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Estimating the State of Charge in Lithium Primary
Batteries: Recent Advances and Critical Insights

Sydney Roth, Daniel Wesolowski, David Schrock, Noah Schorr, and Sakineh Chabi*

Lithium primary batteries (LPBs) remain essential in critical applications such as
military, aerospace, medical and emergency devices, and portable electronics.
Their superior energy density over lithium-ion batteries offers a significant
advantage for long-duration use. Therefore, accurate estimation of the state of
charge (SoC) is essential for ensuring the reliable and safe operation of these
batteries. While extensive research has been conducted on SoC estimation
techniques for lithium-ion secondary batteries, LPBs present unique challenges
that complicate accurate SoC estimation. Moreover, research on nondestructive
testing techniques for SoC estimation in LPBs is significantly lacking. In this
review article, it is aimed to provide a comprehensive overview of recent
advancements in SoC estimation for LPBs and generates new insights and
directions for future research. Herein, existing methods are discussed and their
effectiveness and mechanisms are identified, and areas for further optimization
are outlined. More theoretical/experimental efforts to advance SoC detection in

Accurate SoC estimation is essential not
only for optimizing battery usage but
also for ensuring the safe operation of
devices powered by lithium batteries.>™®!
From a sustainability perspective, having
an accurate SoC estimate reduces unneces-
sary cell replacements, leading to less
environmental concerns and greater cost-
effectiveness. This is especially relevant
for applications where the replacement is
difficult to perform or access such as
space exploration applications or airplane
transponders.[*”=%

Two techniques are traditionally used
for determining battery SoC. The first
technique relies on quantifying the
relationship between SoC and open-circuit

LPBs is recommended due to challenges identified with existing techniques.

1. Introduction

The high energy density and long shelf life of lithium primary
batteries (LPBs) drives widespread use, from portable electronics
to medical devices and military equipment. Understanding the
state of charge (SoC) in these batteries is critical for use in high
reliability applications, such as automated external defibrillators
and emergency position-indicating radio beacons, where lives
depend on having enough charge in the batteries.'”) Battery
SoC is the current capacity (i.e., remaining capacity) of the battery
relative to its total capacity (i.e., full-charged capacity).
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voltage (OCV), which describes the voltage
of the cell without an applied load.
However, this method can be problematic
in common LPB chemistries, because
OCV changes little over a wide range of SoC.[*!**) With a flat
OCV curve, small voltage changes can lead to large errors in the
predicted SoC. Additionally, under a constant load, the resulting
voltage curve for an LPB tends to be relatively flat (compared
to other battery types such as lead acid) for intermediary SoC
values such as 20-80% SoC.[#''~"3!

The second technique for determining SoC relies on keeping
track of the current passed through an external circuit, also
known as Coulomb counting. Coulomb counting is often used
for lithium-ion batteries (LIBs),"*”) but it is rarely used for
LPBs. For LIBs, this technique is commonly implemented in
battery management systems (BMSs). A BMS is an electronic
control unit used to monitor the health and status of a battery
pack to ensure safe and optimal performance.'*2% BMSs are
not applicable for LPBs since the safety circuits in these cells
do not typically include the more complex integrated circuity
necessary to implement a Coulomb counter.”! Also, Coulomb
counting does not account for self-discharge, which in long shelf
life emergency applications can amount to a large fraction of
capacity loss.

Manufacturing  variability and aging characteristics
complicate SoC estimation. Relying on manufacturer capacity
ratings does not consider cell-to-cell variations, which can
be caused by shelflife aging, unintentional damage after
manufacturing, as well as material and process variability during
manufacturing.” " Examples of manufacturing variability
include differences in the amount of active materials used, to
differences in mechanical cell construction or assembly. While
similar capacity variations exist between Li-ion cells, SoC can
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be baselined within the first few cycles after manufacture and
often capacity can be regularly rechecked throughout the life
of the cell.

Well-established techniques exist for determining SoC
in LIBs, and several comprehensive review papers have been
published on this topic.”**~*" However, no such recent review
papers exist for LPBs, with the most recent being written over
20years ago.*? This review article aims to delve into recent
advancements in the estimation of SoC in LPBs and provides
critical insights into their practical applications. It will discuss
these SoC prediction techniques with an in-depth consideration
of the major differences between SoC calculation for LIBs
and LPBs.

We critically review recent SoC estimation methods employed
for LPBs, focusing on nondestructive techniques such as
electrochemical impedance spectroscopy (EIS), electrochemical
noise (ECN) measurements, computed tomography (CT), pulsed
load tests, and ultrasonic signal analysis. Further, we highlight
the importance of the integration of emerging advanced
analytical techniques and machine learning (ML) as a combined
approach to ensure accurate SoC estimation. Figure 1 provides
a schematic overview of the existing SoC estimation methods.

2. LPB Background

LPBs are non-rechargeable batteries that, like rechargeable LIBs,
rely on lithium as the primary electrochemical element.
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Both types of batteries share some similar electrochemical
mechanisms, including their discharge processes, where both
experience movement of lithium ions from the anode to the
cathode. However, there are key differences between LIBs and
LPBs that impact the application and outcomes of various SoC
estimation methods. While both batteries are similar in terms
of basic operation principles, LPBs exhibit different internal
structures, physical behaviors, and performance characteristics
compared to LIBs. These differences can affect the accuracy,
efficiency, and suitability of SoC estimation techniques.

Unlike LIBs, LPBs are non-rechargeable and contain a lithium
metal anode as opposed to the graphite anode present in
lithium-ion cells. During discharge, this lithium metal anode
is oxidized. Each Li atom yields a LiP and one electron (e )
according to the half-cell reaction in Equation (1).

Li ¥ LiPpe (1)

The specific cathodic reaction for an LPB depends on the
cathode chemistry, which can vary widely (e.g., oxides, fluorides,
sulfides). For instance, in a Li/MnO, cell, the cathodic half-cell
reaction involves the formation of Li/MnO, from the Li atom and
manganese dioxide MnO, cathode, according to Equation (2).

