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Electrochemical Impedance Spectroscopy (EIS) is a valuable tool for characterizing primary lithium batteries.
Before fitting the spectrum, the so-called Kramers—-Kronig(KK) method has to be checked for the reliability
and accuracy of the EIS spectrum. The decision to further fit and analyze the spectrum for physical events
in the system is made after checking the KK compatibility of the spectrum. In this paper, we propose further
confirmation of the reliability and the accuracy of the EIS spectrum by using the Non-linear harmonic analysis

(NHA) of the measurement. The study shows that the KK-compatible EIS spectrum shows homogeneous higher
harmonics results where one can further verify the spectrum. The phase of the excitation signal and its effects
on the NHA are discussed. A measurement method for measuring Li/SOCI, and SO,Cl, batteries to obtain the
KK-compatible EIS spectrum is introduced.

1. Introduction

The effort to achieve efficient and sustainable energy storage solu-
tions has been facing an increased demand in the 21st century. This
demand is mainly from the broad usage of mobile electronic devices,
electric-powered vehicles, and renewable energy integration [1]. The
vast majority of these devices rely on batteries for their energy sources.
Therefore, the development and optimization of battery technologies
have the utmost importance. Depending on the purpose and utilization
of the batteries, different chemistries and sizes have been engineered.
Typically, batteries are categorized according to being rechargeable
(secondary) or non-rechargeable (primary) [2,3]. Rechargeable bat-
teries operate with reversible electrochemical reactions, which allow
multiple charge and discharge cycles. The most common recharge-
able battery chemistries include Li-ion, Nickel-Cadmium (NiCd), and
Nickel metal hydride (NiMH) [3]. On the other hand, primary bat-
teries have higher volumetric and gravimetric energy densities than
secondary batteries. They are designed to supply the maximum energy
density without any charging reactions. Additionally, primary batteries
are more cost-effective than secondary batteries. Popular chemistries
include alkaline, zinc-carbon, and thionyl chloride. Among these batter-
ies, Lithium thionyl chloride (SOCl,) is one of the most commonly used
chemistries due to the long shelf-life, stable discharge voltage, broad
operation temperature range (from —50 °C to 80 °C), and high energy
density [4]. Lithium thionyl chloride batteries can be found in medi-
cal instruments, measurement devices, microcomputers, military, and
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security applications [3,5-9]. The electrochemical reaction governing
the regular thionyl chloride battery is the following:

4Li+ 2SOCl, — 4LiCl | +S + SO, (€D)]

Thionyl chloride battery is composed of a metallic lithium anode, a
porous carbon cathode, and the non-aqueous SOCI,:LiAICl, electrolyte.
Thionyl chloride is both a cathode-active material and an electrolyte.
As can be seen in Eq. (1), initially formed sulfur and sulfur dioxide are
easily dissolved in the thionyl chloride solvent. However, LiCl cannot
easily be dissolved, and it can form a precipitation layer on the porous
carbon cathode. Through the end of the battery’s discharge, sulfur can
also be deposited on the cathode. This blockage of the cathode usually
implies the end of the battery. In addition, the deposited sulfur may
react with lithium and cause thermal runaway reactions.

On the other hand, metallic lithium anode is passivated with a
layer of LiCl, which gives this battery type its prolonged shelf life. This
passivation layer is formed in all of the samples measured in this study,
and this issue is discussed in later sections. Lastly, the bobbin-type
architecture of Li/SOCI, batteries is suitable for low and mid-discharge
currents, which are usually less than C/50.

The addition of sulfuryl chloride (SO,Cl,) increases the open circuit
potential up to 3.9 V. The governing chemical reaction is the following:

2Li + SO,Cl, — 2LiCl | +S0, 2
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Table 1
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Discharge amounts and -DC magnitudes for all batteries. AC magnitude was always 10 mA in all measurements.

