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• In-depth SEI analysis of automotive cells 
at different aging stages.

• XPS depth profiling analysis to track 
compositional changes at different 
states of health.

• Transmission electron microscopy anal
ysis on electrode cross-sections.

• Simplified lab-scale electrode setup for 
more efficient growth rate 
parameterization.

• Comparison of SEI growth rates at elec
trode centre and edge regions for future 
modelling activities.
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A B S T R A C T

Developing a detailed understanding of the ageing evolution in automotive lithium-ion cells is key to batteries 
with long service life. In this study, the SEI composition and growth rate of graphite negative electrodes from 
cycle-aged large-format automotive lithium-ion cells is investigated as important parameters in physics-based 
ageing models. In this work, automotive cells were cycle-aged in a duty cycle protocol with intermittent refer
ence parameter test. The SEI layers formed at different state-of-health were characterized by X-ray photoelectron 
spectroscopy sputter depth profiling and electron microscopy on electrode cross-sections. The SEI growth over 
time showed a linear relationship. However, the growth rates derived from the two techniques differed 
considerably and major differences in SEI thicknesses were found between edge and center regions of electrode 
sheets. In an attempt to facilitate access to relevant experimentally derived model parameters, a lab-scale setup 
build from Li-ion cell components from an automotive battery was developed that could reproduce the SEI 
evolution and growth behavior.
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1. Introduction

Lithium-ion batteries are the most expensive component in electric 
vehicles and their degradation is a multifaceted challenge for reliable 
lifetime prediction [1]. The challenge lies in the complexity stemming 
from the interplay of numerous factors, including cell design (e.g., 
electrode materials, formulations, balancing, etc.) [2–4], electrolyte 
composition [5], cell form factors [6] and storage or operation condi
tions (such as temperature [7,8]or depth of discharge (DoD) [9,10]). 
These variables influence the ageing behavior and failure modes, mak
ing it difficult to generalize degradation trends across different battery 
systems [1,11,12]. Within the product development cycles, accelerated 
ageing tests at elevated stress levels, e.g. test at elevated temperatures, 
that increase the degradation rate are inevitable during this phase. This 
then poses the challenge to transfer and extrapolate the results to the 
unaccelerated testing case [13,14]. Application-driven testing, particu
larly in the case of automotive cells, leads to additional layers of 
complexity, taking into account for instance duty cycles (instead of 
charge-discharge cycles at constant current densities), temperature 
fluctuations (in field tests), as well as calendar ageing times (vehicle 
stand idle ca. 96 % of the time) [14,15]. In particular in the case of 
automotive cells, path dependencies are difficult to replicate in a labo
ratory environment. Long-term, unaccelerated cycling studies under 
controlled thermal environments thus are complementary and critical 
for quantifying and classifying ageing behaviours and failure modes, as 
well as validating end-of-life predictions [16]. Using real-world usage 
profiles delivers detailed insights into how stress factors like tempera
ture, DoD, and cycling rate interact over time, enabling more accurate 
lifetime modelling and improved battery management strategies [12]. 
On a more fundamental level there are two major types of degradation 
pathways associated with the loss of active material (LAM) and the loss 
of lithium inventory (LLI) [8]. LAM includes processes related to dam
ages to active material or electrode coating, e.g. graphite exfoliation or 
particle cracking; while LLI refers to processes that consume 
lithium-ions, especially electrolyte degradation or Li plating. Depending 
on the prevailing type of battery ageing, the ageing trajectory the ca
pacity retention is characterized either by linear or sublinear (i.e. 
decay-type) capacity loss vs. cycle number, while superlinear/non-linear 
ageing trajectories are characterized by a slower capacity decay over 
most of the battery’s lifetime before a rapid decay sets in [17].

The deposition of degradation products forms a passivating film that 
mitigates continued electrolyte degradation upon further cycling, 
known as the solid electrolyte interphase (SEI). The SEI is first formed 
during the cell conditioning on the first cycles when electrolyte com
ponents decompose at the negative electrode interface at low potentials. 
The SEI is a heterogeneous layer that comprises of both inorganic and 
organic compounds, specifically LiF and Li2CO3 that are typically 
located near to the electrode surface (‘inner SEI’) as well as carbonyl- 
and ether-based organic compounds found in the outer regions [18–20]. 
Cracks in the surface layer and SEI re-formation leads to continuous loss 
of mobile Li inventory and, overall a growth of the SEI layer thickness. 
This is reflected in capacity fade and increasing internal resistance 
[21–23].

Both parameters are important for the training of (semi-)empirical, 
physics-based ageing models for the lifetime predictions of automotive 
cells [11,24–26]. They are linked by the formation and growth of the SEI 
layer and hence, detailed knowledge of the SEI characteristics under 
different ageing conditions is a prerequisite for accurate modelling ap
proaches. Previously introduced four-parameter models attribute ca
pacity fade to the SEI layer growth, which is ascribed to either LAM at 
the anode, and cathode, or LLI from irreversible reactions at the elec
trode interfaces [16,26,27]. This model gives a base framework for the 
data-driven approach. To minimize interfering effects at the experi
mental level, e.g. pressure changes, change in thermal conditions or 
state of charge (SoC), only one of the operating conditions was changed 
for each cell testing. We correlate electrochemical signatures like 

capacity retention, resistance profiles and differential voltage analysis 
(DVA) to results from surface-analytical techniques, namely X-ray 
photoelectron spectroscopy (XPS) and a combination of the trans
missions electron microscopy mapping (TEM) with electron energy loss 
spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDS). 
The method gives detailed information on the chemical composition 
within the probing volume of the surface layer, and allows quantifica
tion of the respective elemental concentrations and relative ratios be
tween chemical species [28–30]. However, its probing depth becomes a 
limiting factor for cells aged for a long time, as the surface layer thick
ness can exceed the probing depth of the technique, unless sputter [28] 
or synchrotron-based depth profiling is applied [4,31]. Additional in
formation can be obtained from complementary TEM-EELS/EDS ex
periments on electrode cross-sections, which allows to conveniently 
extract the surface layer thickness and adds spatial resolution with 
regards to the elemental distribution in the electrode-SEI surface region. 
With this combined set of data, the elemental distribution of SEI com
ponents, their chemical nature and the SEI layer thickness are extracted, 
thus providing a detailed picture of the surface layer as an experimental 
basis for lifetime prediction studies and an approach to determine SEI 
growth rates [29,30,32–34].

2. Experimental

Cell characteristics. The following study is based on an extensive 
cycling ageing test comprising 63 automotive-grade Li-ion pouch cells 
with a nominal capacity of 43 Ah. The cells arrived pre-cycled from the 
manufacture. The outer dimension of the cells are 16.5 cm:16 cm:3 cm (l 
x w x h) and comprise of graphite as the negative electrode and a blend 
of Li(Ni0.6Mn0.2Co0.2)O2 and Li(Ni1/3Mn1/3Co1/3)O2 on the positive elec
trode. The areal capacity of the graphite electrodes were determined in a 
previous work by Stadler et al. [35] with the same automotive cell type. 
The mean initial capacity (determined experimentally) was 2.71 ± 0.20 
mAh cm− 2 on the full-cell and 2.87 ± 0.01 mAh cm− 2 on half cell level. 
The electrode-separator stack is z-folded using a PE-PP layered sepa
rator. The electrolyte contained ethylene carbonate (EC) and diethyl 
carbonate (DEC) with LiPF6 as electrolyte salt.

