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Highlights

Investigation of the Temperature and DOD Effect on the Performance-Degradation Behavior
of Lithium-Sulfur Pouch Cells During Calendar Aging

Dominika Capkova,Vaclav Knap,Andrea Strakova Fedorkova,Daniel-Ioan Stroe

Calendar aging tests of 3.4 Ah lithium-sulfur pouch cells have been investigated.

Capacity loss is affected by temperature and depth-of-discharge during storage.

Differential voltage analysis was used to study the calendar aging of Li-S batteries.

e Storage at low depth-of-discharge causes accelerated battery degradation.

The increase in resistance was observed during storage in the discharged state.
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ARTICLE INFO ABSTRACT

Keywords: High-energy density sulfur cathodes are one of the most promising possibilities to replace
Li-S pouch cell currently used intercalation cathodes in lithium-ion batteries in future applications. However,
Battery degradation lithium-sulfur batteries are still the subject of research due to unsatisfactory capacity
Calendar aging retention and cycle performance. The cause of insufficient properties is the shuttle effect
Differential voltage analysis of higher polysulfides which are formed in a high voltage plateau. In an effort to optimize
Self-discharge storage conditions of lithium-sulfur (Li-S) batteries, long-term calendar aging tests at various

temperatures and depth-of-discharge were performed on pre-commercial 3.4 Ah Li-S pouch
cells. The decrease in performance over two years of calendar aging in five stationary conditions
was analyzed using non-destructive electrochemical tests. The negative effect on Li-S cell
performance was more pronounced for temperature than for depth-of-discharge. The analyses
of self-discharge and shuttle current were performed and as expected, the highest values were
measured in a fully charged state where higher polysulfides are present. Furthermore, internal
resistance was analyzed where an increase of resistance was observed for a discharged state due
to the formation of a passivation layer from discharge products (Li,S,, Li,S). To maximize the
life of the Li-S battery, storage at high temperatures and in a fully charged state should be avoided.

1. Introduction

To satisfy the demand for efficient energy storage utilized in portable electronic devices, electric vehicles, and
aerospace devices, the development of high-energy density battery systems is an essential mission for researchers.
The rechargeable lithium-ion (Li-ion) batteries play a major role in the energy storage industry, although the practical
energy density of current Li-ion batteries is not satisfactory for the future energy market [1, 2, 3, 4]. Research in
next-generation battery systems, including lithium-sulfur (Li-S) batteries, is critical to the development of efficient,
lighter, and lower-cost high-energy density batteries [5, 6, 7, 8]. The main advantage of Li-S batteries is the high
theoretical capacity of sulfur (1675 Ah kg~!), and the high theoretical gravimetric energy density, which is above
2600 Wh kg~! despite lower operational voltage against lithium (~2.1 V) [9, 10, 11, 12].

The successful commercialization of Li-S batteries is impeded mainly by their limited cycle performance, short
lifetime, high self-discharge rate, and low efficiency [13, 14, 15]. These problems are related to several major issues,
the main drawback of Li-S batteries is a dissolution of intermediates - polysulfides with long-chain (Li,Sg, Li,Sq,
Li,S,) - in a liquid organic electrolyte and their migration between the electrodes, this process is known as the shuttle
effect [16, 17, 18]. Li-S batteries suffer from poor electrical conductive properties of sulfur and solid discharge products
(Li,S,, Li,S). Moreover, they are exposed to a high mechanical stress caused by volumetric expansion during cycling
up to 80 % [19, 20]. To solve these issues and prolong battery life, many improvements have been considered e.g., an
encapsulation of sulfur into carbon materials with high surface area, e.g. amorphous carbons [21, 22, 23], graphene [24,
25], graphene oxides, or reduced graphene oxides [26, 27] and metal-organic frameworks (MOFs) [11, 28]. A stable
long cycle life of batteries may be realized by electrolyte modification [29, 30, 31]. Battery lifespan may be limited
by an uncontrollable growth of lithium dendrites [32]. Strategies for lithium anode protection include construction
of protective layers [33, 34], lithium slats [35] and additives in the electrolyte [36, 37]. Application of mentioned
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materials and methods to improve battery properties are often supported by theoretical work, and vice versa [38, 39, 40].
However, most of the research has been conducted on small laboratory set up, e.g. coin cells, and small pouch cells.
The small-scale research provides the necessary fundamental information. However, the disadvantage is that some
phenomena cannot be observed at easily measurable levels, as would be in the case of a larger cell (e.g. thermal
response) [41].

