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Formation is a key process in battery manufacturing. During this process the solid electrolyte interface
(SEl) and cathode electrolyte interface (CEIl) are formed influencing the performance and lifetime of the
cell. In this work, we investigate the effects of three different formation temperatures (45 °C, 60 °C, and
80 °C) on cell properties after formation and degradation of the battery during cycle life testing. We found
that formation at 80 °C causes a higher loss of lithium and active material during formation. Nonetheless,
this high-temperature formation reduces capacity fade during cycling. By coupling degradation mode
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analysis, statistical tools, and analysing the composition of the electrolyte, we conclude that soluble SEI
components cause faster capacity fade in cells formed at the two lower temperatures. In addition, trans-
esterification was suppressed by the high temperature formation. This was confirmed by gas chromato-

rsc.li/EESBatteries graphy and Thermal Electrolyte Analysis (TEA).

Broader context

Lithium ion batteries power a wide range of different applications: from grid storage to small wearables. The long lifetime of lithium ion batteries is enabled
by the formation of protective layers during the first cycle(s). During these formation cycles protective layers (SEI and CEI) are formed on the electrodes.
These protective layers enable the exceptional lifetimes achieved with modern batteries. However, the links between formation conditions, SEI/CEI compo-
sition, cell performance and lifetime are not well understood. The formation process is a slow and costly process during battery manufacturing. An improved
understanding of the formation processes enables more efficient battery manufacturing and improved lifetime. Our work contributes to this understanding
by comparing three formation temperatures with respect to their effects on electrolyte composition, cell performance and degradation under two different
ageing conditions. We identified increased loss of lithium and active material during formation at 80 °C as a major cause of a lower capacity of these cells
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after formation. Despite the superior initial capacity of cells formed at 45 °C and 60 °C, cells formed at 80 °C exhibited improved stability resulting in signifi-

cant lifetime improvements.

Introduction

The formation of lithium ion batteries is an important step
during battery production. During this process, which can
include several cycles, the SEI is formed.'™ Battery manufac-
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turers use proprietary processes which are not disclosed to the
research community.® Thus, despite its importance for battery
lifetime and performance, little is published about the choice
of different factors and their influence on SEI-composition,
battery performance and the electrolyte.” In addition to achiev-
ing stable, well-performing batteries, cost reduction is another
focus for optimised formation protocols.®

Key factors for the design of formation protocols are the
current rate applied during cycling,®® the number and voltage
range of cycles,*'* and the temperature during cycling.>**™*

Schomburg et al.” provide an extensive review on recent
publications related to the formation process. They identified
conflicting evidence with regard to the benefits of increased
formation temperature. Higher temperature in the range of up
to 50 °C reduces formation time'” and lead to a more homo-
geneous SEI according to ref. 11 and 14. Cui et al.® also identi-
fied positive effects of higher formation temperatures up to
55 °C on the resistance and the stability of the cells with single
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crystal NMC532 and artificial graphite as positive and negative
electrode active material, respectively. However, German
et al.”® identified lower formation temperatures as beneficial
for long-term stability. They investigated formation at tempera-
tures between 15 and 45 °C in large format NMC111/graphite
cells with an EC-based electrolyte and LiPFs as conductive
salt.”* In addition to attempts of analysing differences in SEI
composition by FTIR and XPS they investigated cyclic ageing,
showing that the lowest formation temperature in their test
leads to the best long-term stability."

The highest temperature that was investigated in the afore-
mentioned studies does not exceed 60 °C. Rodrigues et al.’
applied an electrolyte system based on ionic liquids and LiTFSI
and identified benefits of high temperature formation at 90 °C.
Despite a higher impedance, cells formed at this temperature
showed improved thermal stability. However, these results
obtained from a cell using ionic liquids cannot simply be trans-
ferred to commonly used carbonate electrolytes. Hildenbrand
et al. also used a high formation temperature of 80 °C in their
study on the combination of commonly used additives (vinylene
carbonate (VC) or fluorethylene carbonate (FEC)).'® However,
they neither investigated the formation procedure nor compared
different temperatures during formation. Nonetheless, their
results indicate that formation temperatures as high as 80 °C can
result in cells lasting over 2000 cycles.

In our previous publication, we compared different addi-
tives and a baseline electrolyte without additives and their
impact on formation cycling and cell properties also using a
formation temperature of 80 °C." In that work,'”” we found
CO, after formation at 80 °C even in cells without additives
known to generate this gas. Strehle et al.'® reported that CO,
prevents the transesterification of ethylmethyl carbonate
(EMC) to dimethyl carbonate (DMC) and diethylcarbonate
(DEC) during formation. The transesterification usually occurs
during formation of cells with EC/EMC electrolytes without
additives and is driven by lithium alkoxides.'®'® FEC and VC,
often used as additives, suppress transesterification and
improve cell performance.'®'®

The fact that CO, is present in cells after formation at 80 °C
raises the question whether a high-temperature formation can
suppress transesterification of the bulk electrolyte. In addition,
the effects of such high formation temperatures on cell pro-
perties such as available active material and lithium loss
during formation have not been investigated and compared to
results obtained from lower temperatures yet.

In this study, we compare three different formation temp-
eratures: 45 °C, 60 °C, and 80 °C. We analyse the impact of for-
mation at these different temperatures on the gasses generated
during formation, the electrolyte composition after formation,
and the initial performance in terms of resistance and
capacity. This is complemented by a comparative analysis of
the active material loss (LAM) and loss of lithium inventory
(LLI) during formation and subsequent cycling at 1.5C, the
maximum charging current according to the manufacturer.

A total of 49 cells (15 formed at 80 °C and 17 each formed
at 45 °C and 60 °C) is used for analysing formation an initial
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performance. 12 cells each (4 per formation temperature) are
cycled with 1.5C at a cycling temperature of 25 °C and 45 °C,
respectively.

Bulk electrolyte changes during formation are identified
using the non-destructive Thermal Electrolyte Analysis (TEA)
to test whether high temperature formation can actually
prevent transesterification of the electrolyte. Gas chromato-
graphy mass spectrometry (GC-MS) and differential scanning
calorimetry (DSC)-measurements are used to validate the
results obtained from TEA.

As TEA has not yet been discussed in a research paper, it is
explained in more detail in the SI. We also discuss the qualitat-
ive and quantitative comparison of TEA with DSC results of the
electrolyte to validate this method.

Experimental section

This section describes the materials and methods used in this
study. We introduce the battery cells used in this work and
give an overview of the preparation of the cells. Further sec-
tions provide more details on the analytical methods used in
this work, and our approach to analysing the data obtained
from cycling the cells.

Fig. 1 provides an overview of the cell preparation and
cycling experiment conducted in this study.

Materials and preparation of battery cells

The cells used in this work are purchased dry (without electro-
Iyte) from Li-FUN Technology Corporation Limited. The active

Filling
NMC622 EC:EMC 3:7 1M LiPF,
Graphite
goee 9999 Formation
45°C 80°C C/5CC 342V
XxYx .
Break-in Cycles
45°C C/5, CC-CV 3-4.2V x10
eeee| ppT
—— | 5o C/2 CC-CV, C/20 CC, 3-4.2V
Pulses @ 0% and 50% SOC
2009 90909 Cycle Life Testing
100x 1.5 C CC-CV,
250 45° f
i ke 3x C/[10 CC 3-4.2V

Fig.1 A schematic overview of the testing procedure. Formation is
conducted at three different temperatures and the respective colors will
be used consistently in this publication to indicate cells formed at the
respective temperature. Cycle life testing was interrupted in irregular
intervals (roughly once a month) for an RPT.
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material is artificial graphite and nickel manganese cobalt
oxide (NMC622) for negative and positive electrode, respect-
ively. The cells are industrially manufactured with the same
specifications for all cells and the nominal capacity is 1 Ah.
The specifications of the cells can be found in Table S1 in the
SI. The electrolyte was purchased from E-Lyte Innovations and
consisted of 1 M LiPF, in ethylene carbonate (EC) and ethyl
methyl carbonate (EMC) (3 : 7 by weight). Prior to filling, cells
were dried under vacuum at 40 °C for about 2.5 days. Cells
were filled in a dry room (dew point <—50 °C). After filling,
cells were connected to a cycler (Maccor Series 4200), charged
to 1.5 V, and kept at that voltage for at least 12 h in an oven
(Memmert GmbH + Co. KG) at 25 °C. Subsequently cells were
clamped between plates as reported in ref. 17 for the for-
mation and placed in the oven at the respective formation
temperature (45 °C, 60 °C and 80 °C). The formation consists
of another constant voltage step at 1.5 V for 8 h followed by a
C/5 constant current (CC) charge to 4.2 V and a discharge with
the same current to 3.9 V. After this partial discharge, cells
remained in the oven for at least 8 h before being degassed in
the dry room. The protocol is the same as used in our previous
publication'” except for the temperatures. After formation gas
samples were taken from cells using a syringe for GC analysis.
To sample the gas the gasbag of the cells was pierced with the
needle of the syringe and approximately 100 pl of gas were
drawn from the gasbag. Subsequently, all cells were degassed
by cutting the gasbag open and resealing the cell with a
vacuum sealer.

