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ARTICLE INFO ABSTRACT

Keywords: Understanding the chemical structure of the solid electrolyte interphase that forms and evolves during lithium-
Post-mortem ion battery cycling is critical for advancing battery technology. This complex task often requires the use of post-
XPS

mortem protocols to extract the electrodes in controlled states of charge and prepare them for further charac-
terization and analysis. Over decades of research and optimization, the scientific community has established and
shared post-mortem workflow protocols tailored to specific techniques. However, numerous sources of artifacts
can disturb this workflow, introducing experimental uncertainties at various stages, from electrode
manufacturing to data interpretation. Here we present the results of a round-robin inter-laboratory study using
post-mortem X-ray photoemission spectroscopy to characterize the solid electrolyte interphase formed on
graphite electrode after cycling in two different electrolytes. Several leading European research teams, expert in
battery manufacturing and characterization by X-ray photoemission spectroscopy, participated in a meticulously
designed post-mortem workflow. The goal was to identify the sources of consistency and disparity in the results
and their impact on the scientific conclusions. Moreover, human-induced bias and errors were quantified
throughout key steps, from cell assembly to photoemission core level peak fitting and interpretation. Based on
our findings, we offer key recommendations for identifying and minimizing sources of artifacts in the analysis of

SEI
Round-robin
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the solid electrolyte interphase chemical composition. Effectively addressing these challenges is essential for
improving both the performance and longevity of batteries.

1. Introduction

Improving lithium-ion battery (LIB) performance requires a funda-
mental understanding of the electrochemical mechanisms occurring
during cell operation to bring optimal solutions with higher safety and
efficiency requirement. The solid electrolyte interphase (SEI), a het-
erogeneous ionically conducting and electronically insulating layer,
forms at the interface between the negative electrode and electrolyte
during electrochemical cycling and plays a key role in LIB function and
performances retention [1]. It acts as a protective layer towards active
material degradation but also evolves dynamically during the cycle life
of a battery, leading to performances fading.

Designing stable SEIs has thus become a major research focus for
mitigating aging and enhancing the lifetime of LIBs. Many studies have
investigated the chemical composition and distribution of species in the
SEI via advanced physico-chemical characterizations of the electrode
surface. As a result, many phenomenological models were initially
proposed, from a single ionic conductive layer [1] to a double-layered
structure composed of a thin compact layer adjacent to the electrode
and a thick, porous layer near the electrolyte [1-3]. Subsequent studies
on the SEI properties led to the currently widely accepted phenomeno-
logical mosaic model, which describes the SEI as a complex assembly of
multiple organic and inorganic domains [4-9].

For graphite electrodes cycled in a common carbonate ester-based
electrolyte with lithium hexafluorophosphates salt (LiPFg), the SEI
typically contains inorganic lithium compounds such as alkyl lithium
carbonates or lithium carbonates (ROCOOLI, Li;CO3), phosphate groups
(POFy), and lithium fluoride (LiF) [6,7,10-12]. However, accurately
resolving the SEI's composition, thickness, and structural evolution,
which are highly dependent on numerous parameters [13], remains a
significant challenge. Its chemical complexity and sensitivity to air have
made it difficult to unambiguously define the nature and role of indi-
vidual species, often leading to conflicting interpretations in the
literature.

Most of the SEI models are constructed based on experimental post-
mortem analysis involving surface and/or spectroscopic characteriza-
tion techniques [14,15], which are powerful for studying battery ma-
terials and interphases. The SEI's chemical composition has been
extensively scrutinized by X-ray photoelectron spectroscopy (XPS)
[16-18], Fourier-transform infrared spectroscopy (FTIR) [19], Raman
and Auger spectroscopies (AES) [20-22], and Nuclear Magnetic Reso-
nance (NMR) [23,24]. Among these, XPS stands out as a non-destructive
technique, offering deep insight into the SEI composition by revealing
the surface chemical bonding of the SEI and providing semi-quantitative
analysis [25,26].

