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Abstract: The purpose of this study is to establish a life prediction model of lithium-thiocarbonyl
chloride batteries by semi-empirical method. In the experiment, accelerated life tests on several
groups of batteries at different temperatures were conducted. After a period of operation in the
range from 25 °C to 74 °C, it was found that the higher the temperature, the less the remaining
capacity of the batteries. According to the study of the battery aging mechanism, the characteristic
parameter impedance of an aging battery would change exponentially with the increase of storage
time and environmental temperature. The established life prediction model showed that the change
in battery impedance spectrum had a good law, which made it possible to predict the state of charge
(SOC) of the battery according to the local change characteristics of the electrochemical impedance
spectroscopy (EIS) spectrum. The experimental data were compared with the fitted prediction curve,
and the maximum deviation of the prediction was only 4.1036%, which indicated that the constructed
model had high accuracy.

Keywords: lithium primary battery; accelerated life test; life prediction; electrochemical impedance
spectroscopy

1. Introduction

A lithium galvanic battery is a primary battery with lithium metal or alloy as the
negative electrode, which has the advantages of large specific energy, a high working
voltage, a wide temperature range, good storage performance, and a small self-discharge
rate as well as being easy to carry and use. It can form various battery packs through a
series-parallel connection, which is one of the preferred power sources for military and
civilian equipment [1]. The lithium-thionyl chloride (Li\SOCI,) cell in the lithium galvanic
battery system is a novel chemical power source that has developed rapidly in the past
40 years, whose mass-specific energy is relatively high among the known ones, which can
reach more than 500 Wh/kg, 4 times that of the conventional alkaline zinc-manganese
battery. In recent years, it has been widely used in the field of national defense [2].

As the negative electrode of the battery, lithium metal will release electrons when
discharging, and the generated Li* will enter the electrolyte and react with C1~ on the
surface of the positive electrode to generate LiCl. SOCI; is not only the active material in
the positive electrode of batteries, but it could also be a solvent [3]. SOCI, is a mixture
of sulfuric acid and hydrochloric acid in water, and it is easy to produce. When SOCI,
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encounters water, it is easy to generate mixed acid. This mixture is very corrosive and
easily corrodes stainless steel and general metals, so it is difficult to store or handle it in
the air.

The negative electrode in the Li\SOCI; cell is lithium metal, and the positive electrode
material is a kind of inert porous carbon material. SOCl, dissolved with inorganic salts
such as LiClOy or LiAlICly could be used as an electrolyte. Li\SOCI, cell and its working
principle [4] could be expressed as follows:

(=) Lil SOCl, ™ /LiAICly I SOCl, (C) (+)

Anode: Li — Li* + e~ (oxidation reaction)

Cathode: 250Cl, + 4e™— SO, 1T+ S | + 4Cl~ (reduction reaction)

Total reaction: 4Li + 250Cl, — SO, 1+ S | + 4LiCl |

The cathode of a Li\SOCI, battery is a mixture of polytetrafluoroethylene (PTFE)
and acetylene black, which are carriers of discharge products S and LiCl. The reaction
products sulfur and sulfur dioxide are dissolved in excess thionyl chloride electrolyte, and
during discharge, there will be a certain degree of pressure due to the production of sulfur
dioxide [5]. Wang et al. [6] found that, during the storage period, the lithium negative
electrode gradually reacts with the thionyl chloride electrolyte to form LiCl, and the lithium
negative electrode can be protected by the LiCl film formed on it. This passivation film
is beneficial to prolong the storage life of the battery, but it will cause voltage lag at the
beginning of discharge. If the voltage of a lithium primary battery cannot immediately
reach the required working state due to passivation or other reasons, it suffers a voltage
lag. After long-term storage at high temperatures, the voltage lag phenomenon will be
particularly obvious when the battery is discharged at a low temperature or with a slightly
large current.

The carbon cathode of a Li\SOCI, battery plays an important role in the flow of
electrolytes in the battery and has the function of storing the reaction product lithium
chloride. The discharge time, discharge voltage platform, and energy density of the battery
are closely related to the porosity and pore size distribution of the carbon cathode. As
electrolyte and cathode active material, SOCI, needs to pass through the pores of the
carbon cathode during the battery reaction. The uniform distribution of pores directly
affects the reaction degree of SOCI,. The distribution of lithium chloride particles in the
carbon cathode is directly related to pore size, and the reaction product lithium chloride
can enter the carbon cathode through mesopores and macropores, which will directly affect
the discharge time and capacity of the battery. It is found that the carbon cathode with a
large specific surface area can prolong the discharge time of the battery [7].

In recent years, a lot of research on the long-term storage of batteries has been mostly
aimed at lithium-ion secondary batteries rather than primary batteries, and the existing life
prediction models are mostly developed based on lithium-ion secondary batteries. There
are few studies on the life prediction model of lithium primary batteries.