In addition, lint-free swabs were used to obtain samples of
the electrolyte from a total of 10 cells (4 x 45 °C and 60 °C each
and 2 x 80 °C). More details on the sampling can be found
below. We refer to these samples as samples taken after for-
mation as opposed to other samples taken during the tear-
downs after the initial reference performance test (RPT). After
degassing, cells were connected to another cycler (Neware
BTS4000-5V6A) in an oven at 45 °C. Cells were first discharged
to the lower cut-off voltage of 3 V with a current of C/5.
Subsequently, cells underwent 10 break-in cycles with a
current of C/5 and a constant voltage (CV) phase until an end
of charge current of C/20 at 4.2 V and a CC discharge to 3 V. At
the end of discharge no CV phase was applied. These break-in
cycles were used to analyse the initial behaviour of the cells
and ensure a stable capacity and impedance prior to the refer-
ence performance test conducted at 25 °C. The RPT consists of
a C/2 capacity test, a C/20 qOCV, and pulse measurements at
0% and 50% SOC. A more detailed description is provided in
the SI.

Thermal electrolyte analysis

The Thermal Electrolyte Analysis (TEA) analyses the electrolyte
using its melting properties. It is inspired by the differential
thermal analysis (DTA) of Day et al.>° The basic principle con-
sists of measuring the energy required to melt the electrolyte
and the melting point.

While this can be achieved using differential scanning
calorimetry (DSC) as we show in the SI, these devices can be
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costly or too small to accommodate larger cells (e.g. pouch
cells in the range of 1 Ah or more). The DTA, introduced by
Day et al.* provides a qualitative method for investigating elec-
trolyte in lithium-ion batteries. Their approach does not
require a calorimeter but a cryostat which provides a linear
temperature ramp. This requires a closed-loop control of the
temperature. The temperature of a sample cell is compared to
a reference cell containing a non-freezing electrolyte.>®

DTA has been used to complement traditional ageing
tests,”"** to investigate the tortuosity of different cells,® and
to analyse changes of the electrolyte in commercial cylindrical
cells.”® This demonstrates the usefulness of a non-destructive
method to identify changes within the electrolyte. However,
the fact that this method has not been more widely used, indi-
cates that the setup can be a challenge. The TEA aims to sim-
plify the required instrumentation while still providing com-
parable qualitative meaning compared to the DTA.
Furthermore, quantification of TEA results is possible by using
calibration measurements of samples with a known heat-
capacity or a liquid with a known melting point and melting
enthalpy (preferably in the same temperature range as the
melting point of the electrolyte under test).

The experiment consists of two steps: first the battery is
submerged in liquid nitrogen, to rapidly freeze the electrolyte.
This avoids phase separation during cool down.** The cell
remains in the liquid nitrogen for at least 1 h to ensure
enough time for freezing of the electrolyte. This time was used
in this work without investigation of shorter cooling times. It
has to be adjusted to the cell size. Second, the cell is put in an
indentation between two polystyrene foam blocks. The blocks
provide good thermal insulation and a low heat capacity. The
temperature on the outer surface of the blocks and the cell
surface is measured and provides the data required for our
analysis. The polystyrene foam blocks can be adjusted to
accommodate various cell sizes and formats. One key require-
ment is that the thermal conductivity from the outside of the
polystyrene foam block is small compared to the thermal con-
ductivity across the cell so that a homogeneous temperature of
the cell can be assumed.

To visualise the qualitative data we will plot the temperature

AT
measured at the cell on the x-axis and ar which we call the
cell

dt
TEA-Signal, on the y-axis. Deviation upwards from the baseline

indicates endothermic processes, while downwards deviation
indicate exothermic processes.

More details including measurements to calibrate the TEA
and the derivation of the respective equations can be found in
the SI.

Gas analysis

Gas samples were analysed using gaschromatography
(PerkinElmer Clarus 690, GC) with a thermal conductivity
detector (TCD) and a flame ionisation detector (FID) equipped
with a methaniser. The system is the same as described in ref.
17. Argon was used as a carrier gas to enable the quantification
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of hydrogen in the gas samples via the TCD. The GC was cali-
brated using the same calibration gas described in our earlier
publication.”” Thus, the following gasses can be quantified:
hydrogen, nitrogen, ethene, ethane, methane, carbonmonox-
ide and carbondioxide. Quantification is performed by com-
paring the peak area of the respective peaks in the TCD-signal
with the peak observed during calibration. A linear correlation
between peak area and injected volume of the respective gas
species is assumed.

The share of the respective gas species is normalised the
nitrogen content of the sample. The rationale behind this nor-
malisation is that we do not expect any substantial source or
sink of nitrogen in the cells. Hence, the nitrogen is left in the
cells after sealing and is diluted by the gasses generated
during formation. Therefore, normalising the gas-composition
to nitrogen gives a rough idea about the relation between the
absolute amounts of gas species generated during formation
at different temperatures.

Tear down of cells

A total of four cells were disassembled after the initial refer-
ence performance test: two cells formed at 80 °C and one each
for the two lower temperatures (45 °C and 60 °C). The cells
were disassembled inside an argon-filled glovebox. The elec-
trode sheets were scanned using a flatbed scanner and electro-
lyte samples for electrolyte composition analysis were taken.
These samples include a swab and a separator-sample from
each cell.

Electrolyte composition analysis

The electrolyte composition after formation was analysed
using GC (PerkinElmer Clarus 590) coupled with mass spec-
troscopy (PerkinElmer Clarus SQ 8 S). Samples for these
measurements were taken from cells during degassing after
formation using lint-free swabs (Cleanroom Swab HUBY-340
CA-008) purchased from Hein Reinraum GmbH,
Braunschweig, Germany. The edge of the cell stack was wiped
with the tip of a swab, which was then cut off from the stick
and placed in a vial. This data is complemented by samples
from cells disassembled after the initial RPT, obtained in the
same way, and separator samples from the disassembled cells
containing some electrolyte.

Analysis of electrical data

The capacity is measured under three different conditions
after formation and prior to the ageing test. The initial break-
in cycles conducted with C/5 and a CC-CV charge and CC dis-
charge at 45 °C are complemented by a reference performance
test (RPT) with a capacity test (C/2, CCCV charge, CC dis-
charge), and a qOCV-cycle (C/20, CC-charge, CC-discharge)
conducted at 25 °C. For all tests a voltage range between 3 V
and 4.2 V was used. Capacity measurement inevitably contain
small errors. As the effect size in our experiments is small, the
errors can play a substantial role. Therefore, the upper limit of
the capacity error has been calculated based on the accuracy
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provided in the datasheet for cyclers used. The method of cal-
culating the errors is explained in the SI.

The capacity error during the RPT is in the range of
+10 mAh for the C/2 capacity and below +2.8 mAh for the C/20
capacity. The error of the C/2 pulse resistances is below
+10 mQ.

The initial loss during formation is calculated by subtract-
ing the capacity of the first cycle (part of which is discharged
before and after degassing, respectively) and the charge input
during the formation (including 8 h of wetting and tempera-
ture adjustment but excluding room-temperature wetting). The
second part of the discharge process is conducted in an oven
set to 45 °C using a Neware BTS4000-5V6A as part of the break-
in cycles. Thus, the ambient temperature at the end of dis-
charge is the same for all formation temperatures.

