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This paper outlines a critical analysis of the currently available methodological framework for a comprehensive
and reliable interpretation of impedance spectroscopy data of aprotic lithium-based secondary batteries.
Impedance spectroscopy is a powerful experimental technique that can be used to assess the impedance of
batteries over a range of frequencies. However, in typical battery configurations, all components contribute to
the impedance response of the whole cell and the overlap of many of the different impedance responses often

results in a complex experimental curve that is not easily easy to interpret. Various analytical approaches can be
used to evaluate complex impedance data sets of batteries: (a) matching the impedance response of the cells in
question with a previously published impedance model; (b) performing additional electrochemical measure-
ments with different settings and/or on different cell designs to support the assignation of impedance contri-
butions to specific physicochemical processes; (c) acquiring external physicochemical determinations,
morphological and chemical data that can support or refute the results of impedance analysis; (d) developing
theoretical models that reconcile physical insights at different length scales of the battery components with the

equivalent circuit formalism.

1. Introduction

Electrochemical impedance spectroscopy (EIS) is an experimental
technique that can evaluate the impedance of a dielectric system, either
redox or capacitive, over a range of frequencies [1-3]. Experimentally
an EIS experiment is realized by applying an electric stimulus (e.g. a
known voltage or current oscillation with known frequency) to an
electrochemical cell constituted at least by two electrodes separated by a
dielectric layer. The output electrical signal is recorded, elaborated and
the outcome data expressed numerically and graphically (e.g. the
so-called Bode or Nyquist plots) [3]. The general assumption of
impedance spectroscopy experiments is that physico-chemical proper-
ties of the electrochemical cell are time-invariant, and the overall cell is
unaltered at the end of the EIS experiment compared to the pristine state
[1,2]. Thus, multiple consecutive EIS experiments are expected to give
identical results. Starting from the late 70 s, Automated data acquisition
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systems become available for fast processing of the large data flow
produced in an EIS experiment [4,5]. Overall, the introduction of
automatic numerical elaboration systems boosted the exploitation of
this electrochemical technique as proved by the innumerable published
papers reporting EIS data.

There are various possible technical alternatives to implement an EIS
experiment: the most common and typical approach, is to measure
impedance by applying a series of single-frequency voltage signals to the
working electrode of a three or two electrode cell and measuring the
phase shift and amplitude of the resulting current at that frequency.
Commercial instruments can handle frequency signals from below 0.1
mHz to 1 MHz and are operated by automated graphical interfaces to
facilitates the realization of experiments. The subsequent elaboration of
EIS primary data (frequency, phase shift, amplitude) can disclose
physico-chemical properties of any electrochemical systems and its
constituents, in particular:
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List of symbols

Cehem chemical capacitance

Ca double layer capacity

L. concentration of active ion M*"

Csalt molar concentration of salt dissolved into the electrolyte

D hem chemical diffusional coefficient

Dhemess  effective chemical diffusional coefficient

D+ diffusion coefficient of active ion M*" reacting with parent
electrode M

E, activation energy

f frequency

F Faraday’s constant

i Imaginary unit

I(w) current response to sinusoidal excitation

Ioo maximum value of the sinusoidal response current to
voltage excitation

k9 potential independent rate constant parameter for
reduction

K dielectric constant of the electrolyte

L thickness of the electrolyte layer

Lp effective thickness of the double layer region

L, thickness of porous electrode

Ny MacMullin number
R gas constant
R charge transfer reaction resistance
Re the resistance of the electrolyte layer
S geometrical surface area of electrodes
T temperature
V(w) alternate small voltage bias
Vo is the maximum value of the alternating voltage bias
z valence number of transported active ion
Zim imaginary portion of the complex impedance
Zreal real portion of the complex impedance
4 modulus of the impedance of system under consideration
Zy Warburg impedance
Bruggerman exponent

€ porosity
€0 permittivity of vacuum
K conductivity of the electrolyte

otal total molar conductivity
T relaxation time
Tg tortuosity
@ phase shift
® angular frequency

1. properties of the electrode/electrolyte materials (e.g. conductivity,
dielectric constants, charge mobilities, equilibrium concentration of
the ions)

2. properties of the electrode/electrolyte interface (e.g. time constants,
kinetic rate constants and capacitance)

In this work we tackle a rational evaluation of the current method-
ological approaches exploited in the scientific literature in the applica-
tion of EIS to lithium aprotic secondary batteries (ASB). In this respect
we aim to provide a critical assessment of the most crucial aspects to
implement a reliable and informative EIS experiment ranging from its
experimental implementation to the dataset analysis and interpretation.
Starting from this general introduction (Section 1), the structure of this
work follows this rationale sequence: in the Section 2 some EIS funda-
mental quantities and concepts are outlined, in Section 3 we explain the
available modeling approaches and in Section 4 we review good liter-
ature practices and connect the various approaches to cell components.

Positive metallic current collector
positive electrode

Electrolyte & separator

negative electrode

Negative metallic current collector
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2. Impedance spectroscopy: definitions and fundamental
quantities

All galvanic electrochemical cells, either primary or secondary, are
constituted by multiple components that contribute to the impedance
response of the whole cell. Focusing on ASBs, a general schematization is
shown in the Fig. 1.

It is possible to identify seven different constituent elements
unavoidably present in all ASBs formulations, which can be grouped in
four categories depending on the time constant of their main impedance
response to an alternating voltage bias:

1. The positive and the negative metallic current collectors

2. The electrolyte-soaked separator.

3. The electrode/electrolyte interphases at the negative and positive
sides

4. The positive and the negative composite electrodes

(b)

Positive metallic current collector

positive electrode

negative electrode

Negative metallic current collector
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Fig. 1. Electrochemical cells for EIS in (a) two and (b) three electrodes’ configurations. WE = working electrode, CE= counter electrode; REF= reference electrode, A

= amperemeter; V = voltmeter.
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All these seven components of ASBs contribute to the impedance
response to a different extent and in different frequency ranges. Thus,
the resulting experimental outcome of any EIS experiment is a complex
overlap of contribution originated from various components of the cell.
Consequently, despite the ability of EIS to discriminate electrochemical
phenomena predominant at different frequencies, the complexity of the
electrochemical cell shown in the Fig. 1 unavoidably makes the inter-
pretation of impedance outcomes very hard. Thus, there is a need for a
robust interpretation model or methodology to fully disclose all the in-
formation integrated within the EIS experimental trace [6].

From the experimental point of view, EIS experiments can be carried
out in two different cell configurations as shown in the Fig. 1: (a) two
electrodes configuration; (b) three electrodes configuration. In the two
electrodes configuration the alternating voltage bias is applied at the
working electrode (WE) in respect to the counter electrode (CE) and the
response current is measured between the WE and the power supply/
external resistance. Therefore, the alternating voltage bias stimulates
the impedance response from all the seven components of the cell. This
configuration is mandatory to evaluate the overall impedance response
of the whole cell, as an example in the case of state-of-health evaluations
of batteries. In the three electrodes configuration the alternating voltage
bias is applied at the working electrode (WE) in respect to an ideal non-
polarizable reference electrode (REF, i.e. an ideal electrode in which a
faradic current can freely pass and its potential does not change from its
equilibrium one upon application of current) and the response current is
measured between the power supply/external resistance and the CE.
Consequently, the alternating voltage bias limits the impedance
response only from the WE-end of the cell (e.g. positive metallic current
collector/composite positive electrode/cathode electrolyte interphase/
electrolyte & separator). This configuration is mandatory to facilitate
the decoupling of the impedance contribution originating from the WE,
the interphase, and the electrolyte. Furthermore, the use of redox-
inactive WE and CE (the so-called blocking electrodes), either in the
two or three electrode configurations, allows to focus on the sole
impedance response of the electrolyte/separator, being the role of both
positive and negative electrode/electrolyte ends purely capacitive.

Overall, EIS experiments in two electrodes configurations are always
technically feasible despite unavoidable overlap between the impedance
response of the WE and CE. This configuration allows to easily monitor
the aging of a single cell, but the decoupling of the contributions orig-
inated from the different cell components is challenging. On the other
hand, three electrodes’ configurations limit the complexity of the
impedance response and allow focus on the WE-end part of the cell.
Unfortunately, three electrodes’ configurations are not always techni-
cally feasible, especially in commercial batteries. In R&D laboratories
EIS experiments can be designed and realized in controlled conditions
and therefore the experimental setup can be selected based on the
research goal.