In order to accelerate the commercialization of Li-S batteries, it is necessary to study the aging of batteries under
realistic conditions that arise due to cycling and time. Due to this fact, battery degradation can be distinguished into
cycling (during use) and calendar (on storage) [42]. The degradation of active materials, irreversible relocation of
polysulfides, volume changes, concentration gradients, and lithium plating at the anode are results of cycling aging. In
general, all kinetic processes are included in aging during cycling. Contrary, the calendar aging process is connected
to the thermodynamic instability of materials as a result of side reactions. During storage, the battery is affected by the
reaction of the interphase between the electrode and electrolyte, polysulfide diffusion, and self-discharge [42, 43, 44].
The state of charge and the temperature at which the battery is stored are fundamental factors influencing calendar
aging as they determine the concentration gradient of species and rate of chemical reactions [45]. Calendar life can
be monitored by loss of capacity, potential change, and increase of impedance [46, 47, 48]. However, calendar aging
cannot be straightforwardly separated from cycling aging during battery operation.

Electrochemistry of degradation mechanism in Li-S batteries during cycling is well described for different electrode
materials, lithium metal anode, or electrolytes [49, 50, 51]. The majority of aging studies focus on small-scale testing
and one research presents cycling aging of 19 Ah Li-S pouch cell [52]. Less attention is paid to self-discharge and
calendar aging, the publications mostly deal with short-term self-discharge studies [44, 53, 54], or cells stored at
one condition [55]. The self-discharge behavior of Li-S batteries was studied using polymer electrolyte and liquid
electrolyte on a small scale [56, 57] and on Li-S pouch cells for a short time period [58]. The self-discharge, discharge
capacity, and efficiency are affected by the polysulfide shuttle process. The redox shuttle and its impact on the behavior
of the Li-S battery were first quantitatively described by Mikhaylik and Akridge [18] through the combination of
mathematical modeling and experiments. The highest shuttle current was observed close to the maximum value of
state-of-charge where the long-chain polysulfides are formed. The measurement of shuttle current may be useful to
predict the cycle life and degradation of Li-S cell [59, 60].

This paper deals with an in-depth analysis of long-term calendar aging of pre-commercial 3.4 Ah Li-S pouch cells.
Groups of cells were held at storage conditions that comprised three temperature levels and discharge depths. The
evaluation of total capacity, the capacity of high and low voltage plateau, and Coulombic efficiency are analyzed and
discussed. Furthermore, incremental capacity analysis (ICA) and differential voltage analysis (DVA) are applied to
deeply analyze differences in battery degradation. The influence of the shuttle effect during storage was quantified by
measurement of shuttle current and self-discharge and their development with time. Moreover, the calendar aging of the
Li-S batteries was investigated by analyzing the resistance behavior obtained from current pulses and electrochemical
impedance spectroscopy (EIS). All these methods enabled to study degradation behavior and help to identify the
predominant mechanisms of aging without destructive analysis. The most significant effect on the capacity drop of
the Li-S battery is the storage in a high temperature and charged state, where higher polysulfides are involved in the
shuttle effect. Li-S cells should be stored at depth-of-discharge higher than 30 % corresponding to the capacity of the
high voltage plateau. High self-discharge rate (in the early stage up to 70 % and stabilized around 20 % after 27 months)
and high shuttle current (up to 0.2 A) are observed during storage at low depth-of-discharge.

2. Non-destructive techniques for battery degradation diagnostics

2.1. Incremental Capacity Analysis and Differential Voltage Analysis

Incremental capacity analysis (ICA) has attracted tremendous attention of researchers as it can track and identify
various material and electrochemical changes during charging [61, 62]. The ratio between the increment of capacity
and the associated voltage (dQ/dV) generates the IC curve and the IC peaks with different intensities are formed [63].
Using the inverse ratio (dV/dQ) we obtain differential voltage analysis (DVA) [64]. The changes in the IC and DV
curves may help to investigate the internal changes in batteries and aging mechanism degrading battery performance
(e.g. loss of active material). However, these methods have not been widely applied to Li-S batteries and can not be
directly transferred from Li-ion to Li-S. Thus, change in implementation and interpretation has to be considered.
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Table 1
Specifications of the prototype Li-S pouch cell.
Parameter Value
Nominal Capacity 3.4 Ah
Nominal Voltage 2.056V
Maximum Voltage 2.45 V
Minimum Voltage 1.5V