Experimental Setup (Cell Tests). For long-term testing the cells were 
braced (Fig. S1) in between two steel-jigs (2, 3) with nickel-chromium 
alloy springs (spring constant 36 N/mm) to provide a force of ~1.1 
kN throughout the complete test. Additionally, a 1.8 cm thick steel plate 
together with load cells is implemented below the cell-plate sandwich (1 
and 2) to continuously monitor the force deviation over test time (min 
0.5–5 kN, accuracy <0.5 %). The load cells are arranged with equal 
distance to the center of the steel plates. On the top, a 0.5 cm thick steel 
plate together with a displacement gauge (4) in the center position S1 
(min range: 0–5 mm, resolution: 10 nm) is mounted for continuous 
monitoring of the cell thickness. Thermoelements are deployed between 
the two cell tabs (S2) and in the climate chamber to track cell and 
ambient temperature. The expansion of the cell was measured at the 
Begin of Test (BoT) and the End of Test (EoT) at open circuit voltage 
(OCVmax).

Ageing Test – Automotive Cells. The ageing tests are described the 
following parameters: temperature (T), maximum SoC (SoCmax), mini
mum SoC (SoCmin), charging power (PCH) and driving power profile 
(Fig. 1a). The cells were heated to a constant temperature of 30 ◦C in a 
temperature chambers (Vötsch, Weiss Technik, Germany) prior to 
cycling. The cells were kept stored at 0 % SoC and 25 ◦C for 14 days 
before the start of the ageing test in order to equalize inhomogeneities 
and reduce the effect of reversible capacity changes by the overhang 
effect [36]. A schematic of the measurement steps are shown Fig. 1b. 
The ageing test comprised of duty cycles based on a power charge/di
scharge profile from an electrical vehicle (EV) drive profile. Intermittent 
reference parameter tests (RPT) were conducted every two weeks to 
determine the state-of-health of the automotive cells [37].

In the duty cycles, charging was conducted with a constant power - 
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constant voltage protocol (CP-CV), applying a constant charge power of 
Pch = 136 W until SOCmax of 90 % is reached. In the discharge sequence, 
a power profile was applied until SoCmin (30 %) is reached (Table 1) 
[37]. This test cycle was repeated for 14 days, after which RPT was 
performed. The RPTs were carried out at 25 ◦C and comprised of a first 
cycle at a constant current of 1C (C = actual/nominal cell capacity) with 
the voltage limits of 2.5–4.2 V. After 1 h of voltage relaxation at 100 % 
SoC a discharge pulse of 200 A for 10 s was applied to determine the 
internal resistance of the cells (Fig. 1a). The C/10 discharge capacity 
obtained from the regular RPT tests was used for the calculation of the 
(cumulative) charge throughput (CTP in kAh) at the end of each 14 days 
test cycle. For the evaluation of the differential voltages, the potential 
curve is derived from the C/10 discharge step with respect to the charge 
(dV/dQ). For the test in automotive cells, five different states of ageing 
were defined based on the CTP: the begin of test (BoT) describes a cell 
prior to cycling, CTP = ~100 kAh (mid of test 1; MoT1), ~150 kAh (mid 
of test 2; MoT2), ~200 kAh (mid of test 3; MoT3) and, end of test (EoT), 
is defined as CTP = ~280 kAh.

Ageing Tests – Three-Electrode Cells. In an attempt to transfer the 
test of automotive cells onto lab scale cells, lithium-ion cells were 
assembled in a three-electrode PAT-Cell (EL-Cell GmbH, Germany) 
setup.

Cell Assembly. For the electrode preparation, the automotive cells 
(BoT cells) are disassembled to extract the electrode sheets. The elec
trodes are removed from the center of the electrode stack (layer 10th to 
20th) and washed to remove residual electrolyte (such as conductive 
salt). One coated side of electrode is mechanically removed with 
dimethyl carbonate and Cyrene™ (Merck, Germany). Then electrode 
discs with a diameter of 18 mm were cut from the positive and negative 
electrode sheets.

The cell stack comprised a copper plunger, the graphite negative 

electrode, an insulation sleeve (ECC1-00-0210-V/X, EL-Cell GmbH, 
Germany) with Li-reference electrode and Viledon FS2226E (PP fiber) 
and Lydall Solupore 5P09B (PE membrane) separators (220 μm), the 
NMC positive electrode and an aluminum plunger [38]. The separators 
were soaked in 110 μL electrolyte (base electrolyte of the automotive 
cells; provided by the cell supplier) [38]. The cells were cycle at 30 ◦C 
and subjected to a formation procedure with C/3 cycles. This step was 
necessary for sufficient wetting of the freshly filled electrolyte with the 
already cycled extracted electrodes from the automotive cells.

Cell Testing. The test on three-electrode cell level follows the same 
procedure as the automotive cells with a power profile scaled to the 
lower capacity of the thus prepared cells. To reach a long-term stability 
the temperature chambers were purged with inert gas (N2) to reduce 
interferences from moisture and oxygen entering the cell compartment. 
The cells were cycled on a CTS battery cycler (BaSyTec GmbH, Ger
many). The charge throughput of the three-electrode labscale cells was 
determined as aforementioned for the automotive cells (see above). An 
equivalent charge throughput was defined as a means to compare CTPs 
between automotive and three-electrode cells. The conversion factor of 
1.5 (from labscale to automotive cell) was derived from the comparison 
of the energy throughputs of lab-scale and automotive cells and trans
lated to the corresponding CTP. For the lab-scale cells, the MoT state (for 
SEI studies) is then defined as 50 ‘equivalent kAh’ that is an early ageing 
stage to gain first insights of SEI characteristics. The cells were cycled 
between a SoC between 10 and 70 %. The charge rate was set to 1C to 
adapt the Pch of the pouch cell level (Table 1). The charge limits for the 
three-electrode cells are already set in the testing system.

Post-Mortem Analysis. For the following post-mortem analysis all 
cells were discharged after their designated ageing time, to a cell voltage 
of 3 V using a constant discharge current of 3.7 A, which ensured similar 
SoC of all samples as a common basis for comparison. The cells were 
then opened under inert atmosphere in an Argon-filled glovebox (O2 and 
H2O levels below 0.1 ppm). The procedure involves dissembling the cells 
and the electrodes of the stack are separated and removed from the 
center of the electrode stack from 15th to 18th layer of the aged auto
motive cells (MoT1, MoT2, MoT3, EoT cells). Then they are washed in 
dimethyl carbonate (Merck KGaA, Germany) in ca. 200 mL for 3 min to 
remove the conductive salt residues. After drying, photographs of 
representative electrodes of each cell are taken and the electrodes are 
stored until further analysis [39].