However, the characterization of such a thin and chemically complex
layer necessitates suitable protocols, from sample preparation to data
interpretation. Every step in the post-mortem analysis workflow —
including cell assembly and cycling, cell opening, electrode preparation
for physico-chemical characterization, sample transfer from argon-filled
glove boxes to characterization tools, experimental setup for data
acquisition and data analysis - constitutes a potential source of artifacts
[27-30]. Human factors, including the level of expertise at each step of
the workflow or reproducibility among different operators, introduce
additional sources of bias and errors. The absence of standardized pro-
cedures across laboratories thus remains a major limitation.

To ensure more reliable SEI investigations and enable meaningful
comparison between studies, it is crucial to address these uncertainties
and establish reproducible, standardized experimental protocols.

Large-scale initiatives are necessary to establish standardization in
the community and tackle the reproducibility issue of cell preparation

and testing [31-33], post-mortem interfaces investigations [34] or
operando synchrotron studies [35]. One major goal is to generate high
fidelity quality-assessed data through robust acquisition and analysis
pipelines widely adopted by researchers and insuring reproducibility
according to selected criteria. Along this line, the Battery Interface
Genome Materials Acceleration Platform (BIG-MAP) project, developed
under the umbrella of the European large-scale initiative Battery 2030+,
set the foundations of standardized workflows for accelerating battery
discovery, based on an artificial intelligence (AI)-centric infrastructure
using ontologized tools and embedding multi-techniques characteriza-
tions [36-38].

Within this framework, we evaluated and quantified the level of
uncertainty associated with each step of post-mortem XPS workflows
applied to the analysis of SEI composition on the surface of cycled
graphite electrodes. Our focus was on identifying sources of variability
introduced during cell assembly, sample preparation, XPS data acqui-
sition, and subsequent data analysis and interpretation. We critically
assessed the biases introduced at each step of the process, examined the
impact of human and instrumental factors, and proposed recommen-
dations to minimize artifacts and enhance reproducibility. To this end,
we implemented a methodology based on two inter-laboratory work-
flows, whose detailed designs are described in the following section. Our
findings provide insights that extend beyond XPS, offering guidance for
other characterization techniques where similar sources of uncertainties
and deviations are encountered.

2. Experimental multi-partner XPS workflow

To assess the quality and reproducibility of post-mortem SEI char-
acterization and analysis using XPS, we implemented two sequential
inter-laboratory workflows. The first was a blind reproducibility
study, designed to assess the reproducibility of results by identifying
potential sources of artifacts arising from cell assembly, post-mortem
sample preparation, and XPS acquisition. Based on insights gained
from this study, a subsequent standardized workflow was developed
incorporating standardized experimental protocols to minimize proce-
dural variability. This standardized workflow included a round-robin
data analysis exercise to address potential interpretative biases, thus
extending the standardization effort to the data analysis stage. Both
workflows followed a similar structure from cell assembly to data
interpretation, allowing for a systematic comparison and refinement of
experimental practices. The combination of standardized experimental
protocols with collaborative data analysis forms the basis for a fully
standardized and reproducible workflow that integrates optimized
procedures across all stages. These two sequenced workflows are sche-
matically represented in Fig. 1 and described in detail below.

2.1. Sample preparation and handling

The cell assembly and cycling procedures were common to both
workflows and are illustrated in the top-left panel of Fig. 1. Coin cells
were assembled following the BIG-MAP standard protocol [39], using
graphite, manufactured by CIDETEC, as the negative electrode and
LiNiO, manufactured by BASF, as the positive electrode. Coin cells were
filled with LP57 electrolyte with and without additives according to
three formulations:

- 1 m LiPF in ethylene carbonate- ethyl methyl carbonate (EC:EMC)
(3:7), used for the blind reproducibility study, and
- 1 m LiPFg in EC:EMC (3:7) + 2 wt% vinylene carbonate (VC) and
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- 0.95 m LiPFg + 0.05 m LiTDI (Lithium 4,5-dicyano-2-trifluoromethy-
limidazole) in EC:EMC (3:7) + 2 wt% VC, used for the standardized
workflow.