Nominal Charging Current 0.34 A (0.1 C)
Nominal Discharging Current 0.68 A (0.2 C)
Temperature Operation Range +5 °C to +80 °C

2.2. Self-Discharge Measurement

The reversible loss of battery capacity after a period of storage is generally called self-discharge and always occurs
when batteries are resting [65]. The concept of direct measurement of self-discharge is based on charging the cell to
a target depth-of-discharge/depth-of-charge (DOD/DOC), resting the cell for a set period (open-circuit voltage (OCV)
monitoring is possible), and discharging the cell to determine the capacity lost. However, the self-discharge rate depends
on the time elapsed since recharging and will vary for different idle times [66]. The polysulfide shuttle effect induces
strong self-discharge within several hours of storage and the capacity self-discharges around 30 % in a charged state
of battery which corresponds with the capacity of high voltage plateau [11, 67, 68].

2.3. Measurement of Shuttle Current

Since the reaction mechanism and side reactions of Li-S batteries have not yet been fully described and understood,
the measurement of the shuttle current may provide important insights into the ongoing process of polysulfide shuttle
and predict the degradation of batteries. The measurement of shuttle current may be performed in a direct [59, 60]
and continues way [69]. The direct shuttle current measurement method is based on constant voltage operation
and monitoring of the current value until it reaches steady-state, which is considered that shuttle current. [59]. The
calculation of shuttle current using the continuous method is based on the voltage-capacity relationship between two
consecutive discharge cycles as presented by Maurer et al. [69]. A high concentration of the higher-order polysulfides
causes an increase in shuttle current.

2.4. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique established as a powerful tool for
exploring transport properties of materials, electrochemical mechanisms, reaction kinetics, battery life performance,
and investigation of the properties of porous electrodes. The current is measured at applied potential (galvanostatic
mode) in the frequency domain. The results are interpreted in terms of linear systems theory and the data validity can
be designated by Kramers-Kronig (K-K) transforms [70, 71]. The complex value of the impedance (Z) can be obtained
from the ratio of voltage to current amplitude and phase lag of output and input. It is possible to separate impedance
in a real part (Z’) and imaginary part (Z"), these two parts can be displayed in complex plane plots (Nyquist plots) in
order to visualize the impact of parameters [72]. The EIS analysis is widely used to investigate the electrochemical
processes in Li-S batteries, to study their degradation mechanisms, the effect of temperature, electrochemical reactions
during charging or discharging at different DOD/DOC, and estimation of state-of-health (SOH) [73, 74, 75, 76, 77].
An EIS spectrum typical for Li-S batteries is usually formed by two semicircles in high and middle-frequency regions
and an oblique line in the low-frequency area [73]. The experimental EIS spectra can be fitted by an equivalent circuit
through a numerical optimization of circuit parameters [78].

3. Methodology

The Li-S cells that are considered in this study are pre-commercial long-life pouch cells (OXIS Energy) with
a rated capacity of 3.4 Ah and sandwich structure. A mixture of sulfur, carbon, and binder coated on the current
collector represents the cathode. Metallic lithium is used as the anode and the separator is saturated by a sulfolane-based
electrolyte. Specifications of investigated 3.4 Ah Li-S pouch cells are listed in Table 1.
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Fig. 1: (a) lllustration of the RPT procedure and (b) the discharge profile of the Li-S pouch cells.

The measurement methodology of calendar aging consisted of a reference performance test (RPT), which was
performed periodically every month during storage. A detailed description of the applied RPT procedure is given
in [79] and illustrated in Fig. 1, according to the following set up:

1. Discharging of the cell to obtain the remaining capacity after shelf storage;

2. To reset the cumulative history’ of the cell a precondition cycle was performed;

3. The measurement of actual charge and discharge capacity;

4. A set of charging and discharging pulses were applied at various DOD/DOC levels to obtain the resistance of
the cell;

For every even RPT measuring of the shuttle current or EIS;

6. Charging followed by discharging of the cell to target DOD level.

e

The cells were always charged by 0.34 A (0.1 C) and discharged by 0.68 A (0.2 C). The charging was limited by
a cut-off limit of 2.45 V or 11 hours and the cut-off limit for discharging was 1.5 V. Each test case was performed on
two Li-S cells to demonstrate the reproducibility of the experiment. To extend the battery characterization the shuttle
current was measured on one cell and EIS on the other.