Battery Discharge (Ah)/ -DC Magnitude (mA)
C-100%S0Cl, 0Ah/80  0.82/80 1.64/80 2.46/80 3.28/80 4.10/80 4.92/80
D-100%SOCl,  0/100 1.85/100  3.30/100  4.95/100  6.60/100  8.25/100
C-85%S0Cl, 0/80 0.9/150 1.8/150 2.7/150 3.6/150
D-85%S0Cl, 0/50 1.8/150 3.6/200 5.4/250 7.2/300 9.0/300
C-15%S0Cl, 0/50 0.9/150 1.8/150 2.7/200 3.6/250 4.5/300 5.4/300
D-15%S0Cl, 0/40 1.8/200 3.6/250 5.4/250 7.2/250 9.0/300 10.8/300  12.6/300  14.4/300
4.0 17 T T T T for diagnosis and performance evaluation of the cells alongside char-
acterization of the electrochemical processes and critical parameters
[15,16]. The application of EIS in corrosion includes investigation of
m corrosion mechanisms, coating characterization, and surface impurities
3.5 == — [17,18]. Furthermore, in the field of electrocatalysis, EIS has been used
j for the investigation of the kinetics of catalytic processes, interface
= properties, and overall electrochemical performance [19,20]. In battery
- research, it is used to determine the electrochemical processes in the
%D 3.0 1 batteries. Critical parameters such as charge transfer resistance, double-
;0 —— 15% SOCl, layer capacitffmce, solution resistance, and Solid ];lectrolyte Interface
85% SOCI (SEI) properties can be extracted from EIS analysis [14,21,22]. These
2 results are then used to predict and model the processes governing
2.5 1 — 100% SOCI, battery performance, adjust the battery design, and enhance the battery
durability [12,23-25].
The main advantage of employing EIS in battery research is its non-
destructive nature. It does not require any structural change, such as
2.0 T T T T disassembly or invasive alterations. Preservation of battery integrity
0 180 360 540 720 900 allows the representation of the actual electrochemical processes. More-
time (hr.) over, EIS detects many electrochemical phenomena separately by ap-

Fig. 1. Time vs. Voltage plot of C-size batteries under 10 mA discharge current. The
simultaneous drops in voltages are due to the power cuts in the electric grid. The cycler
was connected to an external UPS.

R, R, Rs
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Fig. 2. Equivalent circuit used for the fitting of the data.

Pure Li/SO,Cl, batteries were never commercialized due to a few
reasons. Voltage fluctuation due to temperature changes and voltage
decrease during storage (sulfuryl dissociates into Cl, and SO,) are the
main reasons. Consequently, a mixture of SOCl, and SO,Cl, provides
the advantages of both chemistries. The ratio of these species can also
affect the overall characteristics of the batteries.

In Fig. 1, discharge profiles of three different chemistries under con-
stant current withdrawal (10 mA) are plotted. 100% SOCI, battery has a
constant voltage around 3.5 V until the lowest states of charges. On the
other hand, mixture batteries exhibited a voltage drop after a certain
level. This drop is directly related to the sulfuryl chloride percentage
where 15% SOCI, battery kept the higher voltage longer than the 85%
SOCl, counterpart. As a result, sulfuryl chloride is consumed during
the battery discharge initially. After the consumption, thionyl chloride
takes over the governing electrochemical reaction of the battery. 15%
SOCI, battery has a voltage drop before it is consumed. This observed
voltage drop is an indication of the terminal SoCs of the battery; thus,
it can be used as a feedback mechanism for the battery SoC.

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive,
in-situ technique that has increasing popularity year over year [10,
11]. It has a broad field of application: fuel cells, corrosion, battery
research, electrocatalysis, and so on [12-14]. In fuel cells, it is used

plying frequencies over a wide range. Different processes, such as rapid
charge transfers across boundaries or slower diffusion processes, can be
detected independently via EIS. In addition, with pinpoint accuracy,
EIS can detect subtle errors or changes such as electrolyte resistance,
electrode fouling, or passivation layer developments.