The formation cycle were analysed using incremental
capacity analysis (ICA). An adapted version of the LEAN-algor-
ithm described in ref. 25 is used to calculate the incremental
capacity analysis. The adaptations can be found in the SI.
Fitting half-cell potentials to the full cell voltage provides infor-
mation about usable active material and lithium trapped in
the graphite, SEI, or CEL>® Data obtained from the break-in
cycles and the qOCV of the RPTs is analysed in this way. The
fitting procedure is based on minimising a cost function,
which is the weighted sum of the absolute error of the fitted
cell voltage and the fitted differential voltage. More details can
be found in ref. 27. Furthermore, the differential voltage can
be affected by transient processes at the start of charge and
discharge respectively. To avoid these processes from influen-
cing the fitting result the weight at high and low SOCs (<5%
and >95% SOC) is set to zero.

Resistance-related properties are investigated using the
voltage relaxation at the end of (dis-)charge of the initial break-
in cycles, pulse resistance measurements conducted as part of
the RPT and the voltage difference between charge and dis-
charge processes with different current rates. The latter is used
to calculate a resistance which we refer to as cycling resistance
Reyeling(SOC) as opposed to pulse resistance throughout this
publication. This resistance is a function of the SOC. It is cal-
culated according to eqn (1). Where Vg;i(SOC) and Iy;e(SOC)
represent the difference between the voltage and current at any
given SOC, respectively. In this work V; and I, refer to the
voltage and current from the C/2 cycle while V, and I, rep-
resent voltage and current during the C/20 cycle. Fig. S28 in
the SI provides a graphical illustration. This resistance
includes processes with time constants substantially higher
than 10 s and thus differs from the pulse resistance.

Vaite (SOC) _ V1(SOC) — V,(SOC)

Reyeling (SOC) = = 1
cycllng( ) Idiff(SOC) I (SOC) — IZ(SOC) ( )

Cyclic ageing protocol

After the initial RPT cells undergo a cyclic ageing test at 25 °C
and 45 °C. The C-rate is set to 1.5C for both charge and dis-
charge. This is the maximum charging current according to
the datasheet. Cells are charged with a CC-CV protocol with a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cut-off current of C/20 and discharged without a CV-phase.
The voltage range is 3 V to 4.2 V. Each (dis-)charge step is fol-
lowed by a rest-period of 1 h. After 100 fast cycles, three C/10
cycles are added. Additional RPTs conducted roughly once a
month provide further insights and enable a comparison of
cells tested at 25 °C and those tested at 45 °C.

Cell properties and electrolyte
composition after formation

Here we present the results of our measurements starting with
results obtained from the electrochemical data of the for-
mation cycle. Subsequently, we present results obtained from
the break-in cycles and the RPT. This is complemented by an
analysis of the composition of the gasses generated during for-
mation, the composition of the electrolyte after formation, and
TEA-measurements.

Formation cycling

The formation cycle is analysed by using incremental capacity
analysis. Fig. 2 shows the ICA curves for the different for-
mation temperatures. A higher value of the incremental
capacity means more electrons have to be moved from the
NMC to the graphite to increase the voltage of the full cell. A
peak shift to lower voltages is observed for higher tempera-
tures, which is expected due to improved kinetics at elevated
temperatures. However, the first peak between 2.6 V and 3.2 V

[V
f=

dQ/dV in Ah/V

T

(2]
-~

dQ/dV in Ah/V

T
3.45 3.5

Voltage in V Voltage in V

Fig. 2 Overall formation ICA (a) and magnified sections (b—d), showing
the differences between cells formed at 45, 60 and 80 °C, respectively.
The small initial peak shifts to lower voltages for higher temperatures
(b). The first major peak exhibits a similar shift but is reduced in height
for cells formed at 80 °C. Panel (d) shows the upper SOC range of the
first charge. A small peak around 3.77 V occurs for cells formed at 45
and 60 °C which is not visible for formation at 80 °C (marked with ). At
the end of charge the incremental capacity for cells formed at 80 °C
increases while it decreases for the lower temperatures (marked with 1)
except for two outliers.
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displayed in Fig. 2b also changes its shape: at 45 °C it is a
rather narrow single peak for all cells. At 60 °C the peak is
wider and evolves into a double-peak. At 80 °C the peak is a
superposition of a narrow peak just below 2.8 V and a wider
peak at 2.85 V.

The second peak between 3.4 V and 3.55 V which is dis-
played in Panel c of Fig. 2 shifts to lower voltages at higher
temperatures but also decreases in height. A shift to lower vol-
tages at higher temperatures is expected due to faster kinetics
and reduced overpotentials at elevated temperatures.

In the high voltage region, a minor peak between 3.75 and
3.8 V is detected for cells with formation temperature of 45 or
60 °C. This is marked with I in Fig. 2d. This peak is not clearly
visible during formation at 80 °C. The last feature where a
clear difference between the different formation temperatures
is visible, is the trend of the incremental capacity at the end of
the first charge (Fig. 2d marked with II). For cells formed at
80 °C an increase at the end of charge is visible, while cells
formed at 60 and 45 °C show a decreasing trend.

Gas composition

Gas samples were taken from cells during the degassing step
after formation. Fig. 3 visualises the N,-normalised gas compo-
sition. The results of the quantification prior to the normalisa-
tion to the nitrogen content can be found in the SI
Substantially more CO, and CO was found in cells formed at
80 °C compared to lower temperatures where no or only minor
amounts of CO, were found. Furthermore, a similar amount of
hydrogen and methane, respectively was detected in cells
regardless of formation temperature. The nitrogen-normalised
value of CO was essentially the same for cells formed at 45 °C
and 60 °C but substantially higher for cells formed at 80 °C.
The nitrogen-normalised share of ethene found after for-
mation increased with increasing temperature.

Summarising the results of our gas analysis, we confirmed
the fact that CO, is released during formation at 80 °C
reported in our previous publication.”” At lower formation
temperatures no or very little CO, was found. Either not CO,
was generated at lower temperatures, or all CO, that was gener-
ated at lower temperatures was consumed in other reactions.®

4 Trorm
B 45°C, n=9
34 60°C, n=10
B 80°C, n=4

N,-Nomalised Volume

Ethane Ethene

co co,

Methane H,

Gas Species

Fig. 3 Share of different gases based on the samples analysed via GC.
The bars represent the mean values of n measurements. Each gas
volume has been divided by the volume of nitrogen of the respective
sample. The error bars indicate the respective maximal and minimal
measured gas share.
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As CO, can prevent transesterification'® and it has been
reported for cells formed at 45 °C when no additives were
used,”® we expect to observe transesterification in cells after
formation at 45 and 60 °C but no transesterification after for-
mation at 80 °C. This alters the melting process and the elec-
trolyte composition as discussed in the next sections.

TEA

By identifying melting and crystallisation processes TEA can
support our analysis by providing information on changes of
the bulk electrolyte composition. A detailed discussion of TEA
including a quantitative comparison with DSC is included in
the SI. Two cells for each formation temperature were investi-
gated as described above after the initial RPT. Fig. 4 presents
the signal of the TEA for these cells, together with one dry cell,
and a cell immediately after filling (labelled Prior to Formation
in the legend). This time no baseline correction was performed
as the results are analysed qualitatively. The electrolyte prior to
formation shows two overlapping peaks labelled a and b in
Fig. 4: a broad one in the range of —70 °C and a more narrow
peak at —60 °C. In addition, an exothermic crystallisation
feature (c) around —95 °C is observed.

After formation at 80 °C, the broad peak vanishes, while
both the narrow peak and the exothermic process can still be
detected. The narrow peak shifts slightly to higher tempera-
tures, possibly indicating a reduced salt concentration. In con-
trast to these results, after formation at lower temperatures of
45 and 60 °C the broad peak seems to shift to lower tempera-

5500

— — Cell 083 -
Tiorm=45°C
——Celloss "™ | .
5000 Cell 089 T. —60°C ’
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Fig. 4 TEA-signal for 6 cells after formation at different temperatures
together with the signal of a cell filled with electrolyte prior to formation
immediately after filling and the signal obtained from a dry cell. Three
major features are observed for the electrolyte prior to formation: a
broad endothermic feature (a), a more narrow endothermic peak with
higher amplitude (b), and an exothermic process (c). Peak (b) vanishes
after formation at 45 and 60 °C but is preserved after formation at
80 °C. The broader peak (a) shifts to lower temperatures after formation
at 45 and 60 °C but is suppressed after formation at 80 °C. The
endothermic feature (c) is less pronounced and shifted to higher temp-
eratures after formation at 45 and 60 °C.
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tures. The narrow peak disappears completely and the exother-
mic process is much less pronounced compared to the pristine
electrolyte and the electrolyte in cells formed at 80 °C.
Concluding the observations of our TEA measurements, we
observe very similar changes of the electrolyte after formation
at 45 °C and 60 °C. Formation at 80 °C causes fewer changes
of the melting process of the electrolyte, suggesting less
changes in electrolyte composition than after formation at
lower temperatures.

