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Abstract

Lithium-ion batteries (LIBs) can considerably improve their lifespan by optimising oper-
ating conditions. This may entail ensuring optimal operating temperature, limiting the
state-of-charge (SoC) window, reducing cycling current, and changing the physical orienta-
tion of the uncompressed LIB cell. In this study, we examine how these four conditions
and some of their combinations impact degradation in both 1st life as well as in second
life. The cell analysed in this investigation was the Xalt 31 HE cell, an energy-optimised
Li-ion pouch cell with a capacity of 31 Ah and an NMC433-graphite chemistry. As a follow-
up study of previously reported results, a total of 18 cells were investigated. We report
results focusing on improving cycle life and ensuring safety before second life. The optimal
conditions for first-life cycling in the full SoC window were found at room temperature,
when cycled with a lower current and the cells oriented horizontally. We observed that
under the same cycling conditions, a vertical alignment of cells resulted in an increased
degradation rate compared to horizontal alignment. The best second-life capacity retention
was found for cells initially cycled at room temperature, then later cycled with a reduced
SoC window, at a lower current and in a horizontal orientation. If the cells were cycled at
an elevated temperature in first life, the second-life compatibility was reduced considerably.
An incremental capacity analysis (ICA) of the first-life ageing data revealed a possible
indicator for ensuring safety and cycleability into second-life use.

Keywords: lithium-ion battery; degradation modes; second-life cycling; temperature;
incremental capacity analysis

1. Introduction
The demand for lithium-ion batteries (LIBs) has been increasing significantly, driven

by the global transition towards more sustainable energy systems. As an example, the
International Energy Agency (IEA) reported that the total volume of batteries reached
over 2000 gigawatt-hours (GWh) in 2023, four times the amount reported in 2020 [1]. Out
of this, electric vehicles (EVs) are expected to demand a significant share of LIBs, and
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their sustained rapid growth is projected to exceed forecasts for 2030 [1]. The increasing
demand for and utilisation of EVs will lead to the availability of retired batteries with
terawatt-hour (TWh) capacities in the coming decades. These batteries will no longer
meet the performance criteria required within most EV applications, as their output will
have declined to below 80% of their nominal capacity [2,3]. However, these batteries can
potentially still serve sectors other than the EV sector, for example within the Battery Energy
Storage System (BESS) sector. When considering the repurposing of batteries, it is essential
to improve understanding of both lifetime expectancy and safety.

For LIBs, there are several traditional safety aspects readily studied (e.g., material-
related fire hazards and environmental and operational aspects [3–6]). Batteries taken
out of service in their original applications can have their life extended by being put into
service within other less-demanding applications (second life), thereby providing a poten-
tial solution for environmental, economic, and sustainability issues [3,6–16]. From these
examples, the environmentally benign effects are unequivocal. They further indicate that
the transition toward a renewable-energy-based society must deepen in order to achieve
substantial economic profitability. Moreover, they highlight the need for additional experi-
mental data concerning degradation mechanisms associated with second-life applications.
To determine a battery’s potential second-life applicability, the evaluation of the battery’s
performance and safety is essential. A state-of-health (SoH) threshold of 80% is commonly
cited as the criterion marking the end of first-life applications [14,17,18]. While this holds
for some segments, many daily examples have shown other user practices where, for
example, cars and consumer electronics are used up to a point where operation is no
longer feasible. Despite this, some studies do target measurement campaigns for second
life. Martinez-Laserna et al. reported on the degradation of 20 Ah NMC-carbon cells and
degradation under both first- and second-life conditions. Their study includes different
temperatures above 25 ◦C, currents ranging 0.5–2 C, and first-life capacity ending above
90% capacity [19]. Wang et al. studied 5.2 Ah LFP-graphite cylindrical cells at different
SOC windows at 25 ◦C [20]. Timke et al. cycled 5 Ah NMC(622)-graphite pouch cells at
20 ◦C for the purpose of second-life application [21]. Beyond this, several recent reviews
target the use of batteries in light of technical and economic feasibility [22–28], and most
recently Nazim and Elavarasan published a review with special attention around machine
learning and predicting the second-life use of batteries [29]. As such, experimental battery
degradation studies targetting second-life use and degradation of larger cell sizes, as well
as colder temperatures, are required.

In terms of batteries, degradation is the loss of capacity as a battery ages. Batteries can
degrade or age both at rest (calendar ageing) and during cycling (cyclic ageing) [30–33]. One
of the most common ways to describe battery degradation is to track the evolution of the
battery’s state of health (SoH) as a function of time or the summarized capacity a battery has
delivered (normalized cycles) [34]. The SoH is typically defined as the remaining capacity
(Ah) relative to the initial capacity of a pristine battery at a given temperature and cycling
rate (e.g., 0.05 C). Note that the SoH can be reported relative to the cell’s rated (nominal)
capacity or its measured initial capacity. Typical factors influencing cyclic ageing are the
deployed cycling rates and temperature. The rate deployed is most commonly reported as
the C-rate, which corresponds to current divided by the nominal cell capacity or the change
in SOC divided by time in hours, (e.g., a current giving a discharge time of 20 h between
100 and 0%SOC would correspond to a C-rate of C/20 or 0.05 C) [35]. Another factor that is
of importance for cyclic ageing is the upper and lower state-of-charge (SoC) limits. When
a battery cell is cycled within a limited SoC window, it effectively goes through partial
cycles. As such, cyclic degradation studies typically report SoH versus full equivalent
cycles (FEC), sometimes also referred to as equivalent full cycles (EFC). As an example,
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if a cell is cycled within a SoC window of 25–75%, this equates to 0.5 FEC. In reporting
degradation, performance loss can also be examined using other electrochemical methods,
such as self-discharge, impedance rise, differential voltage analysis (DVA), incremental
capacity analysis (ICA), voltage change, and capacity fade [36–41].

In an LIB, many internal reactions within the battery can lead to performance loss and
thereby loss in (available) capacity [34]. Moreover, depending on storage conditions and
operational patterns, different parasitic reactions occur that can contribute separately or
in combination with its degradation. However, identifying and analysing the individual
prevalent degradation mechanisms is challenging due to their highly complex dependencies
on not only the specific battery chemistry (including not only active materials but also
additives, electrolyte composition, and impurities), electrode (e.g., thicknesses, porosity,
tortuosity) and cell designs [38] but also the operational conditions like temperature, heat
management systems, cell pretension, SoC window, and C-rate.

A degradation mode represents changes to a battery’s capacity based on degradation
mechanisms causing similar changes to measurable quantities in the battery [42]. This
can be illustrated by the two very different degradation mechanisms: SEI growth and
Li-metal plating. Both mechanisms cause a loss of cycleable lithium deposited on the anode
and are both represented by the degradation mode called loss of lithium inventory (LLI).
The other two degradation modes are conductivity loss (CL) and loss of active material
(LAM) [38,43,44].

Research indicates that most temperature-related effects are linked to the chemical
reactions occurring within the batteries, following the relationship described by the Arrhe-
nius equation [45,46]. Furthermore, temperature significantly affects the materials used in
batteries and the ionic conductivities of both the electrodes and electrolytes [47].

At low operating temperatures, the viscosity of the electrolyte increases, resulting in
reduced ionic conductivity and higher internal resistance due to increased impedance of
ion movement [47]. Advances in additives and electrolytes with low freezing points have
been explored to mitigate these effects [48–50]. Additional challenges in low-temperature
operation include higher charge-transfer resistance at the electrode–electrolyte interface
and slower lithium-ion diffusion within the electrodes [51,52]. Lithium plating can occur
at low temperatures, where metallic lithium deposits on the anode surface. This process
leads to a significant loss of active lithium, resulting in capacity fade. Additionally, plat-
ing is associated with an increased risk of internal short circuits, thereby raising safety
concerns [53,54]. At elevated temperatures, chemical and structural changes within the
battery accelerate, resulting in higher degradation rates. Enhanced growth of the solid
electrolyte interphase (SEI) at the anode primarily contributes to loss of lithium inventory
(LLI). At the same time, changes in the structure and morphology of the active material
result in loss of active material (LAM). Together, LLI and LAM increase internal resistance
and reduce battery capacity [55]. Additionally, electrolyte decomposition can lead to gas
release and battery volume expansion [56].