X-Ray Photoelectron Spectroscopy. XPS measurements are carried 

Fig. 1. a) Schematic of the duty cycle/intermittent RPT test procedure: a repeating power charge/discharge profile was applied for 14 days. The test is then 
interrupted for an RPT cycling profile to test state of the cells electrochemically, before the cells are send into another 14 day duty cycle sequence. B) Illustration of 
the EV drive profile applied upon discharge to SoCmin [12].

Table 1 
Overview of the operation conditions of the automotive and three-electrode 
cells. The charge for the three-electrode cells is given by the C-rate. Charge 
limits are already implemented in the testing system.

SoCmin 

(%)
SoCmax 

(%)
Charge 
Condition

Temperature 
(◦C)

automotive cell 30 90 136 W 30
three-electrode 

cell
10 70 1 C 30
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out on a K-alpha spectrometer (Thermo Fisher Scientific, United States) 
equipped with a glovebox compartment for inert gas transfer. The 
sample preparation was conducted in an Ar-filled glovebox, and the 
transfer between the glovebox and spectrometer are handled without 
any air exposure. A monochromized Al Kα X-ray source is used with the 
excitation energy of 1486.6 eV. A pass energy of 50 eV is used for both 
survey and detailed spectra. On each sample several measurements spots 
were defined to confirm reproducibility. An argon ion gun is used for 
sputter depth profiles with an etching rate of 0.52 nm s− 1 (referred to 
Ta2O5) at an energy of 3 keV. The photoemission spectra were recorded 
after sputter times of 30, 60, and 180 s. The data was analyzed in 
“Avantage” (Thermo Fisher Scientific, United States). For background 
subtraction, the “smart background” function was used (Shirley back
ground with an additional constraint that the background function is not 
greater than any datapoint in the measured region). A fitting model was 
first developed for the BoT sample and the peak positions and peak 
shapes adapted to data of aged electrodes as initial parameters for the 
curve fits. For consistency the binding energy boundaries of the indi
vidual peak components were fixed within a narrow, predefined range. 
This was feasible as no major deviations from the starting parameters 
was observed (nor were they expected). Quantification of the elemental 
distribution of the surface layer, as shown in Table 2, was performed 
based on the ratio of the normalized peak area to the sum of all 
normalized total peak areas correlating to 100 at.%, taking into account 
the instrument-specific sensitivity factors.

Electron Microscopy. The electrode surfaces of graphite electrodes 
from differently cycle-aged cells were studied by scanning electron mi
croscopy (SEM), before the preparation of cross-section specimens. Then 
a protective Pt/C layer of was deposited on the sample to mitigate sur
face damage. Cross-sectioning and preparation of FIB-cut lamella was 
performed by a focused ion beam (FIB) with a gallium sputter source and 
then attached to a TEM grid. TEM was used for the structural and 
compositional characterization of the SEI. The samples were transferred 
to the TEM chamber under inert gas atmosphere to avoid any exposure 
to ambient air or moisture. The analysis conducted in a spherical 
aberration-corrected transmission electron microscope JEOL ARM200F 
(JEOL, Japan) with a probe corrector (CEOS GmbH, Germany) at 200 
kV. The microscope is equipped with a cold-field emission gun in 
conjunction with the EELS (Gatan Quantum ERS, United States). In this 
study, electron energy loss spectroscopy (EELS) and energy-dispersive X- 
ray spectroscopy (EDS) are used to detect the elements Li1s, F1s, O1s 

and P2p. The intensities of the P2p and F1s signals are weak and also 
fluorine signals displayed an overlap with the Li1s signal, leading to the 
use of EDS as the more sensitive detection method for these two 
elements.

3. Results

3.1. Ageing and post-mortem analysis of automotive cells

In this first section, the degradation of automotive cells in a duty-RPT 
test was evaluated over an extended testing period. Underlying degra
dation processes, such as the evolution of the SEI surface layer thickness, 
were studied in a detailed post-mortem analysis leveraging comple
mentary surface analytical techniques on aged electrode sheets at 
different state-of-health (SoH).

Cell Aging and Electrochemical Evaluation. The automotive cells 
were subjected to a duty cycle/intermittent reference parameter test (for 
details see Experimental Section) until the desired charge throughput 
(CTP) limit was reached. The state-of-health was determined from a 
combination of capacity retention, and normalized internal resistance as 
a function of CTP, as well as from differential voltage analysis (DVA) 
curves generated from the RPT sequences, as shown in Fig. 2.

Capacity Retention. In Fig. 2a the capacity fade vs. charge throughput 
is shown for the four different ageing stages MoT1 (red), MoT2 (green), 
MoT3 (purple) and EoT (blue), following the testing procedure 
described above. Each data point represents the mean value of two cells. 
The capacity fade between each set of samples is well reproducible until 
the cells reached their targeted CTP stop criteria. A maximum capacity 
loss of ~13 % was measured after CTP = 280 kAh (EoT) with a small 
deviation of only ± 0.2 % between the two samples.

Internal Resistance. Fig. 2b shows the evolution of the change in in
ternal resistance (relative to the value at BoT in %) as a function of CTP. 
In the CTP range from 0 to 150 kAh the resistance is smaller than the 
initial values measured for the BoT cell. After 150 kAh, the resistance is 
gradually increasing, followed by a steep increase by about 10 % over a 
narrow CTP range from 250 to 280 kAh. The sudden change from a 
constant to an increasing resistance hints towards underlying ageing 
effects that become significant after extended cycle-ageing tests. The 
onset of a ‘resistance elbow’ is an indication of the cell entering a 
superlinear decay [15].

Differential Voltage Analysis (DVA). In Fig. 2c the differential voltages 
analyses (DVA, dV/dQ) are shown for the MoT1, MoT2 and MoT3 ageing 
stages. The color gradient indicates the number of RPT check-ups from 
blue (first measurement) to red (last measurement). All cells display an 
initial capacity of around 43 Ah, in agreement with Fig. 2a. As outlined 
by Sieg et al. [38], the two dominant peaks, GII (at ca. 4.6 Ah) and GIII 
(at ca. 25.6 Ah), in the DVA represent phase transitions in the graphite 
voltage profile [40].

With increasing state of ageing the peaks undergo gradual changes, 
as their intensity diminishes, the peak centers shift on the capacity axis. 
A measure for the relative changes is the difference between the two 
peak maxima, Δ(GIII- GII), which increases from 21.1 Ah to 22.1 Ah. 
The change is accompanied by peak broadening and shallower local 
minima of dV/dQ [41]. It further shows that upon aging the two inter
calation plateaus are affected to different degrees, with the second 
plateau experience stronger changes. This effect is ascribed to a 
dispersion of the different degrees of lithiation between individual 
graphite particles in the electrode composite [10,42]. In other words, 
the lithiation process of the graphite electrode becomes increasingly 
heterogeneous the longer the cell cycles, i.e. the peak changes over the 
ageing test of MoT1 are minor, compared to the changes in cells (MoT2 
and MoT3) that cycle-aged for longer times (passed through more test 
cycles). The heterogenous distribution of the lithiation during ageing 
has a significant impact on the electrode capacities. The decrease of the 
capacity can be attributed to LLI caused by the SEI layer growth. The loss 
of available lithium results in a gradual shift in the cell balancing, which 

Table 2 
Peak Positions of the C1s, O1s, F1s and P2p regions in the BoT, MoT1 and EoT. 
The binding energy boundaries were fixated.