Before continuing it is important to discuss the main sources of
experimental errors in EIS experiments in ASBs. As mentioned above, a
reliable EIS experiments requires that the physico-chemical properties of
the electrochemical cell are time-invariant, and the overall cell is un-
altered at the end of the EIS experiment compared to the pristine state.
This pre-requisite is often under-evaluated, leading to artifacts in the
impedance response originating from transient states and not from well-
equilibrated systems. Furthermore, it is important to underline that the
frequency of the alternating voltage bias can vary in EIS by several order
of magnitudes, ranging from megahertz to microhertz. In this respect EIS
experiments can last hours, thus requiring careful control of additional
experimental conditions such as the cell temperature. However,
depending on the phenomena of interest, the relevant frequency ranges
can be more limited but may possibly require careful choices of the
experimental conditions (e.g. automatic current ranges, current pre-
ranging, number of datapoints, voltage bias) and/or an accurate data
averaging (multiple wave accumulation, relaxation times between fre-
quencies, ...).
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In summary, to minimize the possible source of experimental errors,
it is important to design appropriate experimental protocols considering
both the need of well-equilibrated systems as well as well-planned
experimental conditions.

1. Initially, one must scrutinize the parameters of the impedance
measurements to ensure the desired physical-chemical processes are
being measured and the spectra are reliable.

2. Non-trivially, several repetitions of measurements on the same cell
and parallel measurements on identically prepared cells is needed to
ensure relevant data is being measured. Another way to ensure that
the cell is stable enough to measure its impedance spectra is by using
a prerequisite equilibration period before EIS measurement. This is
true for both EIS measurements at OCV or when EIS measurements
are conducted during a voltage hold.

3. After ensuring that the spectra do not have interference from outside
sources and that EIS measurements are repeatable, the adequate
frequency range of the measurement should be optimized for the
evaluation of a given process occurring in a given time-scale.
Namely, if for very slow processes, their impedance features can be
observed only by extending the measurement into the low frequency
range.

In an EIS experiment for the investigation of ASBs, both in two or
three electrodes’ configurations, the most common and typical approach
is to measure impedance by applying a series of single-frequency voltage
signals to the working electrode of a three or two electrode cell and
measuring the phase shift and amplitude of the resulting current at that
frequency [6,7]. The time dependence of the applied alternate voltage
bias V(t) and the current response I(t) are:

V(w) = Vo-e™'. (E1)
(@) = Iy €@ (E2)

Where V; is the maximum value of the alternating voltage bias for a
given @ angular frequency (i.e. o = 2z-f, where f is applied frequency of
the voltage bias), Ip,, is the resulting maximum value of the response
current at w and ¢ is the phase shift of the current response. For a given
, the impedance response of the cell is given by:

V(o)

Simple algebraic manipulations allow to reformulate Eq. (E3) as
follows:

Z(w) = Zyeal + i"Zim (E4)

Where Z,..y and Zimm and the real and the imaginary portions of the
complex impedance at a given frequency, respectively. The resulting
dataset for an EIS experiment is constituted by a series of triplets
(f;1Z]; @) or (f; Zrear; Zimm) that can be represented in the so called Bode-
plot or Nyquist-plot as shown in the Fig. 2.

In the large part of the existing literature concerning the use of
impedance spectroscopy in battery applications, only the Nyquist plot is
used as a starting point for any further data analysis or interpretation:
this approach is correct but incomplete. The two traces, which are both a
convolution of signals originating from different phenomena, show the
same experimental datasets and any fitting model must find a reasonable
match in the most evident features of both representations.

The occurrence of a phase shift between the alternating voltage bias
and the resulting alternating current origins depends on the impedance
response of each component (e.g. resistive or capacitive) and interface
(capacitive or faradic) of the ASB. As an example, purely resistive con-
stituents (e.g. electrolytes) give a phase invariant impedance response,
whereas pure capacitive elements (e.g. metallic electrode surfaces) give
a 90° phase shift.
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Fig. 2. Examples of the so called (a) Nyquist plot and (b) Bode plot. Kinetic steps common in most batteries and related simulated qualitative EIS spectra of an

intercalation electrode.

The most typical feature of any EIS spectra in the Nyquist plot is the
well-known semi-circular fingerprint of an active interface between two
media with different homogenous dielectric properties. Any interface is
constituted by a double layer of charges, which can be either capacitive
or faradic. Within each double layer, the motion of charges occurs in a
timescale that matches the frequency of the maximum of this semi-
circular feature in the Nyquist plot, or the maximum of the phase in
the corresponding Bode plot. As already discussed, from a technical
point of view in any EIS experiment, it is possible to modulate the
voltage frequencies applied to a battery in a broad range, from MHz to
below mHz. This capability provides information about the impedance
response of any battery system at various frequencies and allows
decoupling of phenomena that involve the motion of charges at different
timescales. Overall batteries are complex systems where charges move
across all interfaces (see the Fig. 1) with specific time-constants that can
vary by order of magnitudes, as shown qualitatively in the Fig. 2.

In this respect one may qualitatively consider that it is possible to
decouple the various parallel charge motion processes considering the
frequency range in which their impedance fingerprint is observed in any
cell geometry/formulation like a standard coin cell:

1. Electron motions in electrodes, ion motions in the bulk of the elec-
trolyte (resistive homogenous media): f > 50 kHz

2. Ion transport across a permeable passivation layer (capacitive double
layer): f ~ 0.1-50 kHz

3. Charge transfer phenomena (faradic double layer): f ~ 10-1000 Hz

4. Diffusion in the solid state of ions involved in faradic process (so-
called Warburg-diffusion): f ~ 10-100 mHz

5. Accumulation of charge of the electrode surface (capacitive double
layer): f ~ 0.01 - 10 mHz

These ranges are qualitative and may easily overlay, especially in
porous electrodes or in all cases in which a complex parasitic chemistry
occurs. However, any qualitative analysis of an EIS spectra resulting
from the investigation of a lithium battery electrode, requires taking into
consideration these timescales and the corresponding sequence of phe-
nomena. In this respect the qualitative observation of the impedance
trace represented using either the Bode or the Nyquist plots allow to
draw the sequence of phenomena that contributes to the EIS response of
the cell and the corresponding frequency ranges. This preliminary
qualitative analysis is mandatory for any further modelling or de-

convolution approach to avoid over-interpretation of the EIS dataset [8].

The overlap of many of the various impedance responses of the ASB
components often leads to a complex experimental curve not easily
understandable without modelling efforts. However, some qualitative
analyses are possible based on the direct observation of the EIS data
using either the Bode or the Nyquist representations. In all cases where
semi-circular features (i.e. arcs) are observed in the Nyquist plot in
different frequency ranges. The evolution of the arc shape and di-
mensions can be clue of different phenomena:

o The effect of electrolyte conductivity and separator properties shift
the intercept with the real impedance axis of the high frequency
semi-circle in the Nyquist plot (see Fig. 3a). In the example shown,
the spectral features of the high frequency semi-circle remain con-
stant (i.e. frequency and Z. of the maxima of the semicircle) while
the resistance of electrolyte increases. This kind of trend in the EIS
trace is a direct qualitative fingerprint of an active degradation
chemistry that involves the electrolyte/separator component of the
ASB.
The increase in the size of the semi-circular diameter is a clue of an
increase in the resistive character of the impedance response (see
Fig. 3b). This spectral change goes typically in parallel with the
decrease of the frequency corresponding to the maximum of the
semi-circular feature. The increase in the resistive character of an
interface can originate in the case of a passivation layer, either from
its thickening or composition evolution that enrich insulating con-
stituents, and in the case of a charge transfer from the increase in the
kinetic hinderance of the process, promoted by smaller reagent
activities.

e The stable size of the semi-circular diameter occurring in parallel to
the downward shift of the frequency of the maximum is direct evi-
dence of an increase of the capacitive character of the impedance
response (see Fig. 3c). The increase in the capacitive response of an
interface can derive from an increase in the electrochemical active
surface of the double layer, either in the case of a passivation film or
in the case of a charge transfer phenomena.

Typically, these changes occur simultaneously, thus making impos-
sible a qualitative decoupling of the physico-chemical effects that are
driving the alteration of the EIS response. This evidence shows a clear
need for modeling the impedance response of ASB by computational



S.D. Talian et al.