Several methodologies have been deployed in the literature to identify and quantify
various degradation modes for batteries operated under different conditions. Sun et al. [57]
conducted a quantitative study on degradation modes at 25 ◦C and 45 ◦C, and analysed the
effects of charging current rates using electrochemical impedance spectroscopy (EIS). As
ageing progressed, they identified three degradation modes, with LLI and LAM being more
pronounced than CL at elevated temperatures. LLI was attributed to SEI growth on the
anode, while LAM was attributed to mechanical stress from cycling across a wide SoC range.
CL was influenced by the interfacial processes at the current-collector–electrolyte interface.
However, charging current within the tested range (0.5 C–1 C) did not significantly affect
these modes. More specifically, no differences in LLI were observed, as the applied currents
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were insufficient to accelerate electrolyte reduction reactions responsible for SEI growth. A
study by Alcaide et al. [55] investigated the degradation of commercial cylindrical graphite-
SiOx/NCA cells subjected to different cycling temperatures of 10 ◦C, 25 ◦C and 45 ◦C. The
lowest degradation rate was observed for cells cycled at 25 ◦C. LAM and an increase in
cell resistance were factors attributed to degradation at 45 ◦C, and lithium plating was
observed to be accelerated at 10 ◦C.

Zhu et al. [58] analysed the degradation mechanisms of 18650-type cells comprised of
42 wt.% NMC and 58 wt% NCA as cathode and graphite as anode. Using AC impedance
and differential voltage analysis (dV/dQ) under various operating conditions, they identi-
fied LLI and loss of active cathode material as the dominant factors of battery degradation.
Additionally, varying degradation rates were observed at 0 ◦C and 25 ◦C. Wittman et al. [59]
reported that LLI was the dominant degradation mode for both NMC and NCA chemistries.
In the NMC cell, lithium plating occurred at 15 ◦C, transitioning to SEI growth at 35 ◦C,
along with significant LAM on the cathode. The NMC cells exhibited a stronger temperature
dependence compared to NCA in their cyclic ageing and material degradation.

As summarised so far, advancements in research consist of extensive investigation of
the degradation mechanisms of LIBs using advanced electrochemical and material charac-
terisation techniques under specific operating conditions. This study broadens the scope to
examine how first-life operating conditions, particularly temperature dependency, affect the
batteries’ performance during second-life usage. The batteries were experimentally anal-
ysed under various cycling conditions, and the resulting data were compared to identify the
optimal conditions for their second-life operation. This work studies degradation modes
and evaluates their impact on battery performance and safety. Results from incremental
capacity analysis (ICA) and complementary diagnostic techniques offer valuable insights
into the viability and limitations of LIBs for extended second-life applications, particularly
under temperature-dependent conditions. Moreover, this paper presents post-mortem
studies, including SEM (Scanning Electron Microscopy) inspections supported by material
ARC (accelerated rate calorimetry) testing, XCT (X-ray Computer aided Tomography) and
FIB (Focused Ion Beam), EDX/EDS (Energy Dispersive X-ray Spectroscopy) and SIMS
(Secondary Ion Mass Spectroscopy).

2. Experimental
This section gives the experimental and methodological procedures for the applied

investigation of first-life, second-life, and post-mortem studies.

2.1. Cell and Testing Infrastructure

The cell used in this study was the XALT 31 HE pouch cell, with a nominal capacity
of 31 Ah and a specific energy of 160 Wh/kg. The cell’s active electrode materials were
NMC433 on the cathode (16 double-sided and 2 single-sided electrode sheets) and graphite
on the anode (17 double-sided electrode sheets). These LIB cells were purchased in 2015
and were classified as an energy optimised cell at the time. Results from this cell have
previously been published [60–63].

A total of 18 cells were used in this study. Fourteen of these cells were cycled as part
of a large cycle life study in the period from 2015 to 2017 and later stored at 50% SoC
and ∼5 ◦C until used in the second-life cycling from 2016, 2019 or 2022 . The remaining
4 cells were “pristine”, meaning they had been stored at a low temperature (∼5 ◦C) and
never been charged or discharged until used in 2022. Table 1 offers detailed information
about the cycling conditions applied during the cells first- and second-life cycling and
when they were tested. The cells are labelled with specific identifiers, indicating each
cell as well as the temperature for first-life cycling and their orientation (H = horizontal,
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V = vertical) during both first- and second-life testing. The cycling of the first 14 cells was
conducted from 2015 to 2017 using testers from PEC (SBT-0550 or ACT-0550), while the
remaining 4 cells were tested with an Arbin LBT21084 battery tester. All second-life cycling
tests and measurements were conducted with the same battery tester used for the first-life
measurement, expect for cells 45V-1-H, 25H-10-H and 25V-13-H, which were cycled using
the Arbin LBT21084 battery tester for the second-life testing. All cycling was done in
temperature-controlled chambers. Note that all cells were tested without any mechanical
constraints, allowing the cells to swell and contract during cycling.

Table 1. Overview of all tested cells and their cycling conditions during the 1st-life and 2nd-life
testing. The test conditions were temperature, orientation (H = horizontal, V = vertical), C-rate, SoC
window, and which year(s) the cells were tested. The cell label has the format of TTO-N-O, where
TTO is the 1st-life cycle temperature and orientation, N is the cell number, and the final O represents
the possible orientation during 2nd-life cycling.

Cell Label Cycling Conditions During 1st Life Cycling Conditions During 2nd Life

Temp
(°C) Orientation C-Rate SoC (%) Year(s) Temp

(°C) Orientation C-Rate SoC (%) Year(s)

45V-1-H 45 V 1 0–100 2015–2016 25 H 0.25 10–70 2022–2023
45H-2-H 45 H 1 0–100 2022–2024 25 H 0.25 10–70 2023–2024
45H-3-H 45 H 1 0–100 2022–2024 25 H 0.25 10–70 2023–2024

45V-4 45 V 1 0–100 2015–2016 – – – – –
45V-5 45 V 1 0–100 2015–2016 – – – – –
25V-6 25 V 1 0–100 2016–2017 – – – – –

25V-7-V 25 V 1 0–100 2016–2017 25 V 0.25 10–70 2019–2023
25V-8-V 25 V 1 0–100 2016–2017 25 V 0.25 10–70 2019–2023
25H-9 25 H 1.5 0–100 2016–2017 – – – – –

25H-10-H 25 H 1.5 0–100 2016–2017 25 H 0.25 10–70 2022–2023
25V-11-V 25 V 1.5 0–100 2015–2016 25 V 0.25–0.5 * 0–100 2016–2017

25V-12 25 V 1.5 0–100 2015–2016 – – – – –
25V-13-H 25 V 1.5 0–100 2015–2016 25 H 0.25 10–70 2022–2023

5H-14 5 H 1 0–100 2022 – – – – –
5H-15 5 H 1 0–100 2022 – – – – –
5V-16 5 V 1 0–100 2015 – – – – –
5V-17 5 V 1 0–100 2015 – – – – –
5V-18 5 V 1.5 0–100 2015 – – – – –

* Cell 25V-11-V went through a different 2nd-life test than the other cells; 1st life with 1.5 C, 2nd life with C/2
current, and later C/4 current, all in the full SoC window.

2.2. Cycle Life Testing and Characterisation

All cells in this study were cycled in their first life within a SoC window from 0 to
100% at different temperatures (5, 25 and 45 ◦C), C-rates and orientations, as presented in
Table 1. Second-life cycling was performed at 25 ◦C, with reduced C-rate or in combination
with a reduced SoC window. All charge and discharge steps were finished with an OCV
period of a minimum of 5 min. The OCV period was prolonged if necessary to enable the
cell to cool down to at least 1 ◦C above the set cycle temperature. All charging of the cells
was finished with a constant voltage (CV) hold at the specified SoC levels of 100% or 70%
SoC after the constant current charge (CC) until the current dropped below either 0.1 C
(2015–2017) or 0.05 C (>2019).

