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Abstract: The performance and reliability of lithium thionyl chloride (Li/SOCI,) batteries are signifi-
cantly affected by temperature, but the reliability level and failure mechanisms of Li/SOCI, batteries
remain unclear. In this study, Weibull distribution statistics were used to infer the life expectancy
of Li/SOCI, batteries at different temperatures. Additionally, the battery failure mechanism was
analyzed using electrochemical impedance spectroscopy (EIS). It is found that under the discharge
condition of 7.5 k(2 load, the mean time between failures (MTBF) and reliable life of the battery
decreased with increasing operating temperature. Under the discharge condition of 750 () load,
the MTBEF of the battery peaked at 60 °C. Furthermore, the influence of temperature on the voltage
output characteristics of Li/SOCI, batteries and the voltage hysteresis were analyzed. Both the
battery output voltage and the hysteresis effect increased with rising temperature. This is because
high temperature accelerates internal battery reactions, thus altering the formation process of the
passivation film on the lithium metal negative electrode.

Keywords: Li/SOCI, battery; battery life; voltage hysteresis; failure mechanism

1. Introduction

Li/SOCI, primary batteries have high and stable operating voltage (3.67 V), a wide
operating temperature range (—55 to 80 °C), and high energy density (590 Wh/kg). As a
result, Li/SOCI, batteries are widely used as backup power sources in smart instruments,
aerospace, transportation, and military equipment [1]. However, under high-temperature
operating conditions, the performance of Li/SOCI, batteries, such as discharge capacity,
battery impedance, and is known to degrade. After being stored at high temperatures, the
batteries could experience voltage hysteresis and poor performance during high-current
discharge, which can affect the overall performance of Li/SOCI, batteries.

Electrochemical impedance spectroscopy (EIS) is an effective method for studying
battery reaction mechanisms, as its rich information response can identify the characteristics
of various electrochemical phenomena in a wide range of variable systems [2,3]. Song et al.
found that the mesopores in the cathode of Li/SOCI; batteries had a significant impact on
the discharge capacity, while the large pores on the cathode surface affected the discharge
performance at high discharge rates. The ratio of mesopores to large pores in the cathode
was a key factor in improving the discharge performance of Li/SOCI, batteries [4]. Lee et al.
proposed that the crystalline deposition of lithium chloride on the carbon cathode formed
a dense layer, which hindered the diffusion process of SOCl, and affected the battery’s
discharge capacity and voltage [5]. Cheng et al. conducted research showing that the
capacity of Li/SOCI, batteries stored at different temperatures weakened over time, and
the higher the aging temperature, the more significant the capacity reduction. In addition,
impedance spectra at different temperatures exhibited similar characteristics, indicating
the presence of the same degradation mechanism [6,7].
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Ye et al. studied the capacity prediction and reliability of Li/SOCI, batteries for
smart metering based on a capacity degradation model. They introduced the capacity
degradation mechanism of backup lithium batteries for smart meters [8]. Chen, Y. et al.
proposed evaluating the health status of the system by using voltage as a degradation
indicator based on the study of the degradation mechanism of lithium primary batteries.
They employed a particle filter (PF) based method to estimate the degradation state and
predicted the remaining useful life (RUL) [9]. From the perspective of critical battery
materials, failure factors can be analyzed. The main causes of failure include degradation
and failure of various critical materials such as positive electrode materials, negative
electrode materials, separators, electrolytes, and current collectors [10-12].

When lithium contacts the electrolyte, an LiCl film is formed, which can be divided
into a dense layer and a sparse layer. The growth rate of the sparse layer depends on
temperature, electrolyte concentration, and electrolyte additives [13]. Li et al. pointed
out that LiCl precipitation can be considered as the main aging process and the major
product of capacity decay [14]. The formation of passivation film is the main process of
capacity decay during open circuit storage of Li/SOC]I; batteries. Ziesche et al. revealed
that the main reason for capacity loss during discharge at higher currents is the diffusion
rate of lithium within the cathode. The higher current forced the chemical reaction between
lithium and thionyl chloride, forming solid sulfur, which hinders the diffusion channels
of the porous supporting carbon framework and reduces the diffusion rate of lithium.
Therefore, unreacted SOCl; stored in the internal cathode region cannot participate in the
reaction [15]. Carmier et al. studied the variation of carbon cathode porosity during the
discharge of Li/SOCI, batteries and found that in most cases, the discharge ended when
the pores of the porous carbon cathode were blocked or restricted by the product LiCL
Moreover, the smaller the discharge current, the more severe the blocking of the porous
carbon cathode [16,17]. Research by others has found that the failure of Li/SOCI, batteries
at 200 °C is due to the escape of SOCl,, the generation of gas, poor battery sealing, and
severe self-discharge reactions at high temperatures [18]. Despite this progress, there is
limited research on the effects of temperature and current on battery output characteristics,
and the impact of voltage hysteresis on batteries is not clear.