At present, the research on the anode of a Li\SOCI, battery is mainly aimed at the
voltage lag phenomenon of the battery and the lithium chloride passivation film that
appears on the anode lithium, which leads to the low initial discharge voltage platform of
the battery. During the storage of the battery, lithium metal will contact SOCl,, and a redox
reaction will occur, resulting in a lithium chloride passivation film insoluble in electrolytes.
The transfer of electrons and the flow of electrolytes will be hindered by this passivation
film [8]. At present, the existing research is mainly divided into three solutions [9]. The first
is to change the anode lithium into lithium alloy, which increases the difficulty of forming
a purified membrane. The second is to coat conductive electrolytes on a lithium sheet to
improve the conductivity of the passivation film. The third is to make a lithium-thionyl
chloride battery and a supercapacitor hybrid battery and destroy the passivation film of the
anode by pulse current. Metal oxide electrodes can effectively solve the problem of passive-
film deposition. Almessiere et al. [10] and Zdorovet et al. [11] developed a Dy-substituted
Ni-Cu-Zn spinel ferrite material and a FeCo-Fe,CoOy/Co304-spinel type material. These
two materials can not only fundamentally solve the problem of passive film, but also have
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excellent electrochemical performance. They are ideal candidates for electrode materials. In
addition, many studies have shown that the addition of the second phase can significantly
improve the electronic properties of the resulting composite film. The telluride glass doped
with CeO; obtained by Kozlovskiy et al. [12] not only has excellent anti-degradation ability
but also has excellent electromagnetic shielding ability. Almessiere et al. [13] doped Sc3*
in Srg5Bag 5ScxFep —xO19 (SrBaSc)/NiFe,O4 (NiFe) hard-soft nanocomposites (NCs) to
change their structure, morphology, and electromagnetic properties. Zhang and Wang [14]
used the accelerated life test method. The charging and discharging tests and analysis
of lithium batteries at different temperatures are carried out, and it is considered that
the environmental temperature has a very serious impact on the life of lithium batteries.
The results show that when the ambient temperature is higher than the normal working
temperature, the higher the charging and discharging temperature of a lithium battery, the
faster the battery aging speed, and the more serious the battery life attenuation. When the
ambient temperature is lower than the normal working temperature, the electrochemical
reaction of ions inside the battery will intensify, which will also accelerate the decay process
of battery life. Research by Abraham et al. [15] studies the aging mechanism of batteries
based on the lithium loss of negative electrodes. According to the representative accelerated
aging data, the relationship between lithium loss and temperature and time was finally
established, and the battery life prediction model was developed. Kassem et al. [16],
through the experimental study of lithium batteries at different temperatures such as 30 °C,
45 °C, and 60 °C, explored the influence of different temperatures on the life of lithium
batteries. The test results show that with the increase of ambient temperature, the life of
lithium batteries will be reduced, and the battery-capacity loss is the most serious under
the most serious aging condition (T = 60 °C).

Because the storage life of lithium primary batteries is longer than that of other lithium
battery systems, it is necessary to obtain its key characteristic parameter information
through an accelerated life test, which is convenient for establishing a model for predic-
tion [17]. Under the premise of not changing the failure mechanism of the product, the
test conditions are enhanced, so that the sample leaks out its defects in a short time, and
the failure effect is aggravated [18]. The prediction of the storage life of lithium primary
batteries is usually carried out at room temperature (RT), and the test time is quite long. To
get the storage life of lithium primary batteries quickly, the accelerated life test method is
usually adopted [19,20].

The basic principle of accelerated life tests is to deduce the life change law of test
samples under normal strength stress by analyzing and processing the life change law
of test samples under high strength stress. The relationship between different strength
stress and the life change law of test samples is established, and the bridge reflecting the
mathematical relationship between stress and the life of test samples is called the aging
model. At present, there is a certain amount of theoretical basis for the construction of a
lithium battery aging model. Through the study of the existing literature [21,22], it is found
that the aging models of lithium primary batteries are mainly divided into life-prediction
models based on physical and chemical mechanism-mechanism models, data-driven life-
prediction-empirical model, and integrated life-prediction-semi-empirical model. The
advantage of the semi-empirical model is that compared with the empirical model, there
are not so many parameters that need to be obtained through experimental tests, and it can
connect the internal electrochemical reaction of the battery with the external stress test so
that the working process of the battery can be more intuitively reflected [23-26].

In the accelerated life experiment of the battery, the previous results show that the
capacity attenuation of the battery is the key factor in determining whether the battery
can continue to work with the increase of storage time and the change of storage tempera-
ture [27]. Dubarry et al. [28] found that the battery-capacity attenuation mechanism can
be divided into three categories: active lithium loss, negative active material loss, and
positive active material loss. For lithium primary batteries, the capacity attenuation mainly
depends on the degree of lithium loss, and the main ways of lithium loss during storage



Metals 2023, 13, 1579

40f19

are self-discharge reaction and the formation of solid electrolyte interface film (SEI) at the
interface between electrode and electrolyte [29-32]. Combined with other testing methods
such as battery charging and discharging performance tests, electrochemical impedance
spectroscopy (EIS), capacity increment analysis (ICA), and differential voltage analysis
(DVA), a lot of information about battery aging mechanisms can be obtained. In actual
production processing and during normal use, the storage and shelving statuses of batteries
are very common. The high-temperature storage environment will cause the battery capac-
ity to significantly decay, and the influence degree will be aggravated with the increase in
temperature [33-39].