Core 
Level

Compounds binding 
energy

BoT MoT1 MoT2 MoT3 EoT

eV at.% at.% at.% at.% at. 
%

C1s sp2-C/ 
graphite

284.4 5.5 1.0 0.0 0.0 1.6

-CH2-/sp3-C 285 12.4 24.0 21.5 21.3 19.6
-CO- 286.7 1.0 6.1 6.6 7.3 2.9
-(C=O)O- 288.9 1.2 1.6 2.9 4.0 1.3
-O(C=O)O- 289.9 0.8 3.4 2.3 3.2 1.5

O1s Li2O 528.0 <0.5 <0.5 <0.5 <0.5 3.0
C=O 531.4 22.9 27.2 22.2 30.1 22.8
-CO- 533.3 1.7 2.5 3.2 4.8 1.4

F1s LiF 685 9.0 4.8 2.0 1.9 6.1
(O=P)Fx(OR)y 687.4 0.7 1.9 1.7 3.3 –

P2p O=PFx(OR)y 

(2p3/2)
133.3 2.3 1.4 1.2 1.3 1.6

P-S (2p3/2) 132 0.7 – – – –

Li1s Li+ 55.4 35.3 24.5 21.9 22.5 37.0

§C=O (carbonyl groups) include carboxyl groups (-(C=O)O-) and carbonate 
groups (-O(C=O)O-).
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in turn gives rise to further degradation processes (e.g. through shifts in 
the voltage window) [11,43–45].

Optical Changes during Ageing. The photographs show that at the 
beginning of ageing test the electrode shows a characteristic light-grey 
surface with randomly distributed brownish spots stemming from the 
formation cycles carried out by the manufacturer. With increasing CTP, 
the aged electrodes show a brown region in the center of the electrode 
sheet that increased from the BoT state to the MoT1 state. At longer 
ageing times (MoT1 and MoT2), the area first turns blue and gradually 
increases in size. The EoT cell also displayed a metallic-silver area in the 
electrode center, indicating lithium plating. The SEI growth appears to 
start mainly from the center of the electrode sheet, which will be further 
discussed below (XPS depth profiles). During ageing (Fig. S1), the 
characteristic blue colored centered area is expanding, and silver spots 
of lithium plating appear. Stadler et al. [11] linked the lithium plating to 
electrolyte dry out in the cell, which is consistent with the notable 
resistance increase observed in Fig. 2b as well with the growth of the 
blue spots. Eventually, the electrolyte dry-out is attributable to an in
crease of the internal heat, particularly in the center of the electrode 
stack. The reduced heat dissipation could be a consequence from the cell 
geometry, as suggested by temperature distribution modelling, e.g. by 
Kosch et al. [46], who demonstrated that the electrode edges are 
generally colder regions in the cell compared to the electrode center. 
Elevated cell stack temperatures may accelerate electrolyte dewetting 
and in turn, heterogeneous electrolyte distribution can amplify 
non-uniform electrode processes and side reactions (e.g. Li-plating). 
Moreover, it could be assumed that the blue coloration is the result of 
the intercalation stage III as reported by Shellikeri et al. [47] and sug
gests a possible inhomogeneous potential distribution across the elec
trode sheets [11,48]. For a more detailed analysis of the negative 
electrodes of the automotive and three-electrode cells XPS sputter depth 
profiling and EELS/EDS cross-section analysis are performed, which will 
be described in the following section.

X-ray Photoelectron Spectroscopy Analysis. To identify the degra
dation products on the electrode surface further chemical-physical 
analysis is performed. Based on the optical analysis of the electrode 
sheets above, the samples discussed in this section were extracted from 
center parts of the cell stacks. Photoemission spectra for C1s, O1s, F1s 
and P2p regions are presented in Fig. 3 for the BoT, MoT1 and EoT 
samples.

C1s-spectra. Carbon spectra in the binding energy (BE) range of 
280–292 eV (Fig. 3a–c) cover the peaks of the graphite environment. 
The peak at around 283.3 eV is ascribed to graphite/sp2-carbon species 
of carbon black and the graphite active material (‘bulk signal’), while 
the peak of saturated hydrocarbon -CH2-/sp3-appears at 285 eV [49]. 
The peak at around 287 eV is assigned to CO-species. Carboxylate 
-((C=O)O)- species with -C=O- as carbonyl group are located at around 
288.8 eV [29] and carbonates (-O(C=O)O-) appear at around 290 eV 
[30]. The C and O containing species (CO, -(C=O)O-, -O(C=O)O-) are 
indicative for SEI components and their intensity increases from BoT to 
EoT, i.e. with prolonged aging. The -CH2-/sp3-C content increases from 
12.4 at.% at BoT to values between 19 and 24 at.% for the MoT1-MoT3, 
as well as the EoT samples (Table 2). At the same time, the graph
ite/sp2-carbon signal decreases rapidly from the BoT state to the MoT1 
state and disappears entirely for longer aging times but reappears as a 
minor feature in the EoT stage. This suggests overall that the SEI layer 
thickness increases during cycle aging, as expected. A slight broadening 
of the CO-signal is observed in MoT and EoT compared to BoT (Fig. 3b & 
c). The overall CO content increased from around 1 at.% to around 6 at. 
% in the MoT samples, but decreased again in the EoT sample to 3 at.%. 
Similarly, the –(C=O)O- increased from 1.2 at.% (BoT) to up to 4 at.% 
(MoT3). The -O(C=O)O- (carbonate) peak increased notably from BoT 
to MoT1, and showed lower relative contents for MoT2 and MoT3. 
Interestingly, in all cases relative surface contents of the SEI species 
decreased towards the EoT stage (Table 1). Previous studies by Lucht 
and coworkers [50] suggested that the SEI undergoes gradual changes 
from an early to an aged surface composition. Compounds such as 
lithium alkyl carbonates (such as lithium ethylene dicarbonate, LEDC) 
or Li2CO3 surface deposits are gradually converted (mediated by LiPF6) 
into LiF and a range of other compounds, e.g. polyethers and fluo
rophosphates [31]. In addition, further reactions are suspected once the 
electrolyte starts to dry out in the late phase of the ageing process [51].