The electrochemical cycling protocol consisted of an initial forma-
tion step, a series of diagnostic check-ups, and repeated accelerated
aging cycles. Cells were first subjected to a 6 h open-circuit voltage
(OCV) rest, followed by three galvanostatic formation cycles at C/10,
each comprising a constant-current (CC) charge at C/10 with a constant-
voltage (CV) hold to a cut-off of I < C/20, and a CC discharge at C/10. An
initial check-up cycle was then performed using a CC charge/discharge
at C/20 followed by a CV step with a cut-off of I < C/50 in both di-
rections, providing the beginning-of-life (BoL) discharge specific ca-
pacity. Accelerated aging was induced by applying sets of 20
galvanostatic cycles consisting of a CC-CV charge at 1C (CV cut-off I <
C/20) and a CC discharge at 1C. After each aging block, a follow-up
check-up identical to the initial diagnostic cycle was conducted to
obtain the current discharge specific capacity and calculate the state of
health (SoH). Steps of aging and check-up were repeated until the SoH
dropped to <80%, which was considered the end of life (EoL) of the cell.
All tests were performed within a voltage window of 2.5-4.2 V at 20 °C
in temperature-controlled cycling chambers, with the 1C current defined
from the active material mass and a practical specific capacity of 225
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mAh g1, All electrochemical protocols are listed in Table 1.

After cycling, cells were dismantled in an argon-filled glove box
(H20, O3 < 0.5 ppm), and electrodes were rinsed in EMC and sealed in
airtight pouch cells and shipped to the XPS laboratories listed in Table 2.
All details related to washing process are listed in Table 1.

Each laboratory stored samples in an argon-filled glove box and used
airtight transfer vessels to transport them to the XPS instrument. Part-
ners performed XPS acquisition based on their in-house post-mortem
protocols. These steps are outlined in the middle-top panel of Fig. 1.

While the overall structure of both workflows remained consistent,
slight differences in cell assembly were applied. The specifications for
each are detailed below:

1. Blind reproducibility study: Two full LNO/Graphite coin cells with
identical components were assembled and cycled by two partner
institutions using the standard LP57 electrolyte formulation and the
cycling protocol described previously. The cells are named Cell 1 and
2 in the following manuscript. After cycling and cells dismantling,
the graphite electrodes were cut in two or three sections and sent to
multiple XPS laboratories. Before XPS measurements, the electrodes
were washed twice for one minute in dimethyl carbonates (DMC) to
remove residual salt.