This reaction happens during battery usage/discharge process.
MnO, pLiP pe ¥ LiMnO, (2)

An electron is lost and the resulting LiP moves from the
lithium anode with the release electrons to the cathode, as shown

Neutron, X-ray Computed Tomography

Battery

Detector
CT Source
AC Impedance
EIS
— Z(Q)

Electrochemical Noise

+
Em<
__Time
Pulsed Load

St

N

100% SoC —> 0% SoC

Coulomb Counting

.

Time

Amps

Figure 1. A schematic summary of exiting methods for state of charge estimation in lithium primary batteries.
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Figure 2. a) LiP transport during the discharge process for an LPB. b) Lithium transport into the cell’s cathode during discharge process, including the
transport of charge across the double layer, the diffusion of the species into the double layer, and the accumulation and separation of charge across the
double layer. c) The spontaneous formation of the passivation layer on lithium metal anode caused by reduction of the nonaqueous electrolyte.
d) Generalized EIS spectra for a battery superimposed with its corresponding circuit elements.

in Figure 2a.1* Figure 2b provides a schematic illustration of LiP
ions transport into the LPB’s cathode material that influences the
cell’s resistances used to model EIS spectra.

Figure 2c,d shows a generalized schematic of electrode/
electrolyte interface and a typical EIS spectrum. EIS is explained
further in Section 3 and is a way of mapping out the cell’s
internal resistances over an array of frequencies. Changes in
these resistive parameters as a function of SoC provide the
basis for which SoC can be nondestructively evaluated for
LPBs using EIS.

It is also important to note that the high reactivity of the
lithium metal anode in LPBs is what drives the passivation layer
formation in the battery.**** This occurs when the electrolyte
and lithium spontaneously react together to formP*>" a thin
surface film on the anode that attenuates LiP flux between the
electrode and electrolyte, as shown in Figure 2¢.13336371 Qince
the passivation layer reduces the ion interactions and prevents
corrosion, it reduces self-discharge causing LPBs to have

Table 1. Comparison of cell properties for each discussed LPB chemistry.

prolonged shelflife.***”~*% Structural changes of the passivation
layer, therefore, can impact cell performance by influencing
the charge transfer resistance, discussed more in Section 3.2,
of the cell.?*364041]

Table 1 compares the LPBs’ properties and discharge
mechanisms based on common cell chemistries. The nominal
voltage depicted in the table is defined as the average voltage
of the fully charged cell. As shown in the table, there is versatility
between the chemistries. This makes LPBs useful for a range of
applications as there are unique strengths for each type such
as lithium thionyl chloride’s (Li/SOCI,) superior operational
low-temperature performance, down to  80°C,**! or lithium
manganese dioxide’s (Li/MnO,) higher reliability and safety.
This versatility could also pose challenges as to finding a single
universal SoC calculation method for all LPBs.

For the LPB chemistries shown in Table 1, two main types
of cathodes are used: solid cathodes and soluble cathodes.
Understanding this distinction is important, as it impacts

Chemistry? Nominal voltage [V] Energy density [WhL ] Specific energy [Whkg '] Overall reaction

Li/socl, 36 1100 590 4LiP p2SOCl, p4e ¥ 4LiCIp S b SO,
Li/MnO, 3 588 280 xLiP p MnVO, pxe ¥ LiMn"O,
Li/SO, 3 415 300 2LP p 2SO, p2e ¥ LiyS,0,
Li/CF, 3 1180 820 xLiP p CF, pxe ¥ xLiF pxC
Li/FeS, 15 562 310 4LP pFeS,pde ¥ Fep2Li,S

Data is obtained from ref. [4].
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the passivation layer, overall cell construction, and discharge
mechanism. In soluble cathodes, the active materials are
significantly present in the electrolyte.**® The differing
passivation layers are discussed further in Section 3.4.
Section 2.1 and 2.2 separate these LPB chemistries by these
cathodic properties and further describe the reaction pathways
for each type.

2.1. Soluble Cathode Chemistry: Specific Reaction Mechanisms
and Background

A Li/SOCI, battery contains a lithium metal anode and a liquid
cathode comprising a porous carbon current collector filled
with thionyl chloride (SOCI,).***! In addition to this, there is a
nonaqueous electrolyte with a SOCI, solvent that also serves as a
cathodic active material.'**® This cell chemistry has a LiCl
passive film that initially forms as a dense layer with a porous
secondary layer forming on the anode as the storage time
increases.***! The passive layer is one of the reasons this cell
has a long shelf life. This film is significant enough to produce
voltage drift.’”-*#46~#8] Cells with this chemistry have a glass fiber
material that acts similar to a separator, preventing the carbon
cathode from shorting; however, the SOCI, as the active material
is still in contact with the anode and cathode.[****’! Although
this chemistry is commercially available, it is not adopted by
consumers due to their inherent safety issues and comparably
high cost.[**”*% However, they are useful in niche applications
such as alarm systems, toll collection systems, GPS, space travel,
and military applications.[**4¢47]

The discharge process for Li/SOCI, cells occurs when the
porous carbon cathode, SOCI,, is reduced to sulfur (S), and
sulfur dioxide (SO,) followed by the precipitation of LiCLM*>"!
Sulfur is a discharge product for this chemistry’s reaction, which
has the potential to react with the lithium present in the cell in an
unfavorable manner. Later in the discharge process, the sulfur
can precipitate into the cathode causing a localized reduction
in available capacity since it blocks the cathode, and thus
increases the impedance, as discussed further in Section 3.3.1

The lithium sulfur dioxide (Li/SO,) cell has a lithium anode
with a porous carbon cathode with sulfur dioxide as the active
material.**#3% This cell chemistry exhibits high specific energy,
as shown in Table 1, and the ability to withstand high current
and power applications.***>% For example, for a continuous
discharge at 5 A, there can be a superimposed pulse applied
up to 60 A or a Li/SO, battery can be continuously discharged
at a C rate of 0.5 C.*** C rate refers to the ratio of the applied
current (A) to the total cell capacity (Ahr). A discharge C rate
of 0.5C means the battery will be completely discharged in
2h. This cell type can also perform well under a large range
of temperatures, 40 to 55°C. Similar to the Li/SOCI,
chemistry, its negative electrode has a significant passivation
layer that causes voltage delays.*®****) This cell type is
used in emergency locator transmitters for both civilian and
military aircraft, sonobuoys, radio-transceivers, and outer space
applications.”***%”) As the lithium anode is oxidized, during
discharge, the discharge product dithionite precipitates into
the porous cathode.**® The dithionite is the result of the lithium
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and SO, reaction in the cell and also leads to the formation of
a passive film.[**®]