In this study, we analyze the impact of temperature and discharge current on Li/SOCl,
battery life through statistical analysis. We also present the statistical inference of battery
life under the Weibull distribution and investigate the influence of temperature, current,
and aging time on the loaded capacity of the battery. Furthermore, we analyze the impact
of temperature on the voltage hysteresis of the battery and study the effect of temperature
and current on the failure mechanism of the battery based on EIS analysis.

2. Battery Test Plan
2.1. Battery Samples

The Li/SOCI, battery model is ER14250, cylindrical in shape, with an open circuit
voltage of 3.67 V, a rated capacity of 1200 mAh, and a maximum sustainable discharge
current of 15 mA. The structure of the Li/SOCI, battery is shown in Figure 1, where, the
negative electrode is lithium foil, and the positive electrode is composed of SOCI, as the
active material, carbon black as the conductive agent, with polytetrafluoroethylene (PTFE)
as the binder. High-purity lithium tetrachloroaluminate is used as the electrolyte. The
reaction principle of the Li/SOCI, battery is:

Negative electrode: 4Li — 4e~ = 4Li*.

Positive electrode: 250Cl, + 4e~ =4Cl~.

Total reaction: 4Li + 250Cl, = 4LiCl + S + SOs.

The generated sulfur dioxide dissolves in excess thionyl chloride electrolyte.



Energies 2024, 17, 3063

3o0f14

Sealing steel ball Fake cover
— Top cover
Teel | assembly
shell Top cover
Carbon film
packet — Diaphragm
Current T Lithium
collector slice
Lower
cover film

Figure 1. Structure of carbon-encased Li/SOCI; battery.

2.2. High-Temperature Battery Discharge Test

The Li/SOCI, battery is connected in series with a load resistor R to construct a
discharge circuit where the voltage across the load resistor R is monitored. The principle is
shown in Figure 2.

Battery
]

R
Lo

Figure 2. Schematic diagram of voltage detection across load resistor in Li/SOCI, battery.

Considering that the discharge current directly affects the battery’s lifespan, three
different load resistor levels were chosen for the discharge tests: 750 (2, 7.5 k(), and 750 kQ).
In addition, three temperature stress levels were selected: 70 °C, 60 °C, and 25 °C. A total
of 216 battery samples were measured, and the number of samples for each combination of
test conditions is shown in Table 1.

Table 1. Constant current discharge test conditions and sample configuration.

Temperature/Load 750 2 7.5 kO 750 kQ)
70°C 32 batteries 32 batteries 32 batteries
60 °C 32 batteries 32 batteries 32 batteries
25°C 8 batteries 8 batteries 8 batteries

The principle of battery life testing at different temperatures is shown in Figure 3. The
experimental device used for conducting the tests is a three-compartment temperature test
chamber, as shown in Figure 4.
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Figure 3. Schematic diagram illustrating the principle of battery life testing at different temperatures.
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Figure 4. Battery life testing device.

2.3. Battery Load Capacity Test

During the experiment, the battery load capacity test is conducted. A 750 k() resistor
is used as the holding resistor to ensure consistency of the battery during the temperature
characteristic process. The 750 k() holding resistor is shorted first, and then the load voltage
test is conducted. The schematic of the test is shown in Figure 5. The test conditions and
sample information are provided in Table 2.

Battery
/|
L
750k ohms R

Figure 5. Schematic diagram illustrating the principle of battery load voltage temperature character-
istic test.

Table 2. Battery temperature characteristic test conditions and sample information.