35

Energy Storage Materials 69 (2024) 103413

.| (a) (b) (c)
25 4
High frequency semi-circle maxima High frequency semi-circle maxima High frequency semi-circle maxima
G 204 o Z =140 f=17kHz ° Z,=14Q f=17kHz o Z,=140 f=17kHz
\Z o Z_=14Q f=17kHz ° Z,F17Q f=11kHz o Z =14Q f=11kHz
g Z_ =200 f=9kH: -
Fis] ° zwqm =17kHz ] ° e z | o z.10 EskhHz
N o © ° o
@omog ° )
104 °°o°%°%° 4 °°°°oo°°° 09009% ] %38“3
g° % %00°o° )
5D %o 00000 P68, 8599, B
T e Do oot et o
54 000 1 1
i 7
0 T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 0 5 10 20 25 30 35 0 5 10 15 20 25 30 35
e/ 2/ 22 2o/ Q

Fig. 3. Examples of simulated EIS spectra.

methods based on the so-called equivalent circuit approach or more
complex physically funded approaches.

Recently, an alternative approach of data representation has been
gaining momentum: the so-called distribution of relaxation times
concept [9-11]. This approach is based on a transformation of the
experimental data from the frequency domain to a distribution function
of relaxation times (DRT or DFRT). In principle such a transformation
can led to a better separation, in particularly better visualization, of the
underlying electrochemical processes which are seen as peaks with
characteristic time constants that are associated with the separate pro-
cesses, e.g. Fig. 4.

3. Analysis of EIS applied to ASB: approaches to experiments
and modelling

To provide a concise overview of the different possibilities of
applying EIS to battery research, here we outline and discuss the
experimental approaches from the simplest towards more complex. In

the next chapter, these approaches are linked to cell components and
processes, providing an outline of which concept is most suitable for an
analysis of a given cell phenomenon. With this we aimed to showcase
good practices available in the literature, explaining the methodology
and analyses behind it.

3.1. Approach 1: measuring basic impedance response of studied systems
and fitting by applying an arbitrary simple single-rail model

The simplest approach to employing impedance spectroscopy to
study battery systems is to match the impedance response of cells in
interest with an already published impedance model. This is a common
method in the literature and is frequently employed in studies where
impedance spectroscopy is an auxiliary technique used to support hy-
pothesis grounded on other electrochemical or chemical characteriza-
tion techniques.

With this approach, several requirements need to be met for the re-
sults to be reliable. First, dedicated impedance spectroscopy studies -

Nyquist plot DRT Equivalent circuit model
g(1) Processi Process2 Process3
Ideal
e w
condition g~ I
/\r\/\ - RC=, RCs1, RCs=
T, T. T
@ _g(r) 2 3
Z(w) =Ry +R, [ {-dr Modeling
' e -
g(T) Process1 Process2 Process3
Real
condition /‘\—\
- o RC=t, RC7=, Ry,
Frequency-domain display Time-domain display Simulated circuit display
Meaning

Semi-circle — specific process

Elusive coupled semi-circle

Specific peak — time constant

Clear model free distribution

Circuit — specific process

Require for accurate prediction

Fig. 4. Example of a transformation of the experimental data from the frequency domain to a distribution function of relaxation times (DRT or DFRT) obtained from

ref. [10].
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where impedance-sensitive parameters are well controlled - rather than
routine measurements should be the basis of the employed model.
Secondly, a published model is only applicable if the system under
consideration is identical or at least similar to the published one. Finally,
the use of equivalent circuit models should be conducted with care. To
explain this, simple single-rail equivalent circuit models are often cho-
sen according to the shape of the impedance spectrum in the Nyquist
plot representation and assume that one major impedance feature (e.g.
impedance arc) corresponds to a single electrochemical process. For
example, if the arc is depressed, the inconsistencies are masked through
using a constant phase element instead of an ideal capacitor for the
capacitive component. This simple assumption of “one arc — one pro-
cess” does not apply to complex electrochemical systems and can lead to
incorrect explanations of impedance spectra, which can be the cause of
dubious literature reports. Furthermore, the same impedance spectrum
can be (approximately or in some cases even exactly) simulated with
multiple different circuits. Use of simple single-rail equivalent circuit
models is therefore suitable only in model battery cell systems, where
one can be sure that each impedance arc/feature is due to a single
transport or electrochemical process and for which we have good
comprehension about the impedance contributions’ origins.

3.2. Approach 2: additional impedance measurements and analyses

A first level of added complexity with an original impedance spec-
troscopy study is to conduct additional electrochemical measurements
with different settings and/or on different cell designs to support the
assignation of impedance contributions to specific physical-chemical
processes.

For cells with asymmetric electrodes type cells (full cells), additional
impedance spectra measurements must be first carried out to separate
electrode contributions between cathode and anode. There are two
common ways of dealing with this problem: Measuring the spectra of
three-electrode cells or building symmetric cathode-cathode and anode-
anode cells. The first option, using a three-electrode cell, means building
a special cell that contains an additional reference electrode. This
electrode allows for measurements of spectra specific to the positive or
the negative electrode. Furthermore, it also allows for in situ measure-
ments and changing the cell state of charge (SOC) between impedance
spectra determinations. The problem with reference electrodes is that it
is difficult to design a stable and reliable one. A reference electrode must
not interfere with the reactions taking place on the anode or the cathode
and be small enough to not disturb the electric field between them. It
also must have a stable potential. If these requirements are not met, the
measurements can be subject of considerable errors. These can manifest
as middle frequency loops [12] or even hidden features that are some-
times difficult to detect. There are only few reports on the use of stable
reference electrodes in battery cell research [13,14], that provide reli-
able impedance spectra measurements.

The second option in differentiating between cathode and anode
contributions is building symmetric cells out of full cell parts [15-17].
This means that two close-to identical full cells need to be assembled and
treated equally before their impedance spectra are measured. These cells
are then disassembled and out of the available cell parts, two symmetric
cells are made, and their impedance spectra are measured. This method
circumvents the issues with building more technically demanding
three-electrode cells and the problems associated with finding stable and
reliable reference electrodes. Although not in situ, change in SOC or
other parameters can still be achieved. Nevertheless, precautions asso-
ciated with potential cell change during disassembly, such as electrolyte
dry out, need to be considered and properly assured.

Apart from using reference electrodes and the symmetric cell
approach, there are other tricks which might be handy in differentiating
between cathode and anode impedance contributions. An example is
drastically increasing the surface area of the electrode, which is not the
focus point of the study (the counter electrode). This reduces its
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impedance contributions and, ideally, makes them negligible. What is
left on the impedance spectrum is the working electrode impedance
contributions. This can be further improved by additionally reducing the
size of the working electrode. When manipulating the electrode sizes,
the overall design of the cell must be carefully considered. In such cases
one usually must resort to a flooded cell type rather than using the
separator type cells that are commonly used in battery research. This is
due to the fact that when using a thin separator, the electrodes are close
to each other. The electric field going from the smaller working elec-
trode therefore might not encompass the full desired surface area of the
large counter electrode, significantly reducing the active portion of the
counter electrode and not reaching the desired effect.

After separating positive and negative electrode contributions, the
next step is an attempt to simplify the cell design, which hopefully leads
to a more straightforward impedance spectrum. In this part of the
approach, the idea is to get rid of complex or overlapping impedance
arcs. This would hopefully lead to a quite simple spectrum, where fitting
with equivalent circuit models is desirable and does not usually produce
significant errors, since impedance arcs are ideally resolved and corre-
spond to a single physical-chemical process. From there, the excluded
complications are systematically added back into cell design to reach the
starting point but with more in-depth knowledge on the origin of
impedance contributions.

Besides simplification, several other cell design changes can be
immensely helpful in accurate impedance spectra analysis. The first one
is changing the concentration of supporting salt in the electrolyte. This is
usually done by the orders of magnitude (e.g. 1 M, 0.1 M, 0.01 M or even
lower) [18,19], to ensure that change is sufficiently visible. If we
decrease the supporting salt concentration, several impedance contri-
butions change in a predictable way. At this point, let us note that
changing the concentration may also affect the activity coefficient, so
one needs to adjust the analysis if change in activity coefficient is
relevant.

The charge transfer reaction resistance R, is inversely dependent on
the active species concentration. In simplified terms, this means that
reducing the concentration of the active species will proportionally in-
crease the resistance due to the species’ charge transfer reaction. This is
shown as an increase of the size of the arc marked with green on Fig. 5.
This is of course true if the species, whose concentration was changed,
enters the redox reaction from the solvated state. If the species first
adsorbs on the electrode surface, then a change in the surface specific
concentration needs to happen to vary the R, value [20]. Similarly, the
charge transfer reaction might be happening at the interface between a
compact passive layer and the bulk electrode, in which case the con-
centration of the species inside the compact layer is the relevant one.