2.2. Solid Cathode Chemistry: Specific Reaction Mechanisms
and Background

Li/MnO, cells have a lithium anode, MnO, with carbon as
the cathode, and lithium salts combined with an organic solvent,
such as propylene carbonate or 1,2-dimethoxyethane, as the
electrolyte.*>®! Cells within this chemistry can be useful for a
range of drain rates, from low-drain applications to moderately
high drain needs, continuous discharge C rates of =2 10 *
to 0.41 C.1 Cells also have a large operational temperature range,

40 to 85°C, and long storage time, up to 20 years.*” This
chemistry is used in consumer goods, medical applications,
and military applications.[**!

During discharge, the LiP ions and electrons enter (via
different transport paths) the MnO, cathode crystal lattice to
create Li,MnO,. With this reaction, the Mn is reduced from a
tetravalent (4P) to trivalent (3P) state.”] A three stage discharge
mechanism composed of a single phase (X in LiMnO, was
0.10-0.45), two phase (X in LiMnO, was 0.45-0.60), and single
phase (x in LiyMnO, was 0.60-0.90) has also been proposed
for this cell type.®? Gas evolution does not play a significant role
during the discharge reaction for this cell type, unlike Li/SOCI,
cells.!®® The lithium oxidation reaction for this cell chemistry is
similar to other kinds of solid cathode LPBs.

The lithium carbon monofluoride (Li/CFy) cell uses a carbon
monofluoride for the cathode with a lithium anode.'***% These
cells are advantageous for applications using medium to low
discharge rates.'***! They can be pulsed up to 10mA cm > but
are generally used for applications below 3mAcm 2%
These cells can be used in consumer goods such as watches,
pacemakers, space travel, as well as military applications.**¢°)
While the discharge reaction pathway for this cell type has been
debated, a three-region discharge mechanism has been proposed
where 1) first, the LiP ions interact with the CF, to form LiF, 2)
as the LiP ions continue to react with the CF,, the CF, becomes
more carbon, and 3) there is continued formation of the LiF for
the lower SoCs but the carbon remains unchanged.*°¢°®
Additionally, the cell’s overall conductivity increases as the
polycarbon monofluoride evolves into carbon. This increase in
overall conductivity leads to better voltage control and improved
discharge efficiency.

Lithium iron disulfide (Li/FeS,) cells have a lithium alloy
anode and carbon combined with iron disulfide cathode.***7%
This battery has a nominal voltage of 1.5V, and therefore has
had broad deployment as a direct replacement for alkaline cells.
The discharge mechanism for this LPB chemistry has a generally
accepted two-step process where 1) at 1.7 V versus the lithium,
LiP ions react with the FeS, to create Li,FeS, and 2) at 1.5V
versus the lithium, the LiP continues to interact with the
LiFeS, product to form Li,S and metallic Fe.[®! Other discharge
mechanisms for lithium reactions with FeS, have Dbeen
discussed as well.*>”* They are mainly manufactured in a
cylindrical configuration and are used in high drain requirement
applications such as portable lighting.!
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3. EIS for SoC Evaluation

EIS is a useful tool to provide insights into the battery’s internal
processes, which makes EIS an attractive option for characteriz-
ing battery SoC. By analyzing the impedance response of an
electrochemical system to an oscillating, usually sinusoidal,
current or voltage perturbation signal,*’>~7) EIS allows for
the characterization of various electrochemical parameters.
This includes charge transfer resistance and ionic conductivity,
facilitating the identification of the battery’s electrochemical
characteristics at different SoC levels, providing a nondestructive
means to assess performance and health.?2*>78#84 However,
establishing an accurate and meaningful relationship between
EIS data and SoC value requires a deep understanding of the
EIS measurement and the effects of experimental parameters
on the EIS outputs. The next section provides a brief overview
on the basic operation of EIS measurement and the effects
of experimental factors on EIS results and its impact on SoC
estimation.

3.1. Effects of EIS Measurement Setup and Building an
Equivalent Circuit Model

For most EIS applications, there are four main criteria: 1) the
system should be linear, with small perturbation signals and
similar input and output frequencies; 2) causal, the system’s
response is completely due to the perturbation signal; 3) stable,
the system is stable until the excitation is applied but then is able
to return to its original state; and 4) finite, the real and imaginary
impedance components are finite over the entire frequency
range 0< < oo, with ® representing possible frequency
values.”>77858 Notably, at potentials that drive Faradaic
reactions (such as reduction or oxidation), electrochemical
systems produce an exponential relationship between current
and voltage (Tafel kinetics).l**”#8 As a load is applied to a battery,
the difference between the electrode potentials at each electrode
and their respective theoretical potentials is defined as their
overpotential.®*?” The generalized Tafel expression, relating
this overpotential to current, is shown in Equation (3):

i Y4 exp % expi; (3)

where n is the overpotential, i is the current, and a and b are
constants. The constant b is the Tafel slope. Large perturbation
signals produce nonlinear EIS responses, to the point where the
perturbation signal can have harmonics, and thus the nonlinear-
ities are measured as opposed to the actual electrochemical
processes occurring in the cell.®”) This is why the perturbation
signal amplitude needs to be relatively small, to elicit a linear
response. The ion movement in the transient state can impact
the EIS measurement and tends to not be repeatable or
characterize the resistances completely.”” #5791l However, the
amplitude has to be great enough in efforts to preserve the
signal-to-noise ratio.””#>?2 For instance, Gamry Instruments
recommends applying a maximum galvanostatic-EIS (GEIS)
excitation signal amplitude of 5% of the cell manufacturer
defined standard charge current.”®! GEIS applies a current-based
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perturbation signal, as opposed to voltage, which is discussed
further in Section 3.4.

