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Abstract: Understanding the behavior of pressure increases in lithium-ion (Li-ion) cells is essential
for prolonging the lifespan of Li-ion battery cells and minimizing the safety risks associated with
cell aging. This work investigates the effects of C-rates and temperature on pressure behavior
in commercial lithium cobalt oxide (LCO)/graphite pouch cells. The battery is volumetrically
constrained, and the mechanical pressure response is measured using a force gauge as the battery is
cycled. The effect of the C-rate (1C, 2C, and 3C) and ambient temperature (10 °C, 25 °C, and 40 °C) on
the increase in battery pressure is investigated. By analyzing the change in the minimum, maximum,
and pressure difference per cycle, we identify and discuss the effects of different factors (i.e., SEI
layer damage, electrolyte decomposition, lithium plating) on the pressure behavior. Operating at
high C-rates or low temperatures rapidly increases the residual pressure as the battery is cycled. The
results suggest that lithium plating is predominantly responsible for battery expansion and pressure
increase during the cycle aging of Li-ion cells rather than electrolyte decomposition. Electrochemical
impedance spectroscopy (EIS) measurements can support our conclusions. Postmortem analysis of
the aged cells was performed using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) to confirm the occurrence of lithium plating and film growth on the anodes of the
aged cells. This study demonstrates that pressure measurements can provide insights into the aging
mechanisms of Li-ion batteries and can be used as a reliable predictor of battery degradation.

Keywords: lithium-ion batteries; cell aging; pressure monitoring; thermal management; volume
change; electrochemical impedance spectroscopy (EIS)

1. Introduction

Li-ion batteries are becoming increasingly ubiquitous in the fields of electric vehicles
and portable electronic devices, such as cell phones and laptops, because of their high
specific energy relative to other electrical energy storage systems. It is necessary to develop
Li-ion batteries with a long cycle life because replacing the batteries is financially and
environmentally costly [1]. A better understanding of battery degradation factors is key
to reducing these costs. There have been many studies on the cycle aging of battery cells
and the various mechanisms attributed to it. As the battery is repeatedly charged and
discharged, the graphite particles of the anode experience repeated changes in size. These
stresses can damage the solid electrolyte interphase (SEI) on the anode. Cracks in the SEI
layer expose the active material to the electrolyte, leading to new SEI layer formation. The
rebuilding of the SEI consumes lithium ions during its formation [2,3]. Another effect is
lithium plating. In this process, lithium ions are deposited as lithium metal on the graphite
anode surface and can no longer participate in charge transfer. Lithium plating leads to
irreversible capacity loss as the deposited lithium metal can no longer participate in charge
transfer [4,5]. Lithium plating is not only one of the most damaging aging mechanisms but
also has a serious impact on the safety of Li-ion batteries [6]. Degradation of the battery
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is usually measured by capacity or power fade. It can also manifest itself as a change in
the internal resistance or impedance of the battery [7,8], or as a physical expansion of the
battery cell [9].

Understanding and predicting battery expansion is crucial for enhancing the life-
time of Li-ion battery cells and reducing the risk of safety hazards associated with cell
degradation. For example, in electric vehicles, hundreds of battery cells are closely
packed together. Battery expansion and pressure increase can lead to major safety haz-
ards such as the detachment of electric connectors, poor thermal management, or cell
bursting in extreme cases [10]. Battery expansion can also have similarly dangerous
effects on portable electronic devices [11]. Li-ion battery cells are usually placed under
rigid constraints to maintain battery pack dimensions in the devices they power (e.g.,
EVs, laptops, mobile phones). Therefore, the volumetric expansion is restricted, and the
cell pressure increases instead.