Apart from changing the concentration of charge-carrier species,
electrolyte dilution also changes its viscosity. Both of those mean that
the conductivity of the electrolyte will also change, although the cor-
relation is not strictly straightforward. Namely, when increasing the
concentration of charge-carrier species in the electrolyte solvent, the
conductivity increases until we reach a point that their mobility be-
comes an issue due to high electrolyte viscosity. At that point, the
conductivity plateaus and starts decreasing if more salt is added [21].
Battery electrolytes are usually prepared to be at the maximum con-
ductivity value, so the most likely scenario is that reducing the elec-
trolyte concentration will decrease both its viscosity as its conductivity.
This will be evident in the impedance spectra as an increase in the
resistive intercept - all EIS spectra of well-behaving aprotic
lithium-based batteries almost intercepts the real impedance axis at its
highest frequency, typically at 1 MHz-50 kHz (see the Nyquist plots in
Figs. 2 and 3). This real impedance value reflects transport phenomena
through a homogeneous media of a highly mobile charge carrier, i.e. all
ions solvated in the electrolyte, and is commonly denoted as the elec-
trolyte resistance (R,y). The R, value measured by EIS is closely related
to physical chemical properties of the electrolyte [8]:
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simulation of simple Randles-like equivalent circuit:
active ion concentration in A is higher than concentrationin B
(decreasein cis assumed to decrease viscosity, frequency range on A is the same as B)

A R, Z, B
—~~ w ~~
N N
= Ra £
—I Cd| _l
Q | —

L .
RW,A< RW,B’

Re(2)

R =« 1/c, concentration decreases
concentration decrease decreases conductivity

viscosity decrease increases diffusional coefficient

effect of both concentration decrease and diff. coeff.
increase (assumed that concentration effect prevails)

Fig. 5. Example of simulation of simple impedance spectrum and the change induced due to a decrease in electrolyte concentration.

Ny L
R, =-1~
k S

(E5)

Where « is the conductivity of the electrolyte (in S m’l), L is the
thickness of the electrolyte layer (in m, i.e. the linear distance from the
working electrode to the counter electrode), S is the surface of electrodes
(in mz) and Ny, is the MacMullin number (dimensionless, Nj; >0 where
Ny =1 in the case of a pure isotropic liquid with no relevant steric
constraints that hinders the motion of ions from the bulk to the electrode
surface) [22]. Generally speaking the Ny, can be derived from the tor-
tuosity 7, and the porosity ¢ of the conductive media by the Ny = 7, /¢
equation, being these two last dimensionless quantities related through
the empirical Bruggerman relation 7, = &%, where a is the Bruggerman
exponent [23,24].

Viscosity change also affects the value of the chemical diffusional
coefficient (decrease in viscosity increases D pn). Due to both diffusion
coefficient and concentration change, the Warburg arc resistance size
will differ (Fig. 5). It will also shift to different characteristic frequencies
- in the case of viscosity decrease, the time constant for the diffusional
contributions will decrease and the peak frequency increase. Electrolyte
concentration change therefore changes multiple parameters defining
the impedance spectra size and shape. It is important to note that
although these specific impedance contributions will change, it is also
possible the impedance spectrum will not significantly change overall.
This is especially true for cells with a complex mix of low-frequency
diffusion process (such as solid-state diffusion in Li-ion cells), where
the diffusional contributions due to electrolyte filled porous layers are
hidden behind larger solid-state diffusion impedance.

Besides changing the electrolyte concentration, a simple manipula-
tion is changing the thickness of the porous layers in the cell through
which diffusional processes take place. This part of the approach, for
example, encompasses preparation of electrodes of different thicknesses
[25,26], changing the thickness of artificially prepared coatings or
layers and stacking multiple separators on top of each other [27]. We
suggest a change of at least a factor of 3 to be sure of the impact on the

impedance contributions. Of course, even more information is gathered
if the thickness is changed in several steps — L, 3 Lp, 9 L. Changing the
thickness parameter of electrochemically inactive components (stable
artificial porous layers, separator) will influence the transport processes
taking place in this part of the cell. A change in the porous electrode
material thickness, on the other hand, will also influence the reactional
contributions. This is because keeping the porosity and tortuosity con-
stant necessitates a surface area increase.

Specifically explaining the expected differences when varying
thicknesses of non-conductive cell layers, changing the thickness has an
influence on the value of the resistive intercept and the Warburg resis-
tance due to diffusion through this specific non-conductive porous layer.
The manipulation also affects the capacitive contribution and the time
constant for the layer’s diffusion contribution. Note that the difference
in the spectrum might be negligible in the case of small overall sepa-
ration change. In the high frequency part of the spectra, where we expect
the migration contributions of electrolyte filled non-conductive layers,
common battery research laboratory impedance spectroscopy mea-
surement instruments do not have the capability of resolving the
different contributions.

As mentioned, the thickness change in the conductive electrode layer
part of the cell induces more complex shifts in the impedance spectrum.
The reaction contribution depends on the electrode active surface area.
If we increase the thickness of the electrode with keeping other pa-
rameters identical (porosity, particle size, etc.), then the charge transfer
resistance will decrease due to larger available electrode surface area.
The peak frequency, on the other hand should remain identical, since the
double layer capacitance of the electrode will increase through a reverse
relation to the available surface area. Secondly, the transport through
the electrode will change due to longer paths the species have to/can
travel. These changes happen in both the low and high frequency parts
of the spectra. The impedance contribution due to migration of species
in the porous electrode is usually separated from the migration contri-
butions in non-active layers (which are included in the high frequency
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resistive intercept). The migration through the electrode is at slightly
lower frequencies, producing a “diffusion-like” high frequency arc,
which starts with a 45 ° angle. Migration is usually coupled with the
reaction contributions, so any changes to this arc will be a combination
of the resistance and migration change. With diffusion, the length of
diffusion pathways in the active electrode pore structure is effectively
closer to the dimensions of the pore, not the total thickness of the
electrode. This is usually significantly smaller than the separator di-
mensions, which means that in those cases, the electrolyte-based diffu-
sion inside active electrode pores can be neglected.

Next in line of possible changes in cell design is the controlled
modifications of other transport related properties of the porous layers,
besides their thicknesses. Clear examples are porosity and tortuosity
parameters [27]. The porosity value ¢ gives us a measure of the volume
fraction of pores in which electrolyte can be stored. A larger value means
a more open porous layer, which results in faster transport. Tortuosity 7,
is a measure of how winding/twisted the path through the porous layer
is, so it serves as a correction of the thickness value, L,. In a highly
tortuous layer with a thickness of L, the particle must travel a signifi-
cantly longer path than L, through the layer to reach the opposite side.
The effect of both parameters is included in the effective chemical
diffusion coefficient Dpem e and the effective values of associated pa-
rameters, e.g. effective specific conductivity, etc. The simplest example
of studying the effect of porosity and tortuosity of porous layers is by
changing the separator type or even omitting it through using an insu-
lating cell spacer or beaker type cell [18,27]. Similarly, other porous
layers, such as coatings or porous electrode material can be specifically
designed to vary these properties, although this usually includes com-
plex synthesis procedures [28,29]. This cell design change is therefore
slightly less useful for determination of the origin of spectra contribu-
tions, since the porosity and tortuosity parameters are harder to control
or change in larger magnitudes without affecting other properties of the
layer. The approach could nevertheless be useful in determination of the
chemical diffusion coefficient, which can serve as an independent
confirmation of the correct assignation of impedance arcs when
compared to the values determined with other analyses.

Two common impedance contributions which have yet to be modi-
fied through our suggested manipulations are the solid-state diffusion in
insertion-based electrodes and contact resistance. The approaches of
changing the former are like the explained electrolyte solution-based
diffusion ones. If we want to affect its impedance contribution and
magnify it, the simplest (but not an easy) way is through changing the
length of the diffusing particle paths. In this case, this means manipu-
lating the electrode active particle size. Again, for more clear results,
variation for at least a factor of 3 is preferred. For changing the contact
resistance between the current collector and the active electrode parti-
cles, several tricks can be used. A current collector with an improved
adhesion (e.g. primary carbon coating, silver paste, ...) can be used, or
impedance measurements can be conducted while the cell stack is under
elevated pressure [30]. This can significantly reduce the contact resis-
tance, pinpointing the exact origin of the impedance feature.