For lower overpotentials, the relationship between the
electrode interfaces approaches linearity in electrochemical
systems, described by Ohm’s law, which is often why the mean
excitation signal is taken at OCV for LIBs.**”) However, one of
the major distinctions between collecting EIS for LIBs versus
certain LPB chemistries is that this mean excitation is
shifted from OCV in efforts to remove the passivation layer on
the lithium anode.****78-808384 This is discussed further in
Section 3.3. This shift is typically around the minimum amount
of voltage to remove the passivation layer without it reforming,
in efforts to comply with the conventional EIS requirements
discussed previously.[***%

For battery applications, the applied signal can either be
a sinusoidal current (galvanostatic mode, GEIS) or voltage
(potentiostatic mode, PEIS).”>#>8 The signal will have a user
prescribed amplitude and a range of frequencies, also known
as a frequency sweep.”>”7#>8 In most cases, GEIS and PEIS
produce almost identical spectra. This is due to the relationship
between voltage and current represented in Ohm’s law, since
the excitation voltage or current mean amplitude is generally
at or close to OCV.[1938404185] However, in LPBs, which have
irreversible electrochemical couples, the system can exhibit
a voltage drift using PEIS.”*™ The voltage can drift due to
lithium movement.”***! As a result, these effects need to be
considered when interpreting EIS results.

3.2. Building an Equivalent Circuit Model Using EIS

In the context of EIS, a Nyquist plot is a representation of
the complex impedances of the system for the various frequen-
cies.”® The real and imaginary components of the impedance
can be plotted together to generate a Nyquist plot. The data
on the Nyquist plot can be analyzed to relate the impedance
response of the battery to quantifiable electrochemical behaviors.
For this purpose, there are established models capable of
providing this information.

There are two main model types used for EIS; process models
and measurement models.”*?*%”) Process models describe
the spectra based on the significant physiochemical aspects
while measurement models consist of the sequential
formation of line shapes to describe the data.”®%%%’! Process
models include distribution of relaxation times, diffusion
time, Poisson-Nernst—Planck, and equivalent circuit modeling
(ECM).P#%1  Measurement models include Kramers—
Kronig (KK) relations, Monte Carlo model, and statistics-
based analysis.”>) Measurement models can be used to reduce
the noise or errors in impedance spectra and then a process
model is used to further evaluate the data.””) ECM is the main
process model implemented in existing EIS studies of LPBs and
beyond.!**788182 yarious measurement models have also been
employed to describe the spectra for these cells, mainly in
efforts to validate the obtained EIS spectra [*>75-80]

The electrochemical processes involved in the redox reaction
presented in Section 2 can be modeled using equivalent circuits.
Charging the electrical double layers can be modeled using
capacitors or constant-phase elements (CPEs). Diffusion can also
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be modeled using a Warburg impedance. Additionally, ion
transport can be represented via resistances characterized in
the Nyquist plot from EIS. Resistivity comprises series (Ry)
and charge transfer (R.) resistances. R is composed of several
Ohmic resistances (shown as R, in Figure 2b, typically attributed
to the cell geometry, electrolyte resistivity, the amount of
active material, resistance of the current collector, and various
aspects of the experimental setup.*”>%51% R is an interfacial
impedance related to the work necessary to transfer charge
across the electrical double layers.”>1%U Ry, is affected by anode
and the cathode morphology, as well as the presence of
any passive layers, also the de-solvation of lithium into the
electrolyte [*1:7:102

An example of the ECM is presented in Figure 2d and is
superimposed on a generalized Nyquist plot produced by EIS.
Capacitance is attributed to double layers at the anode and
cathode while the inductive properties are mainly due to
electrode porosity, cell geometry, and experimental
setup.?%7>1% The double layer is typically imperfect and
heterogeneous; therefore, it is often modeled by a CPE as
opposed to a pure capacitor.[*”>191%1 The CPE is a circuit
element that interpolates between a capacitor and a resistor
and has a frequency-independent phase, and its impedance
can be described by an infinite transmission line of resistors
and capacitors.['%*1%]

Ideally, EIS would capture responses from all the individual
electrochemical processes occurring within the cell and relate
them to the circuit elements. However, most of the time, all
of the elements of the cell are not visible in the scan due to
the overlap of them within the spectra itself.'® For instance,
the anode and cathode in full cell EIS each provide at least
one capacitive loop, which can make discerning the individual
processes on the electrodes challenging to identify.[*1%%1%7]
This prompts experimental techniques to separately examine
these electrodes using a three electrode cell experiment, but this
will not guarantee that the processes on each of the electrodes are
separated.!'%%7) Additionally, this technique is not practical for
Commercial-Off-The-Shelf cells since the process of separating
the electrodes requires disassembling the battery completely.

For revealing both the individual processes and the electrodes,
another deconvolution method involves altering the temperature
the EIS scan is taken from refs. [108,109]. Additionally, the
impedance is sometimes taken in a transient state, also referred
to as dynamic EIS or DEIS in efforts to deconvolute the processes
at the electrodes.'**''%'3] In the resulting Nyquist plots the
frequency range also describes certain aspects of the battery.
The low-frequency range in a Nyquist plot can reveal the
diffusion process in the cell and can typically be modeled by a
Warburg element. The high-frequency range describes the
inductive properties of the cell. These elements corresponding
to the Nyquist plot are shown in Figure 2d.