A Digatron BTS 600 battery tester was used for RPTs. The EIS measurements were performed at FuelCon
Evaluator B Battery Test Station. During the RPTs and calendar aging, the cells were stored in a controlled temperature
environment in thermal chambers. The reference temperature for the RPTs was 30 °C. Before the beginning of the
test, the cells were allowed to thermally stabilize for two hours. At the end of the RPTs, the cells’ DOD was set to
specific values. In this study, the values 0, 50, and 90 % were used. Moreover, three levels of storage temperature
were considered, i.e. 7.5, 30, and 50 °C. Overall, there were five calendar cases applied on ten Li-S pouch cells. The
overview of the specific calendar test conditions is presented in Table 2.

The detailed interpretation of capacity changes can be found in Section 4. The ICA/DVA analyses presented in
this paper are established based on a method presented by Knap and coauthors [80] and elaborated in Section 5. The
IC curve was obtained from the voltage evolution curve under a constant-current charging regime. Before further ICA
analysis, the original data were carefully de-noised via Savitzky-Golay filtering (settings: 3rd order and 21 sample
window for voltage, 1st order and 101 sample window for capacity) and moving average (with windows of 3 samples
and 2 samples for voltage and capacity, respectively). Subsequently, derivative calculation of charging capacity to
battery voltage was performed for IC curve and reverse ratio for DV curve.

In this work, the quantification of self-discharge is based on the approach presented by Knap et al. [58] and
analyzed in Section 6.1. The proposed methodology allows to separate irreversible (battery degradation) and reversible
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Table 2
Storage conditions of investigated Li-S pouch cells for calendar aging.
. DOD [%]
Temperature [°C] 0 50 90
7.5 - X -
30 X X
50 - X -

(self-discharge) capacity loss. At the end of the RPT measurement, the cell was discharged to a target DOD state and
after one month of resting, at the beginning of the next RPT, the remaining capacity of the cell was fully discharged.
The total loss of capacity (C,) is expressed by subtracting the discharge capacity obtained from the DOD setting (C4.4)
and the remaining discharge capacity (C,.,,) from the total discharging capacity (C;,;) according to equation 1. The
irreversible capacity loss (C;;) was calculated as the difference between the capacity obtained in the previous RPT
measurement and the current RPT measurement (C,;,) (see equation 2). The final value of self-discharge (Cyy) was
calculated by deducting the irreversible capacity loss from the total capacity loss (see equation 3).

Ct = Csd + Cir = (Cini - Cdod - Crem)/cini - 100 ()
Cir = (Cipi — Crch)/cim' - 100 @)
Csd = (Crch - Crem - Cdod)/cini - 100 (3)

The direct shuttle current methodology is based on the procedure presented by Knap and coworkers [60] and
evaluated in Section 6.2. The Li-S cell was fully charged and rested in an open circuit condition to reach an OCV
value. In the next step, the cells were held in constant voltage charging mode at the detected OCV value and the
current was observed for 2 hours in order to determine the steady-state value denoted as the shuttle current.

A detailed study of internal resistance and EIS measurements is demonstrated in Section 7. The EIS measurements
were performed in the frequency range from 10 kHz to 10 mHz with a voltage amplitude of 3 mV. Simulation of
EIS spectra was calculated in MATLAB software using the *Zfit’ function [81]. An equivalent electrical circuit,
depicted in Fig. 2, is proposed for studying the electrochemical behavior of the Li-S batteries. The applied equivalent
electrical circuit and its fitting are described in detail in [82]. In this model, the constant phase element (CPE) was used
instead of the capacitor due to the non-ideal behavior of the system. The electrolyte resistance is expressed by R, and
represents the contribution of ohmic resistance. The first semicircle is described by R;,; and CPE;,, which corresponds
to interphase contact resistance and the capacitance in the sulfur electron bulk. The second semicircle is described
by charge transfer resistance and the capacitance of the double layer on the electrode surface represented by R, and
CPE,;. The straight line at the end of spectra is described by the diffusion process and R, CPEgirr, W (Warburg
element) parameters.