In this study, a lithium primary battery was taken as the object, and a lithium thionyl
chloride battery was taken as an example to study its performance degradation during
storage through accelerated life tests at high temperatures. By analyzing the reaction
mechanism of the lithium-thionyl chloride battery and combining it with the change in the
AC impedance spectrum, the main aging mechanism of the battery was determined. On
this basis, the semi-empirical model between performance characteristic parameters and
storage time and temperature stress is established. Through this model, the relationship
between accelerated stress and battery life can be quantitatively described. By comparing
the experimental data with the aging model to predict the battery life, the accuracy of the
model is verified.

Table 1 lists the comparison between this work and other main references in this paper.

Table 1. Comparison of results from the published literature and this work.

Calculation
Batte Analytical Test . and Exper-
Categgy Ivfetho d Mathematical Model iment}; 1 Ref.
Error
. Electrochemical
Llfls/ol\irllzoi nd impedance Zero-free parameter method 3% [9]
spectroscopy
Capacity-degradation model
Li/CoO, Accelgrated bas¢.3d on cycle number and 26% [20]
cycle life test environmental temperature
stress factor
Semi-empirical prediction
model of residual capaci
Li/SOCl, Accele.zrated based on cycle numbzr al?él 5% [40]
cycle life test -
environmental temperature
stress factor
Non-destructive
electrochemical
. test and
LiFePO, electrochemical / / (1]
impedance
spectroscopy
Accelerated Semi-empirical prediction
cycle life test and model of residual capacity This
Li/SOCl, electrochemical based on cycle number and 3.7896% work
impedance environmental temperature
spectroscopy stress factor

2. Experimental and Modeling
2.1. Materials

An ER14250 battery with a 1/2AA carbon-clad structure was taken as the research
object of the accelerated life test under different temperature stresses. The open-circuit
voltage of this Li\SOCI, battery was 3.6~3.7 V, and the capacity under 1 mA load was
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taken as its nominal capacity of 1200 mA-h. The thermal grade of the ER14250 battery
material is shown in Table 2.

Table 2. ER14250 thermal grade of battery materials.

Material. Melting Point Boiling Point
SOCl, —104.5°C 78.8 °C
Li 180 °C 1340 °C
LiAICly 143 °C /
Acetylene black 3550 °C /
Polytetrafluoroethylene 327 °C 400 °C
Ethanol —114° 78 °C

The constant stress accelerated life test of an AA-type winding Li\SOCl, battery was
carried out. The thermal grade of this kind of battery material is the same as that of the
ER14250 battery material.

2.2. Accelerated Life Test

An accelerated life test mainly includes the following three types: constant-stress
accelerated life test, step-stress accelerated life test, and progressive-stress accelerated life
test. For the above-mentioned accelerated life tests, there are perfect theoretical bases
and successful test experiences in the world, but at present, the most mainstream is the
constant-stress accelerated life test.

Compared with the life test in an ordinary environment, the advantages of a constant-
stress accelerated life test mainly include continuous adjustment of test conditions, shorter
test time, less cost, convenient operation, accurate prediction, and strong reliability.

To ensure that the established aging model can be accurately used in the life pre-
diction of Li\SOCI, battery, it should be ensured that the increase of stress level will not
change the capacity-degradation mechanism of the battery, that is, the capacity-degradation
mechanism of the battery is the same under a normal environment and accelerated stress
conditions. Therefore, when designing the accelerated stress level, the physical and chemi-
cal properties related to the applied stress in the internal materials and structures of the
battery should be analyzed in detail to avoid the capacity-degradation mechanism that is
inconsistent with the actual environment after the applied stress [29-32].

2.2.1. Accelerated Life Test under Different Temperature Stresses

According to the thermal grade of the ER14250 battery material and related standards,
four different temperature stresses are drawn up: 25 °C (298.15 K), 45 °C (318.15 K), 56 °C
(329.15K), and 74 °C (347.15 K). After determining different test stresses, the accelerated life
test of the lithium-thionyl chloride battery was set as a 24-week-long timed truncated test.
The number of samples in each test cycle at each temperature is 4 batteries. The residual
capacity of the battery was measured under the condition of a constant resistance of 330 ()
and a cut-off voltage of 2.0 V. The number distribution and test interval of batteries under
different temperature stresses are shown in Table 3.

Table 3. Battery test interval under different temperature stresses.

Temperature/°C Test Interval/Week
25 4
45

2
56 1
74 1
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2.2.2. Constant-Stress Accelerated Life Test

Five different temperature stresses were set: RT namely 25 °C (298.15 K), 40 °C
(313.15K), 50 °C (323.15 K), 60 °C (333.15 K), and 70 °C (343.15 K).