O1s spectra. In Fig. 3d–f the most intense peak is observed at around 
531.6 eV and assigned to C=O group of both carbonates and carboxyl
ates -(C=O)O- components, i.e. a main constituent in the SEI. Another 
weaker peak in the shoulder of the C=O-component towards higher 
binding energies, at around 533.4 eV, is ascribed to CO-species. The 
oxygen spectra in Fig. 3d–f shows a peak at 528 eV that is ascribed to 
Li2O. The -(C=O)-species (with R being an alkyl-group, for instance 
R=CH3) have the highest atomic distribution (Table 1). A peak at 528 eV 

Fig. 2. a) Capacity retention vs. CTP for differently aged samples (MoT1-3 and EoT) and b) corresponding internal resistance vs. CTP. c) Differential Voltage Analysis 
(DVA), dV/dQ vs. Charge (Q) for samples MoT1 to MoT3. The color gradient indicates the progressive RPT measurements every 14 days starting from the first RPT 
test (blue) to the last RPT test (red) of the respective cell (MoT1, MoT2 and MoT3). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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suggests minor amounts of Li2O. In the comparison between different 
stages of ageing the relative Li2O peak intensity gradually increases. It is 
a species which already forms with very low content of water contained 
in the electrolyte [43].

F1-spectra. The fluorine species in Fig. 3g–I shows a strong LiF signal 
at around 685 eV. Moreover, a second signal is assigned to the P-F 
component of the related fluorophosphate species at around 687 eV. The 
LiF content decreases continuously from 9.0 at.% (BoT) to 1.9 at.% 
(MoT3). LiF is typically found in the ‘inner’ SEI layer, i.e. close to the 
graphite active material. When the surface layer is growing in course of 
ageing, in-house spectrometers rapidly encounter probing depth limi
tations. In the MoT1-MoT3 samples, the graphite peak is barely visible 
or not visible at all, meaning that neither the innermost sections of the 
SEI nor the electrode material beneath is seen in the photoemission 
spectra. Hence, the gradual decrease of the LiF signal is likely a result of 
SEI growth. As mentioned above, at EoT the surface composition 

changed notably, presumably due to other side reactions as the cell dries 
out. Under these conditions the LiF content increased again in the EoT 
sample to 6.1 at.% [21]. The residual compounds like the 
fluorophosphate-species only appear in the initial ageing states, i.e. 
prior to cycling (BoT) and at the MoT1 stage, when the electrode sheets 
are still well wetted with electrolyte.

P2p spectra. In the P2p phosphorous environments in Fig. 3j–l two 
phosphorous-containing degradation compounds are observed. Mono- 
and difluoroalkly phosphates (O=PFx(OR)y) (orange doublet) are 
observed at 133.4 eV (P2p2/3). Fluoroalkyl phosphates are degradation 
products of the PF6-anion with residual water or soluble dialkyl bis 
(ethylene carbonates) in the electrolyte [52]. In addition, a minor signal 
at around 131.1 eV (P2p3/2) is seen in the spectra of BoT and EoT, is 
likely ascribed to phosphorous sulfides (green doublet) through in
teractions with sulfur-containing electrolyte additives in the electrolyte 
formulation (not further specified by the cell manufacturer) [53]. 

Fig. 3. C1s spectra (a–c) O1s spectra (d–f) F1s-spectra (g–i) P2p-spectra (j–l) are taken from the anode surfaces from BoT to EoT. The signals of the C1s-, O1s-, F1s- 
and P2p-species show the composition of the SEI over the stage of health. Some signals like LiF get broader or more prominent until End of Test.
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Within the scope of this study, the origin of the sulfur species was not 
further investigated (see Fig. S3). Interestingly, there was no indication 
of a PF6

− signal in the P2p spectra, which is quite unusual [50]. With 
respect to the P-F signal in the F1s spectra, this would further suggest 
that the signal originates mainly from the degradation products 
O=PFx(OR)y. The surface concentration of degraded PF6

− in the P2p and 
F1s spectra showed values around 1–3 at.% (Table 2), i.e. about equal 
amounts within the margin of error for this analysis (up to a few at.%). 
As already mentioned above, the absence of the PF6

− signal could also be 
a result of a comparatively thick SEI layer. However, in this case one 
would expect a peak of this compound in the BoT sample [54].

In summary, the compositional changes of the SEI layer of cycle-aged 

automotive cells after selected stages of ageing was followed by post- 
mortem in-house XPS analysis. The data suggest that the surface layer 
grows notably between the BoT sample and the MoT1 sample, which is 
indicated by the notable decrease of the graphite signal in the C1s 
spectrum. The analysis thus may not capture the full composition of the 
surface layer under the applied measurement conditions, due to limi
tations in probing depth. This might be a reason for decreasing LiF 
levels, if the compound is part of an inner section of the layer that moves 
gradually outside the information depth of the technique with 
increasing layer thickness. To address this limitation, sputter depth 
profiling was performed in the following section as a means to receive 
more information on the inner sections of the surface layer. In 

Fig. 4. Sputter depth profiles for selected components in the photoemission spectra of cycle-aged graphite negative electrodes at different SoHs, i.e. BoT (a), MoT1 
(b), MoT2, (c), MoT3 (d) and EoT (e). The black vertical line indicates the time the sp2-C signal has reached an overall content of 50 at.% in the surface layer (cut-off 
criteria for determining SEI thickness).
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agreement with a growing SEI layer, characteristic components, e.g. 
ethers/alkoxides, carboxylates and carbonates, increase with decreasing 
state of health. The formation of these organic species is accompanied by 
a decrease of the lithium concentration at the surface in contact with the 
electrolyte. In the cell that reached the end-of-life criteria (EoT sample), 
further degradation processes appear to favor different compounds, 
leading to a notably altered surface composition.

XPS Sputter Depth Profiling. XPS sputter depth profile analysis was 
performed using monoatomic Ar + etching for samples of all five states 
of health. The relative elemental distribution of the main SEI constitu
ents in the surface layer on graphite are plotted vs. the sputter time in 
Fig. 4a–e. The corresponding core level spectra for the samples at t = 0 s 
(no sputtering), were discussed in detail in the previous section. For the 
sputter profiles in Fig. 4 the surface contents of selected SEI components 
are shown from the C1s (-CH2-/sp3-C), F1s (LiF), O1s (-CO− /− C=O-) 
and Li1s spectra, as well as the bulk active material peak (graphite/sp2- 
C) in the C1s spectrum. In contrast to previous studies, we used specif
ically the atomic concentration of the bulk sp2-C signal at 50 at.% as cut- 
off criteria to estimate the SEI thickness, instead of the total carbon 
concentration [28,29]. Moreover, the Ar+-ion-etching rate is calibrated 
on a Ta2O5 reference substrate, which is softer to etch and thus more 
relatable to the SEI layer than commonly used SiO2 substrates. Also, the 
respective etching depth of Ta2O5 are indicated by changes in color. 
Neither of the etching references can fully account for the heterogeneity 
of the SEI structure. However, this approach should provide a reason
able estimation of the relative changes in surface layer thickness be
tween the samples.