3.3. General Factors Affecting Impedance and It’s Relation to
SoC

Impedance rise is indicative of capacity loss,¢**'**) and various
chemical processes contribute to impedance rise over time. Just
storing cells for extended periods of time (aging) will lead to a
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decrease in capacity.l Manufacturer variation can also impact
discrepancies in cell-to-cell capacity, which has not been studied
in detail for LPBs. Temperature, cell type, geometry, material
loading, and cell chemistry are just some of the parameters that
influence aging.! Since these other parameters can affect the cell
capacity, they are important to consider for SoC evaluation. For
example, during aging, the cell undergoes internal processes that
contribute to an increase in internal impedance and a decrease in
capacity. Contributing factors for impedance rise, for aging, can
be summarized by four mechanisms for LPBs: 1) passivation
layer growth, 2) cathode capacity loss, 3) electrolyte loss, and
4) decrease transport across the separator.!*!!*!1¢

The first factor, formation and growth of a passivation layer
on the anode, is correlated to the increase in internal
impedance 2336404117118 The  pagsivation layer not only
grows but also changes in chemical composition, both of which
contribute to increasing impedance.**2¢4041118 Eor [PBs
with soluble cathodes, e.g., Li/SOCl, and Li/SO, batteries,
the chemical composition for the passivation layer is lithium
chloride (LiCl). In Nyquist plots generated from EIS, the
presence of a passivation layer-like film, the solid electrolyte
interphase (SEI),”® can sometimes be observed in LIBs as
a second semicircle to the left (higher frequency) of the main
semicircle, indicating an additional resistance associated
with the passivation process. This is not generally observed
for LPBs.['19122

Cathode capacity loss also drives an impedance increase. As
the cell is discharged, particle cracking, morphological changes,
and compositional changes in the cathode result in localized
capacity loss that drives an impedance increase, [B1411>123.124]
Further, certain LPB chemistries experience electrolyte loss.
As the amount of electrolyte gets reduced the Li-ion transport
in the cell becomes hindered, thus increasing the impedance
of the cell.'*>2°7127) The electrolyte loss is caused by its interac-
tion with the growing passivation layer, and its interaction with
the electrodes. (80:125.126,128,129]

Finally, the ability to transport species from anode to cathode
is diminished as a separator ages.!''>"**"1*| [t ages due to phys-
ical changes as it is considered an “electrochemically inactive”
part of the cell."*? As the cell state ages, the separator loses
porosity, uniformity, ionic conductivity, tensile strength, and
wettability, which causes an increase in the impedance as
Li-ion movement is by these changes.[!*>131713]

The obvious problem with using EIS as an SoC measurement
is that these factors interact making deconvolution of effects
difficult (e.g., impedance changes from separator porosity
loss during aging versus ionic conductivity loss due to solvent
evaporation). Since aging will vary with the cells’ operational
history, determining SoC from impedance measurements, even
with extensive characterization, is not generally possible. Despite
this, other methods used in conjunction with EIS, such as ML,
serve as an aid in providing more meaningful results.

3.4. Effects of the Passivation Layer in EIS-Based SoC
Measurements and Corrective Approaches

Passivation layer formation tends to “dominate” the impedance
measurements in some LPBs. This can cause inaccurate SoC
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g, 421361371 while for

82,113,138]

estimates for liquid cathode chemistrie
solid cathode chemistries this behavior is not as severe.!

The passivation layer for LPBs exhibits different behavior than
the SEI for LIBs. This layer is more robust against ion intercala-
tion between the electrode and electrolyte for primary cells than
their secondary counterparts. This is due mainly to the different
anode materials used for these cells and their corresponding
morphological differences, lithium anode for LPBs and typically
a graphite anode for the LIBs.[**%13%% B and LIB electrolyte
compositions differ. In addition, LiP intercalation and deinterca-
lation processes in graphite are reversible for LIBs, while gener-
ally LPBs only experience irreversible stripping from the anode
surface [#+40.139-142]

In LPBs, there are certain cell types where the passivation
layer appears to have less noticeable effect on electrochemical
measurements, such as Li/MnQ,6%%1314 while other
chemistries, particularly the soluble cathode chemistries
discussed, Li/SOCI, and Li/SO,, have passivation layers that
significantly  influence these measurements 2*37:3846143]
However, it is still inconclusive as to the exact effect the
passivation layer has for the cells with the less obvious behavior.
To be specific, while successful EIS scans have been obtained
for Li/MnO, cells without considering passivation layer

Table 2. EIS input parameters used for LPBs.

www.advenergysustres.com

removal,[0%62143144 41 of the works relating EIS to SoC for this
cell chemistry discussed in Section 3.6 used some method of
layer removal,”®”?) as shown in Table 2.

For the LPBs with the more pronounced passivation layer
behavior, this layer can impact voltage response by producing
voltage delays when conducting cell measurements without
passivation treatment.**373846145] This trend is exacerbated
by composition and thickness and is controlled by various
parameters between individual cells, such as storage time 33784
Therefore, actions need to be taken to remove the passivation
layer before performing the impedance measurement to ensure
repeatable results.?*#%84

A continuously applied load eliminates the passivation layer
since it initially increases the layer’s resistance, promoting
lithium dissolution, which drives a voltage drop allowing the
discharge reaction to remove the layer."*”'*¢l To navigate this,
a direct current (DC) offset can be utilized to apply a constant
current or voltage in addition to the perturbation signal, acting
as a means of shifting the excitation signal’s midline from 0 A
or 0 V. Both PEIS and GEIS modes could be used for analysis
for cells with a passivating layer. GEIS with a negative DC
offset has been used*”#8% as has PEIS with the cell connected
to a resistor.*¥

Battery Cell type Number AC DC Frequency range Passivation removal Pre-EIS Temperature °C  References
chemistry® of cells  amplitude offset process rest [h]
[mA]
Li/socl, ER14250 4per  10mV —  From 0.005 Hz to 500 kHz 900 kQ - 25,40,50,60,70  [34]
temp.
Li/socl, SAFT-LSH20(D) - 5mA 50  From 940 uHz to 0.5 Hz - - - [79]
(linear spaced)
Li/MnO, Maxell CR2032 (coin) - 5mA 50°) From 940 yHz to 0.5 Hz - - - [79]
(linear spaced)
Li/SOCl, (SAFT-LS 14 500) AA >3 2mA 10 From 100 mHz to 1 MHz N 0.17 25t0 75 [78]
Li/MnO, (Panasonic LM2023) >3 2mA 3 From 1 Hz to 1 MHz - 0.17 25t0 75 [78]
coin
Li/SOCl, Piltek reserve battery 1 1mA 5 - Discharged for 1 min 24 - [80]
(10-10-01) with  5mA
before scan
Li/SOCl, Piltek reserve battery 1 TmA 7 From 4 mHz to 1 MHz Discharged for 1 min 24 - [80]
b 50,Cl, (10-10-01) with  7mA
before scan
Li/SOCl, 2 (SAFT-LSH20) - 5mA 50 From 1 mHz to 10 kHz Discharge of high - - [42]
D-size magnitude
before scan
Li/SOCl, (SAFT- LS 14500) AA - 2mA 10 From 4 mHz to 10 kHz Discharge of high - - [42]
(5 points per decade) magnitude
before scan
Li/CF, Noncommercial pouch - 5mV 0 From 0.1 Hz to 100 kHz - 20 20 [82]
cell
Li/SO, - 4 - - From 0.65 Hz to 65 kHz 200 mA for 30's - - [83]
before scan
Li/SOCl, ERM14250M 40 1mA - From 0.01 Hz to 10 kHz - 1 - [81]