In this experiment, the electrochemical workstation of the Zahner company in Ger-
many was used. Atan RT of 25 °C, an AC amplitude of 10 mV and an equilibrium potential
were used as the open-circuit voltage, and the scanning frequency was 0.005 Hz~500 kHz.
After the electrochemical impedance spectroscopy (EIS) test was completed, the remaining
capacity of the battery was measured under the conditions of constant resistance discharge
at 900 k) and a cut-off voltage of 2.0 V. The number of samples in each test cycle at each
temperature is 4 batteries. The battery quantity distribution and performance test interval
under different temperature stresses are shown in Table 4. The original data in this chapter
are all from the research of Cheng et al. [33].

Table 4. Battery quantity distribution and performance test interval under different temperature

stresses.
Temperature Stress/°C Test Interval/Week
25 (RT) 6
40 4
50 2
60 1
70 1

2.3. Modelling
2.3.1. Establishment of Aging Model

In the accelerated life test, the acceleration mechanism and effect corresponding to
different accelerated stresses are different. The accelerated model is used to describe the
relationship between the reliability characteristics of failure modes (such as characteristic
life, average life, failure rate, etc.) and the accelerated stress level. Among the established
accelerated life prediction models, the failure physical model is an important part, in-
cluding the interface model, durability model (power law model, exponential model, and
logarithmic model), stress-strength model, model based on reaction rate theory (Arrhenius
model, Eyring model), weakest ring model, parallel model, cumulative damage model,
competitive failure model and so on. Among them, the Arrhenius model, inverse power
law model, Eyring model, and polynomial acceleration model are commonly used. In a
certain environment, when the temperature becomes the absolute main factor affecting the
aging and service life of products, the Arrhenius model derived by simply considering the
effect of the thermal acceleration factor will be used to describe the test, and its predicted
results will be closer to the real value, and the simulation test will be better [34].

In the experiment of temperature stress acceleration, the Arrhenius equation is often
used as the model of the relationship between temperature constant stress acceleration life
and temperature, as the following Equation (1) [35]:

AF = A x e~ %) )

where,

A is a constant;

E, is the activation energy;

T is the thermodynamic temperature (K);

R is Boltzmann constant (R = 8.314 J-(mol-K)~1); and

AF is the ratio of a certain life characteristic value of a product under accelerated stress
to that under normal stress, which can also be called the acceleration coefficient. It is a
dimensionless number, reflecting the acceleration effect of a certain accelerated stress level
in an accelerated life experiment, and is a function of accelerated stress. It can be seen
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from Equation (1) that the greater the activation energy (Ea), the lower the acceleration
coefficient (AF), the easier it is to accelerate failure, and the more obvious the effect of the
accelerated test. Here the actual percentage of battery-remaining capacity could be used,
namely as Equation (2),

%% — Ao &) )
Capiy;
Take natural logarithms on both sides to obtain Equation (3)
Capyero _, Ea, 1
ln(capmi %) = ( R )(T)+lnA 3)

There is a linear relationship between the natural logarithm of the percentage of
battery-remaining capacity and 1/T.

2.3.2. Establishment of Semi-Empirical Model

Based on two conditions, the aging mechanism under different temperature stresses
is the same and the passivation film thickening is the main aging process, the following
semi-empirical prediction model (Equation (4)) for fitting aging data can be established [36].

ImZae(t, T)
Ile'm'

ImZ,c(t,T) is the imaginary part of the impedance corresponding to the highest point
of the arc at the high-frequency end of the impedance spectrum under the conditions of
storage time f and temperature stress T.

ImZ;,; is the average value of the imaginary part of the impedance corresponding to the
highest point of the arc at the high-frequency end of the impedance spectrum determined
by the AC impedance test for a batch of batteries before the start of the accelerated life test.

B(T) describes the influence of temperature stress T and Ty on the impedance charac-
teristic parameter value, which can be expressed as Equation (5),

=1+ B(T)-F(t) (4)

T-Ty

B(T) = Cr 7' 5)

To describe the influence of temperature stress T on the characteristic value of AC
impedance, the parameter Cr is introduced into Equation (5). The reference temperature T,
can be randomly selected. In this chapter, Ty = 25 °C is selected. AT is set to 10 °C, which
means that compared with the reference condition Ty, the change rate of AC impedance
characteristic value will increase by Ct times when the temperature rises by 10 °C. Ecker
et al. [24] and Oliver et al. [37] have used similar equations to describe the aging behavior
of lithium-ion batteries and supercapacitors.

F(t) describes the influence of storage time t on the value of impedance characteristic
parameters, which can be expressed as Equation (6),

F(t) = Cp-t? (6)

To describe the influence of storage time t on the characteristic value of AC impedance,
the parameter C, is introduced into Equation (6). C; is the fitting coefficient, which describes
the change rate of AC impedance characteristic value at the reference temperature.

Bring B(T) and F(t) into Equation (7) to get the final semi-empirical prediction model.