Electrolyte composition after formation, RPT, and cycle ageing

To complement the non-destructive results from the TEA, elec-
trolyte samples taken from cells during degassing and tear
downs using swabs are analysed using GC-MS. In addition,
samples from the separator are also analysed with GC-MS.
Fig. 5 shows the relevant solvent peaks of the chromatogram
for samples taken after formation. Samples taken from cells
after the initial RPT were also analysed. The results are shown
in Fig. S10 in the SI. The intensities in Fig. 5 are normalized to
the peak intensity of EMC, based on the assumption that
EMC, DEC, and DMC evaporate in comparable proportions
during sampling due to the similar vapour pressure. The ana-
lysis shows that both after formation and after the RPT, only
negligible amounts of DMC and DEC are present in the elec-
trolyte samples from cells formed at 80 °C. Significant
amounts of these substances are present in cells after for-
mation at 45 °C and 60 °C. At higher retention times from
minute 22 to 24, a small but reproducible pattern of three
signals (in some cases up to five), all showing a molecular ion
peak at m/z = 281, can be observed at formation temperatures
of 45 °C and 60 °C. Based on comparison with the NIST data-
base and the corresponding mass fractions, these signals can
be assigned to oligomeric hydrocarbons (OHC). At 80 °C, none
of these signals are observed, neither after formation nor after
the RPT. In the samples taken after the RPT, these signals shift
to slightly shorter retention times compared to the samples
taken after formation. One exception is the cell formed at
60 °C, where the samples which were collected from the cell
edge using a swab, show no such shift. However, the samples
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Fig. 5 GC-MS results of the electrolyte samples from the cells after
formation. (a) Shows the signal for DMC, (b) indicates EMC, (c) shows
DEC, (d) shows OHCs. Due to the large differences in signal intensities
between the various components, the y-axis range is adjusted to the
respective peak. Results from samples taken after the first RPT can be
found in the SI.
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taken from the separator of that cell exhibit the same shift as
observed for the cell that underwent formation at 45 °C.

Overvoltages, capacity, and cell balancing during break-in
cycles

The ten break-in cycles are analysed in terms of the capacity,
and voltage relaxation after charge and discharge, respectively.

Fig. 6 shows the evolution of the capacity (top), the
maximum voltage after discharge (middle), and the minimum
voltage after charge (bottom) for the break-in cycles performed
at 45 °C for all cells. The capacity decreases with increasing
cycle number for all cells. Cells formed at 45 °C exhibit the
largest spread with the minimal capacity being lower and the
maximum one higher than for the cells formed at 60 °C. The
capacity is lowest for cells formed at 80 °C.

Cells formed at 80 °C relax to a lower voltage after discharge
and a higher voltage after charge compared to both other
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Fig. 6 Capacity (top), voltage at the end of relaxation after discharge
(middle) and end of relaxation after charge (bottom) over the 10 break-
in cycles. The differences in the OCV after charge between individual
cells are in the range of the quantification of the cycler. Hence, curves
of several cells overlap.
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groups indicating reduced overvoltages at low and high SOCs,
respectively. For cells formed at 45 °C and 60 °C a transient
behaviour covering the initial 5-6 cycles is visible: overvoltages
decrease after both charge and discharge. The relaxed voltage
after the charging process in the first cycles is lowest for cells
formed at 45 °C, indicating higher overvoltages. The difference
between 60 °C and 45 °C formation temperature vanishes after
5 cycles for the end of charge relaxation. For the end of dis-
charge relaxation, the difference is reduced but cells formed at
45 °C still exhibit higher overvoltages than cells formed at
60 °C after 10 cycles.

For a more detailed analysis the cycles were fitted to charge-
dependent electrode potentials for graphite and NMC622
respectively. The data for graphite and NMC622 from our pre-
vious publication®” was used, as the active material (graphite
and NMC622) is the same. The fitting procedure is described
in more detail in that publication.

LLI(k) = ZEEEZ; :

Four parameters are fitted: xpy and kg represent the avail-
able capacity of NMC622 and graphite, respectively, under the
same utilisation range as in the coin cells used to obtain the
potential curves versus Li-Li'. To compare our results with
information given by the cell manufacturer regarding electrode
loadings we normalised kpg to a voltage range between 3.2 V
and 4.3 V in contrast to our previous work. Sy and &pg shift
the electrode potential of the respective half cell along the
capacity axis. Thus, these parameters represent the remaining
electrochemically active lithium in the graphite and electroche-
mically active unoccupied lithium sites in the NMC. To obtain
the lithium loss, the parameters pg  and dyg x Obtained from

the fitting have to be scaled with X0 where k indicates the cycle
Kk

while «, is the initial capacity of the respective electrode. The
difference between these scaled values (eqn (2)) is the lithium
loss, albeit with a shift. This shift is due to remaining lithium
in the graphite of the coin cell and slow diffusion in highly
lithiated NMC hindering the full lithiation of the NMC622 in
the coin cells.”® This kinetic limitation causes some of the
observed first cycle losses in NMC?® and effects the end of dis-
charge of NMC622—Lithium coin cells. Nonetheless, the shift
of LLI compared to the actual amount of LLI is due to the coin
cell measurement which is the same for all cells investigated
here. Thus, the difference between the obtained results indi-
cate the difference in LLI between the cells. Nonetheless, it
should not be mistaken as the absolute amount of LLI. This
also explains why the LLI is negative in the initial cycles.

Fig. 7 shows the fitting results for xxg and kpg for each of
the ten break-in cycles and the LLI calculated based on the
fitting results. The graphite capacity xyg remains rather stable
during the ten break-in cycles. However, it is slightly lower
after formation at 80 °C compared to lower formation tempera-
tures. The NMC capacity kpg is also lowest after formation at
80 °C. However, it is more stable after high temperature for-
mation, evidenced by a small decrease of kpg for cells formed
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Fig. 7 Fitting results for four each break-in cycle. ke (top) and xpe
(middle), representing the available graphite and NMC622 capacity,
respectively. The graphite capacity remains stable during the break in
cycles, while the NMC622 capacity decreases slightly after formation at
45 °C and 60 °C. The loss during formation is highest for Tgom, = 80 °C LLI
(bottom) is negative in this case. This is due first-cycle losses of the
NMC622 as explained in the text. Higher values of the LLI still indicate
more lithium loss. Thus, lithium loss is highest at 80 °C. Furthermore it
increases faster during the low rate cycling at 45 °C. The NMC622 capacity
(xnmcez2) declines slightly and is lower for cells after formation at 80 °C
compared to their counterparts formed at 60 or 45 °C. The graphite
capacity exhibit a less pronounced trend with respect to formation temp-
erature and cycle count. Nonetheless, cells formed at 80 °C show a lower
available graphite capacity. Higher values of LLI at 80 °C indicate an
increased lithium loss during high temperature formation. LLI is negative
due to the first cycle loss of NMC622 as explained in the text.

at 45 °C and 60 °C which is not observed after formation at
80 °C. LLI is highest after formation at 80 °C and increases
faster during the 10 break-in cycles (C/5, 45 °C). Note that
higher values mark more lithium loss. The values are negative
due to the aforementioned first cycle losses of NMC622 in the
coin cell. The difference is in the range of 10 mAh and
increases to values in the range of 25 mAh during the 10
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cycles. Based on the datasheet, we can compare our fitting
results with the expected values. For the positive electrode a
loading of 2.24 mAh ¢cm™? is given resulting in an expected
capacity in the range of 1.16 Ah. The negative electrode
loading is given as 2.7 mAh cm™ resulting in an expected
capacity of 1.4 Ah. kpg is roughly in the range of the data pro-
vided by the manufacturer. However, xyg is slightly lower,
which might be the result of different definitions of the poten-
tial window to measure the capacity or loss of active material
during the formation cycle.