All cells were characterised at 25 ◦C by measuring the remaining capacities at three
different currents (1 C, 0.5 C, 0.1 C) in addition to a high-pulse-power characteristic (HPPC)
test to assess changes in the internal resistance. For the cells tested after 2017, an additional
0.05 C cycle was included in the characterisation test. Characterisation tests were performed
every 200 cycles, every 1 month, or if the capacity decreased by more than 5%, depending
on which condition occurred first. The capacity evaluation was based on the charge capacity
measured during the 0.05 C cycle (0.1 C for cells tested before 2017). In the HPPC test, the
applied current pulses and their corresponding responses on the cell voltage were analysed.
Especially for this paper, the voltage relaxation after the current pulses was analysed to
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find the DC resistance 50 ms after the current pulse was finished. This DC resistance is
denoted as “internal resistance” . Typically, we report the evolution of how this resistance
changes at 50% SoC.

Note that the Arbin LBT21084 battery tester has a maximum charge and discharge
current of 30 A, which corresponds to 0.97 C. For simplicity, we will still refer to this rate as
1 C to facilitate easier comparisons with the older studies performed at 31 A, despite this
being a 3% deviation from the nominal 1 C current.

Further details on the experimental setup, as well as cell characteristics, are provided
in Appendix A.

2.3. Diagnostics

Incremental capacity (IC) (dQ/dV) curves were calculated from the 0.05 C charge and
discharge cycles (0.1 C before 2017). A smoothing algorithm was applied to the voltage and
capacity data as described previously [60]. Feature peaks of interest on the IC curves (FOIs)
were identified by extracting the values and locations of two local maxima during charging.
The voltage shift was calculated by subtracting the actual potential of the maxima from
the potential of the maxima at 100% SoH. In combination with the peak height, changes in
features were studied and compared under different cycling conditions. The data analysis
of the IC curves was conducted using a set of simulated degradation maps established in
our previous work [60].

2.4. Post-Mortem Analysis

Several tests were performed on selected cells and their parts when the testing of
cells in first life and second life was finished. Two aged cells at 5 ◦C were opened and
scrutinised for electrode morphology, material safety of the anode, and remaining lithium
metal in the anode. As a reference, one uncycled cell was also opened. Before dismantling
a cell, it was discharged to the lower voltage limit of 2.7 V (0% SoC) at a low C-rate (0.05 C)
and left overnight at rest. The cells were then disassembled in an argon-filled glove box
(H2O ≤ 0.1 ppm, O2 ≤ 0.1 ppm) and separated into cathode, anode, and separator sheets.

The material safety of the anode material was studied in an accelerated rate calorime-
try (ARC) test of the material, as ARC testing for the full cell was not possible due to the
lack of an appropriate setup. The material was obtained by scraping the surface of one
side of a double-coated anode sheet aged at 5 ◦C using a scalpel. The material was tested
with a heat–wait–seek (HWS) stepwise procedure of 5 ◦C steps using the ES-ARC instru-
ment from THT. A stainless-steel bomb/tube (ARC-ES-1750), 5.5 cm long with 0.15 mm
wall thickness and one side welded shut, was filled with 0.7 g of anode material and
0.27 mL 1.0 M LiPF6 in EC/DMC (ϕ-factor of 3). The sensitivity of the selected method was
0.02 ◦C/min.

The morphology, as well as chemical composition of samples from an anode sheet
from the cell cycled at 5 ◦C, was examined using SEM (scanning electron microscopy), EDX
(energy Dispersive X-ray), and SIMS (Secondary Ion Mass Spectroscopy), supported by FIB
(Focused Ion Beam) for making cross sections. The setup is as described in great detail by
Sun et al. [64]. The samples investigated were mounted in a glove box and subsequently
put into an air tight transfer chamber so that the sample would not be exposed to air
(neither oxygen nor humidity) before subjected to the investigation methods described in
this paragraph.

To extend the investigation beyond the capabilities of the extended SEM analysis, a
piece of the same anode was subjected to investigation by X-ray computed tomography
(XCT). The XCT was performed using a Zeiss Versa 630 machine and with focuses providing
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voxels with cubical pixels of approximately 1.67 µm and 0.33 µm. The apparatus and
procedure are described further in [65] and the references therein.

Two samples for analysing the remaining lithium content in the electrodes were
prepared by soaking selected anode sheets in deionised water. A full electrode sheet was
taken from a pristine cell, whereas the the other sheet was taken from cell 5H-14 cycled to
65% SOH at 5 ◦C. After soaking in water, the solutions were filtered. Reference potential
curves were established using standard solutions with varying lithium concentrations,
prepared by weighing lithium metal (0.01–0.4 g) and adding it to 100 mL of distilled water.
Additionally, 0.1 g of lithium chloride was added to both the sample and standard solutions
to improve conductivity and enhance the sensitivity of the ion-selective electrode. The
potentials were measured using a DX207-Li ISE half-cell (Mettler Toledo) with an Ag/AgCl
reference electrode preconditioned in a potassium chloride solution.

3. Results and Discussion
This section presents the results of the experiments described in Section 2, along with

discussions and important considerations for their interpretation. The development of the
capacity loss for the Xalt 31HE cell was assessed under different cycling conditions. In this
paper, we begin our investigation by examining the general trends in capacity loss over the
cells’ two separate ageing conditions in first and second lives.

3.1. Capacity Development

In this section, the effect of how different operating conditions affected capacity loss in
both the first life and second life is presented for the Xalt 31HE cell. The different operating
conditions are presented in Table 1. The different cycle life outcomes are presented in
Figure 1, shown as how the remaining capacity (SoH) changes with the number of full
equivalent cycles (FEC) for the tested cells. In Figure 1a, the evolution of SoH in first-life
cycling is presented. Cells operated at 25 ◦C showed the lowest loss in capacity, with longer
usable life and slower degradation. Cells cycled at 45 ◦C demonstrated a reduced total
cycle life, with a short period of slower capacity loss up to ∼500 FEC. For the cells cycled
at 5 ◦C, an almost instantaneous loss in capacity was observed, with a maximum cycle
life of only 25 FEC (see inset in Figure 1a). This was most likely caused by considerable
lithium metal plating on the anode and will be further discussed later. An improved effect
on cycle life was also observed by reducing the cycle current from 1.5 C to 1 C during
first-life cycling.

In addition to the effects of temperature and current, we studied the effect of cell
orientation (i.e., vertical vs horizontal) on cycle life. In general, vertical orientation during
cycling led to an increased capacity loss. This effect was most pronounced in the cells
cycled at 25 ◦C and 1.5 C, where a vertical orientation reduced the cycle life by more than
50% compared to a horizontal orientation. The effect of orientation was less apparent at
45 ◦C, with a reduced cycle life of approx 30% for the vertical cells. A vertical orientation
has been found to promote non-uniform cell ageing in EV battery packs [66]. This effect is
also documented and recently reported for cylindrical cells [67]. The effect of orientation
observed here is for cells cycled without any mechanical compression. Also, a significant
difference between cylindrical cells and poach cells is the volume in the core of the cylindri-
cal cells, where there is space for residual electrolyte to flow in and out depending on the
SOC. Note that some capacity loss variability between cells cycled in different orientations
reported herein may also be attributed to manufacturing differences for individual cells.

The ageing trajectory of the cells cycled into second life is illustrated in Figure 1b, with
the colours representing the first-life temperatures the same as those presented in Figure 1a,
while the first-life part is now grey. Most second-life cells were cycled at 25 ◦C with a
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reduced SoC window and at a reduced C-rate (see Table 1 for detailed conditions). We
observe a prolonged cycle life for all cells, with an improved ageing slope, even if the cell’s
second-life cycling was started after the cell had reached the “knee-point” in the ageing
curve [68,69]. The cycle life extension due to the second-life cycling resulted in more than a
doubling of the total FEC for the majority of the investigated cells, with, on average, only
5–10 percentage points additional drop in the SoH.

Figure 1. SoH as a function of FEC for cells cycled at different temperatures, C-rates, and orientations.
The specific test conditions for all cells are presented in Table 1. The cell label discloses cycle
temperature in 1st life as well as orientation in both 1st- and 2nd-life cycling in addition to a specific
cell number. In 1st-life cycling (a), all cells were cycled in the full SoC window and at 1 C current,
except those where 1.5 C is indicated at the end of the lines. In 2nd-life cycling (b), all cells were
cycled at 25 ◦C in a reduced SoC window of 10 to 70% and at a C-rate of 0.25 C, except for cell
25V-11-V, which was cycled from 0 to 100% SoC, first at 0.5 C and then at 0.25 C.

