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Electrochemical impedance spectroscopy (EIS) is widely used to
probe the physical and chemical processes in lithium (Li)-ion
batteries (LiBs). The key parameters include state-of-charge, rate
capacity or power fade, degradation and temperature depend-
ence, which are needed to inform battery management systems
as well as for quality assurance and monitoring. All-solid-state
batteries using a solid-state electrolyte (SE), promise greater
energy densities via a Li metal anode as well as enhanced
safety, but their development is in its nascent stages and the

1. Introduction

Electrochemical energy storage devices have received increased
attention in recent years due to the importance of electrifying
the transport sector to minimize the effects of climate change.
Generally, battery systems with higher gravimetric energy
densities (important for range and vehicle weight) and
improved safety are desired. All-solid-state battery (ASB)
systems with a solid-state electrolyte (SE) could exceed the
performance of state-of-the-art lithium (Li)-ion batteries (LiBs)
with liquid electrolytes in these respects.’?

The reasoning behind these improvements is that a SE
could enable a Li-metal anode (LMA) over the commonly used
graphite intercalation anode, by stabilizing the reactive Li|
electrolyte interface.” Lithium has the lowest reduction
potential of any known element (—3.04V vs. the standard
hydrogen electrode) and a high theoretical specific capacity of
3860 mAhg~'. Additionally, bipolar stacking is possible with
ASBs which further increases the energy density.” As the
conventional organic liquid electrolytes used in LiBs are
flammable, replacement with a SE also improves battery safety
by mitigating thermal run-away and leakage. However, chal-
lenges exist at moderate to high rate operation due to Li metal
dendrites, which can propagate through the electrolyte and
short ASBs.”!

Recently, an ASB composed of an LMA, SE and high-capacity
intercalation electrode exhibited an energy density in excess of
>900 WhL™' (versus ~770 WhL™" for current Li-ion)® at the cell
level over hundreds of cycles.”” SEs are likely to play a
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EIS measurement, cell set-up and modelling approach can be
vastly different for various SE chemistries and cell configura-
tions. This review aims to condense the current knowledge of
EIS in the context of state-of-the-art solid-state electrolytes and
batteries, with a view to advancing their scale-up from the
laboratory to commercial deployment. Experimental and mod-
elling best practices are highlighted, as well as emerging
impedance methods for conventional LiBs as a guide for
opportunities in the solid-state.

significant role in other “beyond Li-ion technologies” based on
LMAs such as Li-sulfur (Li-S) and Li-air. These may be
completely solid-state devices, or hybrid devices with a SE-
protected LMA and a liquid electrolyte,® however for simplicity
we will focus on all-solid systems in this review.

The bulk and interfacial transport processes that determine
battery performance take place over many length- and time-
scales. Electrochemical impedance spectroscopy (EIS) is a non-
destructive technique which spans ~10° orders of magnitude in
the frequency domain (mHz to MHz) and is widely used to
investigate new SE materials and probe stability at various
interfaces. Sample and interfacial contributions to the impe-
dance can be separated and tracked with respect to temper-
ature, applied pressure, state-of-charge (SoC) and ageing. These
can be used to inform quality and assurance monitoring on the
cell and pack level, give insights into battery degradation,
develop virtual tools to quickly yet effectively simulate vehicle
development (saving cost and time), and provide a wealth of
information for battery management systems (BMS).

Currently, the only commercially available ASBs are thin-film
devices or those based on a solid polymer electrolyte which
must be operated at elevated temperatures and are incompat-
ible with high voltage cathode materials.” The discovery of
highly conductive inorganic Li-ion conductors" and the recent
advent of cell-level devices in the laboratory motivates a
thorough review of cell designs and analytical approaches for
EIS applied to solid-state batteries. EIS measurement and
interpretation are often non-standardized and Li-containing
solid-state configurations pose unique experimental and mod-
elling challenges. This review aims to highlight the diversity of
experimental and modelling approaches with a focus on best
practices and identify future opportunities both from state-of-
the-art Li-ion and solid-state devices from related fields. It is
intended that these insights will be useful to the electro-
chemists and engineers working in this burgeoning area to
push ASBs from laboratory-scale devices to large-format cells
and drive their uptake into commercial packs.

2. Theory, Methods and Analysis

In a typical EIS experiment, a small sinusoidal perturbation
voltage, E(t) is applied to an electrochemical system. The
resulting linear current density, j(t) shares the frequency of the
input, but its phase and amplitude may differ (Figure 1). The
ratio of these quantities is the impedance, Z(t) [Equation (1)],
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Figure 1. Plot describing the relationship between the input voltage, E(t) and
output current, j(t) (or vice versa), the ratio of which results in impedance.
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The above experiment is termed potentiostatic EIS (PEIS) and
the analogue when the input is an alternating current is known
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as galvanostatic EIS (GEIS). By varying frequency, processes at
different timescales can be observed. At high frequencies only
the fastest processes, such as ion migration, can respond, while
slow phenomena, such as diffusion, dominate the low-frequency
tail of the spectrum.

In the case of PEIS, the alternating voltage input E(t) can be
written as Equation (2):

E(t) = |AE|sin(wt) @

where, |AE| is the peak voltage amplitude, w is the angular
frequency and t is time. A small amplitude perturbation
(typically (<50 mV) means two important assumptions hold: (i)
the functional form of the input and output are the same, and
(ii) they have a linear relationship, which simplifies data analysis
by avoiding higher harmonic terms and minimizing irreversible
changes to the electrochemical system under study. These
conditions can be verified using the Kramers-Kronig (K—K)
relations (see Section 2.2). In this case, Equation (3) follows,
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i(t) = [Ajlsin(wt + At) (3)

where, |Aj| is the amplitude of the current density, At is the
phase difference which is closely related to the time constant of
the system and the quantity (wt+At) is the phase angle, ¢.
Because the quantities E(t) and j(t) contain magnitude and
phase information they can be represented as complex
numbers; thus, Z(t) is also a complex number with real and
imaginary components: Re(Z) and Im(2) or Z’ and Z”, respec-
tively. We will avoid mathematical definitions of these and
other quantities in the interest of clarity, but direct the reader
to excellent references containing detailed derivations."'™

2.1. Impedance Plots

A significant amount of information is acquired by varying the
applied frequency in an EIS measurement. Two graphs are
commonly used to fully represent this complex dataset: Nyquist

and Bode plots (Figure 2). They are complementary and contain
the same data, i.e., Re(2), Im(Z), the modulus of Z [Equation (4)],

o)l = /Re(Z(w

and ¢ as a function of w [Equation (5)],

)* +Im(Z(w))* @

#(w) = tan™ % (5)

These related quantities provide visual cues in the afore-
mentioned plots that aid in the analysis of experimental data.
To illustrate their use, it is instructive to consider a simple,
idealized charge transfer process.

Deconvolution of processes and their characteristic time
constants is achieved by modelling the electrochemical system
as an equivalent electrical circuit. A commonly employed
element combination is a resistor and capacitor in parallel: an
“RC" unit which has a characteristic time constant, 7 [s]=
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Figure 2. a) Equivalent circuit for single electron transfer and ion migration
in the electrolyte. b) Nyquist plot of the real impedance against the
imaginary impedance showing the resistance for the electrolyte. c¢) Bode plot
of the magnitude of the impedance and phase angle against frequency.
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resistance [Ohms] x capacitance [Farads]. For example, a resistor,
R, in series with an (RC); element and capacitor, C, is commonly
used to model dielectric materials and determine SE conductivity
using ion-blocking electrodes (Figure 2a). A key assumption in
the use of this circuit is that conduction in the SE is purely ionic.