Battery Samples Aging Time R=7500Q R=75kQ R=750kQ R=15MQ
New battery 10 months, room 3 batteries 3 batteries 3 batteries 3 batteries
temperature
1296 h
70 °C-750 kO 5244 h 3 batteries 3 batteries 3 batteries 3 batteries
72945 h

The experimental device used for conducting the tests is a high and low-temperature
shock test chamber, as shown in Figure 6.

2.4. Battery EIS Testing

The battery EIS test is conducted using the Princeton Applied Research 3000A-DX ana-
lyzer. The EIS test is carried out at intervals during the high-temperature battery discharge
test. After removing the samples, they are allowed to stabilize at room temperature for 2 h
before the EIS test is performed. The testing plan and equipment are shown in Figure 7
with the equipment shown in Figure 4.
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Figure 7. Impedance spectrum testing.
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3. Statistical Analysis of Battery Life at Different Temperatures
3.1. Battery Discharge Test Data
The battery discharge test is conducted according to the experimental plan outlined

in Table 1. The voltage across the load resistor of the battery is continuously monitored to
obtain the battery discharge test data, as shown in Figure 8.
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Figure 8. Battery discharge data at different temperatures. The sequence numbers represent the
numbering of battery samples under different stress conditions.

3.2. Battery Life Data

During the experiment, if the voltage at the load end of the battery circuit is lower than
2.8V, it is considered as undervoltage, indicating battery failure. Based on this criterion,
the cumulative test time for undervoltage occurrence under different test conditions is
organized as battery life data and presented in a histogram, as shown in Figure 9. However,
there are no battery failures observed in the 25 °C-750 k() group, so there is no battery life
histogram available for this condition.
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Figure 9. Battery life histogram.
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3.3. Inference on Battery Life Statistics

The Weibull distribution is used to infer the statistical characteristics of battery life.
The probability density function of the Weibull distribution is given by:

mtm—l pom

f(t) :;(ﬁ) exp[—(ﬁ) l,t>0 1)

where m and # are the shape parameter and scale parameter of the distribution, respectively.
Their point estimates can be calculated as follows:

L() = [T (t ) TTRD" @

The estimated values of the shape parameter (1) and scale parameter (1) are calculated
as:

¥ (k) + (n— )T In T .
= =1 — =Y Ing; 3)
Z "3

= ("— " @

The point estimation of the MTBF and the point estimation of the reliable life at R can
be calculated as:

R 1
MT, = 171"(1 + %) 5)
tg = A(—InR)"/"™ (6)

The average life and the reliable life at R = 0.9 for each stress condition are calculated,
as shown in Table 3.

Table 3. Point estimates of battery MTBF and reliable life.

Temperature Point Estimates 750 Q) 7.5kQ
] MTBF 216.79 1860.74
70°C tr 199.97 1773.81

) MTBF 22279 1985.82

60 °C tr 206.99 1923.30

) MTBF 220.01 2413.65
25°C tR 208.08 2391.09

3.4. Influence of Temperature on Battery Life

The variation of MTBF and reliable life with temperature for battery load discharge
with a resistance of 750 () is shown in Figure 10. As the temperature increases from 25 °C
to 70 °C, the battery MTBF decreases from 2413.65 h to 1860.74 h. The battery life exhibits
a linear negative correlation with temperature. Higher temperatures result in shorter
battery life.

The variation of MTBF and reliable life with temperature for battery load discharge
with a resistance of 7.5 k(2 is shown in Figure 11. As the temperature increases from 25 °C
to 70 °C, the battery MTBF remains relatively stable within the range of 216.79 to 222.79 h.
The reliable life of the battery slightly decreases as the temperature rises.
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Figure 10. The relationship between discharge life and temperature for a battery load of 7.5 k().
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Figure 11. The relationship between discharge life and temperature for a battery load of 750 Q).

The discharge time for a load of 7.5 k() at room temperature is 10.9 times that for a
load of 750 €); at 70 °C, the discharge time for a load of 7.5 k() is 8.5 times that for a load of
750 (; As the discharge current decreases, the discharge time increases. High temperatures
increase the discharge time of the battery, resulting in a significant reduction in battery life.
Under high-temperature conditions, there is a negative correlation between battery life and
storage time. The higher the temperature and the longer the storage time, the greater the
reduction in battery life.