4. Capacity Evolution

The normalized capacity as a function of time at different temperatures and 50 % of DOD is shown in Fig. 3a. As
expected, cells stored at a high temperature of 50 °C cause a significant acceleration of the capacity decline. Capacity
retention at high-temperature conditions was around 40 % after 15 months. After the first month of calendar aging, a
significant drop in the capacity occurred for the cells stored at 7.5 °C. As a result, higher degradation was observed
for the cells stored at 7.5 °C than for the cells stored at 30 °C, during the entire testing period. However, observing the
long-term trend and the change in capacity throughout the observed period, it is expected that the cells stored at 30 °C
would eventually achieve a larger capacity decline than the 7.5 °C stored cells. The influence of DOD on capacity
decrease at 30 °C is summarized in Fig. 3b. The lowest capacity decrease during the first six months was observed for
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Fig. 2: Equivalent electrical circuit used for fitting the experimental EIS data and an example of Nyquist plot of the Li-S
pouch cell at 15 % DOD stored at 50 °C and 50 % of DOD at the beginning of life.

the fully charged state (0 % of DOD) of the battery. After the first half of the year and until the end of the experiment
the lowest capacity drop was perceived for the half-discharged cell (50 % DOD). One can see that the capacity fade
for 0 and 90 % of DOD seem very similar after 10-month storage. After 2 years of storage, the dispersion of capacity
values is greater for 0 % of DOD which may indicate higher instability and degradation of the material due to the
presence of the shuttle effect in a fully charged state [18].

In order to better understand the capacity evolution of the Li-S cells, the discharge curves were closely examined.
The evolution of the capacity arising in high and low voltage plateau at different temperatures and DODs is shown
in Fig. 3c-f. The sum of the capacity from both plateaus is always equal to one and graphs represent the capacity
ratio in high voltage and low voltage plateaus. It is observed that at the beginning of life, around 70 % of total
capacity is associated with the low voltage plateau where the polysulfides with short-chain are formed. Fig. 3c.e
presents temperature dependence of capacity calculated from high and low voltage plateau at 50 % of DOD. The
high temperature of 50 °C during storage results in an initial increase of capacity in the high voltage plateau during the
first five months and then capacity decreases. Low calendar aging temperature causes the capacity to increase in the
high voltage plateau after the first month of storage and then the capacity continuously decreases. The reverse process
was observed for the low voltage plateau, after an initial decrease, the capacity increases. The capacity variation after
the first month of storage is due to a sharp drop in total capacity. The behavior of capacity in both plateaus at a storage
temperature of 30 °C is more linear compared to other temperatures. The capacity rises slightly in the high voltage
plateau and, conversely, decreases in the low voltage plateau. The impact of DOD level on capacity during storage at
30 °C in both plateaus is depicted in Fig. 3d,f. The scattering of capacity values in the fully charged condition (0 %
DOD) is approximately ten times higher compared to cells stored in a moderate or discharged state. The capacity of
the upper plateau has a declining tendency and growing movement may be observed in the lower plateau. The decline
in the capacity of the cells stored at 50 and 90 % of DOD is higher in the low voltage plateau compared to the high
voltage plateau. Beyond, the rate of growth or decline is greater at 90 % of DOD than 50 % of DOD. The presence
of soluble higher polysulfides during storage of the cell in a fully charged state has an impact on decreasing capacity
in a high voltage plateau presumably due to side reactions of dissolution of long-chain polysulfides in the electrolyte
during shelf storage [83]. As the amount of higher polysulfides during shelf storage decreases, the capacity of the high
voltage plateau gently decreases.

The effectiveness of charging and discharging the battery may be expressed by Coulombic efficiency. Coulombic
efficiency of the analyzed Li-S pouch cells is presented in Fig. 3g.h. The cells stored at 30 °C achieve the highest
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Fig. 3: Evolution of total capacity, capacities obtained from high and low voltage plateaus, and Coulombic efficiency for
various temperatures and DODs.

average value of efficiency. The efficiency at high and low temperatures is slightly lower and gently decreases with
time for all test cases indicating the slowly intensified impact of the shuttle effect of polysulfides [84]. However, the
state of the DOD has a large impact on Coulombic efficiency. The occurrence of dissolution of higher polysulfides
and shuttle (see Section 6.2) during storage in a fully charged state causes a dramatic decline in efficiency. To sum up,
optimal storage conditions for Li-S batteries longevity appear to be 30 °C and DOD around 50 %.
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5. IC and DV curves

In order to further investigate the battery changes during aging and identify the loss of active material, ICA and
DVA analyses of the charge curves were performed. Both analyses were performed during charging due to easier
control of the charging process than of the discharging process, during the normal real-life operation of the battery.