The ageing behaviour during second-life cycling may depend both on the history and
conditions for cycling in the first life, as well as for the new cycling conditions used in the
second life. The main factor improving cycle life in the second-life is the reduction of the SoC
window. This is apparent when comparing the ageing trajectory of the only cell that was not
cycled in a limited SoC window (25V-11-V). This cell experienced a continued rapid drop in
cycle life, with only a minor improvement in cycle life when using the stepwise reduction
of the cycling current (see insert in Figure 1b). This behaviour can possibly be attributed
to a shift in electrode balance and local higher electrode voltages. In particular, when
the cathode is at high SoC and the anode at low SoC, local elevated electrode potentials
that are thermodynamically and kinetically unfavourable can be reached. At high SoC,
the cathode may operate at higher potentials than at BoL, potentially facilitating parasitic
reactions, such as electrolyte oxidation, transition metal dissolution, and lattice structural
degradation, that compromise the integrity of the cathode–electrolyte interface [70]. At
low SoC, the anode is subjected to highly reducing potentials that can potentially cause
instability of the SEI [71]. These parasitic reactions could have contributed to the intensified
degradation observed for the cell in 25V-11-V.

The second important factor affecting the second-life cycle life is the temperature that
the cells were exposed to in the first life. Cells previously cycled at 25 ◦C exhibited a slower
second-life decline in SoH compared to the cells that were originally cycled at 45 ◦C. In
general, more demanding first-life cycling led to faster capacity loss during second life.
This indicates that ageing at higher temperatures triggers ageing mechanisms that possibly
cannot be reversed by changing cycling conditions in the second life.
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As for the effects of C-rate and cell orientation in the first life, there was no clear trend
on how they affected the ageing trajectory into the second life. The capacity loss of 45V-1-H,
which was initially cycled vertically and then horizontally for the second life is lower per
FEC than the two cells that were originally cycled horizontally at the same temperature. For
25 ◦C, the opposite is observed. The cells cycled horizontally in the second life, 25H-10-H
and 25V-13-H, degraded more slowly than the two cells cycled vertically, despite also being
cycled at 1.5 C in the first life.

3.2. Resistance Development

During ageing, the cell’s DC resistance increased considerably depending on its ageing
conditions. The DC resistance was derived from the HPPC current pulses. The changes in
DC resistance at 50% SoC are presented in Figure 2. For the first-life cycling illustrated in
Figure 2a, all cells exhibited an overall increase in resistance as the SoH declined, which is
consistent with typical LIB degradation characteristics for older-generation LIB cells. The
cells cycled at 45 ◦C displayed a steeper increase in resistance as the SoH is lowered. In
contrast, the 25 ◦C cells displayed a small initial drop in resistance accompanied by a more
moderate, steadier increase in resistance with decreasing SoH. The 5 ◦C cells maintained
a near-flat slope, reflecting minimal resistance growth for the very few cycles that the
cells achieved.

Figure 2. Plot of the DC resistance at 50% SoC as a function of SoH for cells cycled under different
temperatures and C-rates during (a) 1st-life and (b) 2nd-life cycling. For information on test conditions
and cell labels, see Table 1 and Figure 1.

Notably, cell 5V-18, cycled at 1.5 C, has a higher initial absolute resistance value
compared to all other cells, but still has the same near-flat slope in its resistance curve as the
other cells cycled at 5 ◦C. The authors believe the discrepancy of the initial resistance value
was due to an inconvenient location for a voltage sensor/connector and that the resistance
difference (3 mΩ) is merely an additional contact resistance. The slightly improved cycle
life for cell 5V-18 can potentially be attributable to additional internal heat generation at the
higher C-rate for this cell, which has slightly mitigated some low-temperature degradation
mechanisms, e.g., lithium plating. From the superimposed graphics in Figure 1a, cell 5V-18
has a slightly lower degradation rate than the other cells cycled at 5 ◦C. This cell was
cycled at a 50% higher C-rate than the other cells at this temperature. It is worth noting
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that when we look at the difference between the cell surface temperature and the chamber
temperature, ∆TC−A, the 5 ◦C cells at 1 C had an end of cycle ∆TC−A of around 8 ◦C and the
cell cycled at 1.5 C had a ∆TC−A of around 16 ◦C. In the light of the other SoH (FEC) curves
at different temperatures, this is a probable reason for the slightly lowered degradation rate
for cell 5V-18 versus the other cells cycled at 5 ◦C. Much of its cycling was thus above the
low temperatures that initiate and drive the capacity loss in the rest of the 5 ◦C cells.

In the second-life cycling (Figure 2b), the rate of increase in resistance with respect
to the SoH within the cells is significantly reduced for the cells tested at 45 ◦C cells in the
first life, but not in the same manner for the 25 ◦C cells. The cells tested at 45 ◦C in the first
life retain relatively high resistance values but display a reduced slope. In contrast, the
cells tested at 25 ◦C begin their second lives with a lower resistance value but gradually
increase in resistance again as their SoH declines. However, the number of additional cycles
achieved is much larger for all cells aged at 25 ◦C in their second life compared to those
aged at 45 ◦C.

The inset of (Figure 2b) highlights that the resistance behaviour of cell 25V-11-V exhib-
ited a notably steeper increase in resistance with declining SoH, indicative of the onset of
accelerated degradation processes. This behaviour is consistent with the corresponding
capacity data, which showed rapid capacity deterioration under full SoC cycling during
second-life cycling. Additionally, it reinforces the statement already made that operating
across the full SoC range, even at moderate temperatures and C-rates, accelerates resis-
tance growth. This highlights the critical role of reducing the SoC window in mitigating
degradation and preserving capacity and resistance characteristics into second-life cycling.

3.3. Changes in Incremental Capacity Curves

Beyond reporting SoH and electric resistance as a function of FEC, we investigate how
the incremental capacity (IC) curves change as the batteries experience capacity loss at the
different operating conditions. The incremental capacity (IC) curves for selected cells at
different temperatures during their the first-life cycling are presented by plotting them as
functions of the cell potential in Figure 3. In this study, we focused the analysis on two
feature peaks in relation to SoH, indicated as reference points labelled F1 and F2 for the IC
signal at 100% SoH and shown by the black solid baseline in Figure 3a,b.

In Figure 3a, the dQ/dV plots from cells at a SoH ranging between 91 and 95% depict
several trends related to the cycling conditions. The cells cycled at higher temperature
exhibited little voltage shift in the F1 peak position, while the F2 shifted to a higher potential
value. Additionally, a reduction in intensity was observed for both peaks. For the cell
cycled horizontally at 25 ◦C, the F1 peak shifted to a higher potential while maintaining
its intensity, whereas F2 shifted to a higher potential with reduced intensity. A different
behaviour was observed for cells cycled at 25 ◦C but at a higher C-rate and different
orientation. The F1 peak shifted to a higher potential with an increase in intensity, while F2
also shifted to a higher potential but with a reduction in intensity. The cell cycled at low
temperature had the largest shift to higher potential and the highest increase in intensity
for F1 and a shift to lower potential and the lowest intensity for F2.

The SoH levels shown in Figure 3b represent the data after the last cycle in the first-life
cycling procedure. To understand the trends in greater detail, we analyse the variation of
the F1 and F2 peak positions (potential) and intensities (dQ/dV) as functions of SoH. The
potential shift and peak intensity of the two features, F1 and F2, as a function of the SoH
of the cells cycled at different temperatures at first- and second-life cycling is shown in
Figure 4.
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Figure 3. Incremental Capacity Aanalysis (ICA) presented as dQ/dV during charge as a function of
cell voltage at 0.05 C for cells during their first life for selected cells aged at different temperatures.
In (a), the IC curves for the cells range from a SoH of 91 to 95%. In (b), the SoH ranges from 81 to
85%. Below each of the plots, (a,b), arrows or bars indicate the trends of change in potential (left) and
dQ/dV (right) for each peak from 100% SoH, as well as the cycling condition and corresponding plot
colours (For the arrows; the color red, green and blue indicate 45, 25, and 5 ◦C, respectively, and dash
bar no significant change.).