As shown in Figure 2b, the Nyquist plot (—Im(2) vs. Re(2))
contains a symmetrical arc with an offset from the origin on the
x-axis corresponding to the resistance, R, which may include
resistances from wires and contacts. The frequency at the apex
of the semicircle gives an estimate of the time constant
associated with the conduction process, T =(RC); (where w in
radians s™' is related to f in s7' or Hz by w=2xaf), while the
capacitor, C, manifests as a vertical line at low frequency.
Complementary information is given in the Bode plot, which
plots both |Z(w)| and ¢ vs. frequency. This is visible in |Z(w) |
vs. f (Figure 2¢): a plateau followed by a slope of —1 is equal to
a semicircle in the Nyquist plot, while ¢ vs. f is sensitive to
model fitting parameters.

Additionally, the Bode plots present EIS data in the time
domain, thus we can relate specific impedance contributions to
their respective time constants, which is not explicitly obtained
from the Nyquist plot. Nyquist plots are by far the most
common in ASB research, though complementary Bode plots
may be included in the detailed evaluation of specific
impedance spectra.

2.2. Cell Design

EIS can be used to determine bulk electrolyte/electrode proper-
ties, probe interfacial reactions and analyse full cell device
behaviour. Electrochemical cell design - electrode type, config-
uration, geometry, etc. — is hugely influential on the resulting
impedance spectra and a critical part of any EIS experiment."”

Three general types of electrodes are used in electro-
chemical measurements: ion-blocking, electron-blocking and
reversible.'® In all cases, the contacting material should be inert
and stable against the sample being tested. lon-blocking
electrodes do not accept or provide Li-ions but do allow the
passage of electrons. Examples include metals such as platinum,
stainless steel and gold. SEs with high ionic conductivity and
negligible electronic conductivity (see Sections 3-6 for exam-
ples) may function as electron-blocking contacts to isolate the
ionic component of charge transport. This can be especially
useful in the study of mixed ionic-electronic conductors (MIECs)
such as cathode or anode materials and solid electrode-electro-
lyte composites.'” Finally, reversible electrodes facilitate both
ionic and electronic transport. Li metal is by far the most
common reversible electrode material, despite the fact most
materials are chemically unstable against it.*'®'¥ Li alloys, such
as Li-indium (In) and intercalation electrodes may function as
alternatives, providing the material under study is stable against
them.

Two-electrode EIS measurements are typical as they are
experimentally simple and can be applied to a material, cell or
pack straightforwardly without modification. For example, EIS of
a 2-electrode cell using symmetric ion-blocking electrodes is
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routinely used to extract the ionic conductivity, o, of SEs,?”
given by:

!

Oy = ———
" Rypta A

(6)

where, R, is the total resistance of the electrolyte sample
(corresponding to R; in Figure 2a), | is the sample thickness and
A is the area. In this case, R, may include different resistance
contributions: the resistance from the grain but additionally the
grain or phase boundaries depending on the material’'s micro-
structure (see Sections4, 5 and 6). Also, any impedances
associated with the electrodes and their interfaces will be
included in the resulting spectra as are any physical or chemical
changes that may occur. When these processes are convoluted,
additional electrodes can be beneficial for analysis.

Four-point probe measurements remove electrode contribu-
tions by adding sensing electrodes through which no current
flows and so may aid in the assignment of medium- and low-
frequency features, e.g. grain boundaries or interfacial layers.
This configuration is seldom used in the ASB literature. Kezionis
et al. developed a 4-point probe for EIS measurements using
polycrystalline Gd-doped ceria as a model electro-ceramic
system.”" As can be seen in Figure 3, the feature that represents
the impedance from the electrode|electrolyte interface was
eliminated, allowing a more accurate value of the bulk electrolyte
conductivity to be obtained. This is especially important for high
ionic conductivity SEs where interfacial impedances can domi-
nate. Caution should be exercised as stray capacitances (e.g., due
to long cabling, additional connections) can affect measurements
in the bar sample geometry (Figure 3b) due to reduced geo-
metric capacitance compared with cylindrical samples (Fig-
ure 3a).??

Three-electrode cells are well-known to electrochemists,
where the inclusion of a reference electrode (RE) at a fixed, stable
potential is standard practice to monitor processes at the
working electrode. However, the case for RE inclusion is
controversial in the field of batteries, as the position, material
and geometry of the RE can affect the readings taken and result
in artefacts." More so than batteries with liquid electrolytes,
fabrication of solid-state cells with REs is non-trivial, especially if
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Figure 4. Schematic representation of an all-solid-state 3-point probe cell of
a) cell design 1 and b) cell design 2. Reproduced from Ref. [23] with
permission. Copyright (2018) Royal Society of Chemistry.

the materials involved are air-sensitive, reactive or require high
synthesis temperatures.

Several setups using a Li RE and a mechanically soft, sulfide-
based SE have been proposed (Figure 4).” One example places
the RE around the outer edge of the SE layer (Figure 4a), but
this design suffers from the requirement of the SE layer being
at least 1 mm in thickness for practical assembly in an inert
atmosphere. An alternative design incorporates an additional
SE layer sandwiched between the reference and working
electrode, allowing for the thickness to be reduced (Figure 4b).
As for reversible electrode materials, Li is a non-ideal choice
due to its reactivity and unstable physical nature, and Li alloys,
such as Li-indium,?? and partially-lithiated intercalation electro-
des have been proposed as alternatives."® Rigorous studies of
SE-electrode compatibility and cell design to avoid artefacts are
desirable.

Full cells represent working batteries, with positive and
negative electrodes separated by an electrolyte. Spectra from
these complete devices can be challenging to interpret as they
may contain features from both electrodes, cell components
and their interfaces. When EIS is performed, the charge or
discharge is interrupted, and the cell is given sufficient time to
relax to open circuit potential before data is acquired. A
powerful experimental approach in the analysis of these
complex systems in comparison with complementary symmet-
ric cells, i.e. with two blocking or two reversible contacts to
isolate each contribution. Currently, due to the relatively high
resistance and minimal cell components compared to large-
format batteries, inductance does not play a significant role in
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Figure 3. Schematic representation of the cell geometry for impedance measurements by the a) 2-electrode and b) 4-electrode setups. c) Nyquist plot of
resistivity measured at 650 K of 2- and 4-electrode setups. Reprinted from Ref. [21] with the permission. Copyright (2013) AIP Publishing.
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the EIS of laboratory-scale ASBs (even up to frequencies of
several MHz). An exception to this is a hard short-circuit, where
Li dendrite formation has resulted in direct electrical contact
between the anode and cathode and inductive behaviour is
observed.”’

Temperature and pressure are important parameters in ASB
research. The ionic conductivity is temperature-activated and
commonly assigned an Arrhenius-like temperature dependence
[Equation (7)]:

1) = ATy~ %

where, E, is the activation energy and R is the universal gas
constant. A(T) is a model-dependent prefactor, which contains a
T~' term that must be incorporated to accurately extract E,.*”
Robust determination of all parameters in Equation 7 requires
that a sufficient temperature range is explored (at least 1
decade). Other resistance contributions have been tracked as
functions of temperature and their activation energies esti-
mated for assignment in LiBs.”” Applied pressure is used both
during initial cell formation and during cycling of ASBs to
maintain good physical contact between the numerous solid-
solid interfaces. Laboratory cells are usually bespoke and take
three main forms: a pellet or coin-cell-type assembly, a leak-
tight cell” assembled in an inert environment that can be
transferred to a temperature-controlled environment for test-
ing, or a heated pressure apparatus within an inert-gas
glovebox.?#*!