Various mechanisms are responsible for the increase in a battery cell’s pressure.
First, there are two distinct types of battery expansion behaviors: reversible and ir-
reversible [12,13]. The reversible portion of the expansion mainly corresponds to the
lithiation of the anode. The lithium ions are stored in the lattice of the electrodes. During
charging, the lithium ions diffuse from the cathode to the anode. As lithium ions are
inserted into the graphite lattice structure of the anode, it can swell by up to 10% in
volume [14,15]. In contrast, the volume change in a lithium-cobalt-oxide (LCO) cath-
ode is around 1.8% [16]. The volume change can be up to 2% [17] and 4.5% [18] for
nickel-manganese-cobalt (NMC) and nickel-manganese-aluminum (NCA) cathodes, re-
spectively. Therefore, the overall volume of the battery expands while being charged and
contracts during discharge. Temperature variation can also cause changes in the volume
of the battery due to thermal expansion [19]. Heat is generated within the battery via
joule heating due to the internal ohmic resistance of the battery components [20].

On the other hand, irreversible expansion is when the battery does not return to its
initial size. This type of expansion is associated with battery degradation and material
change. Cell degradation mechanisms such as the SEI layer formation and reparation, gas
formation, and lithium plating can all lead to irreversible expansion [9]. As mentioned
earlier, after repeated battery cycling, the mechanical stress on the anode damages the SEI
layer. When breaks and cracks occur, the electrolyte reacts with the newly exposed surfaces
and repairs the SEI layer. As new layers are formed and the SEI grows, the thickness of the
film increases and thus expands the battery and creates mechanical stresses [21]. Moreover,
the SEI formation reaction at the anode’s surface is usually accompanied by the release
of gaseous electrolyte decomposition products [4]. Gases can also be generated when the
battery is overcharged/overdischarged or exposed to very high temperatures [22]. These
gases can also build up in the cell and cause irreversible swelling. Finally, the formation
of metallic lithium on the anode, referred to as lithium plating, leads to the expansion of
the battery. Plating of lithium metal on the anode occurs when the number of lithium ions
moving to the anode over from the cathode is higher than the maximum number of ions that
can intercalate into the graphite within a certain amount of time [23]. It follows that at high
charging rates, the rate of Li-ion diffusion to the anode’s surface is high, and the battery
is more susceptible to lithium plating. Moreover, when operating at low temperatures,
the diffusivity of lithium ions in the electrode is reduced significantly, which reduces the
threshold for lithium plating to occur [24]. Also, operating at a high state of charge (SOC)
increases the possibility of overcharging and leads to lithium plating because the anode
can become oversaturated with lithium ions [25]. Cell expansion due to lithium plating
consists of reversible and irreversible portions. Some of the metallic lithium accumulating
on the anode’s surface can intercalate back as lithium ions into the graphite lattice during
the relaxation time after charging or during battery discharging [1,9].

Each of these mechanisms is governed by various factors and can have different
effects on the expansion of the battery as it is cycled. On this front, several papers have
been published by previous researchers. Wang et al. [26] were among the first to study
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the volume change in Li-ion cells during charging and discharging cycles and how the
mechanical stress causes degradation of the electrodes. They used a load cell along with in
situ X-ray imaging to measure the cell volume change. A second paper by the same group
studied the volume change in a battery stack consisting of five batteries. They studied
how the current rate and cut-off voltage during charging can affect the degradation of the
electrodes due to mechanical strain. They concluded that a maximum voltage cut-off of
4.0 V should be used instead of 4.2 V to maintain the structure of the LiCoO, particles
of the cathode [27]. Peabody and Arnold [28] showed that the repeated expansion and
contraction of the anode during the operation of a Li-ion battery cell can directly affect the
electrochemical performance of the battery by damaging the polymer separator, leading
to separator pores closing. In turn, this causes the capacity to fade and increases internal
resistance. They found that a pressure of as low as 1 MPa can influence the capacity of the
system. Later, Cannarella and Arnold [29] modeled and measured the increase in internal
resistance associated with separator deformation.