Figure 4. Potential (top) and intensity (bottom) shifts of (a) F1 and (b) F2 versus SoH for cells
cycled at different temperatures (5 ◦C, 25 ◦C, and 45 ◦C) under1st-life and 2nd-life cycling conditions.
Second-life data points are indicated with open markers.

In Figure 3b, we show the dQ/dV plots at SoH values ranging between 80 and 86%.
Due to the measurement procedure, where the cells go through 100 cycles or whenever
the SoH decreased by 5%—depending on which condition occurred first—and ICA mea-
surements are taken in between, the cells subject to ICA naturally reach slightly different
SoHs. For peak F1, all cycled cells displayed a shift towards higher potentials. Notably,
the low-temperature-cycled cell exhibited higher peak intensity, while the 45 ◦C cell had a
significantly diminished peak, nearly collapsing in amplitude. For the F2 peak, all cycling
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conditions result in a shift to higher potential, accompanied by an apparent reduction in
peak intensity. Notably, the F1 peak exhibits the most significant drop in intensity for the
high-temperature-cycled (45 ◦C) cell.

The shift in the voltage (potential) of F1 for all the cells (see Figure 4a) shows a clear
correlation with SoH, increasing progressively as the SoH declines. This behaviour is
observed across all temperatures, with the most significant shift observed for cells cycled
at 45 ◦C, while the shift at 25 ◦C is smaller. A similar relationship is observed during the
second-life phase. The F1-intensity for the 25 ◦C cells decreases with a slight initial drop
followed by a gradual flattening (see Figure 4a). However, this behaviour is not observed in
cells cycled at 45 ◦C and 5 ◦C. For the 45 ◦C cells, the F1 intensity initially drops significantly
before being more or less stable from SOHs of around 97% and lower. The 5 ◦C cells show
a distinctly different behaviour, the F1 intensity remains higher than in cells aged at other
temperatures and initially increases as the SoH decreases. After the SoH drops below 80%,
the intensity begins to decline, followed by a significant drop at lower SoH levels. Upon
second-life cycling, all cells demonstrated a proportional decline in intensity for the F1
peak with a decrease in SoH.

The shifts in potential and intensity of the F2 peak for all cells (see Figure 4b) cor-
relate with the SoH. The F2 potential increases consistently as the SoH decreases in all
temperature conditions, with the most considerable shift observed in cells cycled at 5 ◦C.
The F2 intensity decreases as the SoH decreases, showing slight variation among the dif-
ferent temperature conditions. This indicates that the intensity of F2 decreases linearly
with capacity loss, irrespective of the cycling temperature. The second-life data exhibit
similar trends, following the same relationship between SoH and both the potential and
intensity shifts of F2, as observed during first-life cycling. Compared to the resistance
measurements in Figure 2, observing the shift to higher potentials of F2 for the cells cycled
at low temperatures indicates that losing capacity does not necessarily lead to increased
resistance in the same manner.

Analysis of the F1 and F2 feature peaks at different temperatures provides insight into
the dominant degradation mode. For high-temperature cells (45 ◦C), the potential shift and
intensity drops in F1 are indicators of LAM at both electrodes (LAMdePE and LAMdeNE)
and accelerated SEI formation [60]. The thickening of the SEI layer consumes cyclable
lithium, leading to LLI and a rise in internal resistance [38]. For low-temperature cells
(5 ◦C), there is little change in the F1 intensity, but F2 intensity drops strongly, suggesting
LLI as the primary degradation mode, potentially due to irreversible lithium plating [60].

To this point, we have examined the impact of temperature, SoC, C-rate, and orien-
tation on degradation behaviour in first-life and second-life cycling. Next, we will focus
on post-mortem analyses to further elucidate temperature-specific degradation. In par-
ticular, we will investigate cells aged at 5 ◦C using material ARC, SEM, EDX, SIMS, and
lithium leaching. These methods provide insight into thermal offset changes, morphological
changes in the anode material, and the potential presence of lithium plating.

3.4. (Material) ARC Testing

Accelerated rate calorimetry (ARC) is a valuable tool for understanding the safety of
batteries, as it indicates the temperature at which LIB cells or materials extracted from them
become unstable and prone to initiating a thermal runaway. ARC used in degradation
studies can also indicate the degree of suitability for second-life applications, as in this
case, where the interest lies in understanding whether first-life cycling conditions have an
impact on second-life high-temperature thermal stability. Note that ARC is a destructive
method, so once an LIB is investigated after first life using ARC it is no longer available
for second-life testing. As the cells in this study were mostly subjected to second-life
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testing, except for the cells cycled at 5 ◦C, we have also presented relevant ARC results
for a different cell type (LFP cells) that underwent only first-life cycling. These results are
shown to give a comparison to the 5 ◦C cycled cells of the present study that were subject
to the material ARC testing.

Material ARC was conducted to qualitatively assess the thermal behaviour of the
anode material extracted from the 5 ◦C cell by measuring its self-heating rate as a function
of temperature. While the comparison is limited compared to full-cell ARC results, this
analysis aims to provide supporting context for interpreting changes in thermal stability
associated with low-temperature cycling. Figure 5 illustrates the measured heating rate as a
function of temperature. The provided results are for the anode material (material ARC) of
the cell cycled at 5 ◦C (light blue), along with experimental data from [72] for a commercial
LFP cell (full-cell ARC) cycled at 5 ◦C (dark blue), 25 ◦C (green) and 45 ◦C (red), as well as
for an uncycled cell (grey). The cycled LFP cells had SoHs ranging from 72% to 81% when
subjected to the ARC test. The anode material cycled at 5 ◦C exhibits a self-heating onset
at 74 ◦C, and the reaction rate accelerates rapidly between 130 ◦C and 144 ◦C, ultimately
reaching thermal runaway at 144 ◦C. The result of the material ARC test is similar to
the reported data for the commercial LFP cell cycled at 5 ◦C in [72], corroborating the
understanding that low-temperature cycling lowers the thermal runaway temperatures
for both thermal onset and thermal runaway, increasing reactivity, and that this hazardous
effect is related to anode degradation processes during cycling at low temperatures.

Figure 5. ARC test of the cycled anode material from a 5 ◦C cell, with reference data from [72].

3.5. Investigation of Anodes Cycled at Low Temperatures (5 ◦C)

As so far seen in this article, the cells cycled at 5 ◦C had an extremely rapid loss in
capacity during cycling. It is also observed that this relates to the anode, considering the
results of the material ARC testing. As such, it is interesting to look at what happened to
the anodes during cycling.

The anodes from the low-temperature cycling were dissected and subjected to var-
ious tests after the reported cycling. The details of this investigation are reported in the
Appendices B–F, and only the highlights are presented here.
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The first significant observation is from visual inspection of these anodes. The anodes
were slightly larger than the cathodes, so that in the cell stacking, the anodes’ edges would
always be around 2 mm outside the cathodes. This is commonly referred to as an overhang
and is common in many battery stacks to avoid local overcharge at the edges. An edge
strip is shown using digital imaging in Figure 6 (lower centre). From this, one can see that
the overhang has a distinctly different colour to the part of the anode that was underlying
the cathode. Whereas the overhang part was black and looked like a pristine anode, the
underlying area was beige or silver-like. When exposed to air, the underlying area reacted
and changed in colour and topography, and the changes were clearly visible to the eye.
These changes are documented further in the supporting materials.

Figure 6. The figure shows a sample of an anode examined by SEM, FIB-SIMS and SEM-EDX. In the
lower centre, one can observe the sample (optical picture) of a section of the anode. Two characteristic
sections of the anode where inspected further; the transition between overhang and cathode underlay
anode (green) and well into the actively cycled anode (light orange). From these two SEM images
(green and orange framed), one can see the three types of layers (i), (ii), and (iii). (i) is visible in the
left part of the green-framed micrograph, (ii) is visible in the right of the green-framed micrograph
and in the majority of the orange-framed figure, and (iii) is visible in the upper right part of the
orange-framed micrograph. Further, layer type (ii) was found to have surface (purple framed) and
pit/hole (pink framed) characteristics.