The charging curve at 0.1 C expressed in the inverse dependence of voltage and capacity, to easier describe
processes in IC and DV curves, is shown in Fig. 4a. A typical voltage kink around 2.2 V during charging is visible.

Interpretation of the charging curves in the dQ/dV vs V plot is presented in Fig. 4b. Instead of the voltage kink, there
appears a vertical line and an arc in the negative area followed by two peaks. The first peak observed around 2.21 V
corresponds to the low voltage plateau where short-chain polysulfides are transformed into long-chain polysulfides.
The second peak detected around 2.41 V correlate with the high voltage plateau and transformation of long-chain
polysulfides to sulfur.

Plotting the inverse ratio as dV/dQ instead of dQ/dV gives us more quantifiable graphical dependencies (see
Fig. 4c). The voltage kink in this form is visible as the loop and the sharp rising part between the plateaus of the
curve is presented by the peak around 2.34 V which is consistent with a valley in the dQ/dV curve.

In order to analyze the result quantitatively, the peak that occurred in dV/dQ vs V dependency was fitted using the
open code ’peakfit’ in MATLAB [85]. Fig. 5 presents the evolution of the peak characteristics as a function of capacity
at various temperatures and DODs. The peaks were considered to have the shape of Gaussian distribution to achieve
the best fitting accuracy, and for each peak, quantitative information was obtained for analysis, such as the position,
height, and width of the peak where the width was calculated at half the peak height.

The peak position divides the DV curve into two regions, with the first region corresponding to the low voltage
plateau and the second to the high voltage plateau. The changes in the peak position with capacity decrease are depicted
in Fig. 5a,b. The position of the peak is gently shifted to lower potential with a capacity decrease for 7.5 °C and 30 °C.
The most significant change in a peak position was observed for 50 °C, where the peak shifted towards a higher potential
with a capacity decay. The instability of the peak position agrees with the high capacity decay (Fig. 3c¢) and increase in
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Fig. 5: Peak parameter evaluations for the cells stored at different temperatures and DODs.

resistance (Fig. 7) observed for 50 °C. The influence of the DOD storage resulted in a gentle shift of the peak to lower
potential with a capacity decrease. The most significant shift of the peak position was observed at 0 % DOD.

The evolution of the peak height and width with capacity decrease is illustrated in Fig. 5c-f. The intensity of the
peak increases and the peak width is shortened with capacity decay for all test cells. The highest and narrowest peaks
may be observed from curves at 30 °C and 7.5 °C. The capacity decrease at 50 °C was very fast, the peaks with
the lowest intensity and the broadest width are visible. A low DOD results in high peak intensity and narrow shape,
conversely, a high DOD results in a low peak height with a broad profile. The peak height is in agreement with the
behavior of the shuttle current (see Fig. 6d). The shuttle current increases with the peak height.

6. Evaluation of Self-Discharge and Shuttle Current

6.1. Self-Discharge

The self-discharge rate of the 3.4 Ah Li-S pouch cells at different temperatures and DODs are presented in Fig. 6a,b.
A high temperature of 50 °C resulted in an increase in self-discharge compared to lower temperatures and accelerated
side reactions during shelf storage. The negative value of self-discharge at the end of the experiment at high temperature
is due to a dramatic decrease in capacity (see Fig. 3a). The self-discharge rate at 30 and 7.5 °C is stable up to one year
of storage and exhibits a negative value which may be a sign of the capacity recovery effect [86, 87]. Monotonous
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Fig. 6: Self-discharge rate and shuttle current value interpolated for 2.4 V at different temperatures and DODs.

gentle increase of self-discharge up to ~5 % takes place due to dissolution of higher polysulfides during battery resting
and chemical reactions on the anode surface [44, 56, 88].

The self-discharge behavior of the Li-S batteries stored at different DODs as a function of time is presented in
Fig. 6b. As expected, the self-discharge rate for cells stored at 0 % DOD was around 30 % after the first month of
calendar aging. The self-discharge rate further increased during the first year of the calendar aging up to 50 - 60 % and
then stabilized around 20 %. The main reason for the capacity loss is due to the reduction of the high voltage plateau
capacity to almost zero. The increase in self-discharge may be caused by the dissolution of polysulfides, an increase
of shuttle, and unsatisfactory charging in the previous cycle, respectively [89]. The decrease in self-discharge may be
caused by material stabilization and recovery of sulfur and polysulfides during cycling. The self-discharge rate for the
cells stored at 50 and 90 % of DOD is small, not exceeding 5 % during the whole aging test period. The side reactions
of higher polysulfides during the shelf storage increase the rate of self-discharge [90].