The same group also studied the effect of the externally applied pressure on battery
aging, measured by capacity fade. They showed that applying a small amount of pressure
(0.05 MPa) to the battery results in slower aging compared to no pressure at all, but applying
medium (0.5 MPa) or high (5 MPa) pressure accelerates aging [30]. It was later shown that
applying mechanical pressure on Li-ion cells can reduce the tendency for lithium deposition
and plating on the anode [31]. Liu and Arnold [32] studied how the range of SOC in which
the battery is cycled affects the mechanical response of the battery, and how the capacity
fade is related to that mechanical response. They attribute the battery’s gradual stress
increase to film growth as the battery is cycled. Bauer et al. [33] studied battery expansion
and how lithium plating can be detected by observing the stress relaxation of the battery
after the charging current is stopped.

There are a few studies that have focused on short-term observations of pressure
increase or the mechanical response and relaxation during a single cycle [26,33-35]. The
studies exploring the pressure evolution in batteries under cycle aging are relatively
rare [30,32,36—41]. The investigations are often focused on trying to correlate the state
of health (SOH) and state of charge (SOC) with the external mechanical pressure of the
battery. Most studies limit the analysis to the peak pressure of the battery, rather than
the components of the pressure increase curve. There is a lack of studies investigating
how the pressure of the battery evolves under harsh operating conditions, and which
aging factors contribute most significantly to pressure build-up.

In this work, we investigate the mechanical pressure response of a commercial lithium
cobalt oxide (LCO)/graphite pouch battery cell during cycling under the harsh operating
conditions of high C-rate and low temperatures. The battery is volumetrically constrained,
and the mechanical pressure response is measured using a force gauge as the battery is
cycled. The effect of the C-rate (1C, 2C, and 3C) and ambient temperature (10 °C, 25 °C,
and 40 °C) on the increase in battery pressure is investigated. This allows us to study
how the different aging mechanisms contribute to the pressure build-up within the battery.
An in-depth analysis is presented by studying the trends in the maximum, minimum,
and pressure differences per cycle. Finally, electrochemical impedance spectroscopy (EIS)
measurements and postmortem analysis of all the batteries cycled at different conditions
are presented to support the conclusion.

2. Materials and Methods

Commercial LCO/graphite batteries were purchased from Tenergy Power (Li-Polymer
#6050100, 3.7 V, 3000 mAh, Fremont, CA, USA), 102.5 mm X 51.0 mm x 6.0 mm in size.
We chose a pouch cell because their expansion is very noticeable due to the lack of hard
casing. All batteries were fully charged using a constant-current—constant-voltage (CCCV)
protocol with a cut-off voltage of 4.2 V and a cut-off current of C/20 (0.15 A) as specified
by the manufacturer. The battery was placed between two aluminum plates with a force
gauge with a resolution of 0.2 N attached to the top plate (Series 3 Force Gauge, Mark—10,
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Copiague, NY, USA). The plates were fixed within a test stand and could not move, thus
volumetrically constraining the battery. An initial pressure of ~15 kPa was applied to the
battery to ensure that it does not lose contact with the plates of the force gauge when it
contracts. The force gauge was then tared at this point when the battery was fully charged
(expanded). For the temperature-controlled experiments, a tubed cold plate was placed
underneath the battery and connected to a recirculating water chiller /heater to control the
temperature during battery cycling. Thermal insulation was added to reduce heat losses to
the environment. Three thermocouples (K-type) were attached to the setup using thermal
tape to measure the temperature of the battery and the cold plate. A battery cycler (BT54000,
Neware, Shenzhen, China) was used to control and record the current and voltage during
the experiment. A schematic of the experimental setup is shown in Figure 1.

Force Gauge

Thermal Insulation
Fixed Aluminum Plates

7 Thermocouples

Battery Cycler

Water
Chiller

Figure 1. Schematic of the experimental setup used in this work.

Two experiments were conducted. The first experiment investigated the effect of
C-rate on the pressure increase within the battery. The water chiller was not used to
control the temperature, and the cold plate was not attached. The battery was tested
under ambient room temperature conditions (23 £ 0.4 °C). A CCCV protocol was used
for charging and discharging with cut-off voltage values of 4.2 V and 2.7 V, and a cut-
off current of C/20 (0.15 A). Three different C-rates were used: 1C, 2C and 3C. The
battery was cycled within 0.5-1.0 SOC (1.5 Ah capacity). During the experiments, the
discharging step took place completely in the constant current (CC) mode because the
lower voltage limit was not reached.