Concluding the results obtained from break-in cycles, we
found that formation at 80 °C negatively affects the availability
of active material and increases LLI. It also leads to faster loss
of lithium during the break-in cycles with C/5 at 45 °C.
However, the overvoltage of cells formed at 80 °C is lower than
the one of their counterparts formed at lower temperatures.
Nonetheless, the capacity after high temperature formation is
lower compared to formation at 60 °C and 45 °C.

Initial reference performance test

The reference performance test consists of a capacity test with
a current of C/2, a low-current qOCV (C/20), and pulses at 0%
and 50% SOC with 1C and 0.5C in charge and discharge
direction.

Fig. 8 shows a summary of the results. On the left (a) the
capacity distribution for both the C/2 and C/20 cycle is shown.
The capacity for cells formed at 45 and 60 °C is at a similar
level and higher compared to the cells formed at 80 °C. This is
true for both the C/20 and the C/2 test but the difference is
more pronounced at C/20. This indicates a kinetic limitation
after formation at lower temperatures.

Pulse-resistance measurements shown in Fig. 8b, support a
lower resistance for cells formed at 80 °C compared to 45 and
60 °C at low states of charge. At 50% SOC (Fig. 8c) the differ-
ence is substantially smaller.

In addition to pulse resistance measurements at 0% and
50% SOC, we analysed the voltage difference between charge
and discharge by calculating Reyciing as described above. The
results are shown in Fig. 8d. A total of six outliers are shifted
to higher resistance values. Two of these cells were formed at
80 °C, three at 60 °C and one at 45 °C. These outliers are
included in the dataset but not included in Fig. 8d and e.

We analysed the charge and discharge process separately.
Reyelingcha 1S calculated based on the C/2 charge and C/20
charge using eqn (1). Reyciing,ach Was calculated using the vol-
tages obtained from the C/2 and C/20 discharge using the
same equation. Here we focus on the 10% SOC-steps displayed
in Fig. 8d and e. Regardless of formation temperature the
Reycling,cha 1S lowest around 30-40% SOC. Below this SOC it
rises and does so faster in cells formed at 45 °C and 60 °C
compared to cells formed at 80 °C. A similar trend can be
observed in the discharge direction, where the values for 10%
SOC are too high to be displayed in the graph. The median for
cells formed at 80 °C at this point is 137 mQ compared to
226 mQ and 223 mQ for cells formed at 45 °C and 60 °C,
respectively. The differences between formation temperatures

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Summary of the RPT results: (a) distribution of the measured capacity of the C/2 and C/20 cycle, (b) 10 s pulse resistance at 0% SOC, (c) 10 s

pulse resistance at 50% SOC both measured with a C/2 discharge pulse, (d)
resistance for selected SOCs for the discharging process in this case values

cycling resistance for selected SOCs for the charging process (e) cycling
for an SOC of 0.1 are too high to be displayed here. The median for cells

formed at 80 °C at this point is 137 mQ compared to 226 mQ and 223 mQ for cells formed at 45 °C and 60 °C, respectively.

in the SOC-range from 60-70% can be attributed to different
usages of the graphite: increased loss of lithium during high
temperature formation causes a shift of the graphite plateau
with respect to the SOC, even though it may remain the same
when using the absolute capacity. At high SOCs the resistance
is slightly lower for cells formed at 80 °C.

To summarise the results from the RPT, cells formed at
high temperature exhibit lower overvoltages at low SOCs. This
can explain the smaller difference of the C/2 capacities com-
pared to the C/20 capacities between the three groups: given
the CC discharge, an increased resistance after formation at
lower temperatures results in an earlier end of discharge at C/2
At medium SOCs this difference vanishes and cells perform
very similarly.

Cell tear down

A total of four cells were disassembled after the initial RPT,
one each for a formation temperature of 45 °C and 60 °C, and
two formed at 80 °C. In cells formed at 80 °C, we found that
parts of the separator stick to the positive electrode and parts
of the negative electrode coating sticks to the separator. This
was observed for both cells opened after high temperature for-
mation. The cells formed at 45 °C and 60 °C, could be easily
disassembled without the separator sticking to either elec-
trode. Other than that no difference was observed.

In addition, two aged cells were opened (E_45_001 and
E_45_002). E_45_002 was opened after an RPT and an
additional week in discharged state for relaxation, the other
one (E_45_001) within 3 h after rapid cycling.

The scanned electrodes shown in Fig. 9 from both of these
cells show traces which might indicate lithium plating as well
as considerable inhomogeneities of the negative electrode.
Parts of the near overhang in the cell opened immediately
after rapid ageing contains considerable amounts of lithium
evidenced by a golden hue. This is not the case after an RPT
and a resting period of a week in the discharged state.

© 2026 The Author(s). Published by the Royal Society of Chemistry

E_45 002
RPT + 1 week relaxation

E_45_001
3 h after rapid cycling

Fig. 9 Scans from negative electrode sheets from the two cells opened
after cyclic ageing. On the left from cell E_45_002, opened after a final
RPT and a week of relaxation in the discharged state. On the right, from
cell E_45_001, opened after rapid cycling. Both cells were formed at
45 °C.

Discussion of cell properties and
electrolyte composition after
formation

We will first discuss the results related to the formation cycle
including the different charge throughputs, losses, and ICA
results. This is complemented by TEA measurements. We then
continue by discussing the links between the formation temp-
erature and the cell performance.

Formation cycle

The differences observed in the ICA between the three for-
mation temperatures during the initial formation cycle point
at different reactions during formation. Most notably the
emergence of a second peak in the low voltage range at higher
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temperatures and the differences at high voltages between for-
mation at 80 °C and lower temperatures indicate different reac-
tions. The different behaviour at high SOC (above 4.1 V in
Fig. 2) may indicate additional reactions on the positive elec-
trode especially as the thermal stability of NMC622 decreases
with decreasing lithiation.>®

Another notable difference is the charge input during for-
mation (see Fig. S11 in the SI). It is highest for cells formed at
60 °C, despite cells formed at 80 °C showing a lower overpoten-
tial after formation and higher losses. Due to the flat graphite
potential in the fully charged cell the charge throughput is
essentially limited by the amount of lithium that has to be
removed from the NMC622 to reach the corresponding PE
potential including the overpotentials. Hence, it should be
similar for all cells regardless of formation temperature, when
neglecting the minor contribution of the entropy effect (dis-
cussed in the SI based on ref. 30) and overvoltages discussed
below. This is not the case.

Based on the observed difference in charge throughput in
the first cycle, we identified two possible explanations:

1. formation at 80 °C increases the first cycle loss of
NMC622

2. formation at 60 °C (and likely also 45 °C) increase the
amount of side reactions which transport charge but do not
consume lithium

The first cycle loss of layered transitions metal oxides is
well known®®2'3? but the temperature dependency has not yet
been studied in detail to the best of our knowledge. A large
share of the apparent first cycle loss is attributed to kinetic
limitations at high lithiation degrees of the NMC caused by
poor lithium diffusion.?®*'? In addition, active material can
be lost due to side reactions forming a surface layer.’*?>?
Furthermore, the first cycle charge capacity can be increased by
irreversible electrochemical reactions with surface contaminants
such as Li,CO;%* or the electrolyte.’”> The last case essentially
corresponds to the increased amount of charge consumed in
side reactions mentioned above. Supplemental coin-cell measure-
ments described in the SI, indicate that the highest loss occurs
when NMC is delithiated to a potential of 3.7 V. It corresponds
with an increase of the relaxed voltage after lithiation: when
NMC is charged to 3.65 V with a current of C/25, the voltage after
discharge to 2.8 V, relaxes to about 3 V within 10 min. Once the
NMC is delithiated to 3.75 V the voltage after discharge relaxes to
about 3.6 V, marking an increased overvoltage. This is in line
with kinetic limitations being responsible for the majority of the
losses. However, the kinetic limitation of the lithiation of NMC
does not affect the initial charge input, as we only consider the
delithiation of the NMC622.