4. Impact of Temperature on Battery Voltage Output Characteristics

The battery load capacity test was conducted on 12 battery samples that did not

undergo high-temperature discharge testing. The load output voltage during the discharge
process is depicted in Figure 12.
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-40 -20 0 20 40 60 80
Tempreture/°C

Figure 12. Battery load output voltage.
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Voltage/V
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(1) Effect of temperature on the battery’s voltage output capability

As shown in the red line of the load output voltage curve in Figure 12, the battery load
voltage increases with an increase in temperature. When the temperature is above 30 °C,
the battery load voltage remains no lower than 3.6 V. However, when the temperature is
—40 °C, the battery load voltage is approximately 3.35 V, which is lower than the open-
circuit voltage of the battery (3.68 V). The lower temperature reduces the battery load
voltage, thus causing a decrease in the battery’s load capacity.

(2) Effect of current on the battery’s voltage output capability

The battery load voltage varies at different discharge currents. When the load is
750 kQ) and 1.5 M(), even with a temperature increase from —40 °C to 70 °C, the battery
load voltage only changes within the range of 3.65 V to 3.7 V, with the voltage variation of
only 0.05 V. Therefore, the impact of temperature on the battery load voltage is minimal,
indicating that low current discharge has a minor effect on the battery’s load capacity.
However, when the discharge current increases and the load is 750 ), the battery load
voltage drops to 3.1 V at —40 °C, and even with a temperature rise to 60 °C, the battery
load voltage is only approximately 3.55 V, significantly lower than the open circuit voltage
of 3.68 V. Low-temperature and high-current discharge severely reduces the battery’s
load capacity.

(38) Effect of degradation level on the battery’s voltage output capability

Considering the performance degradation during battery usage, 12 batteries were
selected to undergo battery load capacity testing after being subjected to high-temperature
load 7.5 k) discharge for durations of 1296 h, 5244 h, and 7294.5 h. The battery load voltage
is shown in Figure 13.

The aging data of the battery are shown in Figure 13. After approximately 1200 h
of aging, the battery load voltage increases with an increase in temperature. When the
aging time reaches 5000 h, the battery’s load capacity reaches its maximum value at around
30 °C. The load capacity of the battery shows a decreasing trend both below and above
30 °C. The most severe decrease in load capacity occurs during low-temperature and
high-current discharge.

As shown in Figures 12 and 13a, after 1296 h of aging, the voltage variation range
of the battery compared to the new battery is only 0.05 V. At this point, the impact of
temperature and current on the battery’s load capacity is minimal. As shown in Figure 13b,
after aging for 5244 h with a load discharge of 750 (), when the temperature drops to
—30 °C, the load capacity of one battery suddenly drops to 1.2 V, indicating that it has
reached the failure condition. After aging for over 7000 h, as indicated by the blue curve in
Figure 13c, the battery’s load voltage at —20 °C during a 5 mA discharge has already fallen
to 2.9 V. At —40 °C, the load voltage consistently remains below 2.8 V. The battery’s load
voltage shows a decreasing trend with an increase in aging time.
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Figure 13. Discharge temperature characteristic diagram of 7.5 k() load after aging.
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(4) Functional relationship between battery’s voltage output capability, temperature,
current, and aging time

The battery load voltage is related to temperature, discharge current, and the aging
time of the battery. To illustrate their relationship, a three-variable linear equation is used
to fit the battery load voltage:

UIW11+W2T+W31’+W0 (7)

In the fitting equations, Wy, Wy, W;, and W3 are 3.6381, —0.0762, 0.0019, and
—0.000008395, respectively.

5. Effect of Temperature on the Failure Mechanism of Li/SOCI, Batteries
5.1. Analysis of Li/SOCI, Battery Impedance Based on EIS

The EIS curves of the battery at different discharge times under temperature conditions
of 25 °C, 60 °C, and 70 °C are shown in Figure 14. Long-term storage of Li/SOCI; batteries
results in the formation of a LiCl passivation layer on the surface of the electrode. This
passivation layer acts as a physical barrier between the Li metal negative electrode and
the electrolyte, protecting the Li metal negative electrode [19]. The EIS curves under this
condition are represented by the blue curves in Figure 14a—c. When discharged with a
750 Q) resistance at a temperature of 25 °C, the high current breaks through the passivation
layer attached to the Li metal negative electrode, forming holes that facilitate charge transfer
through the passivation layer [20]. The damaged passivation layer exposes a larger area of
the Li metal negative electrode to the electrolyte, reducing the charge transfer resistance
on the Li metal surface. This condition is shown by the red EIS curve in Figure 14a.
With continuous high current discharge, the Li metal in the negative electrode is rapidly
consumed, and the electrolyte is filled with a large amount of decomposition products,
resulting in difficulties in charge transfer on the Li metal negative electrode. This is evident
from the significant increase in the radius of the semicircular arc in the high-frequency
region of the EIS curve, as shown by the green EIS curve in Figure 14a.