1.Cell assembly 2.Cell Cycling 3.Electrode 4. Sample handling and transfer .~ 5.Data 6. Data analysi 7. Results Nature and
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Fig. 1. Schematic overview of the two inter-laboratory workflows. The three top panels illustrate the shared structure of both workflows, covering the entire process
from cell assembly to data interpretation. The left panel details electrode and cell preparation, including cell components, cycling protocols and post-mortem
handling (opening, washing, sealing). The central panel represents the instrumental setup for sample transfer and XPS measurement (e.g. glove box, transfer ves-
sels), and highlights five critical parameters influencing data quality: acquisition timing, probe area location, instrument settings, measurement protocols, and beam-
induced effects. The right panel outlines the data processing stages: background subtraction, peak fitting, and SEI species quantification. The bottom section il-
lustrates the implementation of the two workflows. In the blind reproducibility study, two partners independently assembled and cycled cells, to finally shipped them
to multiple XPS laboratories. They subsequently characterized the samples without centralized coordination. Measurements were taken at unspecified positions on
the surface of the electrode and at unspecified schedules. Each XPS partner performed independent data analysis, and results were later compared. This repro-
ducibility study enabled the definition of harmonized protocols for cell assembly, preparation, and data acquisition, targeting the minimization of artifacts, which
directly served as the foundation for the standardized workflow. In the standardized workflow, a single partner prepared all cells, XPS partners followed defined
acquisition protocols. Measurements were time- and location- constrained (central electrode region), and a round-robin analysis was conducted using datasets from a
single laboratory. This enabled the establishment of robust and reproducible analysis procedures. Together, both workflows underpin the recommended best
practices for post-mortem XPS analysis of battery electrodes and highlight the importance of standardization in inter-laboratory studies.
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Table 1
Experimental protocols for sample preparation. Standardized Electrochemical cycling (aging) and standardized XPS sample preparation after
EoL.
Protocol Step Name Vel 1C current | Temperature ALY Operation AtTaterel SoH
range t data
6h rest ocv -
CcC C/10
1 Formation Charge Cut-off I <
3x cv /20 -
Discharge CC C/10
CcC C/20
Ch Cut-off |
arge cv utom i< Initial specific discharge
Check-up X C/50 X
2 Active 1x capacity (Dc,init) for SoH
cycle X CcC C/20
material . =100%
Discharge Cut-
mass + cv /50
Electrochemical 2.5to practical 20°C Coin cell e c
cycling (aging) 4.2V capacity (CR2032)
. Charge Cut-off I <
3 Aging of 20x cv /20 -
225mAh/ /
g Discharge CcC 1C
Current specific
4 Check-up see step 2 see step 2 dlscha(nge ca)pauty
SoH = Decurr/ Dejinit
Until SoH <
5 Rep‘eat Repeat steps 3 & 4 80% at the -
cycling end of step
4 repeat
a ) el As soon as possible Ar
disassembly atmosphere
XPS sample b Soak 30s, ImL EMC 0 level €
. - - - - Glovebox -
preparation c Decanting - 0.1 ppm
d Soak See step b H,0 level <
e Packaging Sealed in Al-laminated bags 0.5 ppm
Table 2
Details on partners performing the XPS characterization.
Partner 1 Partner 2 Partner 3
XPS type Lab-based Lab-based Synchrotron
XPS XPS HAXPES
Institution CEA Uppsala University (UU) SOLEIL GALAXIES beamline
X-ray energy 1486 eV (Al Ka) QUANTES/ULVAC-PHI. Monochromatised 1486 eV (Al Ka) 3 KeV /7 KeV
Kratos AXIS Supra+ Monochromatised Monochromatised
Take off angle 45° 45° 10°
Beam diameter 200 x 200 pm? 700 x 300 pm? 30 x 80 pm?

Total exposure
Flux/beam power
Resolution

Pass energy

Peak calibration

Charge
neutralization

Survey spectra: 11 min.

F1s (9 min), 01s(9min), N1s (16 min), S 2p (16 min), P 2p
(19 min), C 1s (9 min), Li 1 s (24 min)

7 x 10° ph/s (47.8 W)

1.6 eV for survey

0.7 eV for core level, estimated based on FWHM (Ag 3ds,2)
224 eV for survey

55 eV for core level

C 1s (Graphite C=C at 284 eV or C-C at 285 eV)

Off (to avoid beam damage due to charge neutralization)

Survey spectra: 2 min. C 1s (75 s), F 1s
(100-250 s), P 2p (14 min 20 s)

Survey spectra: 3 min

Al (225 W) 10'3 ph/s
Al Ko optimal energy resolution: 0.48 eV 0.3 eV
estimated based on FWHM (Ag 3ds,2)

160 eV for survey, 200 eV

20 eV for core level
C 1s (Graphite C=C at 284 eV or C-C at 285 eV)

On (electron only): Current: 0.4 A, Bias: 0.17 V,
Charge balance: 0.67 V

C 1s (Graphite C=C at 284 eV or C-C at

285 eV)

Off (to avoid beam damage due to

charge neutralization)

2. Standardized workflow: Cell assembly and cycling were performed

background removal and peak fitting, and interpretation. While the

by a single partner with expertise in large-scale cell production. Six
cells were prepared, three with standard electrolyte formulation
containing VC and three with the same formulation plus LiTDI as an
additive. The cells were cycled until reaching a state-of-health (SoH)

same analytical technique was used in both workflows, the approach to
acquisition and data interpretation differed significantly.