Kramers-Kronig (KK) relations provide information about the relia-
bility, consistency, linearity, and causality of the acquired spectrum in
EIS [26,27]. In [27], it was shown that the KK relations are unrespon-
sive to non-linearity if the transition frequency is not in the range of
the frequency domain of the experiment. In this study, the transition
frequency is within the experimental range and covers the non-linear
part of the spectrum. As a result, the observations in this work are in
good agreement and suggest that the analysis of harmonics provides
information about the non-linearities in the measurements and can
have more sensitivity to non-linearities than KK results. The KK rela-
tions can confirm that the measurement is physically meaningful [28].
However, compatibility with the KK relations is not sufficient on its
own. For instance, the data or spectrum may have influences from the
instrumental artifacts and still can be KK-compatible. The KK relations
form a mathematical link between the real and imaginary parts of
the spectrum, thus are a necessary but not sufficient condition for the
EIS experiment. Voigt elements are often used in equivalent circuit
models to represent the response of an electrochemical system [29].
A Voigt element consists of a resistor (the real part of the impedance)
in series with a capacitor (the imaginary part of the impedance). As
a result, phase shifts (or delays) can be modeled alongside the real
impedance [30]. A spectrum can only be fitted with an equivalent
circuit and reported if it exhibits a KK-compatible result. The following
experimental details aim to acquire a KK-compatible output, showing
less than 2% residuals.

Our group previously published EIS measurements of Li/SOCI, bat-
teries [4]. EIS measurements of this chemistry require a current with-
drawal just before each measurement to form cracks on the LiCl pas-
sivation layer. Through these cracks, Li* ions can be transferred to
the electrolyte. This current withdrawal was 100 mA for 100% SOCI,
batteries and 300 mA for mixture chemistries, with a duration of
one minute. Similarly, the current withdrawal was continued during
the measurement, with a negative DC magnitude. The AC and DC
magnitudes for the measurements are given in Table 1.
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Fig. 3. Equivalent circuit fits of C-size 100%, 85%, and 15% SOCI, batteries.

2. Methodology
2.1. Battery specifications

Tekcell (Vitzrocell) branded C and D-size, bobbin-type batteries
have been used in this research [31]. The chemical compositions of
the electrolyte (in w/w ratio) in these batteries can be summarized as:

1. 100% SOCl,
2. 85% SOCl, + 15% SO,Cl,
3. 15% SOCl, + 85% SO,Cl,

Throughout this study, the batteries are identified based on their SOCI,
percentage. The 100% SOCI, batteries have an open circuit potential of
3.6 V, whereas mixture-type batteries have an open circuit potential of
3.9 V.

2.2. EIS and NHA measurements

Electrochemical Impedance Spectroscopy measurements were done
in Galvanostatic mode with a Gamry Instruments’ Reference 3000 Gal-
vanostat/Potentiostat/ZRA with a modified script. The modifications
were described elsewhere [21]. The equivalent circuit analysis was
done with Gamry Echem Analyst, v7.10. The Kramers-Kronigvalidity
method was kept at default automatic mode for the number of Voigt
elements per decade. This method uses either the points per decade of
the spectrum or 7, whichever is smaller. The batteries were connected
with four electrode method to the potentiostat and placed inside a
grounded Faraday cage to avoid external electromagnetic interferences.

As seen in Table 1, the DC magnitudes of 100% SOCI, batteries
were constant. As a result, the passivation layer was stable through the
discharge of the battery. On the other hand, mixture chemistries could
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Fig. 4. Equivalent circuit fits of D-size 100%, 85%, and 15% SOCI, batteries.

only be measured with an increasing discharge current during the EIS
measurement to give KK-compatible spectra. Therefore, the DC ampli-
tude during the EIS measurement varied at different states of charge.
As a result, this method was referred to as variable DC throughout
this work. The increasing current prevented the re-formation of the
passivation layer after the initial one-minute current withdrawal. The
frequency limits were between 1 MHz and 10 mHz, with 10 points
per decade frequency placement. Overall, the measurement took place
under 30 min.

The acquired spectrum’s non-linear harmonic analysis (NHA) was
done on a custom Python code, which extracted EIS data from a
modified Gamry Galvanostatic EIS script. This script applied a total of
five cycles of a sinusoidal excitation signal. These complete five cycles
were samples with a total of 80 data points, where each sinusoidal wave
was sampled with 16 data points. Finally, the frequency domain data

and its harmonics were plotted in a log-log scaled plot to investigate
the harmonics. During the processes, Matplotlib, NumPy, SciPy libraries
of Python, and Spyder IDE integrated within the Anaconda distribution
were used [32-36].