Another more general parameter, which can be varied with the
purpose of elucidating the impedance spectra contributions, is temper-
ature. All the processes taking place in the cell are temperature depen-
dent, so the spectra will vary when changing this parameter. This means
temperature manipulation does not simplify impedance spectra in a
straightforward way. One common way of employing such an approach
is through determination of activation energy, E, from spectra mea-
surements at multiple temperatures. Note that this analysis requires
fitting of spectra to extract resistance values, so it can only be done after
impedance contributions have all been assigned to specific physical-
chemical processes. The value of E, then gives us a clue about the re-
action processes, or it can also be useful to determine if the compact
passive layer (though which only migration of active ion can take place),
is more solid-state-like or more liquid-state-like.
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3.3. Approach 3: additional electrochemical, morphological and chemical
analyses

After exhausting additional electrochemical impedance spectroscopy
measurements on different cell designs as explained in approach 2, it is
advisable to turn to other additional cell and electrode analyses. The
idea here is that external physical-chemical parameters determination,
morphological, and chemical analysis can support or refute impedance
spectra analysis findings. Furthermore, these analyses serve as the basis
for the input parameters needed when preparing an impedance spectra
model as it will be discussed in the following chapter.

In terms of chemical and morphological analyses of the cell parts, the
most useful determinations are those that allow for extraction of pa-
rameters determining the impedance arc size and position. All of this
helps directly in impedance arc assignation. If we start with the elec-
trolyte portion, conductivity and viscosity measurements [21] as well as
determinations of diffusion coefficient(s) [31] are useful. If we expect
that the electroactive ion concentration in the electrolyte can drastically
change during cell operation, determination of its concentration is also
important. This is especially the case in conversion-based batteries (e.g.
sulfur cathodes), where active ions start dissolving in the electrolyte
after the start of cell discharge [32]. For these determinations, standard
solution based analytical techniques are well suited, although contact
with water or air with the solutions must be prevented to ensure the
determined values are reliable for battery cell conditions.

For the determination of the porous layers’ properties, measure-
ments of their thickness, porosity, pore size, particle size, and tortuosity
are useful. For the commercial separator, this is commonly supplied by
the manufacturer, while it must be determined in the research labora-
tory for any other artificial or native porous layers and layers formed
during the battery cell operation. For this purpose, scanning electron
microscopy (SEM) is well suited [33-35] with special tools available
which allow for transfer of samples in vacuum or argon. Morphology
analysis can be upgraded even further if combined with focused ion
beam - scanning electron microscopy (FIB-SEM), which enables
cross-section cutting and imaging [36,37]. From these images, the in-
formation on the layer thickness, pore size and porosity as well as an
estimation of tortuosity can be made. Note that the electrode usually
must be washed before this morphological analysis - to remove the salt
residue the electrolyte leaves on it after its removal from the cell. This
must be done with care, since washing can change the layer properties if
the layer is also soluble in the chosen solvent.

The morphological properties of the active porous electrode can be
determined similarly as for other mentioned porous layers. For the
electrode it is usually additionally important to determine its total active
surface area size. This parameter dictates the size of the surface area
where the charge transfer reaction can take place and consequently the
R, value may be affected. Commonly, the surface area of the active
material before electrode preparation is determined with gas adsorption
and subsequent Brunauer-Emmett-Teller (BET) analysis [27]. One must
keep in mind, though, that this surface area can drastically change after
addition of the binder and electrode fabrication. More correctly, the
active surface area should be determined after these manipulations. This
is slightly more complex since the material is not in powder form
anymore but coated on the current collector. A workaround is through
mercury porosimeter or by scratching the casted material off the current
collector and measuring the gas adsorption on it.

Chemical diffusion coefficient for solid state diffusion inside active
Li-ion electrode particles is usually determined using intermitted titra-
tion techniques, such as GITT (galvanostatic intermitted titration test) or
PITT (potentiostatic intermittent titration test), and impedance spec-
troscopy [38-41]. The equations used for this determination are derived
from one-dimensional diffusion geometry. This assumption does not
hold for real electrodes with a porous structure and particles with
different size contributions. It is therefore only possible to determine the
effective chemical diffusion coefficient, which is different than the solid
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state diffusion coefficient. Furthermore, the lack of information about
the particle active area and Li diffusion length inside the particles
severely complicates the analysis [31].

Besides the morphological parameters’ determination, chemical
analysis can be of major help with supporting the determined mecha-
nism of operation. What we mean by that is that the determined
impedance spectra contributions should complement the knowledge on
the battery operational mechanism gathered with other analytical
techniques. Briefly, these can be divided into X-ray based techniques,
electron and scanning probe microscopy, and spectroscopic techniques.

Among the X-ray based techniques, notable and relatively common
techniques used in battery research are X-ray diffraction (XRD), which is
used to study crystalline products [42-44], X-ray photoelectron spec-
troscopy (XPS), which is used to study the surface of selected samples
and gives information on the chemical environment of selected elements
on the surface, and lastly, X-ray absorption spectroscopy (XAS), which is
sensitive to different oxidation states, the chemical environment,
bonding type and group symmetry [45].

Microscopy covers techniques used to determine surface roughness
and conductivity (atomic force microscopy, AFM) [31], the
afore-mentioned morphology, particle size and distribution (SEM and
FIB-SEM) [45], and atomic scale structures, crystallinity, and defects
(transmission electron microscopy, TEM) [46]. Fourier transform
infrared spectroscopy (IR spectroscopy), Raman spectroscopy and
ultraviolet-visible light spectroscopy (UV-vis spectroscopy) are the most
used approaches among spectroscopy tools [18,45]. IR and Raman
provide information on chemical structure and molecular interactions
and are complementary techniques. IR spectroscopy depends on a
change in the dipole moment of the observed species, while Raman
spectroscopy depends on a change in polarizability. UV-vis spectros-
copy provides a measure of absorption of UV or visible light and in
simplistic term tells us which color the measured material is. Both IR and
Raman spectroscopies are mostly qualitative, while UV-vis spectroscopy
can be used to quantitatively determine the concentration of light
absorbing species.

3.4. Approach 4: upgrading experiments with modelling

Experiments give a direct insight into the phenomena occurring in
given material. To understand the connection between different
measured phenomena, we need a model, which in natural sciences is
usually based on physical equations or quantitative schemes based on
those equations. A good model does not only explain the existing ex-
periments but can also provide good predictions of system’s behavior
under different conditions of interest. Thus, a good model may serve as
an important basis for more effective planning of further experiments.

3.4.1. Levels of modelling of EIS

As in many other fields, quantitative modelling of impedance spectra
can be carried out using different approaches and on various levels.
First, we note that the phenomena probed with EIS mostly occur on
macroscopic level which encompasses typical dimensions from several
millimeters down to several nanometers and relaxation times from mi-
croseconds to hours. This means that the most reasonable level of model
implementation is the so-called continuum level which typically en-
compasses migration of mobile ions in electric field, electrochemical
interactions between electrons and ions at interfaces (solid-solid or
solid-liquid) and diffusional phenomena (coupled movement of charged
species due to concentration gradients in various phases found in elec-
trodes or electrolyte).

The best-known continuum-level theory for description of battery
phenomena is the concentrated solution theory (CST) for porous elec-
trodes developed by Newman in 1960s and 1970s [47,48]. Alterna-
tively, one can use other frameworks such as the Poisson-Nernst-Planck
(PNP) diluted solution theory [49]. In any case, the impedance response
of a battery cell can be calculated from such theories using at least three
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a) As a closed form (analytical) solution [50,51]

b) By transforming the equations into expressions that allow for con-
struction of electric transmission lines involving resistors, capacitors
etc. [49,52,53]

c) Using numerical approaches (usually enclosed in packages such as
COMSOL Multiphysics ete.) [54-56]

Alternatively, it is sometimes possible to represent the analytical
solutions as well as the transmission line modeling results as macro-
scopic equivalent circuits [57]. The latter approach is particularly
popular due to the mathematical simplicity and wide availability of
commercial software for equivalent circuit analysis. However, the sim-
ple structure of basic equivalent circuits may be deceptive and many
lead to wrong analysis if the circuit has not been justified using a more
rigorous physics-based treatment [58].

In the next part of this section, we will explain the main principles of
all approaches whereas in the next chapter we will present typical uses
of all three approaches in the field of battery impedance.