Recently, the electronic conductivity, o,,, of SEs has been
suggested to play a key role in the Li dendrite formation that
limits the rate capability of ASBs.B” Decoupling of the electronic
and ionic conductivities by EIS is non-trivial, especially when
Oion> 0,0, as is the case for SEs."® Asymmetric two-electrode
assemblies, i.e., one reversible and one blocking, are primarily
used to determine the partial electronic conductivity by dc
polarization in a Hebb-Wagner cell.?'*? This technique cannot
be used for many SE materials as it requires stability against Li
metal.”® Estimates of o,,, have been obtained by applying a
constant dc voltage to a cell with symmetric ion-blocking
electrodes and monitoring the residual leakage current until a
steady-state value is reached (>24 hrs).”****" However, we
note that 2-electrode measurements will include additional
contact resistances in a dc measurement and thus, under-
estimate the electronic conductivity.®®**® Therefore, 4-point
measurements are important for accurate determination.*”
Experimental EIS data must satisfy the conditions of linearity,
stability and causality. An important check of data quality is to
use Kronig-Kramers (K—K) relations,”'*? which test the expected
interdependence of the real and imaginary components of a
dataset adhering to the aforementioned criteria. Convenient
tools exist for this evaluation® and their application is
recommended to avoid time-consuming modelling of low-
quality data and erroneous parameter estimation.
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2.3. Modelling

The impedance of real systems is much more complex than the
simulated circuit presented in Figure 2. Experimentally, a perfect
semicircle in the Nyquist plot is rarely observed and processes
with similar time constants will overlap, necessitating detailed
modelling and fitting of spectra. Equivalent circuit modelling is
the most widely used method and is accomplished by
approximating the experimental data with an electrical circuit,
followed by complex non-linear least squares (CNLS) fitting
using dedicated software, e.g., ZView (Scribner Associates),
RelaxIS 3 (rhd Instruments). Due to the CNLS fitting approach
good starting values are required, which may or may not be
available. As no solution to an EIS spectrum is unique, and the
inclusion of more elements will tend to improve the fit of the
equivalent circuit model (ECM), standard scientific modelling
practice should be adhered to, i.e., using the simplest ECM with
the fewest elements possible and ensuring that physical and
chemical meaning is maintained. Table 1 contains commonly
used circuit elements and plausible meanings.

Figure 5a depicts a generic ECM for different components in
a conventional LiB: current collectors, electrodes, separator,
liquid electrolyte and any insulating layers including solid-
electrolyte interphase or decomposition products.*? Each
component is modelled by resistive, capacitive or diffusive
elements and many physical elements may be negligible or
convoluted in the resulting impedance (Figure 5b).“' ASBs
exhibit similar processes to LiBs with a liquid electrolyte, but
with alterations, such as the SEI being represented by a solid-
solid interphase impedance. One of the main differences is the
SE itself, which may exhibit microstructural contributions and
require more complex circuit modelling than in the case for a
liquid electrolyte, where a single resistor is sufficient.

Ideal capacitors do not often feature in experimental data.
Therefore, a constant phase element (CPE, symbol Q) is used to
simulate a non-ideal capacitor and an RQ element appears as a
depressed semicircle in a Nyquist plot. The underlying reasons
for the non-ideality of the capacitive process are not explicitly
known, but have been assigned to inhomogeneity, surface
roughness, porosity and tortuosity of the battery materials.*”
Jorcin et al. observed the contribution of geometry inhomoge-
neity through spatially-resolved EIS, where the depression
factor was found to vary locally across an electrode surface.””

Although generic ECMs are available, it is often challenging
to decipher how many time constants are present in a given
dataset and their assignment can be highly subjective. Physical
features in the cell may not be visible in the EIS spectra,
particularly for larger cells where the inductance can obscure
the visibility at high frequency while OCV variation due to small
capacity changes can affect the low-frequency range, due to
the difference in SoC at the start and end of the measurement.
Order-of-magnitude evaluation of capacitance values can be
used to assign features, e.g., grain vs. grain boundary, as shown
by Irvine et al.”® A powerful tool to guide ECM selection is the
distribution of relaxation times (DRT) technique.*® Here,
impedance data is transformed from the frequency to time
domain such that peaks associated with characteristic time-

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

European Chemical
Societies Publishing


www.chemelectrochem.org

ChemElectroChem

Reviews
doi.org/10.1002/celc.202100108

Chemistry
Europe

European Chemical
Societies Publishing

Element Symbol

Table 1. Commonly used equivalent circuit elements and their physical interpretation.

Physical Meaning

Resistor (R)

A

1k
>

Capacitor (C)

Constant Phase
Element (CPE, Q)

Warburg (W)

Inductor (L)

In ASBs this can represent bulk ionic and grain boundary resistance of the SE, and charge-transfer resistance

between the SE and electrodes.

This can be used to represent charge accumulation/depletion occurring across phase boundaries

and at the SE/electrode interface.

Used for non-ideal capacitances which may be caused by inhomogeneity and porosity of the electrochemical
materials and interfaces. The value of a given to the CPE dictates its capacitative behaviour (where 0 is purely
resistive, and 1 is an ideal capacitor). An o parameter close to 0.5 describes an infinite diffusion Warburg element.

Used for resistances that occur due to mass transfer (diffusion), which is most prominent at low frequencies.

Represents impedance contributions associated with wound wires/electrical connections at high frequencies

and degradation processes at low frequencies.
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o
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Figure 5. a) Schematic representation of the equivalent circuit model used for a Li-ion battery. Republished from Ref. [44] with permission. Copyright (2016)
The Westerhoff et.al. b) Depicts the Nyquist plot produced by fitting these parameters to the ECM shown for a typical Li-ion battery. Reproduced from

Ref. [45] with permission. Copyright (2020) The Authors.

constants can be observed. Although DRT analysis is powerful
and intuitive, it is limited in that the data must be bounded (via
somewhat arbitrary data preprocessing) and data inversion is
mathematically ill-posed, requiring regularization methods.®™”
DRT analysis is also very sensitive to experimental errors,
meaning practical precautions and data evaluation, such as K—K
analysis are essential. The non-uniqueness of an ECM solution
to an impedance spectrum means that information theory can
be used to rank various ECMs against each other, for example,
by the Akaike information criterion (AIC).*" This method has
only recently been applied to simulated immittance data®® and
thorough validation against experiment in the context of ASBs
is desirable. In order to model a porous electrode, a trans-
mission line model (TLM) can be introduced.”**¥ However, this
model has only recently been used to investigate ASBs which
incorporate composite electrodes.*>”
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Beyond ad hoc equivalent circuit modelling, physical models
can provide a deeper physical and chemical understanding of
the system under study.®** For electrochemical devices, these
models start from the Nernst-Planck differential equations with
suitable boundary conditions and are often simplified to one
dimensional (1D) transport. Full cell battery models have been
constructed in this way, with ECM fitting of experimental EIS
data used to parameterize and validate the physical model.®*-*?
Such 1D modelling is now readily available in commercial
software packages, e.g. COMSOL Multiphysics. Further, 3D
physical models of ASBs can make use of experimentally-
measured microstructural information to simulate high-capacity
thin-film batteries® and bulk devices using porous solid-state
electrodes.®*®)

In the following sections, the application of EIS to ASB
materials and devices is reviewed. These are differentiated
based on SE chemistry as this most affects cell/device design
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and modelling decisions. First, a model ASB system is consid-
ered: thin-film cells based on a lithium phosphorous oxynitride
(LiPON) electrolyte. This is followed by SE candidates for high-
capacity ASBs: sulfides, oxides, and polymer SEs.