The equivalent circuit analysis was done on Gamry Echem Analyst;
the equivalent circuit model can be seen in Fig. 2. Ry resistance
corresponds to the series (or some instances referred to as solution
resistance), R, R,, and R;, which are the parallel resistances of each
RC component. To simulate the imperfect capacitance, constant phase
elements (CPEs) were used to account for time-constant dispersion.
Additionally, the exponential factor « is set to have a value greater than
0.7.

Generally, satisfactory EIS measurements compromise between con-
flicting choices. For the systems that show Tafel behavior, all excitation
signal amplitudes generate non-linearities. When the excitation signal
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Fig. 5. Kramers-Kronig (KK) residuals of 15% SOCI, (a), 85% SOCI, (b) with KK-compatible results. Similarly, KK residuals of 15% SOCI, (c), 85% SOCI, (d) with non-KK-compatible

results.

amplitude is too small, the spectrum would have large stochastic errors,
whereas too large amplitudes would result in a non-linear response.
The optimum excitation signal amplitude avoids these situations and
provides adequate non-linearities and KK fit.

3. Results & discussion
3.1. Equivalent circuit fits of three different chemistries

In Figs. 3 and 4, equivalent circuit fits of C and D-size batteries can
be seen. The acquired spectra were fitted with the equivalent circuit
given in Fig. 2. Ry values in C-size batteries show a gradual increase
while batteries are consumed, whereas in D-size batteries, it has a
less steep increase. As the battery is consumed, the solution resistance
increases due to changes in electrolyte composition. The concentration
of the ions in the electrolyte decreases as the LiCl passivation layer and
secondary reactions form on the anode surface [37]. In both C and D-
size batteries, the resistance values are smaller than 1 Q. In addition,
100% SOCI, samples have a higher solution resistance than mixture
cells, indicating the addition of SO,Cl, decreases the resistivity of the
electrolyte as the state of charge decreases.

The high-frequency semi-circle has two components: a resistance
and a capacitance (in the unit of S*s%) value from the CPE. During the
fitting process, the exponential term « is set to be between 0.7 and
1.0. The numbers reported throughout this manuscript are effective
capacitance, which is the ¥, value without any corrections. The full
fitting results including the a values can be found in the supporting
information Throughout the discharge of all chemistries, they show
a similar trend. This semi-circle is attributed to charge transfer (Lit)
through the solid electrolyte interface (SEI) [22,38]. As the SoC of
the batteries decreases, the SEI formation on the anode builds up, and
the overall resistance related to this transfer increases. The middle-
frequency semi-circle has also shown an increasing resistance value,

whereas its capacitance peaks at the middle states of charge and
decreases afterward. The middle-frequency semi-circle represents the
Li oxidation at the anode, where it has a lower resistance than higher
and lower-frequency semi-circles [21]. During the discharge of the
battery, the SEI grows thicker. After a certain state of charge, further
discharge processes can modify the SEI structure and decrease the
capacitance. This phenomenon is also observed in both C and D sizes.
Low-frequency semi-circle is attributed to the cathodic processes [22].
The large capacitance values result from the surface area of the porous
carbon cathode. The increase in the capacitance after a certain state of
charge was also observed in the low-frequency semi-circle behavior,
where the capacitance of only the 85% SOCl, sample showed the
volcano-like plot.

The equivalent circuit fit of EIS spectra in this study does not include
mass transport due to a few reasons. First of all, the time duration of
the perturbation signal is rather short, and the electrochemical system
exhibits a quasi-steady state during the measurement. In this case,
the system rapidly responds to the applied signal, and capacitive and
resistive elements can represent the frequency-dependent impedance
response. Furthermore, the impedance responses of all battery types
do not exhibit any diffusion or Warburg-type behavior. Additionally,
Z,,,q Weighting was used in the fitting algorithm. As a result, processes
such as charge transfer resistances, interface capacitances, and solu-
tion/series resistances can be modeled with satisfactory (y? in the order
of 107%) goodness of fit values.