6.2. Shuttle Current

The interpolated value of shuttle current for 2.4 V is presented in Fig. 6¢,d. The presence of high temperature
accelerates side reactions in Li-S batteries. The temperature of 50 °C causes the highest value of shuttle current in the
first 10 months, then the cells reached the critical capacity (see Fig. 3a), and their end of life was reached. The impact
of DOD on shuttle current is illustrated in Fig. 6d. The shuttle current increases with decreasing of DOD storage and
its evolution confirms the tendency of Coulombic efficiency (see Fig. 3h). The increase of shuttle current with storage
time indicates a higher amount of soluble polysulfides in the electrolyte [91].

7. Internal Resistance and EIS

In order to analyze the evolution of the resistance during the degradation of the battery, the measurement of internal
resistance by current pulses was performed. The resistance determined for one second discharging by a current pulse
of 0.2 C is illustrated in Fig. 7 at 10 and 70 % of DOD representing high and low voltage plateau and various shelf
storage conditions (temperature and storage DOD). The value of resistance is higher for the low voltage plateau, due to
the formation of lower-order polysulfides which is in an agreement with the results in [92]. With the increasing storage
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time, the resistance increases for 50 °C as a result of accelerated degradation of the material. The resistance evolution
for 30 and 7.5 °C is stable or has a gently declining trend. Concerning the storage DOD level, the highest resistance
is observed for discharge state conditions (90 % DOD) in both plateaus and during the whole time of storage. This
phenomenon may be linked to the presence of non-conductive discharge products (Li,S,, Li,S), their precipitation,
and the formation of the passivation layer in a discharged state during storage [93]. The resistance at the storage of
50 % DOD has a decreasing trend with time at 10 % DOD. Contrary, storage at 0 % DOD results in a slight increase
of the resistance. The evolution of resistance in the low voltage plateau under storage conditions of 50 and 0 % DOD
is similar with increasing tendency.

The EIS characterization was performed at different values of DOD during the RPT procedure. Here we analyze the
EIS spectra at 15 and 70 % DOD to compare resistances from high and low voltage plateaus, similar to the measured
internal resistance from the current pulses. The effect of the aging conditions at different temperatures and DODs on
calculated resistances is illustrated in Fig. 8. The resistance obtained from current pulses is higher in the low voltage
plateau and the same behavior was observed for calculated resistance from EIS measurements. The evolution of the
resistances with time is analyzed over two years. Although, the last EIS measurement for the Li-S battery stored at
50 °C was performed in the eighth month of storage due to fast capacity decay.

The electrolyte resistance R, (blue line in Fig. 8) in both plateaus has a gently rising tendency. The presence of
higher polysulfides in the electrolyte increases the viscosity and the result is a higher increase of electrolyte resistance in
high voltage plateau than in low voltage plateau. The resistance is increasing with time due to the gradually increasing
amount of polysulfides in the electrolyte [94]. One can see that the electrolyte resistance increases slightly with
increasing temperature at the end of the storage time. The behavior of the electrolyte resistance in the low voltage
plateau at different DOD conditions seems fairly stable. However, storage of the cell in a charged state with long-chain
polysulfides has resulted in an increase in electrolyte resistance.

The interphase contact resistance R;,; (orange line in Fig. 8) is stable up to approximately 12 months of storage
and then increases in all cases as a result of the presence of cracks in the cathode material. The resistance values drop
in the low voltage plateau indicating improved interfacial contact between sulfur particles due to composition changes
of the cathode. The increase of electrode/electrolyte resistance in high voltage plateau may be a result of the formation
of longer chain polysulfides in the electrode pores [75]. The observed effect of storage temperature on R, is relatively
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DOD (left side) and different DOD levels at 30 °C (right side).

small with an increasing trend for lower temperatures, at the end of the experiment. The higher amount of long-chain
polysulfides during storage increased R, in high voltage plateau after 20 months of shelf storage. The lower plateau
shows quite stable resistance concerning different DOD values during storage.