3.4.2. Analytical solutions of electrochemical impedance

Examples of analytical solutions of various basic electrochemical
systems can be found in textbooks and review articles [1,3,6,8]. In the
simplest case, one can imagine that active species M*" with given
diffusion coefficient and relatively small concentration is transported in
a homogeneous electrolyte phase towards parent electrode M where it
undergoes a charge transfer reaction M*" + z&'= M (see the Fig. 6(a)).
The transport step is described by a continuity equation, in the simplest
case this will be the Fick’s diffusion equation. The reaction kinetics can
be described using the Butler-Volmer equation. As impedance spec-
troscopy is a low-signal technique, all the equations are linearized. Then,
they are transformed from time domain into frequency domain, using
either Laplace or Fourier transformation. The ratio between the trans-
formed voltage and current signal is expressed as impedance. An
example of the analytical solution for such a case is shown in the text-
book edited by Macdonald and Barsoukov [3].

The impedance due to transport of species M?, i.e. Zy, reads:

RT L tanhy/joL? /Dy
W= 2 {D 0 } (E6)
(2F) MC -+ \Ji®L? /Dy

where R is the gas constant, T is temperature, 2 is the valence number of
transported active ion M*" (in this case equal to the number of
exchanged electrons in electrochemical reaction), F is Faraday’s con-
stant, L is the thickness of the electrolyte, Dy is the diffusion coefficient
of active ion, c3, is its concentration, and w is the angular frequency of
excitation signal.

The simplest version of the linearized resistance due to charge

transfer reaction, Ry, is given by:

RT
(zF)’

ot =

L ] (E7)

0.0
Ky Care..

where k? is potential independent rate constant parameter for reduction
of M*" into M. Finally, the capacitance of double layer formed at the
electrolyte/M interface can be written as:

Ca= I, (E8)

where K is the effective dielectric constant of the electrolyte, ¢y is the
permittivity of vacuum and Lp is the effective thickness of the double
layer region. The total impedance of this simplest transport-redox sys-
tem, Z;, is a combination of all contributions:
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Fig. 6. (a) Schematic presentation of quite simple transport-reaction electro-
chemical system. (b) Impedance spectrum of system sketched in panel (a) and
discussed in Egs. (E6-E9). (c) Equivalent circuit derived from Egs. (E6-E9). The
reference electrode is positioned at the plane that divides the so-called diffusion
layer close to the electrode and the bulk electrolyte where the concentration
is constant.
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This solution can be plotted in complex plane as shown in Fig. 6(b).

The special benefit of having an analytical solution is that we
immediately see how the impedance depends on parameter of interest.
For example, one can see the inverse proportionality between R.; and the
rate constant (Eq. (E7)), or the inverse proportionality between double
layer capacitance, Cq and the thickness of double layer, Lp (Eq. (E8)).
Also, we can readily embed the known equations into a simple compu-
tational program and fit our measurements with the expression for the
whole impedance or for a given arc of interest. Furthermore, we can
easily predict the impedance outcome if we change certain parameter, e.
g. the diffusion coefficient, Dy, or concentration, cl?,,,,, of active spe-
cies. Finally, we can also simplify the expression to the limiting cases of
interest and get quite simple equations. For example, the “zero-fre-
quency” limit of Warburg impedance, Zy (Eq. (E9)) would be:

RT_
(zF)?

W=

L
(E10)
|:D Mz+ COMz+:|

which is simply the resistance for transport of species M*". A further
benefit of having an analytical solution is also that in most cases such
solutions can be represented in a form of physics based equivalent
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circuit. Specifically, in our case the equivalent circuit is the well-known
Randles type of circuit shown in the Fig. 6(c).

The expressions shown above are valid for the so-called flat elec-
trodes. In many battery and other electrochemical systems (super-
capacitors, fuel cells etc.) however, porous electrodes are used. This
means that active material is used as small particles (of sizes on the order
between about 10 nm and 10 micrometer). Particles are mixed with
additives (conductive carbon, binder) which results in a porous elec-
trode. The pores are then filled with liquid electrolyte to facilitate ionic
transport to each individual active particle. Such a configuration com-
plicates the transport-reaction mechanism significantly and requires
special approaches to modeling. The best known is the Newman’s
approach based on the concentrate solution model developed several
decades years ago [47,48] Due to elegant inclusion of concentrated
electrolyte conditions, the Newman’s model has remained the favorite
tool for calculation of the performance (e.g. charge discharge charac-
teristics) of various porous electrode systems. The first analytical
expression for impedance of lithium battery (LIB) porous electrodes
using the concentrated solution theory was demonstrated in 2007 by
Sikha and White [51]. Based on this model, Huang et al. [59,60]
developed a three-scale impedance model for LIB porous electrodes by
considering the electrochemical reactions inside the agglomerates.
Later, the approach was extended to impedance of other porous elec-
trodes found in fuel cells, supercapacitors etc. [50].

Comparing state-of-the-art analytical solutions for impedance of
porous electrodes with the corresponding typical EIS measurements, it is
safe to conclude that for most cases of interest the analytical solutions
represent a very good tool for analysis of impedance of battery cells with
porous electrodes. The model for one porous electrode can be extended
to a complete cell [61]. Based on known relationships, important criteria
can be proposed to discriminate between different phenomena in a
systematic and straightforward way. For example, Woillez et al. [61]
recently showed which electrode configuration is appropriate for mea-
surements of solid diffusion coefficient and where the electrolyte
diffusion is overwhelming in the EIS signal. Similarly, the analytical
solutions can be extended by including other physics parameters, such as
effects of porosity on charge transfer resistance [62], the contact-stress
effects [63], or the effect of through-plane inhomogeneities [64].
Despite significant advances in development of analytical solutions for
porous electrodes, there are still many practical cases for which
analytical solutions are not known. In those cases, researchers can resort
to numerical or TLM approaches.

3.4.3. Transmission line modeling of electrochemical impedance

Transmission line modeling of porous electrodes has for many de-
cades been based on the seminal papers by de Levie [65,66] who studied
in detail the current and potential distributions in semi-infinite pore
under various conditions of interest. The de Levie’s approach still pre-
sents the core of most contemporary transmission line structures used in
the analysis of battery impedance [67-71]. Around the year of 2000,
important additional theoretical considerations regarding the applica-
tion of TL modeling in various electrochemical systems were published
by Bisquert [72], Jamnik et al. [52] and Barsoukov [73]. However, until
the work by Lai and Ciucci [49], the TLMs for battery electrodes lacked
elements that would describe diffusion in the electrolyte in the pores of
porous electrolyte. Only after this inclusion, it has become possible to
directly compare the Newman’s model and TLM for porous electrode
[53].

The physically-funded transmission line models (TMLs) start from
the same set of basic transport-reaction equations as the corresponding
analytical approaches discussed in previous section. However, after
linearization the equations are rewritten as flux-potential relationships
which already directly implies the current-voltage relationship needed
for calculation of impedance [52]. After transformation of these re-
lationships into frequency domain, one can describe all the
transport-reaction space by discretized impedance elements such as
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resistors and capacitors. In most practical cases electrochemical systems
are considered homogeneous between the electrodes. If so, transmission
lines extend in the direction from one electrode to the other.

Fig. 7 shows a transmission line that is derived for exactly the same
simple system as discussed in the case of analytical solution (see Fig. 5
and the corresponding text). We can see that TLM consists of a large
number (n) of resistors, Rp/n, and capacitors, Ccper/n, which describe
the local transport/reaction phenomena between the electrodes. The
meaning of the corresponding macroscopic resistor Rp for diluted sys-

tems is exactly the same as is derived analytically, namely Rp =

[(ZTF] [DMS(] } (see previous paragraph). Cepenm is frequently termed as
Mz+

chemical capacitance and can also be defined for macroscopic homo-
geneous systems. In the case of diluted systems and for one mobile
(active) species it is estimated as outlined in refs. [74,75]:

ZZFZ
Cchem = |:RT:| [LSC;L[ZJJ (E].l)

where S is the surface area of active metal. As we can see, all trans-
mission line elements have an exact physical meaning and can be
described using physical parameters such as diffusion coefficient, con-
centration, dimensions of system etc.

From the examples shown above, we can see that in the case of ho-
mogeneous systems the macroscopic values of resistors and capacitors
are just sums of the local properties so in principle there is no need to use
TLM (or numerical modeling). However, in the case of non-
homogeneities, the relationship between the macroscopic quantities
and microscopic properties may get complicated or even non-existent. In
such cases the advantages of TLM become more obvious, as discussed in
the Section 3.4.4 (next section).