Equivalent circuit analysis provides valuable information about SEI
formation and growth, solution resistance, charge transfer processes
through the SEI, and cathodic processes in thionyl chloride and mixture
batteries. The comparison between the different SoCs can explain the
electrochemical processes of battery consumption.
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3.2. KK and NHA relation on mixture batteries

Fig. 6. NHA of a battery, simulated on an equivalent circuit model (a), real-world NHA investigation of the same battery with KK-compatible fit (b), and NHA of the same battery

Kramers-Kronigrelations in impedance spectroscopy measurements
provide information about the system’s linearity, stability, and causal-
ity [22,39,40]. The process of KK fit on the spectrum can be performed
in a few ways. One method is to use evenly selected time constants
throughout the frequency spectrum and fit the resistances for the
Voigt elements on a linear system of equations [41]. Another method,
developed by the Orazem group, involves a fit of the real or the
imaginary parts of the impedance spectrum using the required amount
of Voigt elements [29]. In both methods, the fitting algorithm generates
residuals across the frequency range. Orazem group has shown that
residuals with 95.4% confidence interval (or + 2¢) fell within around

5% residual limit [29,42]. In Fig. 5, the residual distributions of KK-
compatible and non-compatible results of both mixture chemistries are
shown. In Fig. 5(a) and (b), the overall magnitude of the residuals is
below 1%, except for a few data points. However, in Fig. 5(c) and (d)
plots, non-KK-compatible residuals have deviation up to 10%.
The summation of the fundamental response and higher harmonics
can investigate the relation between KK and NHA. The causality and
linearity of the acquired spectrum are determined by the KK fit, where
KK-compatible data yields around 1% residuals with no drift and
non-linearity. Furthermore, the summation of the higher harmonics
with the fundamental response can be used to assess the data quality

and provide information about the electrochemical processes resulting

in the overall response [43]. This method is called Total Harmonic
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with a KK-compatible (i) and non-KK-compatible (j) results are plotted.

Distortion (THD) and includes a few different ways of summing the
harmonics [44,45]. In this study, the amplitudes of the harmonics and
the fundamental voltage response at each frequency are summed.

A comparison between an equivalent circuit-based NHA simulation
and real-world data of a KK-compatible and non-KK-compatible EIS
spectra can be seen in Fig. 6. Equivalent circuit-based simulation rep-
resents an ideal measurement where there is no significant addition of
higher harmonics on the fundamental voltage response. The summation
and the fundamental response overlap, as seen in Fig. 6(a). Deviations
from this theoretical summation, such as sharp changes in summation
or significant gaps between the model and real data, indicate problems
with the data quality. Similarly, KK-compatible data has very slightly
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added higher harmonics on the fundamental response due to drift, as
seen in Fig. 6(b). On the contrary, in Fig. 6(c), non-KK-compatible data
has more pronounced upper harmonics, where the addition of those
harmonics to the fundamental response showed a visible difference
across the whole frequency range.

In a study by Murbach and Schwartz, the second harmonic showed
an amplified response in non-linear systems [46]. It was shown that the
second harmonic contributes to the system’s non-linearity and repre-
sents the asymmetry in the charge transfer processes on the electrodes.
An increase in the second harmonic was observed at the frequencies
of the kinetic processes. As the frequency increases, the second and
higher harmonics asymptote due to ohmic impedance domination. On
the other hand, at low frequencies, the second harmonic shows an in-
crease due to the diffusion-related impedance. In conclusion, the higher
harmonics provide valuable information about the system’s behavior
and must be investigated in detail.

The KK-compatible spectra yields the non-linear harmonic analysis
(NHA) results in Fig. 7. In a previous publication, our group stated
that the disruption in the order of harmonics (i.e., the third harmonic
has a higher amplitude than the second harmonic) can be ascribed
to non-linearity and non-stationarity [47]. At high states-of-charge of
both mixture chemistries, Fig. 7(a) and (g), the harmonics showed
steady impedance that is gathered within a single-order of magnitude
compared to wider varying magnitudes at lower SoCs. Additionally,
lower SoCs have data points that have slight deviations from the main
trend around the low-frequency regions. One instrumental artifact is
also visible at high frequencies, where a step-like behavior is observed
in harmonics. The potentiostat engages a low-pass filter at 2.5 Hz and
causes this result.