3. LiPON Electrolytes

Developed by Bates and co-workers at Oak Ridge National
Laboratory,®*” LiPON is an amorphous oxynitride SE with the
approximate chemical formula Li,PO,N, where a=~3, b= ~4,
¢=0.1-1.3 for optimal SE properties is reported, although
marked variation exists in the literature.”” LiPON forms a stable
interphase against Li metal® and thin-film cells of the form Li|
LiPON | LiCoO, (LCO) and can be cycled over 1000 times at rates
> 1C."" Micron-thickness films are sputtered in a nitrogen (N)
atmosphere, with N incorporation being key to moderate ionic
conductivity (~107°Scm™' at room temperature). Their format
is planar and thus the capacity is restricted to pAh values, only
suitable for miniature devices and microelectronics. Micro-/
nano-structuring toward 3D thin-film batteries to increase
capacity is an active field of research.**?

As one of the most stable and well-established SE systems,
the understanding of EIS in LiPON-based batteries is quite
advanced.”"’? Iriyama etal”” conducted an extensive and
systematic EIS study using symmetric blocking (Pt|LiPON|Pt)
and reversible (Li|LiPON|Li) configurations with a Li|LiPON|
LCO cell to deconvolute full cell impedances. The lack of grain
boundaries in amorphous LiPON means a single arc describes
ionic transport in the Pt|LiPON|Pt cell (Figure 6a). A comple-
mentary symmetric cell with Li electrodes (Figure 6b) included
both bulk and anode contributions. Robust assignment of bulk
and interfacial features allowed the positive effect of temper-
ature treatment to be attributed to reduced impedance at the
LiPON | LCO interface.

The simple planar structure and the availability of LiPON
devices have been beneficial for the development and
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Figure 6. a) Cross-sectional SEM of a LiPON micro-battery. Reprinted from
Ref. [67] with permission. Copyright (2000) Elsevier. b) EIS of Pt|LiPON | Pt
and c) Li| LiPON | Li cells. Reprinted from Ref. [70] with permission. Copyright
(2005) Elsevier. d) Compares EIS of a Li| LIPON| LiCoO, full cell at 90% and
10% SoC, whilst e) shows the overlay of EIS (dark blue) over DRT (light blue)
at 90% SoC where three peaks can clearly be seen. Republished from

Ref. [62] with permission. Copyright (2019) Royal Society of Chemistry.
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validation of physical models. Recently, Pang et al.*” developed
a 1D physical model to describe the pulsed behaviour of a Li|
LiPON | LCO battery. Experimental EIS at various SoC values was
used to extract the following parameters for model validation:
the ionic conductivity of LiPON, the exchange current densities
and the diffusion coefficient in LCO. Data quality was explicitly
confirmed using K—K analysis before being analysed using the
DRT method. This unambiguously identified three semicircles in
the EIS spectra (Figure 6d), corresponding to bulk SE, SE|Li and
SE|LCO from high to low frequency, consistent with previous
work (Figure 6e).”” The full cell was determined to be limited
by Li-ion diffusion in the pure LCO electrode (i.e. no conductive
additive) as opposed to the SE conductivity.

Ageing effects have been examined by comparing the EIS
of pristine cells and those stored for 60 hours at 60 °C. Larfaillou
et al.”¥ found that the typical ECM with 3 serial RQ units was
only suitable initially and that the aged cells required the
inclusion of a fourth RQ unit, ascribed to degradation of the Li|
LiPON interface and/or in the LCO bulk. Temperature-depend-
ent measurements of a Pt|LiPON |Pt cell were used to extract
ionic conductivity and dielectric constant — these were invari-
ant, highlighting the excellent thermal stability of LiPON. Unlike
bulk ASBs with a LMA, applied pressure is not required during
operation for stable plating and stripping of Li at appreciable
rates. This is likely due to the high quality of SE interfaces
produced by vacuum deposition and the low amount of Li
transported per cycle (on the order of 1 um thickness)” in the
thin-film configuration. Large-format batteries with capacities
greater than mAh will make use of thick Li anodes (>10 pm)
and porous positive electrodes, but with these caveats, studies
of thin-film ASBs have value for large-format ASB research.

4, Sulfide Electrolytes

The discovery of superionic sulfide Li-ion conductors has been a
critical step towards large-format ASBs. At room temperature,
these materials offer Li-ion conductivities that rival liquid electro-
lytes (>107Scm™") and are mechanically soft, meaning that
cold-pressing is sufficient to produce dense compacts. However,
they have narrow electrochemical stability windows”>"® and are
moisture-sensitive, so handling must be performed in a dry
environment (typically under inert gas in academic laboratories).
The most studied compounds are those based on crystalline
Li;¢GeP,S;, (LGPS),"™ LigPSsX (X=halide)® and Li,S-P,Ss (LPS)
bulk glasses.®™ EIS is commonly used to evaluate bulk ionic
transport properties (using Equations 6 and 7), interfacial stability
and degradation in full cells.

In 2011, Kamaya et al.” discovered LGPS, which at the time
had the highest room temperature ionic conductivity of
12mScm™". This was determined on a polycrystalline cold-
pressed pellet using ion-blocking electrodes (Au) in a 2-probe
arrangement from —110 to 110°C (Figure 7). Their experiments
were repeated 2 or 3 times to ensure the reproducibility and
stability of their set-up. However, it is noted that these EIS
measurements were taken with large perturbation voltages of
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Figure 7. Impedance plots of the conductivity data from lower (upper insert)
to higher (lower insert) temperatures and Arrhenius conductivity plots of
LGPS. The plotted total conductivity represents the sum of the bulk and
grain boundary contributions. Reprinted from Ref. [79] with permission.
Copyright (2011) Springer Nature.

100 to 500 mV, which may enter the non-linear regime and
data were not explicitly checked using K—K tests.

The spectra for LGPS in Figure7 consist of a single
semicircle with a sharply rising “tail” at low frequency which can
be modelled by the equivalent circuit in Figure 2a, but with the
capacitors replaced with CPEs: Ry(RQ),Q,. The (RQ), unit models
the bulk ionic behaviour where the resistance consists of two
contributions: the bulk resistance within the grains of the
polycrystalline SE, R, and the grain boundary resistance, Ry, In
the sulfides and other soft materials, R, and Ry, can be difficult
to resolve as they overlap strongly, both scale with the
geometry of the sample and only limited EIS data may be
available in typical frequency ranges (see lower inset in
Figure 7).