ImZaet (¢, T)

14 Cp TGt @)
ImZmi

We select three groups of experimental data under temperature stresses of 50 °C
(323.15 K), 60 °C (333.15 K), and 70 °C (343.15 K) to parameterize the semi-empirical
prediction model. The global optimization algorithm (UGO) on 1Stopt 8.0 software was
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used to fit the multivariate nonlinear curve of the experimental data, and UGO is also called
the modern heuristic algorithm with global optimization performance, strong universality,
and suitability for parallel processing. This algorithm generally has a strict theoretical basis,
and theoretically, it can find the optimal solution or approximate optimal solution in a
certain time [38]. The parameter fitting results are listed in Table 5. The data comes from
Equation (7).

Table 5. Semi-empirical model fitting results using Equation (7).

Parameter R? Parameter Fitted Value
Cr 1.27665
ImZ 0.9650 Ca 0.24885
b 0.73976

2.3.3. Prediction Model of Storage Life of Lithium-Thionyl Chloride Battery

The generalized prediction equation can accurately predict the impedance characteris-
tic parameters after storage for a period under different temperature stresses. The storage
life prediction model of a lithium-thionyl chloride battery can be obtained by modifying
Equation (7), as shown in Equation (8).

ImZ 1T
t:(/m act 1 _Crar -G, (8)

Ile'm‘

2.3.4. Nondestructive Prediction Model of Residual Capacity of Lithium-Thionyl
Chloride Battery

Cheng et al. [39] found the semi-empirical formula of the residual capacity of the
lithium-thionyl chloride battery studied is as shown in Equation (9),

Cap act R} b

—ad —1 AT - -t (Cap)

Capim’ + CT(Cap) Ca(Cap) t )
Parameterize the semi-empirical formula of residual capacity (Equation (9)) with

the data of residual capacity obtained from the accelerated life test, and the parameters

obtained are as follows,

Cr(cap) = 140494 Cy(cypy = —0.01881 bycyy) = 0.43819

b(cap)

Ty Th
—1—Crar -Cu) +1+ CT(Cap) AT ‘Cg(Cap) (10)

Capur _ <ImZaCt

The parameters in Equation (10) are as follows,

Cricap) = 140494 Cycypy = —0.01881 by = 043819

Cr(Cap) = 127665 Cy(capy = 0.24885 bycyy) = 0.73963

2.4. Electrochemical Impedance Spectroscopy Analysis

The battery-life-prediction problem in the experiment and modeling part of this
section is based on the influence of the passivation film on the lithium metal electrode
on the battery capacity. The law of capacity decline can be explained by the evolution
of the electrochemical impedance spectrum of the battery. Electrochemical impedance
spectroscopy (EIS) is a nondestructive parameter measurement and an effective method for
measuring battery dynamic behavior. When a sine wave voltage signal with a frequency
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()

ImZ, Ohm

-18

is applied to the battery system, the system produces a sine wave current response, and
the change of the ratio of excitation voltage to response current is the impedance spectrum
of the electrochemical system. Electrochemical impedance spectroscopy is an appropriate
method to analyze the formation of film on the electrode surface.

The dense passivation film formed on the lithium metal electrode can prevent the
lithium metal electrode from further corrosion or oxidation to a certain extent. Many
excellent studies have studied the preparation and testing methods of such anti-corrosion
films. Kozlovskiy et al. [40] used electrochemical deposition to prepare CuX-type films,
which have strong corrosion resistance. Zubar et al. [41] prepared NiFe thin films deposited
on Cu substrates by electrolyte deposition, which effectively hindered the removal of
hydrogen on the cathode surface.

The accelerated life test of a Li\SOC]I, battery shows that capacity loss is the main
failure phenomenon, and the formation of LiCl passivation film is the main influencing
factor of battery aging. To further establish a non-destructive prediction model of storage
life based on AC impedance characteristics, the following is an analysis of the battery.
Figure 1 is the electrochemical impedance spectrum (EIS) of a Li\SOCl, battery stored at
50 °C (Figure 1a) and 70 °C (Figure 1b) at different times.

-15 4

-12

T=50°C

® (0 weeks .
® 4 weeks -16 - T= 70 C
A 8 weeks
>y v 12 weeks .*‘*
> ¢ 16 weeks
" < 20 weeks
> 24 weeks
9
5 ® 0 weeks
® 1 weeks
N < A 3 weeks
] : v 5 weeks
<* > ¢ 7 weeks
’ ‘5,»'» < 9 weeks
» 11 weeks
¢ 13 weeks
* 15 weeks
T T T T T T T T T T T T

T
50 60 70 80 90 100 50 60 70 80 90 100 110 120

ReZ, Ohm ReZ, Ohm

Figure 1. Electrochemical impedance spectrum of Li\SOCl, battery (a) Electrochemical impedance
spectrum of a Li\SOCI, battery stored at 50 °C for different times (b) Electrochemical impedance
spectrum of a Li\SOCI, battery stored at 70 °C for different times.

From Figure 1a,b, it can be found that the AC impedance spectra measured by the
battery have similar characteristics at RT or under accelerated stress conditions. The AC
impedance spectrum of the Li\SOCI, battery includes a semicircle generating passive-film
impedance on the positive electrode surface in the middle and high-frequency range and a
straight line extending to the upper right at low frequency.