The non-KK-compatible NHA yields the results in Fig. 7(b), (d), (f),
(h), and (j). In subplot (b), 100% SoC of 85% SOCIl, can be seen. The
second harmonic shows an increased amplitude compared to the higher
harmonics around 100 mHz. This frequency region also has deviations
in the KK residuals in Fig. 5. Subplots (d) and (f) similarly exhibit an
augmented second harmonic around the same frequency region. For
15% SOCl, chemistry, a similar trend is observed; the pristine battery
showed a clearer KK-compatible harmonic set. Upon aging, only a few
frequencies around 100 mHz showed non-linearity where the order of
harmonic amplitudes distorted. However, the residuals of this result
in Fig. 5 showed around 1% residuals. Overall, it is denoted as KK-
compatible. For the non-KK-compatible side in subplots (h) and (j), the
augmentation of the second harmonic is clearly observable. In addition,
non-linearity is observed between 100 mHz and 1 Hz, where the third
harmonic goes below the fourth harmonic.

In literature, some studies suggest that even harmonics (the second
and the fourth harmonics) are unimportant due to the symmetry of
the electrochemical system [48,49]. However, the NHA of primary
lithium batteries used in this research contains even harmonics which
can contribute significantly to the analysis [50]. Therefore, ignoring
the even harmonics is not always accurate for the NHA. Even the
simulations done on a Randles’ cell showed even harmonics where the
equivalent circuit elements show perfect symmetry [51].

While the symmetry of the electrochemical system can affect the
presence of even harmonics, excitation signal form may be important
as well. Applying a cosine-based signal instead of a sine-based signal
can slightly alter the position and amplitude of the harmonics observed
due to the startup transient. A cosine-based excitation signal starts
on the highest amplitude of the signal (the peak position) and then
follows the sinusoidal shape, as seen in Fig. 8(b). Starting from a
constant value, the beginning shape matters. The harmonics are present
in sine and cosine-based signals appear with altered amplitudes. The
frequencies of the two peaks are also affected by the signal’s beginning
phase. Applying a cosine-based excitation signal shifted the peaks to
a lower frequency. Time-domain data shows initial transients at the
peak positions, which was explained in another publication [51]. As a
result, the excitation signal differences between the simulation results
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Fig. 8. NHA simulations of a dummy cell based on a mixture battery with a cosine (a) and sine (b) excitation signal. The excitation signal and voltage response are plotted in

the time domain at the frequencies of the harmonic peaks in both cases.

and real-world data can be a result of the various forms of excitation
signals.

In real-world applications, battery impedance is complex, and even
harmonics can arise from these complex electrochemical processes,
interfaces, and interactions [21,43,52]. Therefore, even harmonics can
carry information regarding secondary or more subtle processes. In
addition, higher-order non-linearities such as interface interactions,
heterogeneous structures on electrodes, and relaxation processes can
be detected by even harmonics. A common practice of EIS on batteries
is to consider both even and odd harmonics since symmetric structures
in batteries are not frequent [53,54]. However, in some simple electro-
chemical systems, weaker second harmonics may occur, and only the
odd harmonics can be investigated. In conclusion, the choice is based
on the structure of the electrochemical system and the purpose of the
research.

4. Conclusions

This research highlights the methods for measuring EIS of Li/SOCl,
and SO,Cl, batteries. Moreover, the correlation between Kramers—
Kronig (KK) and non-linear harmonic Analysis (NHA) was investigated.
First, a variable DC method was developed to measure the mixture
chemistries with satisfactory KK results. An equivalent circuit fit was
done to investigate electrochemical phenomena such as charge trans-
fer resistance, double-layer capacitance, etc. The Kramers-Kronigtest

fits the spectrum with an optimum number of RC circuits (or Voigt
elements) and elaborates the linearity and causality of the system.
Furthermore, it gives the residuals between the actual spectrum and the
KK fit, which was used to determine the goodness of the fit. Different
scenarios of the KK test were discussed. Similarly, NHA shows the non-
linearity and drift-like behavior of the investigated system. A good KK
fit can yield homogeneous NHA results. On the other hand, non-KK-
compatible data gives a poorer NHA result with non-linearity and drift
observations. The harmonics of NHA were shown to be dependent on
the phase of the excitation signal. Additionally, the summation of the
harmonics can indicate the quality of the overall response.
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