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Probing process kinetics in batteries with
electrochemical impedance spectroscopy
Deyang Qu 1✉, Weixiao Ji1 & Huainan Qu1

Electrochemical impedance spectroscopy provides information on the steady state of an

electrochemical redox reaction and its kinetics. For instance, impedance is a very useful

technique to investigate kinetics in batteries, such as diffusion processes or charge-transfer

reaction dynamics during battery operation. Here, we summarize procedures for conducting

reliable impedance measurements on a battery system, including cell configurations, readi-

ness of a system for impedance testing, validation of the data in an impedance spectrum,

deconvolution of electrochemical processes based on the distribution of relaxation time and

equivalent circuit fitting of the impedance spectrum. The aim of this paper is to discuss key

parameters for accurate and repeatable impedance measurements of batteries.

E lectrochemical impedance spectroscopy (EIS) or ac impedance is a very useful technique to
investigate any electrochemical systems including electrochemical energy storage devices.
Although ac impedance has been a traditional electrochemical analytical technique, it was

only widely adopted during the past several decades, benefiting from the revolutionary
advancements of fast computers, electronics, and computational algorithms. For example, with a
digital frequency response analyzer and a Fourier transformation, a full frequency scan can be
done within minutes. The advancement of electronics and computational technologies indeed
contributed to the proliferations of ac impedance technique in the analysis of electrochemical
systems. However, the automation of the processes and low-cost instrumentations have had an
unexpected consequence on the electrochemical research—the causal use of the impedance
technique. Unlike the traditional (ancient) technique with an ac Wheatstone bridge and an X-Y
oscilloscope, a modern commercial impedance spectrometer can provide a set of so-called data
and result plots for an electrochemical system not even at a steady state. In this perspective, we
will comment on the right experiment procedures of conducting an ac impedance experiment on
an electrochemical system and data modeling. Most of the comments and examples were based
on our group’s research and the authors’ prior experience. For those readers who wish to gain in-
depth knowledges on EIS, there are a few recent review articles on the subject1–5. See Box 1 for a
basic summary of how EIS works, and for those readers who wish to gain in-depth knowledge on
EIS, there are a few recent review articles on the subject 1–5.

ac impedance is a steady-state technique: preparation of an electrochemical system
One of the misconceptions about the EIS is that it is wrongly considered as a non-steady-state
technique. The perturbation signal in a non-steady-state experiment is large enough to bring an
electrochemical system far away from its initial steady-state. For example, when a battery is
discharged at a large current, the electrochemical system is polarized to the Tafel region that is
far away from the equilibrium state. An EIS experiment, however, is conducted at a steady state,
which the small amplitude perturbation signals are superimposed on a steady-state potential.
Since the amplitude of the excitation signals is so small, the electrode has never left the vicinity of
the steady state. Unlike a non-steady-state experiment in which the polarization signal
will inevitably cause irreversible changes to the electrochemical system, such irreversible
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modifications can be avoided in a steady-state experiment. The
electrochemical properties of an electrode e.g., Li ion diffusion
coefficient in a LiCoO2 electrode, are different at different depths
of discharge (DoD). A good example is to measure the diffusion
coefficient of Li0.5CoO2. One should first reduce the LiCoO2 to
50% DoD, rest the cell until a steady state (may not be completely
thermodynamic equilibrium state) is reached, then conduct EIS.
This is particularly important to a battery research, owing to the
porous nature of the electrodes. It normally takes a long time for
the battery to reach a steady state. It is critical to assure that the
relaxation current (DC current) is substantially smaller than the
current from the excitation, before an EIS can be conducted.
Occasionally a 10 mV pulse (assuming the excitation amplitude is
10 mV) is applied to a system, the peak current is recorded. An
EIS can be conducted on the battery when the current at open-
circuit-voltage (OCV) decays to less than 10% of the peak current.
When the excitation signals of the wide range of frequencies are
applied, the interfacial processes of a wide range of time constant
can be obtained without deviating from the initial steady state.
Therefore, EIS is ideal for investigating kinetic parameters near a
steady state of electrode because it bridges a steady state and
transient states of various time constants.