3.4.4. Numerical modeling of electrochemical impedance

Like the other two approaches, numerical modeling also starts using
the same set(s) of physical equations for transport and reactions. The
equations are then discretized in space and time and solved using
appropriate numerical methods [55]. The main advantage of this
approach is that there are less limitations as regards the complexity of
system under consideration. In this light, numerical modeling is espe-
cially important and indeed becomes indispensable (the only option) for
cases that are too complex to be tackled analytically or using the TLM
approach. A practical downside is that the calculation of such complex
systems is computationally costly: it may take several hours or even days
to calculate a single spectrum [76] whereas the analytical approach
gives output within a fraction of seconds and TLM on the order of sec-
onds up to a couple of minutes for the most demanding models. Addi-
tionally, having many parameters (usually at least about 15-20
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Fig. 7. Transmission line model for the same system as shown in Fig. 6. The
transport in electrolyte system is discretized in n equal planes containing local
elements Rp and Ccpem the meaning of which is explained in the main text. The
meaning of reaction elements R, and Cq is the same as in Fig. 6. The reference
electrode is positioned at the plane that divides the so-called diffusion layer
close to the electrode and the bulk electrolyte where the concentration
is constant.
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unknown model values) can lead to ambiguous outcomes - that is one
cannot discern between several explanations for a given experimental
observation. This in turn generates a need for several additional sets of
experiments and additional modeling which further increases the time
needed for the study. This is one of the main reasons that there are few
systematic coupled experimental-numerical modeling papers available
in the literature.

4. Examples of impedance measurements, analyses, and
modeling

4.1. Electrolyte in inert porous layers

As discussed in the Section 3, the x-axis intercept in Nyquist plot
representation impedance spectra is usually called the resistive intercept
and assigned to the electrolyte resistance contribution (Rey). In simple
battery systems, the distance between the electrodes is determined by
the separator properties (porosity, thickness and tortuosity). For more
complex systems, with several inert porous layers present in the cell, the
resistive intercept is comprised of several migration components with
each of these components corresponding to a specific layer. The usual
measurement equipment and setup does not, however, allow for
distinction between these contributions, which are merged in a single
intercept value.

The high frequency electrolyte contribution is the easiest impedance
spectra feature that can be evaluated, since it is straightforwardly
determined by fitting with an equivalent circuit comprising of a single
resistive element (i.e. approach 1). This determination is commonly
used for electrolyte conductivity determination but can be used for more
complex studies as well. Any variation in the R, value measured on a
battery cycle by cycle is direct evidence of two drawbacks. The first one
is the change of electrolyte conductivity, while the second one comes
from the change in the geometrical factor of the cell (i.e. Ny-%). Any
chemical or morphological degradation of the separator or the accu-
mulation of gas can therefore vary its value.

As discussed in Section 3.2, the electrolyte conductivity depends on
the supporting salt concentration and the electrolyte viscosity. Change
in its value can signal consumption of salt dissolved into the electrolyte
due to parasitic chemistries that wastes Li* ions while forming the solid
electrolyte interphases at the negative or positive electrode/electrolyte
ends. Another example of change in electrolyte conductivity happens
during operation of lithium-sulfur batteries. In this conversion-based
battery system, sulfur is reduced during discharge to lithium poly-
sulfides, which are well soluble in the electrolyte. This changes the
electrolyte resistance depending on the state of charge of the cell.
Following its value helps determine the point of highest dissolution of
polysulfide species [15]. The relative change in electrolyte conductivity
can also be used as a way of ranking the electrolytes by their polysulfide
solubility with the highest polysulfide solubility assigned to the elec-
trolyte exhibiting largest relative change in the value [21]

Besides the high frequency electrolyte resistance contribution, every
porous layer with electrolyte filling its pores present in the cell exhibits a
low frequency diffusion contribution. The later takes the form of a
Warburg arc with a peak frequency dependent on the effective chemical
diffusion coefficient and the diffusion path for the specific layer. This
diffusion contribution is often neglected because it is hidden under other
larger low frequency contributions, such as the solid-state diffusion in
active particles for intercalation-based battery systems [77]. For
conversion-based battery cells (sulfur or oxygen batteries), on the other
hand, the feature is prominently seen and makes up a significant portion
of the low frequency impedance region [15]. Likewise, Li metal anode
impedance is affected by the diffusion of the active ion in the electrolyte.

Since this impedance feature is commonly superimposed with other
arcs, its analysis is difficult and requires additional model experiments
as well as complimentary non-electrochemical analyses (approach 4).
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An example of such a study is the determination of the effect of dendritic
growth on Li metal anode impedance [34], where simplified symmet-
rical cells were used in combination with scanning electron microscopy
morphological analyses and transmission line modelling (Fig. 8).

The use of symmetrical cells enables the study of processes of a single
electrode while avoiding the need for the development and incorpora-
tion of a stable reference electrode. In this case, the TLM simulations
showed that the low frequency contribution was comprised of at least
three different diffusion contributions — diffusion of Li" in separator
pores, in dead Li pores, and live Li pores. The model input parameters
were supported through morphological analysis of the electrodes.

4.2. Solid electrolyte interphase

The physical origin of the solid electrolyte interphase (SEI) imped-
ance contribution is attributed to the migration of the active ion through
the solid interphase formed on the battery electrode due to the electrode
interaction with the electrolyte. For cathodes, this film is often termed
the cathode electrolyte interphase (CEI) to distinguish it from the anode
SEI. Depending on the geometry of the electrode, the contribution can
either be in the form of a symmetrical arc (for a flat electrode) or a
feature with a 45° angle start at high frequencies (for a porous
electrode).

The most suitable approach to characterizing the interphase
impedance contributions varies according to the complexness of the cell.
If one wants to determine the contributions for a full cell with two
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different porous electrodes, an extensive study with supporting chemical
and morphological characterizations as well as modelling support is
needed (approach 3). This is to ensure that overlap of features, as well as
the 45° angle feature shape, originating from merging of the interphase
migration contribution with the transport through the electrode porous
network are considered. In some cases, the CEI feature is easily sepa-
rable with respect to the dominant charge transfer semi-circle [78,79].
As an example, Brutti et al. [80] studied the evolution of the EIS spectra
of a LiNig sMn; 504 high voltage spinel upon cycling adopting an anodic
voltage cut-off at 5 V vs. Li highlighting that, whereas in the fully
charged and fully discharged state only a large depressed semi-circle is
observed in the Nyquist plot, in the intermediate state-of-charges the
two spectral features partially separate. Also, in the case of LiNiOy
electrodes a better separation of the passivation film and charge transfer
phenomena can be observed by EIS [78].

For simpler cell designs, such as the study of metal anode SEI on non-
cycled cells, the impedance analysis is also a lot simpler. In such cases,
symmetrical cells can be employed. Furthermore, the impedance spectra
usually contain the resistive intercept, a large SEI arc and small lower
frequency features, so the SEI arc parameters are easily extracted
(approach 1). An example of such analysis is available in ref [81], where
symmetrical Li metal cells’ EIS spectra were measured and fit with
simple equivalent circuits to determine the process of SEI growth.
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Fig. 8. Transmission line model used to describe impedance spectra of lithium electrodes with dendritic growth. Reproduced from ref. [34] with permission of

American Chemical Society.
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4.3. Charge transfer reaction and transport in porous electrodes

The charge transfer reaction resistance size (R depends on the rate
constant of the reaction, the concentration of active species and the
electrode’s active surface area size, with the latter also affecting the
double layer capacitance (Cg). With that in mind, the frequency range
where the feature is expected can vary widely. Furthermore, this
impedance contribution is affected by the overpotential according to the
Butler-Volmer relations, meaning that its size is different when
measured at open circuit voltage conditions vs. under load.

For a flat electrode, the charge transfer reaction impedance consti-
tutes a simple arc. This electrode geometry type is important in model
experiments when investigating individual components and simple
electrodes, however one rarely uses flat electrodes in battery cell design.
It needs to be stressed that porosity is essential for many battery types,
which includes the most widespread Li-ion batteries. In such, porosity
arises because the electrodes consist of active powders, mixed with an
electronic conductor (e.g. carbon black) and binder which forms a
porous structure the pores of which are then filled with electrolyte. In
such electrodes, the charge transfer reaction impedance feature is
merged with the one for transport in the porous electrode in porous
electrodes cells, producing an impedance feature which starts with a 45°
angle at high frequencies.