For the passivation removal process, if the value is blank, it is likely that the DC offset was used to remove the layer. ®Value was reported in the cited article, but it is possible

that a smaller load was used based on manufacturer specifications.
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The primary four mechanisms responsible for impedance
increase are dependent on cell chemistry and design. As such
it is critical to investigate the effects of battery chemistry on
EIS data and SoC estimation. Section 3.5-3.9 describe EIS
research specific to common LPB chemistries.

EIS measurements alone do not appear to provide accurate
estimation of SoC for LPBs, based on the findings; however,
using EIS in combination with ML and other techniques did
aid in revealing a clearer relationship to SoC. Therefore,
model-based EIS is more applicable for SoC characterization
in LPBs than measurements alone.

3.5. Estimating SoC of Lithium Thionyl Chloride (Li/SOCI,)
LPBs Using EIS

Several groups have reported the use of EIS for SOC estimation
in LPBs. Urquidi-Macdonald et al. have investigated the use of
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KK compatibility to justify EIS input scan parameters for batter-
ies."*”) KK compatibility equations are a measurement model
used to validate the spectra validity. These relationships are used
as a confirmation that the impedance spectra of the
system is linear, causal, and stable, and has finite impedance
over the defined frequency range.’>'*”) KK compatibility is an
especially helpful analysis technique for EIS in LPBs, as the
existing research and knowledge is limited. For EIS in Li/
SOCI, and Li/MnO, batteries, most of the scan parameters were
chosen based off of KK compatibility.[*>”5-5"

To ensure that the optimal scan parameters were selected for
EIS on Li/SOCI, cells, Zabara et al. used harmonic analysis and
passivation layer removal techniques to validate the scans."*?
Harmonic analysis was defined as the cells’ voltage behavior
at various frequencies, with the desirable input parameters
leading to a linear harmonic behavior. This was performed in
efforts to follow the linearity criteria for an EIS scan, despite
applying a load to the cell in efforts to de-passivate.

(b)
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{314
5883888, 82 8

g
8
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(d) 200
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Figure 3. a,b) Circuit element values with respect to SoC, obtained from EIS spectra for an AA for Li/SOCI, battery. Reproduced with permission.!*?!
Copyright 2019, IOP Publishing. c¢) Nyquist spectra for two for Li/SOCI, reserve batteries, one with an electrolyte composition of 100% thionyl chloride
and the other mixed with sulfuryl chloride. Reproduced with permission.®® Copyright 2022, IOP Publishing. d) Simulation results for changes in

impedance with respect to storage time for AA for Li/SOCI, batteries.®*]
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Once the harmonic behavior achieved linearity, EIS was
collected and analyzed with an ECM.*?! Figure 3a,b shows the
ECM output used to model Li/SOCI, batteries’ Nyquist scans
from EIS with respect to SoC.*? The first element, R1 and
CPE1 in the figure, corresponds to the passivation layer on
the anode, which drops in resistance and increases in capacitance
as the cell is discharged, since it is being removed through
the load.*?! The second element corresponds to the lithium
anode, R2 and CPE2. It initially decreases and then increases in
resistance related to the movement of lithium from the anode;
capacitance increases due to an increase in lithium morphology.

The third element is related to the porous cathode, R3 and
CPE3. It should decrease in capacitance and generally increases
in charge transfer resistance. This is due to cathode absorbing
the products of the cell reaction leading to a decrease in capaci-
tance. The explanations, summarized earlier, for the change in
equivalent circuit elements with respect to SoC were strong
in justifying the resistive capacitive behaviors of the cell.*

The plots presented in Figure 3a show that all the resistive
components had an almost linear increase with the decrease
in SoC, with a large spike in the slope at <50% SoC. This
suggests that EIS is at least capable of capturing a trend in
resistive behavior for this battery type with the reduction in
SoC. The plot for CPE3 in Figure 3b, assumed to represent
the cathode, shows the most definitive relationship with SoC
with an almost linear decrease in capacitance with a change
in slope around 50% SoC, a larger sample size would be
necessary to confirm this behavior. This would make sense as
the cathode capacity is lost.

In Figure 3¢, a Nyquist plot containing spectra for two differ-
ent Li/SOCI, reserve batteries is shown. One cell had a 100%
SOCI, electrolyte composition while a second cell had 75%
SOCI, electrolyte composition injected with sulfuryl chloride
(SO,Cl,). The reserve battery had the electrolyte stored separate
from the electrodes until activation, which involved breaking the
ampoule within the cell containing the electrolyte. Once the
reserve cells were activated, there was a 1 day rest period followed
by a 1min discharge prior to the EIS collection. The cell with
the SO,Cl, has substantially increased impedance due to the
alteration of the electrolyte composition likely leading to decom-
position and thus a reduction of lithium movement in the cell,
as discussed in Section 3.3.8% This process is representative of
the cell as the general cell state changes and is a method of
isolating processes within the cell that change impedance
behavior as the SoC decreases.

Figure 3c shows that the EIS spectra fundamental shape
is transformed with this alteration as well as shifted to a higher
real component of impedance. This demonstrates that EIS can
capture these changes that occur with the decrease in SoC,
but quantifying these changes is not shown.