Therefore, one should ensure that an electrochemical system is
close to its equilibrium state before an impedance measurement is
taken. The majority of ac impedance instruments and associated
mathematical treatments are only applied to a linear system. As
shown in Fig. 1, an electrochemical system is a non-linear system;
for example, the current at an electrode/electrolyte interface is
exponentially dependent on the potential (Tafel relation). The
nonlinearities can substantially distort the response signal since
they can manifest themselves through the production of har-
monics of the excitation signal in the cell response. Such distor-
tions can result in the misrepresentation and/or misinterpretation
of the results during the modeling of the impedance results. The
region near equilibrium or steady state (i = 0 mA/cm2) can be
considered as a linear system. If an excitation signal is not high
enough to polarize the electrochemical system into the Tafel
region, the electrochemical system can be safely assumed and
treated as a linear system. Generally, peak-to-peak amplitude of
10 mV is used in most of the cases.

The perturbation signal used in an ac impedance is commonly
a sinuous voltage signal. The sinuous signal is applied to a system
stabilized at a certain potential e. g. OCV, the response sinuous
current response is measured. Rarely, the perturbation signal
could be a low amplitude sinuous current signal. The signal is
applied to a steady system in which the polarization current is
zero. The response sinuous potential response is detected. Both
techniques will not drive the electrochemical system out of the
linear region. However, an impedance in galvanostatic mode is
used by electrical engineers, in which a sinuous current signal is
superimposed on a DC current and applied to the system. Unlike

a linear circuitry consisting only of the electronic components,
the DC polarization current can drive an electrochemical system
into nonlinear Tafel region. Unless one is for the challenge of
many more complex mathematical treatments, one should
remain in the area of linear impedance. When an exciting signal
manifests through a porous electrode, the interfacial concentra-
tion of reactants may not follow the same harmonics of the
perturbation signal, which results in nonlinearity. It also takes a
very long time for a porous electrode to reach a true steady state
due to long relaxation time. The impact of the porosity on the
system linearity is frequency-dependent. Unfortunately, porous
electrodes are used in most of the battery systems. Therefore, it is
crucial to ensure the linearity of the whole frequency range of an
ac impedance measurement.

The quality of ac impedance data
As discussed above, the measurement, the interpretation and the
simulation of an impedance spectrum are based on the assump-
tion of linearity of the electrochemical system. Non-compliance
that could result from even a small measurement noise could lead
to the misinterpretations of electrochemical processes and

Box 1 | Basic summary of how electrochemical impedance spectroscopy works

AC impedance is used to investigate the effective resistance of a linear electric circuit to alternating excitation signals. When applied to an
electrochemical system, ac impedance or electrochemical impedance spectroscopy (EIS) can reveal the kinetics of rapid interfacial reactions near an
equilibrium potential. A symmetric ac signal is imposed on an electrochemical system. When the frequency is high enough, the half wave time is
sufficiently short, there is no significant polarization occurring on the electrochemical system. Additionally, cathodic and anodic reactions happen
repetitively under the ac signal. There will be no accumulation effect on the electrode. Modulated by a low amplitude ac signal, an electrochemical
system can be considered as a linear system. Each electrochemical process can then be represented by a corresponding linear element. Therefore, an
overall electrochemical system can be simulated with an equivalent circuit which is a logical arrangement of those linear elements. By the comparison of
the input ac signal and the output ac signal, the electrochemical kinetic parameters can be derived. The advantage of EIS is that it is a frequency domain
measurement method. The impedance spectrum can cover a wide frequency range during the study of an electrochemical system. It can obtain more
kinetic information and interfacial structure information than other DC electrochemical methods.