60
——0h
200 —=—144h 600
218 h 50
400
4
2150 g 01200 2
g Zaf g
£ £° E
-NTIOQ l:'i 0 (S
20
50
10
0 .
0 50 100 150 200 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Zre/ohms Zre/ohms Zre/ohms
(a) 25 °C-750 Q (b) 60 °C-750 Q (c) 70 °C-750 Q2

Figure 14. EIS of different temperature loads at 750 Q) discharge in each stage.

As the temperature rises to 60 °C during the discharge process, the high current
breaks through the passivation layer on the Li metal negative electrode. However, the high
temperature intensifies the reaction between a large amount of Li* and the electrolyte [21],
leading to the formation of a large number of decomposition products that block the charge
transfer pathways. This significantly increases the charge transfer impedance of the battery
subjected to the 60 °C test compared to the battery subjected to the 25 °C test. As shown in
Figure 14b, after 48 h of discharge, the charge transfer impedance of the battery decreases
from about 60 Q) to about 14 () compared to the initial state, as shown by the red EIS
impedance spectrum. However, it still significantly increases compared to the charge
transfer impedance of the battery discharged for 144 h under 25 °C conditions, which is
about 4 (). After a 49 h test at 70 °C, the charge transfer impedance is approximately 15 (),
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slightly higher than the charge transfer impedance observed in the 60 °C test. The EIS
analysis of the battery under different temperatures indicates a positive correlation between
temperature and charge transfer impedance under the same discharge conditions.

5.2. Impact of Temperature on Voltage Hysteresis in Batteries

The following reaction occurs inside the Li/SOCI, battery: 4Li + 2SOCI, = 4LiCl +
S + SO, yielding LiCl, S, and SO,. SO, dissolves in an excess of SOCl, electrolyte. LiCl
deposits and attaches to the surface of the Li metal negative electrode, separating the
Li metal from the SOCl; electrolyte and protecting the Li metal negative electrode. The
negative Li metal electrode undergoes the reaction 4Li — 4e~ = 4Li*, and the dense LiCl
passivation layer leads to significant passivation film impedance at the Li metal negative
electrode, as shown by the blue EIS curve in Figure 15a. Throughout the storage process,
the LiCl passivation film gradually thickens. Under high-temperature storage conditions,
the growth rate of the LiCl passivation film increases, leading to a sharp increase in charge
transfer resistance at the Li metal negative electrode [22]. The EIS impedance spectrum
exhibits a sharply increasing high-to-mid frequency semicircular arc radius, as illustrated
by the red EIS curve in Figure 15a.
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Figure 15. EIS curve and discharge curve after battery aging.

The Li/SOCI, battery stored at 70 °C for 8913 h forms a dense passivation film on
the surface of the Li metal negative electrode. When a 750 () resistor is connected to form
the discharge circuit, at the beginning of initial circuit conduction, the load voltage is
approximately 3.3 V, and a current of about 4.4 mA flows through the circuit. At this time, a
large amount of Li* is generated at the Li metal negative electrode. The Li* passes through
the weak points in the LiCl passivation film and enters the SOCI, electrolyte, where it
combines with C1~ in the electrolyte to form LiCl, which continues to adhere to the outer
layer of the passivation film. As the passivation film thickens, it becomes increasingly
difficult for Li* to penetrate the passivation film, leading to an increase in the internal
resistance of the battery [23]. The internal resistance of the battery acts as a voltage divider
in the circuit, causing the load voltage to decrease, as shown in Figure 15b, with the load
circuit voltage dropping to approximately 1.6 V. When the resistance to Li* penetration
through the passivation film at a certain position on the negative electrode reaches a certain
level, the Li* breaks through the relatively weaker new location of the passivation film
on the negative electrode, creating a new Li* transport channel. This reduces the internal
resistance of the battery and weakens the voltage division effect, resulting in a relative
increase in the load voltage compared to the previous moment, as shown in Figure 15b,
with the load voltage returning to approximately 2.8 V. The substantial generation of
LiCl thickens the passivation film and results in a significant consumption of the SOCl,
electrolyte, overall increasing the internal resistance of the battery compared to the initial
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discharge moment. When the load voltage returns to a stable state, it remains lower than
the load voltage at the initial discharge moment.