Bron et al®@ measured several sulfide SEs as a function of
temperature, where R, could be identified in some systems at
low temperatures (Figure 8). In these cases, the ECM was altered
by adding a second (RQ)y, unit to account for this additional
resistance contribution. Once identified, R,, could be tracked
through to room temperature and used to validate values of the
bulk ionic conductivity. Applied pressure during fabrication and
operation is also important for electrolyte and device properties.
Kodama et al.”® conducted in-situ X-ray tomography of symmet-
ric cells under applied pressure in order to identify optimal
processing conditions. The ionic conductivity of Li,PS;X, (X=Cl,
Br) and LPS glass pellets appeared to level off at ~120 MPa (the
maximum pressure applied) at room temperature, though we
note that the ionic conductivity of LigPS;Cl has been observed to
continually increase up to pressures of ~400 MPa.®”

The exceptionally high ionic conductivities and favourable
processing properties of the sulfides also pose issues in their
characterization. In a round-robin test of five commonly used
compounds, Ohno et al.® found that the relative median error
on higher conductivity materials (>1mScm™") was 22% com-
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Figure 8. a—e) Five sulfide SEs impedance plots showing that some exhibit
grain/bulk (red) and grain boundary (pink) contributions while some only
exhibit contribution from the bulk solid electrolyte (grain only) at low
temperatures. The red and pink colours relate to the grain and grain
boundary contributions as seen in the Nyquist plot and fitted using the
equivalent circuit model. The electrode polarization is modelled by a single
CPE. Reprinted from Ref. [82] with permission. Copyright (2016) Elsevier.

pared with ~10% for those under 1 mScm™". They concluded
that some of this discrepancy may arise from the fitting of limited
EIS data and microstructural relaxation. The cell set-up, such as
the contacting electrodes and sample dimensions, can influence
the EIS spectra and must be fully reported. They also
recommended the acquisition of data in triplicate and validation
of 0;,, values >1 mScm™' with external collaborators.

Sulfides have narrow electrochemical stability windows"””
and will be reduced by metallic Li on contact and/or during
plating/stripping. Analogous to the SEI layer in LiBs, the
impedance associated with this interphase should be low and
stable and can be studied using symmetric Li|SE|Li setups.
Time-resolved EIS can be used to assess stability, with an
undesirable MIEC interphase identified by the continuous
increase of interfacial impedance with time.®*®”! Whiteley et al.®®
modelled the EIS of a symmetric cell containing a Li,SiP,S;,
(LiSiPS) electrolyte by using R, element in series with two RQ
units, for the interphase and charge transfer impedance
respectively, and finally a Warburg element for diffusion through
the reversible electrodes. LiSiPS was shown to produce a more
stable interphase with lower resistance than LGPS over 250 hrs.
Kasier et al. analysed composite electrodes comprised of lithium
titanate and a Li,P,Sgl SE at various volume fractions.”” The
effective ionic tortuosities and conductivities were determined
using both a TLM and electronic-blocking symmetric cells, and a
SE 0,,>5mScm™ was estimated to provide comparable (or
even superior) power densities to Li-ion cells with a liquid
electrolyte.

Sulfide SEs are also often unstable at the oxidizing potentials
of positive electrode materials. Ohta etal® systematically
showed this using LiNbO; buffer layers coated onto LCO powder,
which resulted in a stable interface against LGPS. Even when
stability is achieved, large interfacial impedances can be
generated by resistive interphases or space charge layers.”**?
These can be mitigated by the addition of coatings, binders or
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nanocomposites to the cathode or soft inorganic electrolyte
mixed with the cathode powder.*>*"

With some exceptions, the generic ECM for a full cell ASB
with a LMA consists of (from high to low frequency): (RQ),(RQ),.
(RQ)anode(RQ)cathode @and a CPE or Warburg element for diffusion
processes into the electrodes.®>***” The final CPE can be used
instead of the Warburg element in cases where non-ideal
diffusion and more capacitive behaviour is seen”” As in LiB
research, the SoC-dependent impedance is important to fully
understand battery behaviour during operation. Figure 9 shows
the evolution of a In|LGPS|LCO cell during charge and
discharge,®” with 3 distinct processes identified in high, mid
and low frequency ranges (Figure 9a). Upon charging, the In
anode interface resistance (low frequency) was largely un-
changed, but the cathode interface resistance (mid frequency)
increased. This is the opposite assignment of the anode and
cathode interfacial impedances observed in full cells with an
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Figure 9. Stacked Nyquist plots of a In| LGPS |LCO cell with LiNb,sTa,s05
(LNTO)-coated LCO as the active material. a) ECM and EIS during b) charge
and c) discharge at different SoC points. The low-frequency semicircle is
assigned to the anode interface resistance with the electrolyte, while the
mid-frequency semicircle is assigned to the cathode interface resistance.
Reprinted from Ref. [97] with permission. Copyright (2017) American
Chemical Society.
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LMA (with respect to frequency) and highlights the need for
thorough EIS studies on a system-by-system basis. This trend on
charging was attributed to loss of interfacial contact in the
composite cathode due to volumetric expansion and the
formation of a decomposition layer on exposed LCO. At higher
SoCs, a more noticeable Warburg impedance began to appear
which was assigned to the diffusion of Li-ions in the cathode
material. However, during discharge the anode interface
resistance increases becoming greatest at the end of discharge
(Figure 9¢). This increase in interfacial resistance at the In|SE
interface was ascribed to the degree of lithiation of the In—Li
alloy anode, which becomes more In-rich during discharge.

Literature reports of detailed EIS on all-solid-state Li—S full
cells are limited.”® ' Generally, R, is observed at high-
frequency, a combination of anode and cathode impedances is
seen at mid-frequency and lowest frequency attributed to
charge transfer resistance of combined anode and cathode
contributions. Wang et al."® reasoned that the sulfur-compo-
site cathode impedance was the limiting factor by comparison
with previous data on Li symmetric cells with the same SE, and
analysed the composite cathode using a transmission line
model.

Other classes of mechanically-soft inorganic SEs have been
discovered, such as phosphides?®'®'®! and halides.'%'%"
Approaches to EIS measurement and ECM modelling are very
similar to the sulfides, e.g. cold-pressing of dense compacts and
strongly overlapping bulk and grain boundary impedances at
room temperature. Interestingly, a recently reported halide SE,
Li,Sc,/5Cl,""” does not require oxide-coating of cathode materi-
als due to the greater electrochemical stability of this material
class.

5. Oxide Electrolytes

Oxide-based SEs have also been extensively investigated. These
tend to be less sensitive to air and moisture and have larger
electrochemical stability windows compared to sulfide SEs, but
exhibit only moderate ionic conductivities (107*-107°Scm™ at
room temperature), are mechanically brittle and processed at
high temperatures. These latter characteristics make full cell
fabrication difficult due to the necessity of large-area, dense,
thin (<50 um) SE layers and intimate solid-solid contact in
electrode-SE composites. The most-studied oxide SEs can be
grouped into three crystalline classes:"'" perovskite-type,"'?
NASICON-type"'? and garnet-type."'¥ We will primarily discuss
EIS of the garnet-type, namely Li;La;Zr,0,, (LLZO) - whose
good ionic transport and stability against Li metal have pushed
this class to the forefront of the field. The cubic phase of LLZO
was first reported in 2007 with a room temperature conductiv-
ity of 107 Scm """ Further work showed that undoped LLZO
adopts a tetragonal crystal structure at ambient conditions with
much lower Li-ion conductivity (~107°Scm )" and that
unintentional AP*-doping, introduced through solid-state syn-
thesis at >1000°C in alumina crucibles, could stabilize the
high-temperature, ion-conducting cubic phase.""® Such aliova-
lent doping strategies are common in inorganic SEs to
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introduce and charge-balance bulk defects favourable to ionic
conduction, e.g. Li vacancies or interstitials."'”""® Traditionally,
EIS studies relevant to oxide SEs focused on new synthesis
routes or to methods to increase the ionic conductivity,
however recent work has investigated its fascinating interfacial
properties with Li and several oxide-based devices have been
reported.