Fig. 1 Electrochemical polarization curve. The electrochemical polarization
curve shows how the battery voltage shifting away from its OCV, which can
be considered as its thermodynamic equilibrium voltage. The difference of a
battery voltage during charge or discharge with its OCV is overpotential. ia
and ic are the anodic and cathodic current density, respectively; α and β
(= 1−α) are the charge transfer coefficient of anode and cathode,
respectively; η is charge transfer overpotential; R is gas constant and F is
Faraday constant.
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inaccurate electrochemical parameters. Causality, linearity, sta-
bility and finiteness are used to warrant the compliance.
Kramers–Kronig (K–K) relationship is normally used to vindicate
the compliance of the impedance data. The K–K relationship was
proposed by Kramers and Kronig for the analysis of optics6,7, and
then was introduced by Bode in an electronic circuit analysis8.
The non-compliant data points can be identified and removed
from the impedance spectrum.

Figure 2 shows the K–K validation of two sets of impedance
data9. The software used for the K–K validation was BioLogic EC-
Lab (https://www.biologic.net/support-software/). Figure 2a
shows the impedance spectrum of K–K compliance in the whole
frequency range, while Fig. 2b shows that only the high frequency
part of the spectrum is K-K compliance. The non-compliant data
points of low frequency in Fig. 2b needed to be excluded from the
subsequent data modeling and calculations.

Impedance data modeling and analysis
Ideally, one would analyze impedance data based on the mathe-
matics derived from real electrochemical processes such as Fick’s
laws, electrochemical absorption, Butler–Volmer relation, etc.

The theoretical impedance functions can then be used to extract
kinetic parameters. Due to the level of mathematics required for
the proper analysis, almost all the impedance analysis was con-
ducted with hard components based on equivalent electric cir-
cuits. Although the approach overlooks the capability of the EIS
for the interpretation of electrochemical mechanisms and kinet-
ics, it still yields much useful information, especially for the
practical design of an electrode, a cell, and a battery pack. Even
with the down-graded or simplified equivalent circuit modeling,
researchers sometimes intend to use it lightly without careful
considerations. The word equivalent in the equivalent circuit
stands for the equivalent to the electrochemical processes. There
is no such thing of one-kind-fits-all or a universal equivalent
circuit. Similar to building a LEGO figure, one need to be familiar
with each LEGO piece. Building an equivalent circuit, one needs
to have a hypothesis of the overall electrochemical processes, the
relations among those processes (series or parallel), and the
physical and electrochemical meanings of each component –
resistor, capacitor, and particularly CPE (constant phase
element).

One may read in the literature in which a semi-circle and slop
line were shown in a Nyquist plot. In the discussion, a conclusion
was reached that the process has an interfacial reaction with a
parallel diffusion process. Without careful analysis, the conclu-
sions could be misleading or simply not adequate. Let us inves-
tigate electrochemical processes in a cathode of Li-ion battery
(LIB)and how they can be assembled in an equivalent circuit.
Figure 3 illustrates all the possible electrochemical processes in
the porous cathode of LIB. Like any electrochemical electrodes,
three of four basic electrochemical processes are included—
charge transfer, double layer and diffusion while electro-sorption
is not applied or at least could be ignored.

Charge transfer process occurs at the interface between the
cathode active material particles and electrolyte. As long as the
electrochemical reaction is kept near equilibrium condition, the
charge transfer process is linear as shown in Fig. 1. Thus, the
process can be represented by a resistor and follows the ohmic
law.

I ¼ i0nF
RT

η

Rchargetransfer ¼
η

I
¼ RT

i0nF

It is reasonable to assume that the surface of all the active
material particles has the same condition; if so, then the RCT
(Ωm) should be the same. Through the equivalent circuit mod-
eling, RCT can be determined, thus the exchange current of the
reaction, i0.

In a porous cathode of LIB, the double layer can be on the
surface of an active material particle and a conductive carbon
particle. For a single active material particle, the charge transfer
resistor, RCT is in parallel with its double-layer capacitor, while
the double-layer capacitor on an adjunct carbon particle is in
parallel with R/C unit as shown in Fig. 3. Since the conductive
carbon used in a cathode is a minor component and its surface
area is low (<100 m2g−1), the double-layer contribution from the
conductive carbon is normally ignored. It is worth emphasizing
that the double layer is established on all the surfaces in which
electrochemical reaction occurs. Therefore, double-layer capaci-
tance can be used to estimate the dynamic electrochemical
accessible surface area—the physical surface of an electrode that
can be used during a certain rate of operation1.