The authors used five CPEs to model the data for the scan
presented in Figure 3c.*% Visually, this is clear in the 75%
composition scan as the five CPEs correspond to the five
semicircles. The first two represent the passivation layer, the
third CPE is representative of the anodic charge transfer, the last
two were the cathodic charge transfer reactions. The justification
for the two CPEs modeling the passivation, in the high-frequency
region of the Nyquist plot, was that there are two distinct layers
within the overall passivation layer for this chemistry.’”#%

Adv. Energy Sustainability Res. 2025, 6, 2400407 2400407 (9 of 26)
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A lower minimum frequency could have been implemented
from observation of Figure 3c since the semicircles are incom-
plete, which corresponds to the frequency region representing
the cathodic reactions.®® Overall, this article demonstrated an
obvious change in spectra between the two cell chemistries.
This gives promise to EIS discerning other LPB electrochemical
changes, such as a reduction in SoC or at the very least being
able to characterize impurities or cell defects, even with the
passive film.

Wang et al. discuss semiempirical modeling of the aging
mechanisms of Li/SOCI, batteries to predict their remaining
capacities.®” The authors also include how the storage time
impacts the results, as shown in Figure 3d. This further
highlights how variables such as storage time can significantly
impact the capability of EIS measurements to measure SoC.
In addition, an accelerated aging test was implemented where
the cells were stored at different temperatures for 24 weeks.
An Arrhenius relationship between the storage time and the
impedance is determined. The impedance variable used as an
input for the model is represented in Equation (4) as®*

ImZ,.3t, TP

Zinput Ya ImZ,,;

(4)
where ImZ,.0t, TP represents imaginary impedance as a
function of time and temperature at a maximum point of the
EIS spectrum arc at the high-frequency end.®" The value of
ImZ;,; is the average value of imaginary impedance at the
maximum point of the arc in the high-frequency region for a
“batch of batteries” before the accelerated test was performed.
Zinput is the resultant value that served as an input into the
model. A model was made based on the Arrhenius equations
to create a simulation that would predict impedance behavior
and relate it to the remaining capacity and shelf aging.® This
model took impedances at various temperatures as inputs to
generate fitting coefficients using a global optimization
algorithm. The input impedances for this model are shown in
Figure 4 for four different scan temperatures.

Figure 4a highlights the impact that temperature and storage
time have on the ability of EIS to reveal SoC. Once the
coefficients were determined, they were input into a formula
relating to the SoC and impedance variable. This model has
about a 4% error in the SoC calculation for a Li/SOCI, cell at
room temperature with a storage time of a year. This error is
based on the authors control experiment where they measured
residual capacity of the cell with these conditions after a year.

This formula has potential to predict SoC based on impedance
as®¥ suggests. More samples could accurately show the percent
error, but ultimately the model provides a strong basis for SoC
prediction—assuming enough use history can be known to fill in
the rest of the algorithm. The impedance results based on the
four cells do seem to increasingly deviate from one another at
each storage time in the plots as the time increases. This could
mean that the true SoCs for the cells are different from each
other even though the storage time is the same, especially for
the higher temperatures. It could also suggest that there is
variation in the individual cells, since there are still some
discrepancies at the lower time values. For example, for the room
temperature case, the final time has impedance values ranging
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Figure 4. a) Change in impedance as a function of storage time and temperature for size AA Li/SOCI, batteries.® b—d) EIS-resistive circuit element
activation energies as a function of SoC for lithium manganese dioxide coin cell and Li/SOCI, AA cell. Reproduced with permission through CC."® e) SoC
estimation results for a Li/SOCl, ER14250M cell using a neural network with EIS parameters. Reprinted with permission from Journal of Energy
Storage.®! Copyright 2024, Elsevier. f) Li/SOCI, D cell EIS Nyquist plots for 100% SoC to 30% SoC with Kramers—Kronig fit. Reproduced with permission

from Electrochimica Acta.’®! Copyright 2020, Elsevier.

from about 1200-1500%, a 300% difference. Regardless, a model
could potentially reduce this error, but more sample points

would need to be evaluated to confirm efficacy.

Zabara et al.”® used Arrhenius equations to calculate activa-
tion energies as a function of SoC for the batteries investigated.

Equation (5) shows the Arrhenius formula:
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K Vs Aevt (5)

where k is the rate constant, A is the pre-exponential factor, R is
the universal gas constant, T is the temperature in Kelvin, and E,
is the activation energy. To calculate the activation energies for
the resistances from ECM modeling the Nyquist spectra, it is
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necessary to define the rate constant to the temperature, in this
case as a function of 1000/T, as shown in Equation (6):

. k]
E. ingg 1000

logRLCT Ya logA R T (6)
where ¢ is a multiplier to convert the rate constant (k) to the
resistance. Equation (6) shows Rcr as the charge transfer
resistance as an example; however, this resistance formula could
be used for any resistive value in the ECM. From plotting logF%CT
with respect to 19 the activation energies can be determined.

A Voigt element consists of a resistor and capacitor in parallel.
An ECM consisting of two Voigt elements was related to the
generated EIS Nyquist plots for cells scanned at 25 to 75°C
and various SoCs.”® For the three resistive elements of the
ECM, an activation energy was calculated for each. In
Figure 4b—d, these activation energies were plotted against the
change in SoC for Li/SOCI, and Li/MnO, cells. For the Li/
SOCI, cell, the activation energies for passivation layer formation
increase with the reduction in SoC. In Figure 4b—d, there appears
to be no clear monotonically increasing or decreasing behavior
except for the passivation layer resistivity values. There was a
stated rest time of 10 min prior to EIS signal collection at each
temperature change; however, it is difficult to determine if this is
enough time to achieve thermal equilibrium in the cell even for
small temperature changes.

A neural network model was also used with EIS parameters
to predict SoC. This model is a type of ML algorithm that is
structured similar to a human brain in its connection of multiple
nodes. Zhang et al. used this model with EIS parameters
as inputs to predict SoC for a commercial Li/SOCI, battery.®"
A total number of 21 EIS datasets were input into the neural
network model to predict SoC. The EIS input set consisted of
ECM elements generated from fitting the EIS with an algorithm.
The ECM used consisted of a an Ohmic resistance, two
Voigt elements with CPEs, and a Warburg element. From
Figure 4e, the predicted SoC values display minimal deviation
from the actual SoC, which demonstrates that EIS used in
combination with a neural network may help resolve the
relationship between EIS and SoC for this cell chemistry. The
cell used in Figure 4e was discharged at 100 mA and scanned
every 5% drop in SoC.