Murugan et al. measured ceramic pellets with ion-blocking
Au electrodes in a two-probe configuration which showed an
evident grain boundary impedance, even at room temperature
(Figure 10a)."™ As it is the total conductivity (bulk and grain
boundary) that is important in devices, much research has been
dedicated to reducing this grain boundary contribution through
optimization of sintering conditions or techniques such as hot-
pressing (Figure 10b).""® There is a complex relationship
between doping and microstructure, as dopants may not be
homogenously distributed in the bulk, but segregated at grain
boundaries."* Additionally, single-crystalline samples allow
detailed impedance investigations without the influence of

The large impedance commonly observed at the Li|LLZO
interface can be ameliorated using interfacial layers"? and by
the removal of Li,CO;, which forms on the surface of LLZO in
ambient conditions."* Recently, Krauskopf and co-workers
used a Li|LLZO|Li symmetric cell to analyse the influence of
applied pressure on the Li|LLZO interface.”® They showed that,
with careful surface preparation and handling under inert gas
to avoid Li,CO; formation, sufficient applied pressure reduced
the interfacial impedance to a negligible value (<1 Qcm?),
which remained after the pressure was removed (Figure 11a).
Further, this Li electrode with low overpotential served as a
reference electrode to separate impedance contributions during
operando GEIS of Li plating and stripping (Figure 11b and c).
Further work by this team used this quasi-3-electrode set-up
and GEIS to monitor impedance changes when stripping/
plating Li on copper and Au electrodes, observing a low-
frequency feature not seen in symmetric cell experiments and
providing evidence for Li deposition within LLZO that leads to
so-called “soft” short-circuits”. As these precede “hard” short-
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Figure 10. a) Impedance plot of Li,La,Zr,0,, measured in air at 18.8°C for 00 01 02 03 04 05 06 07
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data. The impedance plot measured in air at 18.8°C for the thin pellet

(0.18 cm in thickness) is shown in the inset. Reproduced from Ref. [115] with
permission. Copyright (2007) Wiley-VCH. b) Hot-pressing to control grain
boundary effects in LLZO. Republished with permission from Ref. [119]
Copyright (2015) The American Ceramic Society.
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Figure 11. a) Pressure-dependent Nyquist plots of Li|LLZO | Li cells showing
the large impact of external force on the interfacial resistance R;,. Operando
EIS spectrum for lithium metal b) stripping and ¢) plating. Reprinted from
Ref. [28] with permission. Copyright (2019) American Chemical Society.
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circuits (where the voltage drops to zero), this configuration
could be used to monitor Li dendrite formation. A R, element
was introduced in the ECM to account for the increase in partial
electronic conductivity that occurred. As dendrites grew in the
SE, the resistance of R, and R, decreased until a hard short-
circuit occurred. By monitoring Ri., R, and Ry, while cycling,
the absence of a soft short-circuit was indicated by stable
resistances for R, and Rgb.[28] Interfacial modification can be
helpful at the cathode|LLZO interface as well; for example, a
Nb-containing interlayer resulted in significantly reduced inter-
facial resistance in a LCO |LLZO |Li battery."®

The high-temperature processing requirements and stiffness
of oxide SEs means that composite cathodes, and hence oxide
ASBs, are difficult to fabricate and cycle. Thus, full cell EIS studies
based on LLZO tend to use either vacuum-deposited thin-film
cathodes"'* or composites containing a Li salt.*'?"'® System-
atic work by Ohta etal, measured LCO|LLZO|Li (LCO was
deposited by pulsed laser deposition) and Li symmetric cells
(Figure 12) to assign their EIS features."* By comparison, it was
concluded that the SE impedance dominated at high frequency,
followed by the Li|SE interface, leaving the low-frequency
contribution to be attributed to the charge transfer resistance
experienced at the LCO interface. A similar approach and
assignments were made for the three semicircles observed in
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Figure 12. a) Nyquist plot for the LiCoO, | Lis;sLasZr, ;sNbg,50,, | Li cell at
3.95 V. b) Nyquist plot for the Li| LissLa;Zr, 7sNb, 50, | Li cell. Reprinted from
Ref. [126] with permission. Copyright (2012) Elsevier.
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Nyquist plots of LCO|LLZO|Li full cells using a Li-C—B—O salt
mixture in the composite positive electrode.’” Beyond intercala-
tion electrodes, solid-state Li—S and Li-air batteries have been
constructed with an LLZO SE (cf Table 3 in Ref. [129]). However,
studies that systematically assign EIS features in these systems
are lacking and future work interrogating the impedances in
these ASBs will be of great interest.

6. Polymer-Based Electrolytes

In the 1970's, Wright et al. discovered Li-ion conducting polymers
by dissolving simple alkali salts (Nal, NaSCN, etc.) in semicrystal-
line polymers like poly(ethylene) oxide (PEO).*°'? Since this
finding, there has been significant interest in employing these
materials in ASBs, initiated by Armand et al."**"** However, these
original conducting polymers were shown to have low ionic
conductivity at room temperature and so were only employed in
high-temperature applications."*"*® Though there are now
several polymer-based electrolytes that exhibit appreciable ionic
conductivity, none have a practical value (>5 mScm™') at room
temperature.*® This remains the biggest factor preventing their
application, alongside their instability against Li metal and 4V-
class cathode materials."™'*" However, their facile processing
and low cost are compelling and motivate continuing research.

Polymer-based electrolytes can be divided up into four
subcategories: (1) solid-polymer electrolytes (SPE); (2) plasticized
polymer electrolytes (PPE); (3) composite solid-polymer electro-
lytes (CSPE) and (4) gel-polymer electrolytes (GPE). In the case
of GPEs these materials incorporate a liquid electrolyte into the
polymer matrix and therefore, are beyond the scope of this
review. The most standard form of ion-conducting polymer
electrolytes are the SPEs that continue the design strategy
outlined by Wright and co-workers."**3" On dissolution of the
salt Li-ions coulombically coordinate to the oxygen sites on the
polymer backbone. When an electric field is applied to the
material the Li-ions can migrate between weakly coordinated
sites and hence, become ionically conducting. To improve the
ionic conductivity of these polymer electrolytes, researchers
began to investigate PPEs, which incorporate a low molecular
weight compound into the polymer matrix. Common plasti-
cizers can be salts, solvents or low molecular weight polymers
such as ethylene carbonate (EC), propylene carbonate (PC) or
polyethylene glycol (PEG), respectively.'**'* These compounds
lower the intermolecular and intramolecular forces between the
polymer chains, increasing the number of amorphous regions.
It is well established that for polymer-based electrolytes the
ionic conductivity is closely related to the degree of crystallinity
of the matrix.['#>'%¢

Lastly, the CSPEs contain either inert ceramic fillers that
have high dielectric constants, e.g. SiO,, Al,O; and TiO,, or
active Li-ion conducting SEs like LLZO or LGPS."*"" The
dielectric fillers decrease the amount of ion-ion association
inherent in the polymer matrix, thereby increasing the avail-
ability of Li-ions. They also increase the mechanical strength. On
the other hand, the inorganic SEs can facilitate ion migration
but are generally limited by their poor interfacial contact and
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stability."*>'*¥ By incorporating these materials into a polymer
matrix, a high ionic conductivity can be maintained through the
solid, while the polymer provides a more stable interface with
the electrodes.