Mass transfer is arguably the most important and the most
complex of all electrochemical processes. The diffusion rate
determines the utilization of an active material, which is especially

Fig. 2 Numerical fitting and K–K fitting of typical impedance spectrum.
K–K (Kramers–Kronig) compliance is needed to ensure the linearity of the
electrochemical system. a K–K compliant; b K–K non-compliant; The
equivalent model was used to calculate the impedance points outside the
measured frequency range. (reprinted from ref. 9. Copyright © 2019, with
permission from Elsevier).
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true at a high-rate operation. Diffusion acts like a courier trans-
porting mass throughout the matrix of a porous electrode and
moves the ions to and from an electrode and an electrolyte
interface. Detailed discussions on mass transfer can be found in
our previous review10. A Warburg impedance is used in an
equivalent circuit to represent the diffusion process. The Warburg
impedance can be derived directly from solving the partial

differential equation of the Fick’s second law.

∂Co

∂t
¼ Do

∂2Co

∂x2

� �

In classic electrochemistry, a system containing a solid flat
electrode is immersed in a flooded electrolyte. A semi-infinite
boundary condition (Co 1; tð Þ ¼ C0

0) is used to solve the Fick’s
partial differential equation. The semi-infinite assumption is
always true since the length of a diffusion layer on a flat electrode
is always orders of magnitude smaller than the size of an elec-
trochemical cell of a flooded electrolyte. However, the semi-
infinite boundary condition may not be met in a Li-ion cathode,
especially under a low frequency excitation or a perturbation
condition. Figure 4 shows the change of the concentration per-
turbation length under the excitation of various frequencies. The
effective-diffusion-length (δ) stands for the physical space avail-
able for the diffusion to take place. Apparently, the higher the
excitation frequency, the shorter the concentration perturbation
length. Unlike the flat electrode in a large amount of flooded
electrolytes in which δ can be the size of a beaker cell, the Li ion
diffusion in a porous cathode happens in a primary particle of the
active material, in a thin SEI (solid electrolyte interface) layer and
in the pores within the porous electrode. Depending on the size of
the primary particle, the diameter of the pore and the thinness of
the SEI layer, the semi-infinite condition may not be applied.
Hypothetically, if the thinness of the SEI layer is about the length
of “a” shown in Fig. 4, a semi-infinite Warburg impedance should
not be used in a low frequency region, but is appropriate to be
used in a high frequency region. According to our experience, the
“a” situation is the most common situation in a battery system.
The boundary condition in such case is ΔC0 = 0 at x = δ. The
detailed mathematics of solving the Fick’s second law and the
expressions of the real and imaginary parts of the impedance can
be found in refs. 1,11. The comparison of semi-infinite and infinite
Warburg impedance was reported in refs. 12,13.

Warburg impedance, both semi-infinite and infinite, does not
represent the diffusion in a distributed porous diffusion matrix

Fig. 3 Illustration of all possible physical and electrochemical processes in a cathode of LIB and a transmission line equivalent circuit and
corresponding electrochemical processes. This figure shows how the physical and electrochemical processes can be represented in a transmission line
model. For example, a charge transfer process at the interface of active material particles can be represented by a resistor (RCT), Li diffusion processes
inside active material and through CEI can be represented by Warburg resistors, Rw and RCEI. The CEI stands for possible surface interface on a cathode; Rs
are resistor; Cdls are double-layer capacitor and U0 is applied voltage.

Fig. 4 Concentration perturbation length versus excitation frequency.
The diffusion length becomes longer as the excitation frequency becomes
lower. Since at low frequency, an ion has longer time to diffusion on one
direction. ΔC the change of concentration. (reprinted from ref. 1. Copyright
© 2018, with permission from John Wiley and Sons).
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well, even if there is no occurrence of charge transfer or faraday
reactions, e.g., in an ideal double-layer capacitor. Warburg
impedance is only applied to a continuous medium in which the
boundary conditions are used to solve Fick’s second law. As
shown in Fig. 3, owing to the ionic diffusion within the pores of
different sizes, a non-continuous medium, the accessibility of the
physical pore surface is not uniform. Only a small fraction of
available surface, the surface of large pores, can become accessible
at a high-rate operation or at a high frequency modulation. There
are no electrochemical reactions or double layers occurring on the
surface of fine pores, owing to the fact that the mass-transfer in
those fine pores is slower than the polarization rate. Those fine
pores can only be electrochemically accessed at a very low rate.