The second experiment investigated the effect of the temperature on the behavior of
the increase in pressure within the battery. Water was circulated in the cold plate with
different controlled temperatures (10 °C, 25 °C, and 40 °C). All batteries were cycled for
100 cycles in both experiments.

EIS analysis was performed on all batteries before and after cycling. All batteries
were fully recharged to 100% SOC before performing the EIS measurements because the
impedance spectrum of a Li-ion battery depends heavily on its SOC. The analysis was
conducted at room temperature and after the batteries were rested and taken out of the
pressure testing apparatus, so that no pressure was applied to the battery during the EIS
scan. The spectrum was measured using an AC excitation voltage of 10 mV, in the frequency
range of 10 kHz to 0.01 Hz.

Finally, a postmortem analysis of all aged cells was performed. The batteries were
fully discharged to 0% SOC. The batteries were then transferred to an argon-filled glovebox
to be disassembled. The electrodes were separated from the separator, and the anode was
examined visually for signs of lithium plating, and a sample from each anode was used
for further material characterization. In addition, a new battery was fully charged then
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discharged to 0% SOC and disassembled for comparison as a reference. The anodes were
imaged under a ThermoFisher Quattro S environmental scanning electron microscope
(ESEM). Energy dispersive X-ray spectroscopy (EDS) was also employed to study the
elemental composition of the anodes’ surfaces.

3. Results and Discussion
3.1. Pressure and Temperature Trends

The pressure and temperature measurements collected during cycling are shown
in Figure 2. This battery is shown as an example; it was cycled at a rate of 1C and no
temperature control. During discharging/charging cycles, the pressure inside the battery
changes periodically. During the discharge step, the lithium ions deintercalate from the
graphite anode and move towards the cathode. This delithiation of the anode results in
a contraction of the anode material, leading to a decrease in pressure. Then, during the
charging step, lithium ions flow back from the cathode into the anode, intercalating into
the graphite structure of the anode. This lithiation process causes the anode to expand
and increases the pressure. Moreover, as discussed earlier, the upward trend in pressure is
caused by irreversible expansion within the battery. This pressure increase is associated
with different battery degradation mechanisms like lithium plating, gas evolution in the
battery, and the formation and growth of the SEI layer.

26
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Figure 2. Pressure and temperature of battery during cycling with a rate of 1C at ambient temperature.
(a) Al1 100 cycles. (b) First cycle with detailed steps.
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The temperature also varies periodically during battery cycling. During the discharge
step, the temperature increases because of joule heating caused by the internal ohmic
resistance of the battery. The discharge stage is followed by a 10 min rest stage, during
which the temperature drops as the heat is dissipated to the environment. As charging
begins in the constant current (CC) phase, the temperature rises again. When the voltage
reaches the cut-off value of 4.2 V, the charging mode switches to constant voltage (CV).
During this stage of charging, the current gradually decreases as the battery is charged to
maintain the voltage at 4.2 V. The decreasing current leads to a reduction in resistive heating,
and the temperature starts to decrease again. Figure 2 shows this process is reversible,
and no cumulative temperature increase or decrease was observed. The small variations
across cycles are due to slight changes in the ambient conditions of the room. The ambient
temperature was monitored during the experiment; it varied between 21.3 °C and 24.4 °C
and averaged at 23.0 °C.