Overall, charge transfer reaction impedance is therefore hard to
pinpoint and requires several additional experiments to correctly attri-
bute. An example of a study determining the charge transfer reaction
impedance by model cell experiments is in ref [27]. This study employed
lithium-sulfur cells simplified on multiple levels [27]. The cells were
symmetrical cathode||cathode cells with the active material added in
the form of a catholyte. The electrode surface size and geometry were
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varied between a flat glassy carbon electrode, a medium surface area
carbon paper electrode and a high surface area mesoporous carbon
electrode. By systematic EIS measurements (approach 2), the charac-
teristic peak frequency of the charge transfer reaction impedance arc
was determined and followed from flat electrode cells to cells with
porous high surface area electrodes.

For battery systems where such simplifications are harder to execute,
modelling of the porous electrode impedance response is paramount in
advancing the understanding. In continuation we show several examples
of porous electrode modeling using the TLM and numerical approaches.

4.3.1. Transmission line modeling of impedance of porous electrodes

Transmission line modeling of porous battery electrodes can be
divided into two approaches. The first is based on the de Levie’s model
(Fig. 9a and b) and is particular suited for analysis of the high-frequency
part (roughly above 1 Hz) of measured spectra of porous electrodes. As
indicated in Fig. 9b), at higher frequencies the following processes can
typically be detected: electrolyte and electronic resistance, contact
impedance, migration and reaction in pores of electrode. Furthermore,
one can also embed the diffusion in solid state active particles in the de
Levie’s model. This contribution is seen at lowest frequencies, typically
on the order of 1 mHz or lower. However, we must note that at low
frequencies, measurements also detect other diffusional processes such
as diffusion in bulk electrolyte phase (in separator) and diffusion in the
electrolyte in pores of porous electrode. Thus even if the de Levie’s
model does include the solid-state diffusion, it is not appropriate for
accurate analysis of low-frequency properties of porous electrodes.

In cases where low frequency diffusion is also of interest, we need to
use the more complete Newman’s model (Fig. 9c and d). This model
contains all known physical contributions due to transport and reaction
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the Newman’s porous electrode theory. The physical meaning of individual contributions is indicated in the complex plane graphs.
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in porous electrodes on continuum level.

It is important to stress that the electrical elements (resistors, ca-
pacitors) in physics-based TLM models such as de Levie’s or Newman’s
can be uniquely related to the actual physical quantities such as con-
ductivity, transport number, diffusion coefficient, etc. [27,53,77]. The
present authors believe that this fact is not applied frequently enough in
analysis of measured impedance spectra as most authors seem to be
satisfied with quantitative determination of electrical elements. How-
ever, it is also true that to calculate physical parameters from the elec-
trical ones, we need to know the precise geometry of the porous
electrode system (thickness, porosity, tortuosity, cross-section area etc.)
which is frequently not available.

Furthermore, even if the geometry is known, impedance features
(arcs, lines etc.) may (strongly) overlap so it is difficult to discern be-
tween different contributions. A good example of such strong overlap
are all three diffusional processes highlighted in Fig. 9d): diffusion in
porous electrode, diffusion in separator and diffusion in solid active
particles. They all appear at low frequencies, i.e. typically in the range
from 0.1 Hz to 0.1 mHz, so one typically sees a “sum” of all contributions
rather than separated features sketched in the ideal response in Fig. 9d.
First it needs to be noted that the strong overlap itself is not the main
problem. Namely, ideal-like overlapped features can still in principle be
decoupled using appropriate analytical tools. However, the measured
spectra contain many deviations such as the usual measurement noise,
systematic measurement errors, and in particular the so-called de-
viations of capacitive properties which usually appear as the so-called
constant-phase elements (CPEs). All these deviations make reliable
decoupling of single spectrum into individual contributions impossible.
In such cases, a good practice is to make systematic experiments where
the influential parameters that affect one or the other process are varied.
For example, we can vary the concentration of liquid electrolyte to
separate the diffusion processes in liquid and solid phases [77]. Alter-
natively, we could vary the size of solid active particles while main-
taining the other parameters constant. Also, we may vary the electrode
thickness which also has different effect on solid and liquid state diffu-
sion [19].

In cases where we want to study very precisely one process, we may
even completely change the measurement system. For example, if we
want to determine as precisely as possible the transport parameters (e.g.
diffusion coefficient) in solid active material, it is probably much better
to use a solid-state battery configuration [57,75] instead of a porous
electrode — if possible. Solid state batteries contain the active material in
a form of thin film instead of porous system consisting of small particles
of different sizes. The transport across thin film is much better defined,
the conditions are much more homogeneous and the analysis simpler
and more reliable. Thus, for analysis of measured spectra one can
replace the Newman’s porous electrode model (Fig. 9c and d) with much
simpler equivalent circuit [57] because the only low-frequency phe-
nomenon remains the diffusion in solid state. Also, the calculation of
diffusional parameters is more reliable for planar geometry than for
particulate matter because the distribution of electric field in the latter is
much less clear (due to non-uniform shape and size, formation of ag-
glomerates etc.).

Finally, we need to emphasize that in optimized cells (e.g. industrial
battery cells) the special nature of porous electrode usually disappears
because the transport within the pores is very fast and represents a
negligible contribution to the overall impedance. In such cases the
interfacial impedance (due to reaction or due to formation interfacial
structures such as SEI/CEI) prevails and is seen as a separated arc. Apart
from that both the electrolyte resistance and the solid-state diffusion
represent the major impedance components and the system can
frequently be described using a simple equivalent circuit [58]. On the
other hand, due to large electrode surface area, such optimized indus-
trial cells with very small impedances usually feature other contribu-
tions in EIS spectra such as the impedance of cables or geometrical
contributions, both seen as a non-trivial addition of inductive effects
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[82].

4.3.2. Numerical solutions of impedance of porous electrode

As mentioned in the Section 3, numerical simulation of transport and
reaction on the continuum level is the most straightforward way to
calculate the impedance of batteries and compare the results with
measurements. The main problem is usually the computation cost in
solving the highly nonlinear partial differential equations which means
that the simulations are comparatively slow. The latter is one of the
reasons that there are few studies where researchers couple numerical
analysis directly with systematic experiments to explain a given phe-
nomenon. An example of such systematic experimental-modeling study
is investigation of the effect of porosity heterogeneity on operation of
porous electrodes in Li ion batteries [55,76].

As shown in Fig. 10, the authors assumed that electrode porosity can
change along x-axis (across the electrode composite) due to specifics of
manufacturing process, especially when preparing thicker electrodes.

The question that needs to be answered is how such heterogeneity
may affect the transport properties. The authors first generated elec-
trodes with different porosities using a previously developed stochastic
method [83]. Then they calculated the electrode impedance for different
cases denoted as cell-1, cell-2, cell-3 and cell-4 in Fig. 10. Importantly, to
probe the ionic transport in pores as accurately as possible, the authors
used the so-called blocking electrolyte, which is electrolyte without
active ions, so no reaction occurred at the interface between active
material and electrolyte. The EIS spectra were calculated in Comsol
Multi- physics 5.4 environment using the Battery Module. The imped-
ance was calculated at seven frequencies per decade, ranging from 1 to
10 7 Hz with 10 mV perturbation. Each simulation took approximately
15 to 30 h, depending on the input parameters (electronic conductivity
of active material) and the electrode meso-structure.

The outcome of the calculations and following impedance analyses
was noticeably clear: electrode heterogeneity along the thickness di-
rection has a significant effect on the ionic impedance and capacity of
the electrode. The electrode region close to the separator side has the
most prominent role in ionic impedance and tortuosity factors which
consequently influences the overall capacity. Therefore, to obtain the
optimal electrode meso-structure with the highest performance, elec-
trode porosity must be constructed to decrease from the separator side to
the current collector side. Similar microstructure model based on nu-
merical computational geometry have been recently reported by various
authors [84-86].

5. Conclusion and perspective

Electrochemical impedance spectroscopy is a powerful and precise
electrochemical method that can theoretically separate the impedance
contributions of processes that take place on different time scales.
However, obtaining reliable and repeatable measurement data on real-
istic systems requires considerable effort. For more complex electro-
chemical systems such as batteries, a few spectra, even if obtained
through well-designed experiments, are not sufficient to decouple the
various parallel phenomena and draw meaningful conclusions. There-
fore, special model experiments, other complementary (electro)chemi-
cal analyzes, or modeling of impedance spectra are required. In this
review, we aim to help the reader to obtain relevant data and valid
conclusions by presenting different approaches for impedance spectro-
scopic studies. We have also presented best practices for the case of
lithium batteries, while the guidelines presented are general in the sense
that they can lead to reliable and valuable impedance spectroscopy
experiments for most electrochemical systems.
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