The same issue applies to a thick electrode; only the fraction of
the electrode close to the separator participates in the reaction at a
high rate while the portion of the electrode closest to the current
collector remains unreacted. Qu discharged a D-size primary
alkaline cell at various rate to the end-point voltage of 0.8 V. The
discharged cells were immediately frozen in liquid nitrogen to
stop any further chemical and physical reactions in the cell. After
the frozen cell was sliced with a diamond saw, the MnO2 cathode
samples were taken from different locations of the thick cathode.
The oxidation state of Mn was determined through a Coulometric
titration. It was found that at high rate (5 A) discharge, the Mn at
the separator was over-discharged close to 2+ oxidation state; the
Mn at the can was at 4+ oxidation state. While discharged at low
rate (250 mA), the MnO2 in the cathode was evenly reduced to
about 2.6+ oxidation state. A transmission line as shown in Fig. 5
proposed by Levie is normally used to simulate the distributed
phenomenon of a non-continuous and porous medium14–16. The
mathematical equations of the transmission line have the similar
forms as the diffusion equation since the process taking place in
an RC circuit may be treated as the electronic diffusion into a
semi-infinite medium.

As shown in Fig. 5b, each RC unit that includes RCT. RW and
CDL, represents an active cathode surface in the porous electrode
matrix. Ideally, the number of RC units (n) in the transmission
line model, which simulate the electrochemical reaction occurring
on the 1/n of the total pore surface, should be infinite to represent
the complete picture of a porous electrode. Each RC unit, thus 1/n

of the pore surface, has different time constants. In other words,
not all the surfaces can become electrochemically accessed at the
same time. With the transmission line model shown in Fig. 5, one
can estimate the electrochemical accessible surface area or the
depth of electrochemical accessibility of a porous electrode.

Figure 5 shows the simulation of the electrochemical accessi-
bility of a thick electrode with porosity-gradient design10. It is
clearly demonstrated in Fig. 5d that 100% of the electrode surface
can participate in an electrochemical reaction under very low rate
(0.01 Hz). As the rate increased, the percentage of the physical
surface area (for example, measured by N2 absorption isotherm)
in which the electrochemical reaction took please decreased
substantially. Based on our experience, only less than 50% of the
electrode surface can be utilized for an electrode of thickness
around 200 μm at a medium rate.

Although the details are kept as trade secrets, it has been a
continuous effort in the battery industry to improve and optimize
the electrode fabrication processes to enhance the percentage of
electrochemical accessibility at high-rate conditions, for example,
by particle matching, pore creation, pressure application17–19, etc.
The EIS has been used as a tool for new product development,
trouble shooting and competitive analysis in the battery industry
for a long time20.

In the above discussions, the terms of a high-rate operation and
a high frequency modulation were used interchangeably. It is
worth mentioning that the impedance signals (a set of amplitudes
and phase angles of the component sinusoids) in the frequency-
domain can be converted into current densities in the time
domain using a Fourier transformation1. Theoretically, an
impedance spectrum can be converted into a set of polarizations
at various current densities through the Fourier transformation
and an inverse Fourier transformation can convert a potential
decay curve to an impedance spectrum. Of course, special
attention needs to be paid when converting a potential decay to
an impedance making sure the linearity of the system, as shown
in Fig. 1.

As the proliferation of nano-materials in the recent years, nano
becomes a new buzzword in battery publication. The physical or
geometric surface area of a solid is inversely related to the particle
size of the material. However, it is only true to unpacked powders.