3.2. Pressure Components Analysis

The average pressure of the battery trends upwards as the battery is cycled. However,
studying the maximum and minimum pressures, which take place at the fully charged and
fully discharged states of the battery’s cycle, respectively, can tell us important information
about the different mechanisms contributing to the battery aging and the pressure increase.
For instance, the residual minimum pressure from cycle to cycle represents the pressure
build-up after the battery is discharged. This provides information about the irreversible
portion of the pressure change (i.e., irreversible lithium plating, SEI layer growth, and
gas evolution from electrolyte decomposition) [9]. On the other hand, the difference in
pressure between the charged and discharged states during each cycle can tell us about the
reversible portion of the pressure change (i.e., reversible lithium plating, anode lithiation,
and thermal expansion). And the maximum pressure represents both the reversible and
irreversible portions of the pressure combined.

Figure 3 shows the minimum pressure values from each cycle for different C-rates and
temperatures. The pressure data for the battery cycled at a temperature of 10 °C are not
available after the 77th cycle due to an issue with the force gauge. The average residual
pressure after each cycle was calculated by applying a linear fit to the data, neglecting the
first 20 cycles, where the pressure increases quickly due to SEI formation. The average
residual pressures for all tested batteries are summarized in Table 1. Table 2 shows the
maximum, minimum, and average battery temperatures measured during discharging
and charging of the batteries cycled with no temperature control. The maximum battery
temperature during discharge for the battery cycled at 3C is around 7 °C higher than that
of the battery cycled at 1C. The maximum temperature during discharge occurs at the same
point in time as the minimum pressure; this explains why the minimum pressure is higher
for the 3C case (Figure 3a).

Table 1. Summary of calculated average residual pressure per cycle for all tested batteries.

C-Rate Circulating Water Temperature Average (IIEZISS:;IIE;:)Pressure Average Increa(s; al/lé x?‘;lmum Pressure
1C 2.3 13.6
2C 24.8 35.0
3C - 28.6 46.1
3C 10°C 191.6 264.6
3C 25°C 40.1 55.6
3C 40 °C 13.1 20.0
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Figure 3. Minimum pressure measured for each cycle for different operating conditions. (a) Bat-

teries cycled with different C-rates at room temperature (~23 °C). (b) Batteries cycled at different
temperatures with a rate of 3C.

Table 2. Maximum, minimum, and average battery temperature during discharging and charging for
batteries cycled with no temperature control.

Discharging Temperature (°C) Charging Temperature (°C)

C-Rate
Min Max Avg Min Max Avg
1C 23.7 25.6 24.8 23.8 25.1 24.4
2C 24.5 28.6 26.9 249 274 26.2
3C 242 32.2 29.1 24.6 28.9 26.3

As shown in Table 1, the battery cycled at 3C exhibited the highest increase in resid-
ual pressure across cycles. This may be attributed to the increase in irreversible lithium
plating, which is well-known to be exacerbated by charging at high currents and volt-
ages [5,42—46] or operating at low temperatures [5,42,44-52]. The SEI layer growth rate
also increases under high C-rate operation. Also, the SEI layer can be damaged due to
lithium plating, causing it to fracture and crack, thus exposing new surfaces where the SEI
layer can grow [53]. Over multiple cycles, this leads to an irreversible expansion in the
anode [21]. Moreover, as the electrolyte is consumed in the SEI layer growth reaction, gases
are generated as byproducts and can build up in the cell.

The effect of battery temperature during cycling on the build-up of pressure in the
battery is shown in Figure 3b. As mentioned earlier in this work, high C-rate and low tem-
peratures are known to increase the amount of plated lithium on the anode [5]. Generally,
the performance of Li-ion batteries is unfavorable at low temperatures, showing accelerated
capacity loss and low efficiency. Accelerated capacity loss is particularly apparent during
the charging process [24]. This is mainly due to decreased ionic conductivity in the elec-
trolyte, poor Li-ion diffusivity in the solid electrode, and a poor charge transfer rate [54,55].
Studies have shown that the poor diffusivity of lithium ions within the anode is potentially
the main driver of lithium plating at low temperatures [5]. Lithium plating takes place
when the concentration of lithium ions at the anode’s surface exceeds a maximum value.
At low-temperature operation, lithium ions accumulate at the anode—electrolyte interface
due to poor diffusivity, leading to plating [47]. Moreover, Purewal et al. [56] reported that
at low temperatures, the surface of the anode is prone to crack formation and propagation.
Crack propagation degrades the anode and exposes a larger surface area of the electrode
to the electrolyte, which in turn reacts with exposed areas where it is consumed in the
SEI formation reaction. At higher cycling temperatures, the decreased residual pressure
build-up may be attributed to the enhanced mechanical properties of polymer materials in
the SEI, making it less susceptible to crack propagation.