One of the most significant factors that can affect the
conductivity reported for polymer-based electrolytes is the
temperature at which the measurement is made. This is due to
the semi-crystalline nature of polymers that are used, which
exhibit a defined glass transition temperature (T;) and melting
temperature (T,,)."*" The T is defined as the temperature at or
above which the amorphous structure exhibits macromolecular
mobility, changing the physical appearance from a glass-like
state to a rubber-like state, while the T,, is a specific property of
the crystalline regions, above which they experience a phase
change to an amorphous state."™ Therefore, the T, is the
property that significantly affects the ionic conductivity of the
polymers as the number of amorphous domains are increased.
This effect is largely misrepresented in the literature as heating
above the T;. Due to the ionic conductivity being closely related
to the concentration of amorphous regions it is therefore
expected that the ionic conductivity will significantly increase,
on heating. Aziz etal. used temperature-dependent EIS to
observe and track the phase change between crystalline to
amorphous that occur in SPEs."* Using a SS blocking electrode
configuration when the SPE is heated towards ~60°C (T,, for
PEO) the impedance assigned to the phase boundaries was
gradually lost from the Nyquist plot. Above 60°C the phase
impedance was completely lost leaving only the bulk resistance
of the polymer electrolyte. The bulk impedance showed a
significant decrease in size, leading to an increase in ionic
conductivity. This phenomenon helps to explain why current
polymer-based electrolytes are only applied to high-temper-
ature applications.

There are a number of studies that use EIS to probe stability
against Li metal, an important requirement for a practical
polymer-based electrolyte.”"*¥ By placing the new SE between
two Li metal electrodes and collecting EIS data as a function of
time, any instability can be tracked by the increases in
impedance. Zhao etal. have shown that monitoring the
evolution of an interfacial resistance between their PPE and Li
metal over a 24-hour period can be accomplished using EIS
(Figure 13)."®" For the PEO/LITFSI system, a <5% increase in
impedance was observed (Figure 13b). However, for the hydro-
genated nitrile butadiene rubber (HNBR)-based electrolytes a
significant increase in interfacial resistance can be seen (Fig-
ure 13c and d). This was an indication that an unstable interface
had been formed between the Li and the PPE. Since the standard
SPE showed a relatively stable impedance, the increase observed
for the PPE were assigned to side reactions of the HNBR
plasticizer."®

After investigating the conductivity and electrochemical
stability of the new materials some researchers have begun full
cell testing. This can give a more realistic representation of how
the electrolyte will behave with the anode and cathode in a
working battery. He etal. have shown full cell impedance for
their lithium bis(oxalate)borate (LiBOB)-modified polymer electro-
lyte membrane (PEM) against its standard PEM counterpart
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LiTFSI c) non-plasticized HNBR/LITFSI and d) HNBR/LiTFSI/20 % DEP electro-
lytes. Reprinted from Ref. [160] with permission. Copyright (2019) American
Chemical Society.

1200 1600

(Figure 14)."®" The impedance of assembled cells comprising of a
LiFePO, (LFP) cathode and a LMA were measured after 50 cycles
for each polymer electrolyte.

From the EIS data they were able to show that on increasing
the cell cycling temperature from 20 to 60°C the interfacial
charge transfer resistance increased. In the case of the
unmodified-PEM cell, the resistance increased from 600 to
4,000 Q. This implied that during high-temperature operation
the interfacial layers were altered either at the LFP|PEM or Li|
PEM interfaces. However, the modified LiBOB-PEM was shown to
be relatively more stable to the temperature change in
comparison. This indicated that the LiBOB additive suppressed
the adverse reaction that occurred at high temperatures in the
unmodified-PEM. To further investigate at which interface (LFP|
PEM or Li|PEM) this change occurred, symmetric cells of LFP|
PEM|LFP and Li|PEM|Li were studied. By collecting EIS data
under the same conditions as the full cells, they observed that
the LFP |PEM|LFP cell remained relatively stable at both temper-
atures, while the Li|PEM|Li cells were shown to have a
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significant change in impedance at 60°C due to a chemical
reaction occurring at elevated temperature. Comparing this to
the Li|LiIBOB-PEM|Li cells the change in impedance was
significantly decreased, showing that the addition of LiBOB was
effective at stabilizing the Li|PEM interface."®"

Although ASBs utilizing a SPE have been commercialized
since 2013 by the Bolloré Group, there is a lack of full cell EIS
data on these particular cells. They are reported to contain a LFP
cathode with a LMA, separated by a Li-containing PEO-based
electrolyte, and due to the low ionic conductivity of the polymer
SE the battery must be operated in a temperature range of 70—
80°C to provide 100 Whkg™"."? A more detailed electrochemical
understanding of these systems could provide the fundamental
insights required to improve SPEs, whether this be to their
conductivity, interfacial stability with electrode materials or to
inform future physical models of ASBs. In addition, these
improvements could aid in the development of all-solid-state
Li—S and Li-air technologies that harness SPEs. Despite the fact
that there are examples of SPEs being employed in these
systems,'>'% there are limited reports of full cell EIS."**¢¥ |n
agreement with Section 4, Li-S cells with a SPE have a high-
frequency impedance contribution from the electrolyte, followed
by the anode and lastly the cathode impedance."® However,
impedance contributions for solid-state Li-air batteries are yet to
be identified in the literature.
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7. Emerging ElS-related Techniques for Li-ion
Batteries

LiBs have been commercially available for over 25 years. As such,
their EIS measurement and modelling approaches are advanced
compared to ASBs. We have identified several emerging EIS-
related techniques reported for LiBs which will be applicable to
future ASB research also.

A considerable limitation of EIS is the ambiguity of equivalent
circuit modelling and interpretation. As discussed in Section 2.3,
DRT analysis can aid in robust ECM design by identifying the
characteristic time constants of the system, but is limited to
resistive-capacitive elements, requires data pre-processing and
care must be taken when choosing regularization methods for
data inversion."’” A recent study by Danzer addresses the first
two issues with the development of “generalized” DRT analysis,
incorporating resistive-inductive circuit elements and eliminating
data pre-processing.””" Huang et al. have reported a promising
approach to improve the accuracy of initial data inversion based
on Bayesian statistics and a pre-calibration parameter tuning
step.l"”? By improving the robustness of DRT analysis, these are
steps towards automated batch processing of the large, multi-
dimensional EIS datasets inherent to in-situ and operando
experiments. A single-step DRT analysis of such 2D data (Z vs.
temperature, SoC, etc.) has been demonstrated to improve the
signal-to-noise ratio and thus, data resolution compared to
1D.[173]

Beyond equivalent circuit modelling, machine learning (ML)
can use large EIS datasets taken over wide parameter space to
understand degradation"’* and predict parameters such as SoC
and state-of-health™” in LiBs. The current database of EIS
measurements for ASBs is not nearly as large, but is poised to
grow, and knowledge gained from applying ML will likely
complement chemical and physical insights from the other
techniques discussed here. A considerable challenge of ML is its
inherent black-box nature, which makes it difficult to generalize
the derived models or quantify their robustness. As such, these
models could perform well for the majority of the time but
occasionally, and unpredictably, give incorrect results. High-
throughput experimentation (and possibly fabrication)!'”® tech-
niques will be needed to generate sufficiently large datasets in
a timely fashion. Ultimately, ML-based models could be used to
track and learn the behaviour of battery systems under different
conditions (temperature, SoC, etc.), and then be used as an
assurance algorithm to see if a specific cell type is behaving as
expected, with significant deviations from predicted behaviour
indicating damage to the cell or internal shorts.