Fig. 5 Transmission line model for porous electrode. a Without charge transfer and b with charge transfer process. c Illustration of porosity-gradient
design of thick electrode and d estimation of the penetration depth at different frequencies. This figure demonstrates how the transmission line equivalent
circuit is used to represent a porous electrode with difference pore structure and related depth of electrochemical asscessibility. (reprinted from ref. 10.
Copyright © 2021, with permission from John Wiley and Sons).
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In a battery electrode, primary particles (nano-powder) stick
together owing to the surface energy forming secondary particles.
The secondary particle would be in low micron size. Pores are
constructed in those aggregated particles. The distribution of pore
diameter or pore size depends on the shape, size, and packing of
the primary particles. Generally, the smaller the primary particles,
the lower the pore diameter would be. It is worth to pointing out
that the electrochemical accessible surface area of a porous elec-
trode is much low than its geometric surface area. Such dis-
crepancy is more profound at a high rate operation. However,
blending with micron size primary particles, nano-size materials
are always good players for the engineering of an electrolyte
porosity.

An electrochemical test cell—2-electrode vs. 3-electrode cell
The electrochemical processes on one particular electrode are
studied in classic electrochemistry. The electrode under investi-
gation is called working-electrode (WE). In order to make sure
that all the changes in an electrochemical cell are ascribable to the
WE, a three-electrode setup with a reference electrode (RE) is
normally used. The makeup of an RE is constant and the elec-
trode is maintained at an electrochemical equilibrium state
throughout the experiment. No appreciable current can be
allowed to pass through the RE, otherwise, a polarization would
occur, resulting in a potential shift. Therefore, in a three-electrode
system, one observes or controls the potential of the WE with
respect to the RE. As shown in Fig. 6, the polarization current
flows between the WE and an auxiliary electrode called a counter-
electrode. In a three-electrode system, the electrochemical
properties of the CE do not affect the behavior of the working
electrode, whose sole purpose is to facilitate the current flow.

However, two-electrode cells are increasingly reported in the
study of batteries. In a two-electrode cell, the polarizations of both
electrodes are included in the electrochemical data such as an
impedance spectrum. Unless proven otherwise, one cannot

assume the electrochemical results from a two-electrode system
are ascribable to either the cathode or the anode.

It is a very useful technique to implant RE in a battery cell.
Barnard et al. investigated the impedance characteristics of
undischarged primary alkaline cells by inserting Zn reference
electrodes at different locations21. The contribution to the total
impedance from the individual cell components and interfaces
were de-convoluted, such as the impedance contributions from
the cathode-can assembly, the anode-separator etc. The concept is
demonstrated in Fig. 6. The impedance between the WE and the
RE includes not only the impedance of the WE, but also the
impedance between the WE and the RE (not including the
impedance of the RE). The situation can be analog to the mea-
surement of the voltages of a variable resistor where a current is
passing through (Fig. 6). For instance, if two reference probes are
implanted on both sides of a separator, the impedance between
the cathode and each reference is measured, the difference of the
two impedances is the separator impedance.

Special attention should be paid when a RE is implanted in a
full battery cell22. First, all the RE should reach an equilibrium
state before the measurement is taken. In the study of a LIB, a
Li metal is normally used as RE. One should not be worried
about the SEI or passive layer formed on the surface of Li
reference, as long as the Li can reach and maintain its equili-
brium state with the electrolyte. Second, the potentiostat and/or
impedance spectrometer used for the measurement must have a
high input impedance. Thus, only a negligible current pass
through the RE and the polarization of the reference electrode
can be ignored. Consequently, the RE potential remains con-
stant and is equal to its equilibrium potential (open-circuit
potential). Putting it in perspective, a high-end electrochemical
workstation, e.g., AutoLab PGSTAT302N, has one tera ohms
input impedance, while an affordable one has the input impe-
dance in the range of mega ohms to giga ohms (1teraohm = 103

gigaohm = 106 megaohm). Last but not least, the size of a
reference probe should be substantially smaller than the
investigated electrodes; otherwise, a part of the solution current
path between the cathode and the anode is blocked, in which
nonuniform current distribution would arise at the electrode
surface. The phenomenon is called shielding. As illustrated in
Fig. 6, a RE senses the local potential. For instance, if a Lukin
capillary was used, the potential at the tip of the capillary was
sensed; if a plate or wire was used as a RE, then the average
potential at the vicinity of the RE was sensed. Therefore, one
should consider how a RE is placed in the cell so the desired
information can be extracted strategically.