As outlined in the discussion of Fig. 4a–c in the section above, 
electrode active material is represented by its sp2-C peak (i.e. the ‘bulk’ 
signal). The sp2-C signal starts out at a comparatively low concentration 
of 0–5 at.% and increases steeply with increasing sputter time. The 
atomic concentration reaches a plateau between 80 and 90 at.% after a 
few hundreds of seconds. With increasing ageing state (from BoT to 
EoT), the slope of sp2-C curves reduced gradually. In Fig. 4a–e, the black 
vertical lines indicate that the sp2-C concentration has reached 50 at.%. 
It can be readily seen that the time until the graphite bulk material is 
reached in the sputter process increased with decreasing state of health. 
Again, demonstrating that the SEI layer thickness increased over time as 
well.

In contrast, SEI constituents show an opposite behavior as the surface 
layer is gradually etched during the sputter process. Their contribution 
to the overall surface layer content is decreasing with increasing sputter 
time. The organic fractions of the SEI are represented by the sp3-C/-CH2- 
(unsaturated hydrocarbon) signal in the C1s spectra, as well as the 
-(C=O)O- (carboxyl) on the signal in the O1s spectra. The sp3-C/-CH2- 
decays rapidly below 5 at.% after less than 200 s of sputtering in the BoT 
sample (thinnest surface layer). Although the initial decay still proceeds 
rapidly in samples aged for longer time, it takes notably longer until the 
content drops below the 5 at.% threshold. This suggests that the fraction 
of hydrocarbons in the top regions of the SEI was higher than in regions 
closer to the electrode. Conversely, the -(C=O)O- signals display initial 
surface contents between 20 and 30 at.% that decay for cycle-aged 
samples MoT2, and MoT3, as well at the EoT stage (Fig. 4c–e) only 
after sputter times of 100–200 s. For MoT3 and EoT samples, the 
carboxylate content first passed a maximum before the signal decayed. 
The Li1s content followed a similar but more pronounced trend, 
showing a maximum in the overall Li content that drifted with 
increasing SoH to higher sputter times. The maximum values are 
observed after the top layers are removed and both the sp3-C/-CH2- and 
-(C=O)O- contents decayed already to a significant degree. This would 
fit with the general reports in literature that the SEI tends to be more 
inorganic in the inner regions [55]. The fraction of inorganic lithium 
compounds is higher, thus increasing its relative content.

Upon further sputtering, the inner region was removed as well and 
the bulk signal is the only dominant component. Accordingly, some of 
the O1s and Li1s signals are maintained over longer sputtering times, 

indicating the presence of inorganic species. Another reason for the high 
Li content might be effects of Li plating appearing in samples from MoT2 
to EoT, as indicated in Fig. 5 [31]. However, it is important to stress that 
each of the components discussed herein display different sputtering 
rates. As a result, inorganic compounds are typically etched significantly 
slower than organic material and thus accumulate in the remaining 
surface layer [45]. Moreover, the sputtering process leads to increasing 
surface roughness, depending on the material distribution and grain 
sizes that is difficult to predict. In addition, the maximum surface con
tent of sp2-C at around 80 % (except for BoT) is likely limited, due to 
residues of electrolyte components and SEI constituents in the electrode 
porosity and the pores of the graphite active material. A small fraction of 
the typical SEI components thus remains present during sputter depth 
profiling. Therefore, complementary electron microscopy techniques 
are used as additional methods to map the SEI cross-section shown in the 
following sections.

Electron Microscopy. In this section a compositional analysis was 
performed of the SEI layer on graphite electrode cross-sections of the 
MoT1 and EoT cells by scanning electron microscopy (SEM), scanning 
transmission electron microscopy (STEM) based electron energy loss 
spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDS).

The cross-sections were prepared by a focused ion beam (FIB). 
Fig. 5a–c shows SEM top view images and Fig. 5d–f FIB-SEM cross sec
tions of the center area of the graphite electrodes. Between the SEM top 
view images of the graphite surfaces at different ageing states, it is 
difficult to identify notable morphological differences, although the EoT 
sample showed signs of particle cracking. The FIB-SEM cross section 
images show a bright layer on top of the electrode coating that corre
sponds to a protective Pt/C coating to reduce sputter damage and sample 
charging. The cross-sections of the BoT, MoT1 and EoT samples 
(Fig. 5d–f) show large particle size differences between distinct active 
material particles and an inner porosity. Both in the void space between 
particles and within the particle microstructure a surface layer and de
posits can be observed. Based on the micrographs shown in Fig. 5 the 
electrode porosity appears to increase in the MoT1 and EoT stage and 
the microporosity seems increasingly filled with deposited material. In 
addition, some of the particles in these samples show signs of cracking, 
as clearly seen in the MoT1 sample to the right. In the EOT sample the 
particles also appear notably disconnected. However, statistically 
representative observations, i.e. identifying and distinguishing cutting-/ 
sputter-induced damages from ageing-induced damages, are challenging 
with this approach due to the small sample size.

The TEM analysis on the FIB-cut lamella is provided in Fig. 6. The 
annular dark field (ADF) images are shown in the top row of Fig. 6. The 
EELS/EDS elemental maps are shown below from top to bottom for 
carbon (red), fluorine (cyan), lithium (green), phosphorous (pink), ox
ygen (yellow). The EELS elemental map for sulfur is provided in Fig. S4. 
In addition, the superimposed elemental, maps including all above
mentioned elements except carbon, are provided in the bottom row of 
Fig. 6 for the evaluation of SEI thicknesses.

The top row shows the corresponding (ADF) images (Fig. 6, top row), 
showing a bright top section due to the Pt/C coating, and the bulk active 
material as grey area underneath. As the contrast in ADF scales with 
atomic number, there is a clear difference between the Pt/C layer and 
the second period elements Li, C, O and F. However, between second 
period elements there are only little differences in contrast and hence 
active material and SEI only display similar grey scales. The location of 
the SEI becomes clearer in the EELS/EDS elemental maps. In the carbon 
maps, a strong carbon signal is observed from the bulk graphite particle 
and a weaker signal from the Pt/C top layer with a small, dark gap be
tween layers. The carbon-lean section in-between rich in homoge
neously distributed fluorine, lithium, phosphorous, oxygen and sulfur, 
and is thus assigned to the SEI layer [33]. In addition, intense signals 
from Li and O are seen in the pores of the bulk graphite particle. From 
the superimposed maps, the SEI was estimated as indicated in Fig. 6
(bottom row) by the red arrows, showing layer thicknesses of the center 
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electrode sections around 8–15 nm (BoT), 25–58 nm (MoT1) and 
120–220 nm (EoT). It is reported that initially the thickness of the SEI 
grows rapidly from 50 nm up to 200 nm [22,56]. In comparison the 
thickness on the edges (Fig. S5) is significantly reduced e.g. ca. 10 nm at 
MoT1 and ca. 75 nm at EoT. As previously stated, the estimated thick
ness primarily reflects the central and edge regions, which exhibit 
notable discrepancies. This is attributed to the heterogeneous distribu
tion of heat, and as a result different degrees of electrolyte degradation, 
as mentioned previously. While the SEI does attain a specific thickness, 
it remains overall below the thicknesses determined by the XPS results 

presented above.