Comparing the AC impedance spectra of batteries stored at 50 °C and 70 °C in Figure 1
for different times, it is found that under the same accelerated stress condition, with the
increase of storage time, the arc in the high-frequency range in the impedance spectrum
gradually increases, and the trend extending to the upper right at low frequency is basically
the same. The above laws still exist under different accelerated stress conditions, and
the higher the temperature stress, the faster the above changes. The same change law of
the AC impedance spectrum shows that the aging mechanism of the battery is consistent
under different accelerated stress conditions. Through analysis, we can know that the
change of the battery impedance spectrum has a good law, and there are many studies
to determine the state of charge according to EIS. The local change characteristics of the
battery EIS spectrum obtained in this paper are also suitable for predicting the state of
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charge of batteries [42]. EIS can provide detailed information about the electrochemical
process inside the battery, such as the ion transport of electrolytes and interface reaction
between electrodes and electrolytes. EIS can provide valuable data and indicators for
battery life. It can help to monitor the internal state and changes of the battery, such as the
concentration of electrolytes, the adhesion and loss of materials, etc. By analyzing EIS data,
the health status of the battery and the problems that may lead to shortened battery life
could be identified. In this way, the service life of the battery can be prolonged by finding
and solving these problems. Rapid charging will lead to excessive heat generated by the
battery, which may damage the structure and performance of the battery. A high discharge
rate will lead to a more intense chemical reaction inside the battery, which increases the
risk of shortening the battery life. Frequent deep discharge will lead to battery-capacity
attenuation. A deep discharge will cause greater impact and damage to the active materials
in lithium-thionyl chloride batteries.

3. Results and Discussion
3.1. Analysis of Accelerated Life Test Data

Lithium-thionyl chloride battery was stored under different temperature stresses for
an accelerated life test, and the remaining capacity of the battery was tested periodically
during the test. To better observe the aging law, the scatter plot of accelerated life test data
(Figure 2) is shown below. By observing the residual capacity attenuation of a lithium-
thionyl chloride battery under four different temperature stresses in Figure 2, the following
laws can be obtained: the residual capacity attenuation of a lithium-thionyl chloride battery
stored under high-temperature stress is more significant. In the same storage time, the loss
rate of residual capacity at high temperatures is greater than that at RT. The greater the
acceleration stress is, the higher the temperature is, and the faster the remaining capacity of
the battery decays.
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Figure 2. Scatter diagram of the residual capacity of batteries undergoing accelerated life test under
different temperature stresses.

3.1.1. Aging Model Test

Because there are two factors affecting the percentage of battery-remaining capacity,
namely, accelerated life temperature stress T and accelerated life test time ¢, the change law
of accelerated life test time # and battery-remaining capacity percentage is studied first.

Firstly, the data of the accelerated life test are processed, fitting trend lines are added
to the scatter plot, and possible functions are fitted by Origin 2022 software (Figure 3).
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Figure 3. Data processing of accelerated life test (a) Scatter plot of the percentage of battery-remaining

capacity. (b) The percentage of battery-remaining capacity decreases exponentially with the change
of accelerated life test time t.

Calculate the percentage of battery-remaining capacity and draw a scatter diagram
(Figure 3a). By fitting the trend line results, it can be determined that the percentage of
battery-remaining capacity decreases exponentially with the change of accelerated life test
time ¢, as shown in Figure 3b. Therefore, the accelerated life test time ¢ is transformed to
establish a linear equation, as shown in Equation (11).

Capact
—Lactof, — A(T)-t° 4+ B(T)
Capjp; D

(11)

When the constant c is determined, the temperature stress T is the only variable for
Equation (11), and the natural logarithm of the remaining capacity percentage has a linear
relationship with 1/T, so that the functions of A(T) and B(T) can be solved and the aging
function can be established. A(T) describes the influence of temperature stress T and T on
battery-capacity parameters.

The data under temperature stresses of 25 °C (298.15 K), 56 °C (329.15 K), and 74 °C
(347.15 K) were fitted to obtain fitting curves. The values of constant c of three fitting
curves corresponding to these three groups of temperature stresses are all around 0.6, so
the optimal value of constant c is 0.6. Exponentially transform the test time f, draw a scatter
plot of the 0.6 power of the test time t and the percentage of the remaining capacity of the
battery, and fit it. The fitting result is shown in Figure 4. It can be determined that this
fitting is effective, and t*° is a very suitable choice.

After determining the constant c = 0.6, three groups of data at 25 °C (298.15 K), 56 °C
(329.15 K), and 74 °C (347.15 K) are linearly fitted to obtain the corresponding values of
A(T) and B(T), as shown in Table 6.

Table 6. Results of percentage linear fitting of battery-remaining capacity.

Temperature
Stress/°C A B C
74°C —2.30557 105.97761 0.6
56 °C —1.14048 103.69369 0.6
25°C —0.40468 102.50312 0.6
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Figure 4. Linear fitting diagram of battery-remaining capacity percentage and *°.