Thus, the higher charge throughput observed for formation
at 60 °C is either due to increased loss of PE active material at
80 °C, or due to side reactions. Indeed, we observe a lower
NMC capacity after formation at 80 °C compared to the other
two temperatures. It is well-known that highly delithiated
NMC can become unstable and react chemically with the elec-
trolyte.>® However, the lower charge input occurs in the
medium SOC range.
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Considering the observations during cell tear down, where
we found that the separator sticks to the positive electrode
active material, the loss of active material could also be related
to passivation of NMC and graphite particles by covering of
the surfaces by separator material. This may also occur at
lower SOCs.

Effects of formation temperature on gassing and electrolyte
composition

Gas analysis shows that during formation at 80 °C CO, is
released. Formation at lower temperatures of 60 °C and 45 °C
results in no or only minor traces of CO, after formation.
Based on the results of Strehle et al.'® the CO, may prevent
transesterification of the EMC in the electrolyte which would
influence the melting behaviour of the electrolyte.’® Based on
the GC measurements alone no statement regarding the sup-
pression of transesterification at lower temperatures is poss-
ible, as CO, is consumed when scavenging lithium alkoxides.'®
Combining TEA, gas analysis and the analysis of the electrolyte
composition, we get a more holostic picture.

The results of TEA suggest significant changes of the elec-
trolyte during formation at both lower temperatures amid little
changes after high-temperature formation: after formation at
80 °C the main melting feature only shifts slightly to higher
temperatures, possibly indicating a decrease in salt concen-
tration. In contrast, after formation at 45 and 60 °C the sharp
endothermic peak vanishes and the broader peak shifts to
lower temperatures. This shift of the melting process is in line
with the expected transesterification of EMC to DEC and DMC
and has also been reported by Day et al’’?® Ding et al>®
reported a solidus feature at —86.6 °C and —74.3 °C for mix-
tures of DEC with EMC and EC, respectively. Considering
melting point suppression due to LiPF, this is in a similar
range of the observed melting feature after formation at 45 °C
and 60 °C. In addition, GC-MS confirmed substantial amounts
of both DMC and DEC in the samples taken after formation
from cells formed at 45 °C and 60 °C, whereas only negligible
amounts of these substances were found in cells formed at
80 °C. TEA shows that transesterification does not only occur
in specific locations but affects the melting behaviour of the
bulk electrolyte.

The suppression of transesterification is most likely due to
the presence of CO,."® This gas makes up roughly 16% (by
volume) of the gaseous species sampled from the cells after
formation. This is more than the 10% Strehle et al.*® added in
the head-space of a cell to reduce the amount of transesterifi-
cation. Thus, based on our results and the mechnistic insights
by Strehle et al'® CO, released from side-reactions during
high-temperature formation prevents the transesterification
reaction while the amount of CO, produced during formation
at lower temperature, if there is any, is too little to effectively
prevent transesterification.

Another effect of the formation temperature on the electro-
Iyte composition is the formation or modification of oligo-
meric hydrocarbons (OHCs). These OHCs are presumably
formed through the condensation or polymerization of carbon-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ate decomposition products.>’*® At a formation temperature
of 80 °C, OHCs are not detectable neither after the formation
process nor after the RPT, suggesting that higher formation
temperatures suppress their formation or promote further
reactions yielding insoluble, or gaseous products.

Cell properties

During the initial break-in cycles as well as the RPT conducted
after a total of 11 cycles, we identified improved kinetics
especially at low states of charge after formation at 80 °C.
Despite the de-facto increased voltage window of the cells
formed at 80 °C we observe a lower capacity due to a higher
loss of lithium and some loss of active material in these cells.
At least a part of the improved kinetics at low SOCs can be
attributed to a shift in cell balancing: formation at 80 °C
causes a higher loss of lithium which results in a lower state of
lithiation of the NMC host material at the positive electrode at
low full-cell SOCs. Thus, the NMC does not reach highly
lithiated states with poor kinetics.>® This is in line with the
results from the voltage difference analysis which shows a
clear difference at low SOCs but a similar resistance at
medium SOCs. This also explains the lower differences of the
C/2 capacities between the different formation temperatures
when compared with the C/20 capacities (Fig. 8) the contri-
bution of the poor kinetic of the highly lithiated NMC to the
end of discharge is higher in cells after formation at 45 °C and
60 °C than in cells formed at 80 °C. However, the poor kinetic
of highly lithiated NMC fails to explain the differences in relax-
ation after charge during the break-in cycles: in a fully charged
cell the degree of lithiation of the NMC should be similarly
low, as the graphite-potential is rather flat in this region.
These differences are likely related to differences in the SEI,
CEI, and the electrolyte.

Formation at 80 °C also reduced the available active
material on the positive electrode. This may point at a
different CEI which is usually comprised of some material
from the electrode as well as decomposition products from sol-
vents.*® The degradation mode analysis adds further evidence
to differences in the behaviour of the positive electrode: it is
more stable in cells formed at a higher temperature.
Interestingly, formation at 60 °C improves the stability of the
positive electrode compared to formation at 45 °C, despite no
significant difference in the initial capacity of the positive elec-
trode. Further research on the role of the CEI and how for-
mation conditions affect this interphase is required.

Insights from cycle ageing tests

After discussing the effects of different formation temperatures
on the initial cell performance, we turn to the consequences of
formation at different temperatures on cyclic ageing.

Cyclic ageing

High-temperature formation results in a lower initial capacity
but also an improved capacity retention during the 1.5C cycles,
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for both tested cycling temperatures. We first focus on the
results from cycling at 25 °C displayed in Fig. 10. A notable
difference between the three formation temperatures is the
effect of low-rate cycles and the interruption by RPTs: cells
with lower formation temperatures (45 °C and 60 °C) exhibit a
capacity recovery during low rate cycles and test interruptions.
Subsequent cycles with high C-rates cause a faster capacity
fade compared to the cycles before the low rate cycles. This
results in a “sawtooth”-type ageing trajectory as shown in
Fig. 10. In contrast, cells formed at 80 °C exhibit almost no
influence of the low rate cycles on the capacity fade trajectory
regardless of testing temperature.

During cycling at 45 °C the differences in terms of the
ageing-trajectory are similar but the capacity recovery during
low rate cycles of cells formed at 45 °C and 60 °C is less pro-
nounced. The results of cycling at 45 °C can be found in
Fig. S13 in the SL

The RPTs conducted at irregular intervals always at 25 °C
add more information. Pulse resistance measured in charge
direction at 0% and 50% SOC during the RPTs are shown in
Fig. 11. The discharge pulse Resistance can be found in
Fig. S12 in the SI.

Initially, cells formed at 80 °C exhibit the lowest pulse
resistances at 0% SOC, compared to cells formed at lower
temperatures. Over the course of the ageing experiment this
changes and cells formed at 80 °C exhibit a higher increase of
the pulse resistance at 0% SOC compared to the other cells,
resulting in a higher pulse resistance towards the end of the
test, despite a lower loss of capacity. However, at 50% SOC all
cells follow a roughly linear trajectory of increasing resistance
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Fig. 10 Capacity evolution during cyclic ageing with 1.5C. The points
show the intermittent C/10 cycles. The large spread observed for cells
formed at 45 °C and 60 °C is due to the capacity recovery during these
cycles. The inset (b) shows a magnification of the first 160 cycles.
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with similar gradients, despite differences in capacity fade.
Here cells formed at high temperatures maintain the compara-
tively lower resistance.

Cycling cells at 45 °C leads to different results: the pulse resis-
tance at 0% SOC increases for all cells. The charge pulse resis-
tance at this low SOC increases fastest for cell formed at 45 °C,
followed by cells formed at 60 °C. Cells which underwent high-
temperature formation at 80 °C exhibit the lowest resistance
increase. At 50% SOC this trend is even more pronounced. In dis-
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charge direction (Fig. S12) the differences of the pulse resistance
at 0% SOC is lower and cells formed at 80 °C exhibit essentially
the same discharge pulse resistance as cells formed at lower tem-
pertures. Nonetheless, at 50%, the discharge pulse resistance
remains lowest for cells formed at 80 °C.

Degradation modes are analysed by fitting of the qOCV
data obtained from the RPTs. Results are obtained from the
charging process. We used the same procedure as described in
ref. 27. Both voltage and differential voltage (%) were used
for fitting with equal weights. The outermost 5% of the char-
ging process was neglected during fitting. This removes the
influence of transient processes at the beginning of charge on
the fitting results. The results for xpg, kng, and LLI evolution
for cells cycled at 25 °C are displayed in Fig. 12.