At a temperature of 22 °C, the load voltage in the circuit decreases slightly from
approximately 3.39 V to around 3.35 V within 8 min and then recovers to about 3.38 V,
as shown by the green curve in Figure 16. At this temperature, the activity of the SOCl,
electrolyte inside the Li/SOCI, battery decreases. The reaction rate of 4Li + 250OCI, = 4LiCl
+ S + SO, decreases, resulting in only a small amount of LiCl precipitation adhering to the
periphery of the negative electrode in a short period of time. This hinders the penetration
of Li* through the passivation film and creates new Li* transport channels at different
positions on the negative electrode, reaching a dynamic equilibrium. When the temperature
drops to —20 °C, the load voltage in the circuit further decreases to approximately 3.2V, as
shown by the red curve in Figure 16. This is due to a further decrease in the activity and
flowability of the SOCI, electrolyte inside the Li/SOC], battery, leading to an increase in
the internal resistance of the battery and a greater voltage division effect.
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Figure 16. Discharge curves of aged battery.

6. Conclusions

This study used the Weibull distribution to investigate the lifespan of Li/SOCI,
batteries at different temperatures. It was found that the impact of temperature on battery
life varied under different discharge current conditions. When the battery is discharged at
a load of 7.5 k(), both the MTBF and the reliable life of the battery decrease as temperature
increases. Conversely, under the battery is discharged at a load of 750 (), the reliable
life of the battery also shows a decreasing trend with increasing temperature, while the
MTBF reaches its peak at 60 °C. Although high temperature accelerates battery aging,
under a 750 Q) discharge condition, the battery is discharged within a short period (240 h),
whereas under the condition of load 7.5 k() discharge, the discharge time required more
than 2000 h, resulting in the battery aging time at high temperatures being ten times higher
under low current discharge conditions compared to high current conditions. Under long-
term high-temperature aging conditions, electrolyte loss and leakage current within the
battery intensified, leading to differences in the impact of temperature on battery life under
different discharge currents.

The battery’s load-bearing capacity shows an increasing trend with rising temperature,
which is due to the decrease in internal resistance as temperature rises. Batteries with
longer aging times demonstrate a significant decrease in load-bearing capacity.

Through the analysis of the impact of temperature on the battery output voltage, it
was found that the battery voltage output ability greatly decreased under low temperature
and high current. When the new battery is discharged at a load of 750 () at —40 °C, the
battery load voltage drops to 3.1 V. After aging, the battery voltage output ability continues
to decrease. After aging for 7000 h, the battery voltage has dropped to 2.8 V under a 750 Q)
load at a low temperature of —40 °C. Under long-term high-temperature aging conditions,
the internal resistance of the battery continued to increase, and the voltage-dividing effect



Energies 2024, 17, 3063 13 of 14

was enhanced, resulting in a decrease in load voltage. During the storage process of lithium-
ion batteries, the LiCl passivation film gradually thickens, and the growth rate of the LiCl
passivation film increases with high-temperature storage. Li* has difficulty penetrating the
passivation film, and the internal resistance of the battery gradually increases. The internal
resistance of the battery plays a voltage-dividing role in the circuit, which causes the load
voltage of the circuit to decrease, and the discharge temperature to decrease, resulting in a
decrease in load voltage.

When the battery discharges, the current breaks through the passivation film attached
to the Li metal anode to form holes, and the resistance to charge transfer on the Li metal
surface decreases. With continuous current discharge, Li and electrolyte are consumed and
insoluble substances LiCl and S are generated, resulting in difficulty in charge transfer on
the Li metal anode, and the semicircle radius of the high-frequency EIS curve increases
significantly. Under the condition of the same load resistance (750 ), the battery tested at
60 °C has a significantly increased charge transfer impedance compared to the battery tested
at 25 °C, and the temperature is positively correlated with the charge transfer impedance.
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