The anode sample was then examined using SEM, FIB-SIMS, and EDX. From SEM
micrographs, one can see that the anode had three different characteristic surface appear-
ances: type (i), the overhang that appeared like uncycled anodes; type (ii), crystals on
the surface; and type (iii), a smooth layer that partly covered the second characteristic
surface. For the overhang, it can be seen in the upper left corner of Figure 6. The transition
zone between the overhang and the underlying area is shown in the lower left of Figure 6.
By deploying FIB etching, one can see how the crystal-based surface layer is present in
larger pores and more open areas near the surface, as well as just in the surface layer on
top of the anode. At the top surface, one can see the characteristics of type (ii) and (iii)
surface coatings via the yellow-framed SEM micrograph. In that micrograph, type (iii) is
recognised in the upper right corner and type (ii) is seen in the remaining area. Using EDX,
the type (iii) characteristic areas were found to contain very large portions of phosphorous
and fluorine, in molar proportions of one to six, indicating residual PF−

6 . Here, carbon and
lithium (by SIMS) were also detected. This suggests this layer being composed of residual
electrolyte that was not sufficiently cleaned from the electrodes. Similarly, materials with
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same composition were also found deeper in the anode pores, further supporting the type
(iii) layer being residual electrolyte. Type (ii) coatings were found to be very rich in lithium
(SIMS indications), as well as having large portions of oxygen, indicating that this could
have been lithium metal oxidized by trace levels of oxygen in the glove box (which is never
truly zero). Looking further at the type (ii) coating, it appears as a highly porous structure
constituted of crystals. These crystals were seen to be needle-like in deeper pores and
more cubic, hexagonoids, or dendritic together-grown lumps on the top surface. This is a
strong indication of lithium electro-deposited structures grown under diffusion-limited
concentration gradients.

X-ray computed tomography (XCT) was also included in this study. A summary of the
visualisations is provided in Figure 7. In contrast to the SEM approaches, it was not possible
to document any differences between the three typical surface layers: type (i), (ii), and (iii).
What can be observed instead is that the carbon in the anode region, typically coated by
layers of type (ii) and (iii), appears swollen compared to the carbon at the overhang (under
surface layer type (i)). From the semicircle focus, where the pixels are 5 times smaller than
the other XCT images and where the zone between the cathode overlay region (left) and the
anode overhang (right) is shown, one can see this difference in carbon swelling particularly
well, as well as the gradual change.

1mm
100µm

100µm

Figure 7. Illustration of the X-ray setup (upper left) and a slice cut through the battery anode
thickness direction (centre). Also, a picture of the electrode near the end is displayed (lower middle),
with enlarged XCT images of under surface coating type (ii)/(iii) (left) and under type (i) (right). In
the upper-right semicircle, XCT images of the transition zone between the active cathode overlay
region and the anode overhang region, oriented accordingly, are shown. Images include 100 µm
bars for indication of dimensions, as well as one 1 mm bar in the centre picture. The anode current
collector can be recognised as the bright centreline or region.

Despite not directly documenting the type (ii) or (iii) surface layers by studying
Figure 7, one can see that the top layer of the cathode underlay region has a distinct
reduced porosity in comparison to the overhang region. The region at the part of the anode
that has been facing the cathode and the electrolyte is more dense. In light of the SEM
investigation, this layer can thus be interpreted as layer (ii) or (iii), but it is difficult to
argue this independently of the SEM investigation. Moreover, from the XCT analysis and
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particularly regarding the bulk part of the anode, this densification is at least partly due to
the anode active graphite particles being more swollen.

The observations shown here via SEM, FIB, SIMS, EDX, and XCT are representative of
what was typically seen by investigating several different sites on an anode. Further details
and additional documentation are provided in the supporting materials.

As much as lithium in combination with various elements, either oxygen or PF−
6 , is

recorded and documented, even in very metallic like structures, this does not prove that the
deposit is actually metallic lithium. Since lithium metal is indeed very difficult to record
and report, the samples were subject to testing for the purpose of developing a leaching
test. This can be viewed as a novel approach to detecting lithium. The main conclusion is
that only a small percentage of the lost capacity could be detected in this manner. It also
remains unclear why the deposited material would not leach, but two possibilities remain:
either metallic lithium reacted with air into lithium oxide that would not dissolve in water,
or the surface layer is an organic lithium or carbide compound that will not dissolve in the
chosen water solution.

4. Conclusions
In this study, we cycled 18 NMC(433)-graphite 31Ah LIB cells to understand the

prospects for a second life, focusing on their remaining life potential and safety. The cells
underwent various first-life cycling conditions by changing the temperature, SoC window,
C-rate, and orientation. This was followed by standardised second-life cycling at fixed
temperature, with further variation in the SoC window, C-rate, and cell orientation. From
the experimental results, we draw the following conclusions:

• By changing cycling conditions at a SoH of around 75%, the amount of added full
equivalent cycles can double before reaching 70% SOH.

• Cycling cells at room temperature provides lower degradation rates than cycling cells
at 5 and 45 ◦C.

• Increasing the ambient operation temperature in first life from 25 to 45 ◦C will in-
crease the degradation rate of second-life cycling, despite the second-life operation
temperature being lowered back to 25 ◦C.

• For second-life cycling, reducing the SoC window (by 40%) is more important than
lowering the C-rate (by 1/3) (for the selected cells).

• First-life cycling in room-temperature air (25 ◦C) gives lower degradation rates as
well as lower cell resistance compared to elevated air temperatures (45 ◦C). These two
effects positively contribute to the lower degradation rate in second-life cycling.

• Vertically oriented cells (standing) experienced higher degradation than horizontally
oriented (lying) cells when not under pretension. Vertically oriented cells at 1C
degrade at similar rates to horizontal cells at 1.5 C, for the selected cells in the first life
in this study.

• Cycling cells at excessively high C-rates and low temperatures (1 C and 5 ◦C) leads
to the most extreme degradation rates (tenfold higher than other temperatures) in
this study.

• In the ICA analysis, and for the two selected features (most distinct positive peaks at
100% SOH), feature 1 (F1, lower cell potential) was the one peak that most strongly
indicated compatibility with a second life, considering both safety and lowered degra-
dation rates.
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Appendix A. Experimental Details of the Battery and First-Life
Testing Conditions

The Xalt battery underwent all tests in standard thermal chambers with fan-circulated
air. During the first life, some of the cells were lying down (horizontal), whereas others
were in an upright position (vertical). The upright position was achieved by standing the
cells on their lower end towards a plexiglass (polycarbonate) sheet, with the tabs (clamped
to leads and sensing wires) on the top, while leaning gently on a line support. In detail, a
plexiglass sheet with large rectangular end-rounded holes, at least twice the thickness of
the cells, were supporting the cells so that they would stand up. The setup is illustrated in
Figure A1. The details of the cell specifications are given in Table A1.

X

  Y

Z

X

  Z

Y

Figure A1. The battery cell holder for the standing (vertical) cells. Three cells are displayed, with
lead connections at the top.

Table A1. Factory specification sheets of the Xsalt cell.

Specifications Range

Capacity (C/2) 31 Ah
Voltage range (nominal voltage) 2.7–4.2 V (3.7 V)
Continuos max charge and disch. 2 C and 5 C
Temperature window, charge and disch. 0–45 ◦C and −20–60 ◦C

Appendix B. ICA First Life Comparison and Confidence Considerations
In this study, we have presented a large variation of cycling conditions for an NMC-

graphite 31 Ah cell. This large variation also means that replicas of specific cycling con-
ditions are scarce and that the confidence level towards conclusions appears low. One of
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the main discussion points relates to how we can separate, particularly the feature height
(dQ/dV-value) of F1, in relation to the cycling temperature in the first life and consequently
relate these to safety concerns regarding the battery cells in their second lives.

In Figure 4, there are not that many cells that provide information about the first- and
second-life ICA feature peaks for the three first-life cycling temperatures. Our discussion
revolves around the signature of feature F1 and the dQ/dV value, organised by temperature
groups. To somehow improve the validity of these temperature groupings is therefore
essential. Here (Appendix B), we attempt this by two means. For all the temperatures we
have added ICA recorded at C/10, and for the short-lived low-temperature measurements
we have also cycled an extra cell, recording the ICA after each cycle under the same
conditions as those for cells 5H-14 and 5H-15.