The rate of SEI layer growth generally follows the Arrhenius equation and is slow
at low temperatures [23,56]. Nevertheless, the battery cycled at 10 °C showed a rate of
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residual pressure build-up to an order of magnitude higher than that of the battery cycled
at 40 °C (Table 1). This observation suggests that irreversible lithium plating is a more
dominant factor affecting pressure build-up compared to SEI growth and gas evolution.
Other researchers have also suggested that gas evolution might not be the major factor in
increasing the thickness of aging Li-ion batteries [41].

Figure 4 shows the pressure difference per cycle for all tested batteries. The pressure
difference represents the reversible portion of the pressure increase per cycle. We observed
that the pressure difference is higher for the batteries cycled at 1C and 2C compared to
the battery cycled at 3C (Figure 4a). As discussed earlier, the battery cycled at a rate of 3C
showed a higher irreversible pressure build-up from cycle to cycle, so it follows that the
pressure difference would be lower. The pressure difference increases as the batteries are
cycled. This can be attributed to two factors. First, most of the SEI layer formation takes
place in the early cycles, leading to a significant amount of irreversibility in the first few
cycles. Secondly, it is because the maximum pressure (Figure 5) is increasing faster than
the minimum pressure (i.e., residual pressure) (Table 1). After all, the maximum pressure
represents both the reversible and irreversible portions of the pressure. For instance, a
portion of the accumulated lithium ions does not form an irreversible metallic solid lithium
layer, but instead intercalates into the anode either during the resting stage after charging,
or during the discharge step [9,57]. We can see this effect clearly in the trend in the pressure
difference for the battery cycled with a rate of 3C at an ambient temperature of 10 °C, where
the lithium plating is most apparent.

16 16

Pressure (kPa)
-

N
Pressure (kPa)
-

N

8 T T T T 8 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Cycle# Cycle#
(a) (b)

Figure 4. Pressure difference between maximum and minimum for each cycle at different operating
conditions. (a) Batteries cycled with different C-rates at room temperature (~23 °C). (b) Batteries
cycled at different temperatures with a rate of 3C.

20
LA —— 3C - = 10°C ,’
—_ -« =2C ~ 16 A 25°C /
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Figure 5. Maximum pressure measured for each cycle for different operating conditions. (a) Bat-

teries cycled with different C-rates at room temperature (~23 °C). (b) Batteries cycled at different
temperatures with a rate of 3C.
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3.3. EIS Analysis

EIS analysis was performed on all batteries before and after cycling for 100 cycles.
Zahner analysis software (version 3.2.4) was used to fit the data. An equivalent circuit
adopted from Schmitt et al. [58] is used to model the electrochemical components of the
battery (Figure 6). An inductor is added to account for the induction of the cell wiring and
the connecting cable. The resistance (Re) is used to model the series resistance (electrolyte
ohmic resistance). The second resistance (Rp) represents the polarization resistance and
accounts for the SEI layer resistance as well as the charge transfer on anodes and cathodes.
The parallel capacitance (Qp) represents the total polarization capacitance, including the
double-layer capacitance. One loop is used for both the anode and the cathode sides
because it is difficult to model each side accurately using an equivalent circuit since the
frequency ranges of both electrodes overlap [4].

L R,
T+

Il
Q,

Figure 6. The equivalent circuit model used for fitting of EIS spectra.