Distribution of relaxation times (DRT) analysis
Although reference implementation is a very useful diagnostic
tool, it is a destructive method. Sometimes, the implementation of
a RE is technically challenging, e.g., to insert a reference into a
jelly-roll cell. Theoretically, a generalized circuit of a continuous
distribution of RC units in the space of relaxation of time can be
used to represent any electrochemical impedances regardless of
the electrochemical nature23,24. A relaxation of time is the time
that a system takes in returning to the steady state after a per-
turbation. Therefore, the shorter the relaxation of time, the better
the reaction kinetics are. For instance, the relaxation of time is
short for an electrochemical reaction with a higher exchange
current. In order to deconvolute the polarization effects over-
lapping in a frequency domain (impedance spectrum), an impe-
dance spectrum can be transformed to the distribution of
relaxation of time in time domain, by Fourier transformation or
fitting into the generalized circuit21,25. In a DRT analysis, the
impedance is fitted without prior assumptions of the physical

Fig. 6 Illustration of a 3-electrode system. The variable resistor is used to
demonstrate the IR drop between working electrode (WE) and reference
electrode (RE). CE is counter electrode; φWE and φCE are the potential of
working electrode and counter electrode, respectively.

PERSPECTIVE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00284-w

6 COMMUNICATIONS MATERIALS |            (2022) 3:61 | https://doi.org/10.1038/s43246-022-00284-w |www.nature.com/commsmat

www.nature.com/commsmat


and electrochemical processes. Therefore, each process can be
distributed along the change of the relaxation times that repre-
sents the rate constants of the corresponding processes. Figure 7
shows physical and electrochemical processes in the corre-
sponding frequency and time domain. The DRT method has
attracted increasing attention in the field of electrochemical
energy storage research because of its capability of detangling and
deconvoluting the polarizations of various processes that other-
wise overlap each other in an impedance spectrum. If coupled
with the implementation of a reference probe, the kinetics of a
cathode and an anode can be investigated in detail. Figure 8
shows the result of an impedance study of a LIB with a
wide temperature electrolyte in comparison with a control
electrolyte26. A Li reference electrode was implemented in a face-
to-face single layer pouch cell. The impedance of cathode vs.
reference; anode vs. reference and cell (cathode vs. anode) were
measured after formation, after 50 cycles and after 100 cycles. As
demonstrated in Fig. 8, the rate constants (relaxation times) and
the polarization resistance (relaxation amplitudes, the integration
of the corresponding peaks) of each physical and electrochemical
process from the impedance spectrum are de-convoluted along
the relaxation time. Figure 3 shows the complete equivalent cir-
cuit of a Li-ion cathode. Fitting an impedance spectrum to the
complete equivalent circuit is time consuming and cumbersome.
Practically, one builds a simplified equivalent circuit based on the
educated speculation; such an approach works well for simple
electrochemical systems. Owing to the distributed nature of a
porous electrode used in a battery system, significant electro-
chemical processes may vary in the different frequency ranges.
DRT can be used to identify dominant electrochemical processes
at different frequency range by de-convoluting them along with
relaxation of time. Equivalent circuits can then be built
accordingly.

Solid state batteries have aroused a lot of attentions recently.
The basic principles of EIS are also applied to all solid-state
batteries. One unique feature of an all solid-state battery which
results from the nature of a solid electrolyte is the charge carriers
of the solid-state electrolyte. Unlike a liquid electrolyte, in which
the electric current between electrodes is carried by ionic species,
there may be electronic conductivity in a solid-state electrolyte.
Although it is small, the electronic conductivity is responsible to
the detrimental leakage current, which is equivalent to connect a
large resistor between the cathode and anode. Theoretically, an
electronic conductivity and ionic conductivity can be easily
separated using both DC and AC27. Experimentally it is hard to

get a reproducible measurement. A simple ac impedance mea-
surement and fitting using a carefully designed electrochemical
cell can be advantageous27. During the impedance measurements,
an ion-blocking or electron-blocking or a redox electrode can be
used. Ion-blocking electrodes can be metals e.g., Pt and Au or
pyrolytic graphite, an ion-blocking electrode is inert and doesn’t
facilitate charge transfer at the interface. Electron-blocking elec-
trodes are high ionic conductivity materials with negligible elec-
tronic conductivity. Therefore, the only ionic conductivity is
measured. If a redox electrode is used e.g., Li metal, then both
ionic and electronic conductivity are included in the impedance
measurement.