Conventional EIS must adhere to the criterion of stability
(Section 2). Strictly speaking, this rules out measurements
during the passage of current and thus, typical measurement
conditions are far removed from battery operation. In-situ and
operando EIS takes place as the system is slowly changed, such
that quasi-steady-state conditions (QSS) are achieved, and the
acquisition of impedance spectra during charge or discharge is
possible. This has been applied to continuous'’®"” and pulsed
charge/discharge of LiBs."” Itagaki etal. used a Li RE to
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deconvolute cathode and anode contributions during in-situ
EIS and were thus able to track a low-frequency inductance
process associated with the graphite anode."”” However, a
study using pulsed charge/discharge conditions on a similar cell
set-up, concluded that this inductance feature was measure-
ment artefact, due to the violation of the QSS condition at low
frequencies."”® Clearly, the low-frequency cut-off must be
carefully considered relative to the rate of change of the
system, this may be quantified using K—K relations or DRT
transforms!"’?'®” as data quality criteria. To the best of our
knowledge, dynamic/operando EIS has not yet been reported
for a full cell ASB, but recent operando GEIS on symmetric®®
and asymmetric"®" solid-state cells with an LLZO SE during Li
stripping and plating revealed signatures of internal Li plating
within the SE and differences in symmetric and asymmetric cell
behaviour (Section 5).

Linearity is also a requirement of conventional EIS. However,
many processes in batteries are non-linear, e.g. electrochemical
reactions."® Non-linear EIS (NLEIS) increases the magnitude of
the perturbation voltage or current such that linearity is not
ensured, and higher harmonics can be analysed. In LiBs this has
been used to probe subtle degradation processes"® and detect
undesirable Li plating during operation in commercial cells.
Similarly, NLEIS may be useful for probing non-linear processes
within ASBs, such as space charge layers at electrode | SE solid-
solid interfaces, whose significance on ASB operation is hotly
debated.**>'%%! To the best of our knowledge, no NLEIS
measurements have been reported on ASBs. With the qualifica-
tion that the data analysis is significantly more complex than
for conventional EIS,"®" future NLEIS studies on ASBs are
warranted.

8. Summary and Outlook

ASBs promise greater energy density as well as improved safety
compared to conventional LiBs. The recent discoveries of Li
superionic conductors have boosted their prospects enor-
mously; however, many challenges remain that must be
addressed to realize large-format cells. EIS is a powerful tool to
interrogate the charge transport properties, stability and
performance of these materials and devices by non-destructive
means.

We began this review with relevant EIS theory for ASBs
followed by electrode/cell configurations for electrochemical
measurements and modelling strategies for the impedance
spectra. While ECMs are often lacking in physical justification,
they can be applied quickly without detailed system knowl-
edge. Further, complementary cells, experiments investigating
temperature, pressure and SoC effects and techniques such as
DRT analysis can be leveraged to more robustly construct ECMs.
In Sections 3 through 6 we reviewed EIS approaches to ASBs
organized by SE chemistry, beginning with the most mature:
LiPON. While this SE pertains only to thin-film solid-state
devices, the approaches used - namely the comparison of
symmetrical cells (using blocking and reversible electrodes) to
full cells, and the use of physical models parameterized by

ChemElectroChem 2021, 8, 1-19 www.chemelectrochem.org

equivalent circuit modelling informed by DRT analysis - are
highly relevant to high-capacity ASBs with porous cathodes.
Next, sulfide SEs were discussed. Their high ionic conductivity
and ability to be processed at room temperature via cold-
pressing have led to advanced device-level studies. However,
reproducibility can be challenging due to their mechanically
soft nature, in addition to the convolution of bulk and grain
boundary contributions at room temperature. Additionally,
reactivity with electrode materials necessitates the use of
protective coatings or interlayers. With suitable surface prepara-
tion, oxide SEs have exhibited negligible interfacial impedance
against Li, which can then function as a quasi-RE for
sophisticated operando studies. Polymer-based SEs are inher-
ently attractive for manufacturing at scale but currently suffer
from low ionic conductivity and interfacial instability. As ECMs
are widely applied at all device levels and across all SE types, it
is worthwhile to summarize these findings in detail.

Although ASB fabrication can be very different depending
on SE chemistry, ECM feature assignment appears broadly
similar to LiBs based on the handful of relevant device studies
performed.©>7097126188 That s, several RQ units in series are
used, where the high-frequency arc characterizes the electrolyte
(which may include a microstructural contribution for SEs),
followed by interfacial losses and finally diffusion modelled by
CPE or Warburg elements. As in LiBs, it is hard to be prescriptive
in the mid-to-low frequency range as the characteristic
frequencies of the electrode interfaces overlap,"® but these
details have both great fundamental and applied value. From
our review, full devices using a LMA and an intercalation
cathode typically assign the SE |cathode interface as the lowest
frequency arc, while those utilising an In—Li anode assign this to
the SE|anode interface. Detailed EIS studies on all-solid-state
Li—-S and Li-air batteries are lacking at present and further
device-level research will be required to elucidate any general
spectral assignment strategies.

Finally, we identified several state-of-the-art EIS techniques
employed in LiB research that will have utility in future ASB
studies. We conclude with 4 directions that will enable high-
performance ASBs and packs:

1. Standardized reporting of experimental processing and
measurement conditions to move beyond bespoke test rigs.
New SEs with high o, (>5 mScm™) are needed for use in
composite cathodes where the effective o, is lower.””'*
Measurement accuracy is known to be reduced in this range
for sulfide SEs"" so four-point measurements, as well as
ion-selective electrodes, may be valuable. Additionally,
suitable RE materials and 3-electrode cell designs are needed
to interrogate individual cell components in the solid-state.

2. Further development and consistent adoption of DRT
analysis, in addition to multi-variable (temperature, pressure
and SoC) testing for equivalent circuit modelling. The
determination of characteristic frequencies is valuable for
feature assignment and comparison between different
devices and studies. It is worth noting that characteristic
frequencies of the SE and interfaces are significantly higher
for ASBs than for LiBs (>1kHz vs. <1kHz), hinting that
useful EIS data can be rapidly acquired in real-time during
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battery and pack operation. However, whether this high-

frequency range is accessible in large-format ASBs operating

with increased inductance contributions remains to be seen.

3. Physical models for ASBs. Once validated for a given system,
physical models can be extremely useful in predicting cell
behaviour under different cycling conditions, thereby saving
time and cost compared with experimental testing alone.
Physical modelling of bulk ASBs with porous cathodes is in
its early stages but, when combined with experiment as for
thin-film batteries,® % s likely to yield important fundamen-
tal understanding of these systems. Where cell information
(chemistry, physical dimensions, etc.) is limited or propriet-
ary, hybrid approaches using ECMs with improved physical
justification or machine learning-based modelling may be
optimal.

4. Advanced EIS methods such as in-situ/operando EIS and
NLEIS can give valuable information on the Li dendrites that
plague ASBs, as well as subtle ageing processes. Further
studies using and expanding these techniques will aid
material and device development.

ASB research progress has been rapid in the last 10 years
across SE discovery, interfacial modification and laboratory-scale
device fabrication. However, current state-of-the-art cells fall
short of the commercial benchmarks set by Li-ion."® Sustained
research effort on the fundamental and applied aspects of
ASBs, in which EIS will play a vital role, is needed to translate
the promise of ASBs out of the laboratory and into real-world
applications. Given the current steep trajectory of ASBs, the
outlook is optimistic.
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REVIEWS

Materials to devices: Electrochemical P. Vadhva, J. Hu, M. J. Johnson, R.
impedance spectroscopy (EIS) is a Stocker, M. Braglia, Prof. D. J. L. Brett,
powerful technique used in electro- = Dr. A. J. E. Rettie*

chemical research to interrogate
materials, full cell devices and packs.
This review summarizes the latest de- Electrochemical Impedance Spec-
velopments in EIS for sulfur, oxide troscopy for All-Solid-State

and polymer solid-state electrolytes Batteries: Theory, Methods and

in blocking electrode, symmetric and Future Outlook

full cell configurations, with an

outlook on how its applicability in

this field can be improved.
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