3.2. Laboratory-scale three-electrode setups from automotive cells

It was one of the aims in this work, to replicate the ageing of auto
motive cells in a lab scale setup, which would greatly facilitate the 
statistics of electrochemical and material analyses and is also deemed 
safer as compared to handling large format pouch cells. Moreover, the 
transfer to smaller scales can lead to a significant cost reduction if the 
ageing behavior can be reproduced.

Fig. 5. Top row (a–c): electrode top view SEM micrographs for samples BoT, MoT1, and EoT. bottom row (d–f): FIB-cut electrode cross-sections for the SEI analysis 
with Pt/C surface coating (bright top layer).

Fig. 6. Annular dark field (ADF) images and corresponding EELS (carbon, lithium and oxygen) and EDS (fluorine and phosphorus) maps of the electrode cross- 
sections. Estimated SEI growth is pointed out by red arrows which show the SEI layer at minimum and maximum thickness. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.)
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Therefore, in this last section, an as-received automotive cell was 
opened to cut and extract smaller electrode discs from anode and 
cathode sheets. One side of the double-side coated electrodes had to be 
removed mechanically to fit the three-electrode EL-cell compartment. 
The challenge on the laboratory cell level is to create similar cell per
formance in terms of capacity retention, and induce similar degrees of 
material fatigue at an equivalent charge throughput (eCTP). Fig. 7 shows 
the capacity retention vs. equivalent charge throughput of three three- 
electrode cells build. For comparison the data of a 43 Ah pouch cell 
was added as well in this graph. Three of the samples show high 
reproducibility in their capacity retention with minimal capacity loss. 
One lab-scale cell (yellow) shows stronger capacity fluctuations in the 
RPT sequences that could originate from contact problems [57]. In the 
lab scale setup, a slightly higher capacity retention is observed by about 
±1–3 % at 30 ◦C, compared to the pouch cell after 50 kAh. In general, 
the lab scale results show slower ageing behavior over the studied 
charge throughput interval. This is likely due to edge effects in the 
rectangular electrode sheets of the pouch cell, as compared to circular 
electrode discs with small diameter and an electrolyte excess. In the 
latter case the cell reaction (and degradation) across the entire electrode 
area is more homogenous. Lack of heat dissipation that would lead to 
accelerated ageing in central cell regions of stacked cells for instance, do 
not appear to be an issue on this scale. Fresh electrolyte was added in the 
three-electrode setup to ensure proper cell operation. The active mate
rial/electrolyte volume ratio was estimated to be one order of magni
tude larger in the lab scale cells than in the automotive cell.

Surface Layer Analysis. As described in the previous sections, the 
cycle-aged electrodes were subjected to an in-depth analysis using XPS, 
including a sputter depth profiling analysis, and TEM cross-section 
analysis, for a comparison of the surface layers of lab-scale and pouch 
cell.

XPS Analysis. The peak assignment of XPS spectra for the cycle-aged 
sample (MoT) from the lab-scale cells (Fig. S7) was transferred in good 
agreement from the MoT1 pouch cell data (Fig. 3) in terms of binding 
energies (within a margin of less than ±0.2 eV) positions of individual 
SEI components. Minor changes in the relative peak intensities are 
observed in the C1s spectrum, especially for instance a smaller relative 

contribution of the -CO- component. No Li2O was found in the O1s 
spectrum, unlike the MoT1 sample (previous section). In addition, the 
fluoroalkly phosphate species (O=PFx(OR)y) in the F1s spectrum show a 
smaller intensity relative to the LiF peak. The elemental distribution is 
provided for comparison in Table 3. BoT sample is the initial point of 
reference for both aged cell types. The results of the MoT1 sample were 
also added for comparison. The comparison in relative surface concen
trations in Table 3 suggest a significantly larger LiF content of around 31 
at.% (compared to 4.8 at.% in MoT1). The remaining 8 at.% is assigned 
to lithium salts, such as LEDC. Accordingly, the relative fractions of 
carbonyls in the O1s and C1s spectra is lower in the MoT sample, than in 
the MoT1 sample. Sputter depth profiling analysis showed a sputter time 
of 3.5 min (Fig. S6) until the 50 % threshold was reached, placing the 
estimated SEI thickness between the BoT and MoT1 samples, which is 
reasonable with respect to the corresponding CTPs (MoT: equivalent 
CTP = ~50 kAh, MoT1: CTP = ~100 kAh).

TEM cross-section analysis. The EELS/EDS elemental maps are 
shown in Fig. S8 and display a thin surface layer between 14 and 25 nm 
in thickness. The results will be further discussed below.

4. Discussion

Loss of active lithium to SEI layer growth is a major source of ca
pacity fade in batteries. The SEI layer thickness at different stages of 
ageing is a measure of the growth rate under given operation conditions. 
Hence, correlating SEI layer properties to electrochemical data is a 
cornerstone in physics-based models used for lifetime predictions and 
state-of-health assessments of batteries and is of particular relevance in 
the automotive sector. The results of this study may serve as a basis for 
SEI growth rates in aging models that use the initial SEI thickness and 
the SEI growth rate as parameters, amongst others, to quantify the 
lithium loss [16]. Both parameters can be determined experimentally by 
studying the surface layer over the battery lifetime. Herein, we inves
tigated the SEI growth and composition of automotive cells that were 
cycle-aged in a duty cycling sequence using a custom EV drive profile. 
The SoH was checked in regular intervals using a reference parameter 
test to quantify the capacity retention over the entire life span of the 
cells. The end-of-test criteria was reached when the internal resistance 
starts increasing significantly. At this point, the capacity retention 
dropped to 87 % of the initial reference parameters and the internal cell 

Fig. 7. Capacity retention vs. charge throughput (CTP, top x-axis) for three lab- 
scale three-electrode cells (full circles). For comparison capacity retention of an 
automotive cell was added from Fig. 2 (vs. an equivalent CTP using a conversion 
factor of 1.5, bottom x-axis). The first RPT check-up of the three-electrode cells 
was performed at around 12.5 kAh. The reproducibility is validated by the 
iteration of several test runs and overlapping results of the three-electrode cells.

Table 3 
Peak Positions of the C1s, O1s, F1s and P2p regions in the BoT, MoT of the three- 
electrode cell and MoT1 of the automotive cell. The binding energy boundaries 
were fixed.