According to Equation (3), when the constant c is determined, the temperature stress
T is the only variable for the accelerated life test of this formula, while according to
Equation (2), there is a linear relationship between the natural logarithm of the remaining
capacity percentage and the reciprocal of the temperature stress T for the accelerated life
test. With 1/T as a variable, the images of it and parameters A(T) and B(T) are drawn,
and it is observed that both the relationships are approximately linear, which could be
expressed as Equations (12) and (13).

A(T) = “TA % 1000 + by (12)
ap
B(T) = =2 x 1000 + by (13)

The least square method is used to linearly fit the data of 25 °C (298.15 K), 56 °C
(329.15 K), and 74 °C (347.15 K). The fitting results are illustrated in Figure 5 and the
parameters are listed in Table 7.

Table 7. Linear fitting results of parameters A and B.

Parameter Intercept b Slope a
A(T) 125.15992 —6.82703
B(T) —12.94686 3.77341

The final age function could be calculated by Equation (14).

Cap,y aa 06, 9B
o — (24 Y —.1] 14
Cumni/ (T ooo+bA)t + 21000 + b (14)

Because the data under the temperature stress of 45 °C (318.15 K) is not used in the
fitting process, the prediction value is calculated by the aging function, and the deviation
between the prediction value of the aging model and the test value is calculated, so the
accuracy of the aging model can be checked.
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See Table 8 for the predicted values and deviation calculation results. The predicted
value calculated by the model is very close to the test value. The maximum deviation
of prediction is 4.1036%, which shows that the aging model can accurately predict the
remaining capacity percentage of the ER14250 battery.
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Figure 5. Linear fitting result diagram (a) Linear relationship between parameter A and 1/T (b) Linear
relationship between parameter Band 1/T.

Table 8. Comparative value of predicted values and test data under temperature stress of 45 °C
(318.15 K).

Accelerated Life Test Test Residual I’.re.dlctmg . .
Time/Week Capacity Percentage Remaining Capacity Deviation
pacity 8 P
ercentage
2 97.6599% 98.8297% 1.1979%
4 96.9865% 96.3173% 0.6899%
6 94.9131% 94.9131% 0.6632%
8 94.3730% 92.5093% 1.9749%
10 92.4995% 90.9059% 1.7229%
12 90.8262% 89.4267% 1.5409%
14 89.0860% 88.0434% 1.1703%
16 89.0793% 86.7373% 2.6291%
18 88.2059% 85.4951% 3.0733%
20 86.7992% 84.3070% 2.8712%
22 86.7244% 83.1656% 4.1036%
24 85.3857% 82.0650% 3.8891%

3.1.2. Aging Mechanism of Lithium-Thionyl Chloride Battery

According to the electrode reaction during the discharge of a Li\SOCI, battery, the
self-discharge reaction will occur on the surface of lithium foil during storage, resulting in
the formation of LiCl and S precipitates, which will lead to the formation of insoluble LiCl
passivation film on the surface of lithium metal. As shown in Figure 6, the passivation film
can inhibit the reaction between the anode and SOCl, and play a key role in protecting the
anode [43]. However, the formation of passive film will lead to the loss of lithium metal,
which will lead to the reduction of battery capacity. On the surface of lithium metal, there
are two kinds of passivation films: dense layer and sparse layer. The first layer next to the
lithium electrode can prolong the storage life of the battery and reduce self-discharge, while
the second layer outside is porous and will continue to grow [44]. The formation of the
secondary membrane may be caused by the dissolution and precipitation of the primary
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membrane. Because of its loose and porous structure, the secondary membrane has good
electrical conductivity and is difficult to measure by electrochemical method. After further
prolonging the storage time, its thickness increased enough to be detected by a scanning
electron microscope (SEM) and other electrochemical means [45].

LiCl passive film

®
Y cathode

SOCI, and LiAICI,

Acetylene carbon black and
polytetrafluoroethylene

Figure 6. Passivation film on the surface of metal lithium electrode.

The increase in storage temperature accelerates the chemical reaction between lithium
and electrolytes, which intensifies the self-discharge of the Li\SOCI, battery and leads to a
decrease in battery capacity. With the increase of storage temperature, the diffusion speed
of the products of the self-discharge reaction will also be accelerated, and more solid LiCl
and undissolved S will be deposited on the surface of porous carbon, blocking the internal
diffusion channels of porous carbon, and reducing the battery capacity [46].

The thickening of passivation film thickness is the main reason why the impedance
value of a Li\SOCl, battery increases with storage time during aging. Therefore, the
formation of passive film can be considered as the main aging process. Under temperature
stress, the formation of passive film is the main reason for the battery-capacity attenuation,
and its aging mechanism is the loss of active lithium [47]. Whether the battery-capacity-
degradation mechanism is the same under the same temperature stress can be determined
by the similar impedance shape in the Nyquist diagram of the battery AC impedance test.