Degradation mode analysis indicates substantially reduced
LLI for cells formed at 80 °C compared to those formed at
45 °C and 60 °C for both cycling at 45 °C and 25 °C. However,
while cells formed at 80 °C exhibit an increase in LLI during
cycling at 45 °C (see Fig. 12) compared to 25 °C no such
increase is observed for cells formed at 45 °C and 60 °C. Cells
formed at the lower two formation temperatures exhibit
roughly the same LLI at both cycling temperatures.

The loss of active material (LAM) during cycling at 25 °C is
similar for cells formed at 45 °C and 60 °C. The available
active material on the negative electrode (kng in Fig. 12a)
shows an initial increase followed by a plateau between
approximately 750 and 2000 cycles followed by a decrease. The
positive electrode capacity (kpg) exhibits a slow but steady
decrease for all formation temperatures.

During cycling at 45 °C kyg starts to decrease earlier and
the decrease in xpg is more pronounced and shows a clear
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Fig. 12 Degradation Mode Analysis of cells cycled at 25 °C (left, a, b, e and f) and those cycled at 45 °C (right, c, d, g and h). Lower capacity values
of the electrodes of (kne and kpg) after formation at 80 °C are compensated by less LLI during cycling at 25 °C. During cycling at 45 °C LLI increases
for cells formed at 80 °C but remains lower than the decreased LLI observed in cells formed at lower temperatures (g). During cycle ageing at 45 °C

cells LAMpg increases with decreasing formation temperature (d).
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dependency on formation temperature: the decrease is lowest
for cells formed at 80 °C, followed by those formed at 60 °C
with cells formed at 45 °C exhibiting the highest LAMpg.

This might explain results by Cui et al.,” who observed that
an increased formation temperature delays the knee-point and
end of life but has little impact on initial performance or per-
formance after 120 cycles.

Furthermore, Cui et al.® suggested that shifting positive and
negative electrode in a way to avoid the kinetically inhibited
highly lithiated operating range of NMC can increase cycle life.
On first sight, our data supports this conclusion: cells formed
at 80 °C exhibit higher LLI, thus operating mostly outside the
highly lithiated domain of the NMC. However, LLI in absolute
terms is and remains lower starting with the first RPT after
high rate cycling. For cyclic ageing at 25 °C, this results in an
increase of the low-SOC resistance to values higher than
observed for cells formed at 45 °C and 60 °C.

In summary, a higher formation temperature shows
benefits in the long term, even though the initial capacity of
these cells is lower: both capacity fade and resistance increase
are lower for cells formed at 80 °C. In addition, LLI is reduced
by a higher formation temperature. During cycling at 45 °C a
higher formation temperature also leads to a more stable posi-
tive electrode.

Capacity recovery during slow cycles

Substantially different ageing trajectories have been observed
between cells formed at 80 °C and the other cells formed at
45 °C and 60 °C. The latter exhibit a sawtooth-like capacity
fade, where interruptions of the 1.5C cycles by RPTs and low
C-rate cycles lead to partial recovery of the lost capacity. In con-
trast, cells formed at 80 °C show a slower, linear capacity fade
which is barely affected by the lower C-rate cycles or RPTs.

Different mechanisms can explain the capacity recovery
observed in cells formed at lower temperatures:

1. Salt inhomogeneity caused by electrolyte motion®*

2. Slow lithiation of the overhang during rapid cycling**

3. Slow recovery of plated lithium (similar to the effects
reported in ref. 43 for lithium metal batteries)

The recently proposed EMSI-effect mainly affects large
format cells and is caused by a change of porosity of the nega-
tive electrode during cycling.*' Cells tested in this study were
cycled without external pressure which has recently been
shown to mitigate the EMSI-effect.** Furthermore, cells tested
here are rather small and use negative electrodes without
silicon, resulting in a limited volume change of the active
material. Thus, we regard the EMSI-effect as an unlikely expla-
nation for the observed capacity loss and recovery.
Furthermore, this EMSI should affect cells after high-tempera-
ture formation as well. However, we do not observe the saw-
tooth-ageing in these cells.

The overhang lithiation is a slow process with time con-
stants possibly in the range of weeks or even months.*>* It is
affected by the mean lithiation of the graphite in the cell. The
different formation temperatures affect the operating point of
the graphite in the cells. The average charging voltage of the

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

cells formed at lower temperatures and the relaxed voltage at
low SOCs is higher compared to cells after high-temperature
formation. In addition, the CV-phases take longer. This can
affect the usage of the overhang during cycling. This may
result in a higher lithiation of the overhang during rapid
cycling. Decreasing the overpotential and discharging the cell
to lower states of charge during the low-current cycles activates
lithium from the overhang.

A third explanation is based on the differences in the SEI.
Formation at 45 °C and 60 °C yields oligomeric hydrocarbons
(OHCs) which dissolve in the electrolyte as evidenced by the
GC-MS measurements. While the exact characterisation of these
molecules is beyond the scope of this work, they provide a base-
line for this hypothesis to explain the ageing pattern observed in
these cells. These components dissolve in the electrolyte. On
newly opened surfaces high current densities lead to highly loca-
lised plating. Eventually the dissolution of these soluble species
is hindered by the increased concentration in the electrolyte.
Thus, the capacity fade slows down. Some of the plating is recov-
ered during the low current cycles as the cells are kept at low
SOC for a longer time. It has been shown, that rest periods at low
SOC can lead to the recovery of lost lithium in lithium metal bat-
teries.”® Tasaki and Harris*® investigated the solubility of species
found in the SEI with the result that organic salts such as
lithium ethylene dicarbonate or lithium-alkyl carbonates can be
dissolved in both EC and DMC. No statement regarding the solu-
bility in EMC has been made in that publication. However, DMC
and EC is both present in the cells formed at 45 °C and 60 °C.
Thus, the dissolution of SEI-components can affect the cell
behaviour. We will refer to this hypothesis as the dynamic SEI
hypothesis in the following discussion.

We now turn to the comparison of the overhang and a
dynamic SEI as causes of the observed sawtooth ageing. The
overhang should be charged primarily during times with a
high SOC, where the anode potential is lowest. This includes
the constant voltage phase during charging. In addition we
consider the average charging voltage as another proxy for
time spent at high SOCs. If the reversible loss is primarily
caused by the overhang, we would expect a positive correlation
between the duration of the accumulated CV-phase in 100
cycles and the losses observed during the set of 100 cycles, or
between the average charge voltage and the losses. This corre-
lation might go into saturation at extremely long CV-phases if
the overhang is essentially fully charged. The recovered
capacity should also follow a similar correlation pattern
because the lithiation of the overhang is reversible.*” It might
even be a slightly better indicator, as it does not include irre-
versible losses. However, it will saturate earlier because not all
reversible losses are recovered in three C/10 cycles.

In this case, the difference between cells formed at 80 °C
and those formed at lower temperatures is caused by differ-
ences in the operating point. Thus, cells formed at 80 °C have
to be included in this correlation analysis and should show a
similar correlation.

To test this, all sets of three C/10 cycles and the corres-
ponding 100 fast cycles before are analysed. We refer to the
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first of the three C/10 cycle as the n™ cycle. We define the
recovery as the differences between the discharged capacity of
the first fast charging cycle after the C/10 cycles (n + 3) and the
discharged capacity of the last fast charging cycle prior to the
C/10 cycles (n — 1). The loss is defined as the difference
between the discharged capacity 100 cycles before the low
current cycles (n — 100) and the discharge capacity of cycle n —
1. The accumulated CV-time is the sum of the CV-time of
cyclesn — 100 ton — 1.

The correlations are visualised in Fig. S15 in the SI. While
both CV-time and average voltage increase due to ageing
effects, initially the capacity loss observed in 100 fast charging
cycles and the recovery decreases or remain roughly constant,
respectively. Both increase later on for heavily aged cells. Cells
formed at 80 °C exhibit a markedly different behaviour with
both recovery and losses lower compared to cells with the
same average charge voltage or accumulated CV-time. Thus,
while the overhang might play a role, it is insufficient to
explain the observed differences.