Core 
Level

Compounds binding 
energy

BoTa MoT MoT1a

eV at. (%) at. (%) at. (%)

C1s sp [2]-C/graphite 284.4 5.5 0.9 1.0
-CH2-/sp3-C 285.0 12.4 10.2 24.0
-CO- 286.7 1.0 1.6 6.1
-(C=O)O- 288.9 1.2 1.2 1.6
-O(C=O)O- 289.9 0.8 0.7 3.4

O1s Li2O 528.0 – – –
C=Ob 531.4 22.9 10.0 27.2
-CO- 533.3 1.7 1.4 2.5

F1s LiF 685.0 9.0 30.9 4.8
(O=P)Fx(OR)y 687.4 0.7 1.0 1.9

P2p O=PFx(OR)y (2p3/ 

2)
133.3 2.3 1.7 1.4

P-S (2p3/2) 132.0 0.7 – –

Li1s Li+ 55.4 35.3 38.9 24.5

a Added from Table 2 for comparison; The BoT data applies to both cell setups.
b C=O (carbonyl groups) include carboxyl groups (-(C=O)O-) and carbonate 

groups (-O(C=O)O-).
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resistance started to notably increase. Additional samples were prepared 
in lab-scale three-electrode cells with aim to reproduce the performance 
and ageing behavior of the automotive cells, using the electrode coatings 
from a disassembled cell stack. This approach could be potentially 
cheaper and more efficient, than testing larger cell formats.

A detailed surface analysis by X-ray photoelectron spectroscopy on 
ex-situ samples of different ageing stages showed a gradually growing 
surface layer. (the sample positions are indicated in Fig. S2). Its thick
ness exceeded the probing depth of the technique, thus likely excluding 
(or underestimating) certain SEI components that are most prominent in 
the ‘inner’ regions, i.e. close to the electrode, such as LiF. Other char
acteristic SEI components, particularly carbon-oxygen species, such as 
carbonates (-O(C=O)O-), carboxyates (-(C=O)O-) or ethers (-CO-), 
display increasing surface contents from BoT to late MoT conditions. 
Interestingly, in the P2p spectra only products of the degraded salt were 
found, fluoroalkyl phosphates (O=PFx(OR)y), but no PF6

− signal was 
observed. In addition, P-S bonds, presumably from an electrolyte addi
tive in the proprietary electrolyte were seen in the P2p region.

To quantify the SEI layer growth more accurately at different SoH, 
the SEI thickness was determined with two different methods, namely 
XPS sputter depth profiling and EELS/EDS on an electrode cross-section 
prepared by a focused ion beam. During XPS sputter depth profiling with 
monoatomic Ar+ can rapidly lead to a rough surface topology and a 
preferred edging of the softer, organic components that exhibit a higher 
sputter rate. Nonetheless, by following the surface concentrations of 
selected SEI species and the sp2-C carbon of the graphite active material 
beneath, it is possible to derive a surface layer thickness from the sputter 
time, assuming a constant and homogenous sputter rate. For compari
son, an SEI/graphite electrode cross-section was characterized by EELS/ 
EDS, which allowed both an elemental contrast and a possibility to 
measure the SEI thickness from the respective elemental maps. The 
values extracted from both techniques are summarized in Table 4. The 
thickness measurements obtained from the XPS as a function of CTP 
were collected for both the automotive cells and the lab-scale cells (at an 
equivalent CTP) in Fig. 8a. The as-received large format pouch cells 
arrived pre-cycled and displayed an initial SEI thickness of ca. 58 nm in 
the electrode center. In first approximation a SEI growth rate in an 
ageing model can be derived from a linear fit, yielding a growth rate of 
1.1 nm/kAh. However, electrode thicknesses obtained from samples 
extracted at the edge of the electrode sheets show a slower SEI growth 
than in the central electrode region (Fig. S9), namely 0.62 nm/kAh. In 
Fig. 8b the SEI thickness as a function of CTP were derived from TEM 
cross-section analysis. The data also follows in first approximation a 
linear growth rate of 0.32 nm/kAh. With regard to the edge parts, the 
SEI growth rate at 0.11 nm/kAh, which is therefore lower than to the 
center (Fig. S9). The EoT sample (center) appears to break with the 
trend, which is consistent with changes in the SEI composition and was 

not considered in the linear fit.
Therefore, our results highlight that the SEI growth rate depends 

strongly on the technique used to determine the SEI thickness after 
different ageing states, and, for larger format cells, also on the location 
on the electrode sheet from which the sample is extracted. In addition, 
gradients in SEI thicknesses are highly likely across a cell stack. The 
results clearly demonstrate a high level of non-uniform ageing on an 
electrode sheet, which is associated for instance to temperature gradi
ents during cycling across the electrode. Although our two approaches 
yielded notably different growth rates, we demonstrated that both ap
proaches displayed a linear relationship (in first approximation) be
tween SEI layer growth and ageing time, provided that sufficient 
amounts of electrolyte were present. Signs of electrolyte dry out and 
considerable deviations from the linear SEI thickness growth, as well as 
SEI composition, were only observed in EoT samples. Even though the 
SEI composition differed markedly between automotive (stacked) cells 
and labscale three-electrode cells, their ageing behavior appeared to fit 
seemingly into the linear ageing trends/SEI layer thicknesses presented 
in Fig. 8 (a normalization of the CTP was necessary to bridge the scales 
of the two cell setups). Although notable differences were observed in 
the surface layer compositions of pouch and lab-scale cells, their SEI 
growth rates appeared comparable nonetheless. Therefore, experi
mental data on the SEI growth rate from lab-scale-built cells could be a 
viable alternative to testing large-format pouch cells, enabling the 
acquisition of statistically relevant sample sizes with better reproduc
ibility. Moreover, sources of error resulting from non-uniformities of 
large electrode areas, such as poor heat dissipation, can be effectively 
eliminated in smaller setups. The non-uniform ageing of the electrodes 
will likely continue to present a challenge in accurately predicting the 
ageing of an entire cell stack. However, it is clearly an influential factor 
in lifetime predictions.

5. Conclusions

Data-driven approaches to battery lifetime predictions require 
experimental input parameters such as the SEI growth rate. Herein, 
changes in SEI thickness of cycle-aged electrodes from automotive or 
lab-scale three-electrode cells are determined by two different ap
proaches, namely X-ray photoelectron spectroscopy sputter depth 
profiling and electron microscopy using elemental mapping of electrode 
cross-sections. Both approaches suggest a linear SEI growth rate with 
increasing ageing time but display significantly different absolute 
growth rates. The results further demonstrated that the SEI thickness is 
non-uniform on larger electrode sheets with considerable differences in 
layer thickness between edge and center areas of the electrode. Notable 
deviations from the linear behavior was only observed at the end of cell 
life, when the cell showed signs of electrolyte dry out. In an attempt to 
reduce the number of larger format cells in cycle-ageing tests, a lab-scale 
setup was developed from automotive cell components that could 
reproduce the trends in SEI growth, even though XPS analysis suggested 
different SEI compositions between surface layers formed on negative 
electrodes from automotive cells and lab-scale three-electrode cells. 
Hence, this approach can potentially facilitate sample testing and 
improve sampling statistics, thus providing easier access to SEI growth 
rates for a data-driven ageing model. While the general tends (such as a 
linear SEI growth rate) should be transferable to other cell configura
tions, there are likely strong differences in absolute numbers in depen
dence of electrode compositions, separator materials and cell formats.
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