The data sets used to improve the validity of the results discussed in the main
manuscript were collected over an extended period. It is worth noting that some earlier-
recorded ICA curves were obtained at C/10 rather than C/20. In Figure A2, one can see
first-life cycling data for cells where the ICA feature peaks are gathered at 25 ◦C at C/20
(circles) and C/10 (squares) and where the first-life ambient-air cycling temperatures were
5 ◦C (blue), 25 ◦C (green), and 45 ◦C (red).

Figure A2. Overview of 1st-life ICA and feature peaks (F1 and F2) obtained at C/20 (circle) and C/10
(square). In comparison to Figure 4, we have added ICA data recorded at C/10 as well as C/20 ICA
data for a cell cycled at 5 ◦C.

Generally, one can see that for feature F2, there is no significant difference in the
dQ/dV or the potential (V) as functions of state of health (SOH) when examining the cycling
temperature dependency. This also goes for the V value as a function of SOH for feature
F1. It is for feature F1 and when looking at the dQ/dV value as a function of SOH that the
results tend to group distinctly differently for the three different cycling temperatures, thus
demonstrating an interesting feature for considering second-life usefulness.

Looking more carefully at feature F1 dQ/dV as a function of SOH, the higher cycling
temperature (45 ◦C) leads to a more rapid drop for F1 dQ/dV data, the medium temperature
(25 ◦C) leads to a slower drop in F1 dQ/dV values over time, and the lower cycling
temperature (5 ◦C) leads to an initial slight increase and later lowering in F1 dQ/dV as a
function of SOH.

https://doi.org/10.3390/batteries12040121

https://doi.org/10.3390/batteries12040121


Batteries 2026, 12, 121 19 of 28

In comparing the results in Figure 4 to Figure A2, we can see that the first-life feature
peak coordinates as a function of SOH remain similar with respect to cycling temperature.
However, this comparison is challenging because the ICA cycling rates (C/10 and C/20)
lead to an adjusted voltage change due to the ohmic potential drop being slightly larger at
C/10 compared to C/20. For the dQ/dV, this is even more complicated; however, generally
and theoretically, the dQ/dV peak should have lower values when recorded at faster
C-rates. The expected shifts in voltage and dQ/dV values when comparing C/20 to C/10
in this study appear random at best. Thus, it is not considered valid to discuss this point
further here, other than stating that the temperature trends observed in Figure 4 are not
significantly different from those seen in Figure A2, thereby increasing the conformity of
knowledge drawn from Figure 4. The information with most importance for improving
validity that is presented in Figure A2 compared to Figure 4 is the extra cell cycled at low
temperature where the dQ/dV(SOH) trend is further verified.

Appendix C. Visual Inspection in Air
The anode of the cells cycled at 5 ◦C turned out to be very sensitive to air exposure.

Depending on the air in the room, the time response differed a lot. In Figure A3, one can
see the visual changes of the electrode at different air exposure times. The air in the room
location where these images were captured was relatively still, and it is worth noting that
under other air flow conditions around the sample the visual response was sometimes
observed to be almost ten times faster.

0.05min        0.5 min         1 min          1.5 min

8 min        10 min        14 min           21 min 

2 min            3 min         4 min            6 min  

Figure A3. Figure showing photographs of a piece of an anode exposed to air for different lengths of
time. The electrodes are pieces of an anode (ca 15 mm by 15 mm) cycled at 5 ◦C, and the time stamps
indicate air exposure times.

Looking at the anodes taken from the 5 ◦C cycled cells, when in a glove box, one can
clearly see the overhang of the anodes, i.e., the area that would not have been aligned
within or covered by the cathode. This area was black, similar in appearance to an uncycled
anode or an anode cycled at higher temperatures. The area covered by the cathode had a
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lighter colour, beige or light brown, and this colour changed a lot during air exposure, first
turning light grey and then turning dark or almost black again. This rather reactive layer
was included in the anode material ARC tests described in the main manuscript, although
it was collected and placed in a sealed test holder using glove boxes.

The reactive layer described in this study caught the attention of the researchers
participating in the study, and several attempts were made to understand or document
the nature of this material. One experiment was to leave the electrodes in water and
measure a lithium response electrochemically, see Appendix F. Other experiments involved
transferring electrodes in argon from a glove box into an SEM-FIB-SIMS-EDX instrument,
Appendix D, as well as an X-ray computer tomography (XCT) device.

Appendix D. SEM, FIB, EDX, and SIMS Example Investigations
In the main part of the manuscript (Section 3.5) a brief description of the electrode

extended SEM investigation is provided, which was a result of a broader investigation.
Here, a more detailed SEM investigation is described, whereby SEM is supported by the
use of EDX, SIMS and/or FIB sectioning.

Looking first at the top view of the electrode in Figure A4, one can see the characteristic
surface coatings, the porous crystal layer (type (ii)) and the smooth coating (type (iii)). To
assist the reader in comparing the different graphics in Figure A4, dashed white grid lines
are added consistently applied throughout the graphics. From EDX elemental composi-
tion analysis (excluding Li), it was found that the general composition of fluorine and
phosphorus was very close to 6:1, indicating residual electrolyte salt, LiPF6, was present
at the surface. It can also be seen that in the region where the type (iii) layer is present,
oxygen appears to be absent. Oxygen can be seen as a sign of lithium deposits that, over
time, have adsorbed and reacted with even the small amounts of oxygen in a glove box.
Carbon is also observed in relation to the type (ii) layer. Generally, from the EDX mapping,
it appears that the topography of the type (ii) layer gives a topographic shadowing effect
on the left and the upper side of the structure sticks out slightly more. Where holes are
absent (e.g., lower middle of the lower middle sections and the lower middle of the upper
left section), the EDX signal also appears to be absent. This indicates that carbon is present
in the crystalline layer characteristic of type (ii). As such, it is difficult to argue that the
type (ii) layer is lithium metal alone; it could also be lithium–carbon that is oxidised to hold
oxygen. Examination by FIB and SIMS can provide further details on this. Thus, this is a
point of discussion that needs to be understood from the FIB milled cross-section inspection
discussed in the following paragraphs.

The smooth type (iii) coating appears to weaken the signal of all elements, suggesting
this layer is neither of the investigated elements. The lack of response for all four elements
in the type (iii) layer makes it very difficult to assess what this is. It could be electrolyte
organic solvent compounds; however, this should then also include the electrolyte salt
(LiPF6), which is simultaneously less visible. It was noted that this type of layer would react
to become porous and cracked when exposed to the electron beam for a longer period or at
a higher intensity, further suggesting that this could be an organic material, for example
electrolyte solvent.

Having investigated the surface topography and composition, the study further delves
into the subsections underneath. This is done via FIB etching and the use of EDX and partly
SIMS. Looking at Figure A5, one can see a picture of piece of an anode (similar to those
in Figure A3) in the lower centre. Two places were investigated: along the edge (yellow
frames) where the piece was cut out of the anode sheet, and an area well into the material
where it was unaffected by the cutting (red frames).
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Looking at the edge investigation (yellow- and black-framed images in Figure A5), one
can see that the material cutting has led to delamination, as well as being covered by the
type (ii) layer. One can see that the hole in the electrode (likely from the manufacturing) has
a very different type of crystal pattern from the surface, as discussed previously. It follows
that the surface structure in this image is covered by the FIB redeposition of sputtered
material, so the type (ii) top view crystals no longer appear with their original structure,
now being more volumetric in shape. Those in the pit or hole are shielded from this scatter
and have retained their more needle-like shape.

C O F

P

Li

SIMS

EDX

EDXEDXEDX

Figure A4. SEM micrograph of a typical top view of the anodes cycled at 5 ◦C (lower left), 4 EDX
elemental intensity maps for carbon (C), oxygen (O), fluorine (F), and phosphor (P), and a SIMS
lithium (Li) intensity map.