R w

—Or

Figure 7 shows the fitted EIS spectra along with the experimental data points for
each battery before and after cycling. The summary and comparison of fitted data
are shown in Table 3. The error values for the data fitting with this model were less
than 4% for all cases. First, we observed that (Re) did not change significantly. The
resistance (Re) is a measure of the ohmic resistance in the cell, mainly due to the resistance
of the electrolyte to lithium ion conduction. Thus, a change in (Re) would signify
the decomposition of the electrolyte, resulting in gas formation and build-up in the
battery. As discussed in the previous section, the evidence shows that lithium plating
has a more prominent effect than electrolyte decomposition and gas formation when
operating the battery at high C-rates and/or low temperatures. Secondly, we observed a
decrease in the polarization resistance, which accounts for the charge-transfer resistance
in the battery. The decrease in (Rp) after battery aging has been reported previously
by Stiaszny et al. [59,60]. They attributed it to the increase in the surface area of the
anode due to the breaking up of the anode surface’s graphene layers or cracked particles.
This is supported by the fact that the total polarization capacitance (Qp) of the batteries
increased (Table 3). Moreover, in a paper by Schweikert et al. [61] on Li/LigTi5O1p
batteries, the authors showed that a decrease in the impedance value corresponds to
an increase in the interfacial area between the electrolyte and lithium metal electrode
and that the surface area increases due to lithium plaiting. We can see that the battery
cycled at 1C showed the lowest change in (Rp) and (Qp) compared to the batteries cycled
at 2C and 3C. The same pattern was observed for the battery cycled at the elevated
temperature of 40 °C. It had the lowest change compared to the batteries cycled at 10 °C
and 25 °C.
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Figure 7. Experimental EIS data with fitted spectra. (a—c) Batteries tested at different C-rates at room
temperature (23 °C). (a) at 1C; (b) at 2C; and (c) at 3C. (d—f) Batteries tested at different temperatures
cycled at a rate of 3C. (d) at 10 °C; (e) at 25 °C; and (f) at 40 °C.
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Table 3. Summary of EIS data fitting resulting resistance values.
C-Rate Circulating Water Temperature  Battery State Re (mQ)) Rp (mQ)) Qp (mF)

1c ~ New 37.5 28.6 29.4
Cycled 37.5 221 321

- i New 31.8 24.9 315
Cycled 33.0 18.2 41.3

3 ) New 338 26.1 29.7
Cycled 32.8 19.2 40.8

o New 27.1 28.1 35.2

3C 10°C Cycled 26.6 20.1 483

o New 39.0 234 28.4

3C BoC Cycled 373 203 383

. New 43.5 26.3 29.8

3¢ 40°C Cycled 457 26 339

3.4. Postmortem Analysis

After disassembling the batteries in the argon-filled glove box and separating the
components, the anodes were separated and examined as shown in Figure 8. The visual
differences can be seen across the electrodes. The pristine anode has a uniform and black
graphite color. A grey-colored deposit is observed on some areas of the aged anodes’
surfaces. These deposits are associated with lithium plating [35,62,63]. The battery cycled
at 40 °C does not show any sign of plating. The anode of the battery cycled at 10 °C has a
lot of silver-colored areas which corresponds to lithium plating. The lithium plating near
the edges and folds of the anode is more apparent. This phenomenon has been observed by
previous researchers and is often referred to as the overhang effect, where lithium plating
in Li-ion batteries begins at the anode’s edges [15,64].

fmet i

Figure 8. Photos of all anodes used in this study after disassembly. Red circles denote areas chosen
for further material characterization.

Further material characterization was performed on a sample from each anode. The
samples were cut out of the areas with visible deposit build-up as shown in Figure 8. The
SEM images (Figure 9) show changes in the morphology and film growth/deposition on
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1C-23°C [

the surface of the graphite. The anodes of the batteries aged at 1C and 2C do not show
significant changes compared to the anode of the pristine battery. However, all the batteries
anodes aged at 3C show clear signs of deposition or film growth on their surfaces, except
for the battery cycled at an elevated temperature of 40 °C.

Figure 9. SEM images with corresponding EDS analysis elemental maps for all anodes.