1. Blind reproducibility study: Partners performed XPS measure-

of 80%. After cell dismantling in argon-filled glove box, graphite
electrodes were immediately washed twice for one minute in DMC,
dried and sealed in airtight pouch cell, and shipped to partners for

XPS acquisition.

2.2. Data acquisition and analysis

The top-right panel in Fig. 1 outlines data analysis, including

ments without centralized coordination, there were no specific
guidelines on experimental parameters, or acquisitions strategies or
timing. Measurements were conducted at unspecified positions on
the electrodes surface. Each laboratory performed acquisitions
within four to six weeks after receiving the cycled cells. Each labo-
ratory independently conducted data analysis using CasaXPS soft-
ware [40], followed by a collective comparison of the results.
Acquisition parameters are summarized in Table 2.
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2. Standardized workflow: XPS acquisition was coordinated across
laboratories. Two mandatory guidelines for data acquisition were
introduced, (i) measurements had to be conducted within a few days
after sample arrival, and (ii) the probed area had to be located in the
center of the coin cell. All acquisitions were completed within two
weeks from the date of receiving the electrodes. Data analysis and
interpretation were conducted through a round-robin inter-labora-
tory exercise, that adhered to the following protocols:

The exercise was conducted in person with a panel of eight early-
career researchers. While all participants had experience in XPS
peak fitting, their expertise in battery materials science varied—only
one participant lacked in-depth knowledge in both areas.

Each participant analyzed the same data set, using CasaXPS software,
aided by resources such as several databases, relevant literature
[12,16,41] on the SEI analyzed by XPS and the XPS equipment
handbooks [42].

3. Results and discussion

To evaluate the impact of the various procedures, from sample
preparation to data acquisition and analysis, on the accuracy and reli-
ability of XPS results, we examine the XPS datasets obtained from
graphite electrodes obtained through the two inter-laboratory work-
flows. We first present and discuss the outcomes of the blind repro-
ducibility study, followed by the results of the standardized round-robin
workflow focused on standardizing data analysis procedures.

3.1. Reproducibility based on inter-laboratory blind study

The survey spectra acquired during the blind reproducibility study
by Partners 1, 2 and 3 (see Table 2) for the two graphite electrode

Journal of Energy Storage 170 (2026) 122820

samples are shown in Fig. 2. In all cases, the spectra show the charac-
teristic core-level peaks of graphite electrodes cycled in standard elec-
trolyte, including F 1s (and related F KLL Auger transitions), O 1s (and
related O KLL Auger transitions), C 1s, N 1s, P 2p, P 2s and Li 1s. Partner
3 measured only one cell. In the spectrum recorded by Partner 3, Auger
transitions are not visible due the conservation of the kinetic energy of
Auger electron, as consequence of using a 3 keV synchrotron X-ray
beam. Notably, differences in carbon and fluorine peak intensities are
observed, even though cells 1 and 2 were nominally assembled and
cycled under identical conditions. The washing and aging process
following cell disassembling may contribute to the observed disparities
in the XPS results.

Fig. 3 and Fig. 4 present high-resolution spectra of the C 1s and F 1s
core levels, respectively, recorded by Partners 1 and 2 on graphite
electrodes from cells 1 and 2, grouped for direct comparison. High-
resolution spectra from Partner 3 are not shown, as the greater prob-
ing depth with 3 keV X-ray energy is about 15 nm makes the direct
comparison with those obtained using Al Ka X-ray in laboratory-based
XPS systems (probing depth ~ 5 nm) not straightforward [43].
Spectra acquired on the graphite electrode from Cell 1 were calibrated to
the C 1s core level at 285 eV (Fig. 3-a), corresponding to graphitic
carbon (a mix of sp? and sp® related carbon). The F 1s peak is centered at
685 eV, indicative of LiF species (see Fig. 4-a), consistent with literature
[17]. Calibration to either the aliphatic or graphitic C 1s peak is
commonly used to accurately determine peak positions relevant to SEI
composition. In this case, the spectra from both partners show similar
shape. They present a small shoulder at 283 eV and two bands between
285 and 289 eV, assigned to the de-intercalated lithium in the graphite
electrode (Li-C) and C-C, C-O, O-C=0, and CO3 bonds, respectively
[18,44].