3.2. Effect of Storage Time on EIS Results of Battery after Accelerated Life Test

Figure 7 is a scatter plot of impedance characteristic parameters (ImZ,/ImZ;,;) vary-
ing with storage time f under different temperature stress conditions. Under the same
temperature stress conditions, the change of impedance characteristic parameters of the
sample increases with the extension of storage time. In the same storage time, the higher the
applied temperature stress, the more significant the increase of the impedance characteristic
parameters of the sample. In the same test time interval, the increase of its variation is also
uneven, that is, the initial value of the accelerated life test is large, and with the increase of
storage time, the value is gradually reduced.
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Figure 7. Scatter diagram of different temperature stress conditions (ImZ,.;/ImZ;,;) with storage
time ¢.

It can be seen from the observation in Figure 7 that the changing trend of impedance
characteristic parameters is like that of the exponential function. By using Origin 2022
software to add a trend line to it, according to the fitting results, it can be determined that
its change is approximately exponential growth behavior.

3.3. Influence of Accelerated Stress T on EIS Results of Battery

The Arrhenius model is used to describe the test results, and here the change rate of
impedance characteristic parameters could be used, namely as Equation (15),

ImZgct (- Ea)
% = A-el"RT 15
ImZim' & ¢ ( )

Take natural logarithms on both sides to get Equation (16),

ln(%%) = (—%) (;,) +inA (16)

That is, the natural logarithm of the change rate of impedance characteristic parameters
has a linear relationship with 1/T.

The data are processed, and the natural logarithm (In[(ImZ,e: / ImZ;y,;) % 100]) of the
change rate of impedance characteristic parameters stored for 6 weeks, 10 weeks, and
14 weeks is selected and plotted with the reciprocal of temperature stress T, and then
Figure 8 is obtained by linear fitting. R? of the fitting curve corresponding to the data stored
for 6 weeks, 10 weeks, and 14 weeks is 0.97397, 0.92250, and 0.99777, respectively, shows that
there is a linear relationship between the change rate of impedance characteristic parameter
(ImZaet /ImZ;y)% and the reciprocal of temperature stress T. The following assumption
can be made: the influence of temperature on the impedance characteristic parameter
value is an exponential function. This assumption is similar to the previous study [24], in
which Ecker et al. concluded that the influence of temperature on the performance of most
batteries is an exponential function.
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Figure 8. Fitting diagram of the linear relationship between In[(ImZ e /ImZ;,;) x 100] and 1/T.

3.4. Inspection in Semi-Empirical Model

The accuracy of the semi-empirical model is tested. Because the data under the tem-
perature stress of 40 °C (313.15 K) is not used in the modeling process, it is compared with
the predicted curve. As shown in Figure 9, the prediction curve of the imaginary part
of impedance corresponding to the highest point of arc at the high-frequency end of the
impedance spectrum can well explain and fit the accelerated life test data under the tem-
perature stress of 40 °C (313.15 K), which shows that the semi-empirical prediction model
is not only suitable for the data under the temperature stress condition of participating
in modeling but also suitable for the data under the temperature stress condition of not
participating in modeling.

2400

40 °C
Simulation curve

2000

1600

1200 -

(mZ,./ImZ, ) %

800

400

Time/ weeks

30

Figure 9. Comparison between the predicted curve of (ImZ;e:/ImZ;y,;) x 100 and the actual test

value at 40 °C.
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In addition, through Equations (9) and (10), it is calculated step by step that it takes
378.8320 days when the capacity of the battery decays to 85% at RT of 25 °C. The exper-
imental results show that the battery-capacity decay is about 85% and the error is about
3.7896% when it is stored at RT for 365 days.

4. Conclusions

In this paper, the performance degradation of a lithium primary battery (taking
Li\SOCI, battery as an example) during storage is studied, and the storage life of a com-
mercial Li\SOC], battery at RT of 25 °C is predicted by an accelerated life test. The main
conclusions are as follows:

1. By analyzing the accelerated life test data of a 1/2AA carbon-coated ER14250 battery
at different temperatures (25 °C, 45 °C, 56 °C, and 74 °C), the aging law was obtained,
and the aging model of the battery was established based on data driving. The
accuracy of the model has been tested and the maximum deviation is 4.1036%.

2. The accelerated life test results of an AA winding Li-SOCl, battery at different temper-
atures were analyzed. Combined with the AC impedance spectrum, aging mechanism,
and experimental data, a semi-empirical non-destructive prediction model of storage
life was established. Combined with the previous capacity prediction semi-empirical
model, a non-destructive prediction model of the remaining capacity of lithium-
thionyl chloride battery was established. The prediction results show that it will take
378.83 days for the battery capacity to decay to 85% at room temperature. Compared
with the experimental data, the error of 365 days is 3.7896%.

3. The accelerated life test, semi-empirical life prediction model, and impedance spec-
trum used in this study can predict the capacity-degradation law of a lithium primary
battery with very small error from experimental data and can infer the capacity-
degradation mechanism of a battery under the same temperature stress through the
similar impedance shape in a Nyquist diagram of a battery AC impedance test.
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