Outlook
EIS has been used for many decades. The proliferations of the EIS
application, especially its application in energy storages occurred
in the past decade. The revolutionary advancements in computers
and electronics have made EIS analysis very easy and reduced the
cost of EIS instruments drastically. Historically, an AC Wheat-
stone bridge was used for impedance measurement. It took an
experienced electrochemist hour to measure the impedance at
one frequency, especially at a low frequency. Now, even relatively
affordable electrochemical workstations come with a built-in
impedance spectrometer. Instead of running each frequency
individually, the multiple-frequency excitation can be multiplexed
and superimposed on a bias DC signal. With the help of Fourier
transformation and digital frequency response analyzer, all fre-
quency can be measured simultaneously with automatic output of
real and complex spectra. Now an EIS measurement can be done
by pushing the enter key on the keyboard. The advancements of
the technology have made the powerful EIS technique widely
available not only to electrochemists but also to professionals in
the areas of material study, engineering, production quality
control etc. Like every advancement in technology, there are
always negative impacts. Here are two major issues found in
many publications.

● As mentioned earlier, EIS is a steady-state technique. The
electrochemical system must be at an equilibrium state or
at least the DC signal must be substantially smaller than the
responding ac signals, when the impedance is measured.
Almost all the electrodes used in energy storage are porous
and the relaxation time is long. Using a modern impedance
spectrometer, a set of impedance results can be produced.
Even if the system is far from its equilibrium state, the

Fig. 7 Dynamic, frequency dependent processes of an electrochemical system (in green) and battery test methods (in blue) with typical ranges of
characteristic time constants. This diagram shows the kinetics and their time constants of various electrochemical and physical processes in a battery.
The kinds of electrochemical techniques are also recommended for the investigation of the different processes. (reprinted from ref. 24. open access under
the Creative Commons Attribution License).
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obtained spectrum could be non-reproducible and
misleading.

● There is a clear trend of using EIS very casually and lightly
in energy storage research. Due to the increasing
convenience and affordability of the instrument, research-
ers just feel the pressure to have a Nyquist plot in the
manuscript. Without a careful conduction of the experi-
ments, validating the impedance data points frequency by

frequency, establishing equivalent circuits, fitting the
experimental data based on the equivalent circuit, and
error analysis, the results can be at the very least useless or
even misleading.

EIS is a powerful technique in electrochemical studies. It
bridges the steady state and transient state so the kinetics of an
electrode can be investigated at different stages of discharge or

Fig. 8 DRT at different states of aging. a Baseline anode, b improved anode, c baseline cathode, d improved cathode, e baseline whole cell, f improved
whole cell. (Reprinted from ref. 26. Copyright © 2022, with permission from Elsevier).

PERSPECTIVE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00284-w

8 COMMUNICATIONS MATERIALS |            (2022) 3:61 | https://doi.org/10.1038/s43246-022-00284-w |www.nature.com/commsmat

www.nature.com/commsmat


recharge. We hope it can be rightfully used to maximize the
potential of the technique. We hope this discussion can provide a
useful starting point for researchers in energy storage area,
especially those who are not professional electrochemists.

The last but not the least, impedance techniques covered in this
paper are for the investigation of electrochemical processes in a
battery. In industries, impedance is also used as diagnostic tool
for the state-of-health and state-of-charge. Those could be a
single frequency impedance or discrete multi-frequency impe-
dance. Since a large excitation signal is normally applied, the
response would be non-linear. Most of the simulation models are
semi-empirical and mostly proprietary.
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