The charge transfer resistance R, is lower in the high voltage plateau than in the low voltage plateau as a result of
the sulfur reduction to long-chain polysulfides suggesting fast reaction kinetics in high voltage plateau. The increase of
R, in the low voltage plateau may cause a slower reduction of higher polysulfides resulting in less soluble polysulfides
(Li,S, and Li,S) and the creation of an insoluble layer. The charge transfer resistance in the low voltage plateau
increases with time due to the presence of a higher amount of less soluble Li,S,, Li,S, and a growing insoluble
layer [95]. The charge transfer resistance reached the highest value at the lowest temperature in the low voltage plateau.
Concerning the storage DOD level, the charge transfer resistance in the low voltage plateau increases with higher DOD
and the formation of short-chain polysulfides and a passivation layer.

A blocking layer continues to deposit on the cathode surface from poorly soluble short chain polysulfides which
are described by diffusion resistance [96]. The diffusion resistance Rg;¢¢ is lower in high voltage plateau than in low
voltage plateau as a result of a large amount of long-chain polysulfides where the diffusion resistance is suppressed.
Contrary, Ry has higher values in the low voltage plateau due to the presence of short-chain polysulfides and the
formation of a blocking layer on the electrode surface [94]. The resistance in low voltage plateau may decrease for the
first months due to oxidation of a larger amount of short-chain polysulfides and thinning of the blocking layer on the
cathode. The subsequent increase may be related to a higher amount of insoluble lower polysulfides in the electrolyte,
which have insulating properties and increase the thickness of the deposition layer on the cathode. No dependence of
storage temperature on diffusion resistance is evident from our results. Formation of a blocking layer during storage in
a discharged state resulted in the highest R ;¢ in the low voltage plateau.

8. Conclusions

Most of the research on Li-S batteries has focused on cycling aging, therefore more emphasis needs to be focused
on the investigation of calendar aging to determine ideal storage conditions. Furthermore, calendar aging cannot
be straightforwardly separated from cycling aging. However, to accelerate the successful commercialization of Li-S
batteries, storage conditions need to be optimized on a large scale and not just on a lab-scale (coin cells, hand-made
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pouch cells with capacities below 1 Ah), due to the fact that some phenomena are only observed on a large scale
(pre-commercial or commercial pouch cells with capacities higher than 1 Ah). To the best of the authors’ knowledge,
the calendar life of Li-S batteries has so far been observed only under a single condition, on a small scale, and/or mostly
over a short period of time, while this work addresses all of these deficiencies.

The degradation behavior of pre-commercial 3.4 Ah Li-S pouch cells was thoroughly analyzed during long-term
shelf storage by non-destructive characterization techniques. To extend the analysis, the Li-S cells were stored under
various conditions, at three temperature levels (7.5, 30, and 50 °C) and three DOD states (0, 50, and 90 %). The
capacity fade during calendar aging results from side reactions that reduce the sulfur inventory. The most significant
side reaction is the shuttle effect, the presence of which is clearly visible during storage in the fully charged state
in the rapid capacity decay at high voltage plateau and high shuttle current. The high temperature may decrease the
activation energy of the reaction which results in accelerated side reaction rate and diffusion. A deeper DVA analysis
is used for the first time to study the calendar aging of Li-S batteries. The peak characteristics can help to determine
the state-of-health of the battery.

Calendar aging of Li-S batteries in practical applications may be reduced by storage at low temperature and high
DOD. The DOD state should remain higher than 30 %, which represents the capacity of a high voltage plateau. This
avoids storage at high potential, where higher-order polysulfides are formed and involved in the shuttle effect. Storage
at low DOD causes a high self-discharge rate (in the early stage up to 70 % and stabilized around 20 % after 27 months),
high shuttle current (up to 0.2 A), low Coulombic efficiency (dropping down to 60 %), and accelerated capacity loss.
The high temperature accelerates the side reactions and after a short period of time, there is a significant drop in
capacity. Moreover, the increase of the resistance was observed during storage in a discharged state in a low voltage
plateau, due to the formation of a passivation layer from non-conductive discharge products (Li,S,, Li,S).

The tracking of the calendar aging and its diagnosis is very time-consuming. The development of rapid tests to
reliably assess the long-term stability of cells could be critical to the implementation of Li-S in the battery industry.
The analysis of the Li-S pouch cells may be enhanced by measuring volume changes during the experiments and
investigating the effect of pressure on cell properties.
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