Looking at the micrographs taken well into the material (red- and purple-framed
pictures in Figure A5), one can get a view of both the top view (red frame) as well as the
cross-sectional view (purple frame) of the material. In the top view, the purple line indicates
the site of the FIB cross section. Prior to milling, a block of platinum was deposited to
preserve and protect the surface detail in the cross section. The platinum deposit can be
recognised in the purple frame image and as a grey line on top. In the cross-sectional view,
it can be seen more clearly how the type (ii) surface layer has grown in what were initially
empty surface pores. An EDX line scan was taken along a pore from relatively deep into
an area that is clearly coated with a type (ii) layer. This line scan is indicated using a blue
line, and it was approximately 45 µm long. The elemental composition was then plotted in
the graph in the uppermost right corner of Figure A5. This plot shows the ratio of fluorine
to phosphorus (F:P in purple) as well as the carbon content (red line). In the lower part
of the pore, one can see more than 80% carbon, which reflects less than 20% porosity for
carbon. One can also see that this region has a presence of fluorine that is much higher than
6 (consider PF−

6 ), and this can be attributed to a mixture of carbon black and fluorine rich
binder, like PVDF. In the region where the pore was likely more open, deposits of LiPF6

salt can be considered, given that the fluorine–phosphorus ratio is closer to 6. At the outer
end of the pore, one can see that the type (ii) surface layer is predominant. Using SIMS and
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EDX, this layer was rich in both lithium and oxygen. One can also see that this layer is rich
in carbon, so it is not solely lithium or oxidized lithium.

Might be worth 
having another 
look at the 
linescan data next 
week

Figure A5. SEM views of sections subject to FIB milling and EDX/SIMS investigation. Images on the
left show FIB milling into an edge of an anode sample. Images of the right show a surface FIB milled
section (lower) with indication of the line area subject to FIB front (purple line) and the through-plane
section SEM view (right middle purple frame), where in turn an EDX line scan through a pore (blue
line is indicated) and atomic percentage of carbon (red) and F:P molar ratio (light purple) are further
plotted graphically (upper right).

Here, we provide further documentation for some of the statements given in relation
to Figure 6, the transition zone between type (i) and type (ii) surface characteristics. This
is the transition zone between the anode overhang and cathode underlying anode, and
it is shown here with EDX maps and as a table. This can be seen in Figure A6. The SEM
micrograph (same section as in Figure 6) indicates the EDX mapped region using a white
line that can also be seen in the elemental intensity pictures. The first thing to note is how
strong the linkage is between the type (ii) coating and oxygen and inversely so for carbon.
Recall the discussion from five paragraphs above in relation to the top view of Figure A4
around the visibility of carbon and other elements. In the combination of Figure A4 and
Figure 6, one can conclude that the top view carbon signal is essentially from the EDX
signal penetrating though the surface coating, making carbon seemingly appear together
with oxygen and, likely, also lithium, which is thus not the case. In fact, from views of
FIB milled cross sections, supported by EDX and SIMS oxygen coincides with lithium and
oppositely so with carbon. Oxygen and carbon appear to be not simultaneously present.
Fluorine and phosphorus have a similar trend. It is therefore important to display local
composition as well as the overall average elemental composition, and to point out the
relationship between fluorine and phosphorus and how close their stoichiometric ratio is
to 6. This is an indication that LiPF6 is present in the type (ii) surface layer. It can also be
seen that this ratio is present well into the pores in the deeper layers of the anode; however,
it occurs much more in the type (ii) surface layer, which also coincides with the presence
of oxygen.
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C F

PO

Element At%

C 83.0

O 6.8

F 7.2

P 0.8

S 0.2

Figure A6. SEM micrograph of a region subject to FIB milling, where the anode overhang transcends
into the cathode underlying area, corresponding to Figure 6. EDX intensity plots of relevant elements
are also shown. A tabulated overview of EDX-scanned total atomic composition is also shown.

Appendix E. XCT Visualisation and Porosity
As described in the main section, the porosity of the overhang region appears to

visually differ from the part of the anode overlayed by the cathode. Using XCT, it is
possible to quantify the volume fraction of the active graphite material and thus make
considerations about the state of the graphite particles in the two regions. This is because
the resolution of the XCT is not sufficiently fine to include detecting carbon black and
binder materials. Figure A7 shows how this is done in volumetric boxes in parallel with the
overlay–overhang transition edge zone. The volumes analysed for graphite filling degree
consisted of over 10.5 million (1151 × 100 × 92) voxels (ca 500 × 33 × 33 µm3), creating a
high degree of accuracy for each data point. The smaller variation between each volume
is assumed to be natural variation between them. Moreover, if considering that there is a
transition zone and dividing them into two, Figure A7 indicates that there are two regions
with fairly constant graphite fillings. One can see that this is a distinct shift around 450 µm
in the graph in Figure A7, but one can also see that this shift is challenging to argue the
significance of, at least with a sigma two (95%) confidence.

Furthermore, porosity in a classical sense of gas volume is not actually possible using
the present XCT resolution. If considering a solid content of 66%, it would indicate a
porosity of 34%. This is however not the case, as the reported graphite content of Figure A7
only accounts for graphite (active material) and not for other materials (binders and
carbon black). If, however, approximately 10% additional solid volume is added by these
other materials in the anode (pristine), graphite (only) contents of 62, 65, and 68% would
correspond to electrode porosities (graphite, carbon black, and binder) of 32, 29, and 25%.
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100µm

Figure A7. The graphite volume counting. To the upper left, an XCT cross-section reconstruction
is shown while indicating the voxels used for the volumes (upper right) that in turn provide the
graphite volume content shown graphically (lower).

Appendix F. Lithium Leaching
For the cells cycled at 5 ◦C, we saw an extremely fast loss of capacity under cycling

and that a distinct layer (particularly type (ii)) is formed on the top of the anode. We have
also observed that this layer increases reactivity. As this material can not decisively be
concluded to be lithium metal, however lithium rich it is. We are curious to see whether it
deviates from metallic lithium in other ways too. The comparison between lithium metal
and the type (ii) layer reported in this study involves placing lithium metal and the anode
sheets in separate water solutions and then measuring the dissolved lithium concentration
by detecting the potential using reference electrodes.

All voltage values measured for standard solutions and solutions obtained from
dissolving lithium plated on anode sheets are shown in Figure A8. Using a standard
regression curve fitted to the voltage results at known concentrations, the concentrations of
the unknown samples are estimated. The lithium concentration amount recorded (from the
concentration) by immersing the double-sided anode in water for the uncycled cell was
1.65 mmol. For the cycled anode sheet, the recorded amount of lithium was 1.91 mmol.
This means that the amount of lithium released to water caused by the cycling at low
temperature (by immersing a double-sided anode sheet) was around 0.26 mmol.

If the battery has 31 Ah capacity, 34 double-sided anode sheets, and all LLI plates as
metal on the anode, then a double-layered anode aged to 65% SoH should leach 68.0 mmol
more lithium compared to the uncycled sheet. In the present case, we observe that the
amount of lithium released in relation to the ∆SoH was just above 1% of what it maximally
could have been. Since we do not see much lithium release during the water immersion of
the anode compared to the ∆SoH, we reason that we cannot argue that the deposited type
(ii) layer material on the anode is classic lithium metal plating.

From the results presented in this section, it appears that the deposited layer is not
metallic lithium. This, however, does not mean that the layer does not contain lithium.
The deposited layer could, for example, be lithium organic compounds, where lithium
is chemically bound to carbon and hydrocarbons, as often seen in SEI layers. With the
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available tools, we have not been able to trace where and in what form the lost capacity of
the cells cycled at 5 ◦C ended up. It is not unreasonable that a large portion of this lithium
ended up trapped in the observed type (ii) layer; however, the results of this study are not
suited to documenting it quantitatively or confirming that it is metallic lithium.

Figure A8. The measured voltage, E, of the Li+ selective electrode vs. Ag/AgCl as a function of
the mass concentration of Li, ρLi. A standard regression curve (solid line) with a 95% confidence
interval (red shaded area) fitted to measurements with known concentrations (squares) is shown.
The regression curve, given by E = 20 − 16 ln ρLi, is used to estimate the Li concentration in solutions
obtained from cycled (circle) and uncycled (triangle) anode sheets. Dashed lines show the measured
values for the unknown concentrations.
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