The dynamic SEI would result in a linear correlation
between capacity fade and electrolyte volume as long as other
effects such as dry-out can be neglected. Less electrolyte would
result in a reduced loss because a lower amount of SEI com-
ponents can be dissolved until the electrolyte is saturated or a
steady state concentration gradient is reached. As this hypoth-
esis is based on different SEI properties between cells formed
at 80 °C and cells formed at lower temperatures, cells formed
at 80 °C should not exhibit the same correlation. To test this
hypothesis cells were filled with lower electrolyte volumes,
formed at 60 °C and cycled at 25 °C. Material, cell preparation,
and the testing protocol have been the same for these cells.

Indeed, a linear correlation between capacity fade during
the initial 100 cycles and electrolyte mass is observed for cells
cycled at 25 °C as shown in Fig. 13b. The correlation is very
strong and highly significant (r = 0.967, p < 1.3 x 107°). The
resulting slope is about 17 + 3.4 mAh gelectmlyte‘l. This indi-
cates a significant role of the electrolyte mass in the degra-
dation process.

Based on the dynamic SEI hypothesis the slope, represent-
ing the additional loss of lithium per gram of electrolyte
should increase for each cycle until reaching a saturation level
because the dissolution will likely require multiple cycles to
complete.

Further analysis presented in Fig. 13 confirms a trajectory
that resembles such a saturation process when calculating the
slope of the linear regression for the loss between the initial
cycle and cycle k and plotting the result over the corresponding
cycles. After the interruption by the C/10 cycles the trajectory
starts again, albeit not being fully reset to the initial values.

If the lost capacity was indeed recovered from lithium
plating barely connected to the negative electrode, the capacity
should be recovered on the negative electrode by re-intercala-
tion of the plated lithium. This would result in a shift of the
discharge endpoint to lower charge values, causing a negative
discharge endpoint slippage.” While such an analysis should
be treated prudently given the limited accuracy of the cyclers
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Fig. 13 Scatter plots showing the capacity loss until the 10*" (a) and
100" cycle (b) of the cycling experiment at 25 °C. Panel ¢ shows the
slope of the regression for the capacity loss until the respective cycle for
25 °C. The shaded green areas correspond to the 95% confidence inter-
val. The low current cycles (101-103) are marked by the grey rectangle.

used in this work, the observed discharge endpoint slippage is
much higher than the charge endpoint slippage during the
three C/10 cycles. Both are displayed in Fig. 14. This is in line
with recovery of lost lithium on the negative electrode which
can be explained by the mobilisation of previously plated
lithium.

The consideration of the degradation modes complements
this picture: cells formed at 45 °C and 60 °C exhibit a higher
LLI compared to cells formed at 80 °C during cyclic ageing at
25 °C. Plating is known to be mitigated by elevated tempera-
tures.”® Thus, capacity fade caused by plating is reduced
during cycling at 45 °C. This results in a slightly lower LLI as
evidenced by the degradation mode analysis, despite the fact
that other side reactions are likely aggravated by the increased
temperature.

To conclude the discussion of the mechanisms responsible
for the sawtooth-ageing, the combined data from a statistical
analysis of the capacity fade and electrolyte mass as well as
degradation mode analysis suggests that plating leads to
higher losses during high rate cycling at 25 °C if parts of the
SEI are soluble. This is the case after formation at 45 °C and
60 °C but not after formation at 80 °C. The more stable SEI
obtained after formation at 80 °C limits further LLI.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To the best of our knowledge, the consequences of the dis-
solution of partial SEI components during non-abusive testing
have not been explicitly investigated. However, in the light of
our findings, different outcomes of publications discussing
the effect of electrolyte volume on capacity retention can be
explained. One example is the publication of Lechtenfeld
et al*® where additional electrolyte negatively affected cells
without additives and with VC cycled with 1C at 20 °C. This is
contrasted by results from our group where more electrolyte
had no effect on the initial performance but prevented the
occurrence of a knee-point in cells cycled with C/5 at 45 °C.>”
An SEI containing more soluble components combined with
the higher current at lower temperature might have contribu-
ted to highly localised plating similar to our observation in
this work. Higher temperatures and lower C-rates combined
with a high-temperature formation in ref. 27 possibly yields a
less soluble SEI and mitigates the effect of SEI-dissolution.

Limitations of high temperature
formation

In this work we investigated the effects of formation tempera-
ture on cells with an electrolyte containing widely used sol-
vents (EC and EMC) but not additives. Further research is
required to identify whether high formation temperatures are
beneficial for other electrolyte systems, especially those that
readily release CO, during formation at lower temperatures
such as FEC or VC.'® SEI-forming additives are typically less
stable compared to the solvent molecule so that they are
reduced at higher potential.*® Increasing the temperature may
result in a larger contribution of chemical rather than electro-
chemical decomposition, altering the properties of SEI and/or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CEL Whether such a shift results in an improved SEI likely
depends on the specific additive. We would like to emphasise
that a limited thermal stability of film-forming additives may
not prevent their use in a high temperature formation, as
these sacrificial additives decompose during formation to
create the SEI-layer anyway.'®*°

While a high-temperature formation may not be beneficial
in cells using additives, our results demonstrate that high for-
mation temperatures are beneficial for cells using electrolyte
without additives. Thus, a comparison of cells formed at mod-
erate temperatures with additive-containing electrolyte and
with additive-free electrolyte will underestimate the achievable
lifetime of cells without additives. This should be considered
when reporting the benefits of film-forming additives.

Furthermore, in battery production additional concerns
such as safety, energy consumption, and costs of equipment
have to be considered.® Furthermore, heating cells to the high
temperatures reported here, may introduce additional rest times
and thus costs, or significant thermal inhomogeneities especially
in large-format cells. The authors are not aware of any study
investigating the effect of thermal inhomogeneities during the
formation process on cell performance and lifetime.

Conclusions

In this study, we investigated the effects of high-temperature
formation at 80 °C and compared it with lower temperatures
of 60 °C and 45 °C. We reproduced prior results showing that
formation at 80 °C releases CO,. Furthermore, we identified
changes of the melting behaviour after formation at 45 °C and
60 °C which are in line transesterification of the EMC. This is
contrasted by cells formed at 80 °C where the major melting
behaviour does not change. Additionally, transesterification of
electrolyte during formation at 45 °C and 60 °C is confirmed
by GC-MS measurements, which identified DMC and DEC in
electrolyte samples collected after formation at lower tempera-
tures but found only negligible amounts of these solvents after
formation at 80 °C. Thus, we demonstrated that high-tempera-
ture formation can prevent the transesterification of the EMC
observed at lower temperatures.

High temperature formation shifts the cell balancing, due
to a higher LLI during formation. The benefit of this shift is a
reduced low-SOC resistance. Furthermore, high-rate cycling
shows that LLI during cycling is suppressed by formation at
80 °C for both cycling temperatures (45 °C and 25 °C). In
addition, higher formation temperatures reduce LAMpg, during
cycling at 45 °C. This results in superior stability of cells
formed at higher temperatures, despite their initially lower
capacity. The increased formation temperature leads to a sig-
nificant reduction of both reversible and irreversible capacity
fade. For lower formation temperatures our results indicate
that dissolution of soluble SEI-components and subsequent
plating contribute to faster capacity loss during 1.5C cycling at
25 °C. This effect is at least partially reversible: during low rate
cycles a fairly large share of the lost capacity is recovered. The
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exact role, secondary effects and potential benefits of the more
soluble SEI obtained at lower formation temperature requires
further research.

Our results highlight that increasing the formation temp-
erature can improve long-term capacity retention under high
rate cycling even though the initial capacity is lower compared
to lower formation temperatures. Further research is on-going
to compare degradation at lower C-rates to investigate the
results of formation temperature on the lifetime of the cell
under less aggressive ageing regimes.

From a development perspective, further investigations will
help in identifying whether these results can be transferred to
more complex electrolyte systems containing several additives,
or whether it is a way to achieve some of the benefits typically
assigned to additives without using them. Our results indicate
that it is possible to tune battery properties by carefully design-
ing formation protocols. A better understanding of the
relationship and mechanisms linking the formation process
with cell performance enables formation protocols tuned for
specific applications. Thus, we support and underline the call
by Schomburg et al. for more research on formation processes
to achieve the required understanding for knowledge driven
formation process design.”
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