Additionally, Zhang et al. used a stress accumulation load
profile with Ahr integration to verify and compare SoC values
with the neural network model’s output values.®! This involved
testing the cells at different loads (the stress accumulation) and
solving for the SoC based on integrating the applied current
profile. Equation (7) shows a simplified formula for Ahr
integration used:

z

1 t
SOCH> %4 SOC8 1P P e 16t (7)
t1

where t is the time variable, I(t) is the applied current with
respect to time, Q#lotP is the actual discharge capacity, and
(t 1) is the time at the previous stage. Once the Ahr integration
model verified the neural network SoC results, the stress
accumulation discharge profile was applied to the cells followed
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by EIS collection.®"! The EIS results were then input into the
neural network. The results from these verification tests are
discussed further in Section 8.

Zabara and Ulgut used EIS as an input for a technique they
refer to as a Zero-Free Parameter model, which they developed
in efforts to characterize the cell voltage response for both Li/
SOCl, and Li/MnO, batteries.””! This model is a semiempirical
model and does not involve ML. The Zero-Free Parameter model
multiplies the impedance gathered from EIS as a function of
frequency with the discharge current profile as a function of
frequency (through a fast Fourier transform [FFT]) to obtain
the voltage response as a function of frequency.***! The inverse
FFT is applied to get the voltage as a function of time.

The resultant Nyquist plots from the tests, input into the
Zero-Free-Parameter model, are shown in Figure 4f, for the
100% and 95% SoC values.””’ For 100% and 95% SoC,
the Ohmic resistance, or the Z imaginary intercept (at the high-
frequency end), appears to start at a greater value than the rest of
the plots. This intercept is likely attributed to the passivation layer
because a de-passivation process was not implemented.

In Figure 4f, while the frequency range may not encompass
all the properties of the cell, the plots themselves still reveal EIS
variation with a reduction in SoC.” For <95% SoC, the Ohmic
resistance appears to increase as the SoC decreases, and the
shape of the semicircle, partially influenced by capacitance,
undergoes noticeable changes in the presented plots. Ref. [42]
followed up this initial work with a more detailed discussion.
An accurate relationship between the discharge profile, SoC
value, impedance, and voltage response is determined.”®! The
EIS behavior complements the Zero-Free Parameter model’s
simulated voltage response for different SoCs, presented in
Figure 5a. The model accuracy is within 1% for 95-30% for
SoC prediction.” The higher error values for 100-95% SoC
are explained as being due to the strong passivation of the
chemistry at greater SoC, as is seen within the Nyquist plots,
in Figure 4f. The model is promising for SoC prediction, based
on the results presented in Figure 5a. Although, it would be
necessary to try other load profiles, such as a more constant
current or even a pulsed test, to fully determine this technique’s
applications and limitations.

3.6. Estimating SoC of Lithium Manganese Dioxide (Li/MnO,)
LPBs Using EIS

It has been shown that the process for finding the activation ener-
gies for each of the three resistive components, modeled in
Equation (5) and (6), was the same process as for the Li/
SOCl, batteries discussed in the previous section.”® In
Figure 4b—d, there is no monotonically increasing or decreasing
relationship for any of the resistances to each activation energy,
for the Li/MnO, cell. Therefore, using EIS to calculate the
activation energies of the specific circuit elements is not directly
correlated for predicting SoC.

In Figure 5b, the Nyquist plot presented has two semicircles,
one representative of the passivation layer and the other of
the charge transfer resistance.”®! From visual inspection of
Figure 5Db, it is unclear since there is no certainty in concluding
if the low-frequency behavior of the spectrum could be attributed
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Figure 5. a) Li/SOCI, SAFT-LSH20 D-size cells’ experimental and simulated voltage response using impedance-based modeling under the heavy-duty
urban dynamometer drive schedule (load profile. Reprinted with permission from Electrochimica Acta.l’® Copyright 2020, Elsevier. b) Equivalent circuit
with Nyquist plot for Li/MnO, coin cell at 90% SoC at room temperature. Reproduced with permission.”®! c) Fuzzy-logic based model output with SoC
values as the y axis and imaginary impedance values at a frequency of 10.3 Hz as the x axis, each subplot is representative of an individual lithium sulfur
dioxide cell with the bottom two at a discharge rate of 200 mA and the top two with a discharge rate of 50 mA. Reprinted with permission from Journal of
Power Sources.®3 Copyright 1999, Elsevier. d) Three-electrode test Nyquist plot for a lithium carbon fluoride noncommercial pouch cell.® e) Change in
Ohmic resistance (labeled R1) with respect to SoC for a lithium carbon fluoride pouch cell every 5% reduction in SoC.®? (d,e) Reprinted with permission

from Journal of Energy Storage. Copyright 2023, Elsevier.®?

to the diffusional properties of the cell, rather than the charge
transfer or separate element. Regardless, a lower minimum fre-
quency could confirm the presence of the two semicircles or
present a Nyquist plot for the cell at a lower temperature.
Additionally, it is difficult to detect the passivation layer presence
in a Li/MnO, battery using EIS since this resistance is likely due
to another element in the cell.'™® This is further discussed in
Section 3.4.

Zabara et al. use the Zero-Free Parameter model technique to
predict the voltage response of Li/MnO, coin cells.””) They

Adv. Energy Sustainability Res. 2025, 6, 2400407
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decreased the amplitude of the load profiles from the ones used
with the Li/SOCI, cells to match the current limits for the Li/
MnO, batteries. The article does not mention a rest period
between discharge and EIS collection. This could imply
that the EIS was not collected in steady state, thus not fulfilling
the four main EIS criteria presented in Section 3.1. Regardless,
the results from the model with the EIS input were still highly
accurate with an error of magnitude 0.3% for the
voltage response of the cell with decreasing SoC. These results,
however, demonstrate the versatility of the model to predict
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