Moreover, EDS is used to map the atomic composition of the surface of the anodes.
Since EDS cannot directly detect lithium because of its low X-ray energy, we focused on
the presence of oxygen. The areas where lithium plating took place can be identified by
observing the presence of oxygen on the surface of the anode. These are also sites of SEI
layer growth. Also, the detected oxygen may result from lithium reacting with air during
the transfer of the anode from the glovebox to the SEM chamber, forming products such as
Li;CO3, LiOH, and LiO,. Therefore, the detection of oxygen on the surface of the anode
can hint at the severity and distribution of lithium on the surface of the anode [62,65,66].
The anodes of the batteries cycled with a C-rate of 1C and 2C show uniform film growth,
where oxygen is detected throughout the surface. On the other hand, the anodes from
the batteries aged at 3C at room temperature, 25 °C, and 10 °C show very distinct areas
where oxygen is concentrated, indicating lithium plating. In particular, the anode of the
battery cycled at 10 °C shows a large amount of non-uniform film growth and deposition
on the surface. This explains the rapid increase in residual pressure we observed. On the
other hand, the anode of the battery cycled at 40 °C shows a very small amount of oxygen
detected on the surface and a uniform film growth similar to that of the batteries cycled
at 1C and 2C. The weight fractions of the carbon, oxygen, and fluorine obtained from the
EDS scans for each anode are reported in Table 4. The fluorine detected on the anodes is
from the lithium hexafluorophosphate (LiPF;) salt used in the electrolyte of the battery. As
expected, the pristine anode has the lowest amount of oxygen (13.0%), from the formation
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of the initial SEI layer. All the cycled anodes had a higher fraction of oxygen. The battery
cycled at an elevated temperature of 40 °C shows the lowest weight fraction of oxygen
(16.9%). Meanwhile, the battery cycled at 10 °C shows the highest (36.8%).

Table 4. The weight fraction of carbon, oxygen, and fluorine from EDS scans for each anode.

Battery Cycling Condition C o F

Pristine 82.8% 13.0% 4.2%
1C~23°C 74.9% 19.6% 5.5%
2C~23°C 67.0% 25.5% 7.1%
3C~23°C 72.4% 21.8% 5.8%
3C10°C 59.8% 36.8% 3.4%
3C25°C 72.9% 21.8% 5.3%
3C40°C 78.7% 16.9% 4.4%

4. Conclusions

In summary, we investigated the pressure build-up behavior in LCO/graphite Li-
ion pouch cells under varying C-rates and temperatures. By analyzing the minimum,
maximum, and pressure differences per cycle, we identified the key contributors to pressure
changes, including SEI layer damage, electrolyte decomposition, and lithium plating.
Our results show that higher C-rates (e.g., 3C) lead to faster residual pressure increases
compared to lower C-rates, and that low-temperature (e.g., 10 °C) high-rate conditions
amplify aging effects, while elevated temperatures may extend the battery’s life. Lithium
plating, which occurs at high C-rates and low temperatures, was identified as the primary
cause of pressure increase, rather than electrolyte decomposition. Nevertheless, it is worth
noting that the SEI layer growth and electrolyte decomposition can be secondary effects of
lithium plating. We also showed that studying the maximum pressure alone is insufficient;
for example, if the peak pressure (maximum) is increasing, but the residual (minimum)
pressure is not, it indicates that the pressure build-up is reversible and is not a sign of an
alarming decline in battery health. Also, the EIS measurements supported these findings,
showing little change in ohmic resistance but significant changes in polarization resistance
and capacitance, both linked to lithium plating. The postmortem analysis confirmed lithium
deposition and film growth on the anode’s surface, especially in cells cycled at 10 °C, while
cells cycled at 40 °C showed minimal surface changes, which matches the observed increase
in residual pressure. Finally, this study demonstrates that pressure measurements provide
insights into the aging mechanisms of Li-ion batteries and can be used as a reliable predictor
of battery degradation.
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