-
lated from EIS range from 10" to 10> cm? s™'. The
results from GITT are slightly higher than those from
EIS due to its nonequilibrium states (30 minutes was
given before measurement for stabilization in EIS,
but GITT gave only 10 minutes). Although the actual
values of the EIS and GITT analytical methods were
different, it was found that the general trend in the
graph shown by the variation in the lithium concen-
tration in the silicon electrode was the same as a “W”
type.

The Warburg impedance at low-frequency is
directly related to the diffusion of lithium-ions. How-
ever, there are limitations to EIS measurements at
two-phase transitions during lithium insertion/
extraction. Therefore, it is necessary to comprehen-
sively use several techniques for accurate analysis.

5. Conclusion and Outlook

This mini-review outlines the basic principles of
EIS analysis and how to construct a physically sound
circuit model. In addition, it introduces the practical
applications of the EIS technique. The contents of
this review are summarized as follows.
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(1) Ry, the initial x-axis intercept value of the
Nyquist plot, is the total resistance of the electrolyte,
separator, and electrodes. This value is significantly
related to the state of health.

(2) Rggy, the first semicircle in the Nyquist plot, is
associated with the generation of the interfacial layer
deposited on the electrode. This value can be used to
analyze the formation of the SEI layer, which is the
result of the decomposition of the electrolyte. Addi-
tionally, the formation of polymeric gel-like films
frequently shown in nano-sized electrode materials
can be observed through EIS analysis.

(3) Ry, the second semicircle in the Nyquist plot, is
related to the kinetics of the electrochemical reaction,
which is changed by the surface coating, phase transi-
tion, band gap structure or particle size. This value rep-
resents the faradic charge-transfer resistance and is
used to clarify the reaction mechanism or temperature-
dependent characteristics of lithium-ion batteries.

(4) Finally, the Warburg impedance is the final
straight line of the Nyquist plot, which is related to
the diffusion of lithium ions.

Numerous electrochemical analysis methods can
be used to investigate the internal processes of a bat-
tery. However, in the case of the EIS analysis, it is
possible to obtain important values from each com-
ponent in a lithium-ion cell in a single experiment.
Moreover, it is a nondestructive method that does not
damage the battery. Additionally, it takes a relatively
short time to carry out the measurement. If a precise
circuit model is established and a uniform cell system
is constructed to perform an EIS analysis, crucial
information about each component in the lithium-ion
battery will be obtained. Because measurements can
be easily carried out regardless of battery cell condi-
tions and sizes, EIS is an efficient analysis tool capa-
ble of investigating the reaction and degradation
mechanisms of battery systems.
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