Note that each partner used different pass-energies to acquire the
high-resolution spectra. This parameter has an impact on the spectra

Survey mode LNO//Gr cells

Partner 1 cell 1
Partner 1 cell 2
- F 1s Partner 2 cell 1
Partner 2 cell 2
FKLL Partner 3 cell
- ! ’ O 1s Cls
ok, FKLL | | : |
z A ||
7 A M ]
< ' N 1s | P2
- ' [ | P2 " Lils
bey | | \J s ils
5 WMV\/JAAJ' 'I T e A
g Neamnpeomrns™ | L____,__v\| I
g | |
3 . ' S — N".
- ; ' )
»—-‘—“"/\_,_»——f-‘/"/\"’j Ne— __________JL R . _\}'I.I|
VY S S——— m———— "\L-A__ o .”
| |
IE———— N | B N | —_— \jt N
- 1 ! | ! I ! | ! — 1 - I ;
1000 800 600 400 200 0

Binding Energy [eV]

Fig. 2. Survey spectra recorded on graphite electrode cycled in LNO//Gr cell configuration during the blind reproducibility study. Spectra from Partner 1 are shown
in orange and green (cells 1 and 2, respectively), from Partner 2 in red and gray, and from Partner 3 in blue (single cell). The most intense core level peaks (F 1s, O 1s,
N 1s, C 1s, P 2s, P 2p and Li 1s) as well as the main Auger transitions (F KLL and O KLL) are indicated. Details of the three partners are provided in Table 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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C 1s core level

—— Dartner 2

Normalized Intensity [a.u.]

285 eV 285 eV
T 1l
a) SEI-based carbon Cell 1 b) C-C (graphltﬂ' Cell 2
SEI-based carbon
1 *
7] Partner 1 7] —— Partner 1

— DPartner 2
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294 290 286 282

T T T T
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Binding Energy [eV]

Fig. 3. Comparison of C 1s core-level spectra for graphite electrodes extracted from cell 1 and cell 2 for Partners 1 and 2, obtained during the blind reproducibility
study. Line colors correspond to those used in Fig. 2. Spectra are normalized, and binding energies are calibrated (solid lines) using the aliphatic carbon peak at 285
eV, which is highlighted in gray. Dashed lines correspond to the spectra prior to calibration.

F 1s core level

687 685 eV
T

137.2 eV
1

Normalized Intensity [a.u.]
1

a) " Celll

687 685 eV
T
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1
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Fig. 4. Comparison of F 1s core-level spectra. Line colors follow the same convention as in Fig. 3. Binding energies at 685 eV and 687 eV are highlighted in gray. The
insets show the P 2p core level spectra, with the binding energy at 138 eV also highlighted. The spectral region indicated by “*” in C 1s, F 1s and P 2p illustrate the
artifact that can arise from inefficient surface charge neutralization; the same feature is observed in all core-level spectra.

resolution, which can affect peak fitting and data treatment. It is possible
to optimize the peak broadening associated with the choice of pass en-
ergy, either by reducing it for better energy resolution, or by analyzing
reference samples with the same pass energy to establish an in-lab
database for peak fitting analyses.

The XPS spectra recorded on the graphite electrode from Cell 2 show
different signatures compared to those obtained from Cell 1. Specif-
ically, the positions of the carbon (Fig. 3-b) and fluorine (Fig. 4-b) peaks
do not align with any known reference value or database entries. As a
result, applying the same calibration procedure used for Cell 1 does not
result in consistent alignment of the C 1s and F 1s peak positions. To
ensure meaningful comparison across datasets, we performed an inde-
pendent energy calibration for the Cell 2 spectra. In this approach, we
aligned distinct peaks in C 1s and F 1s to 285 eV and 685 eV, respec-
tively. We identified one combination for this, where the second-highest
peak in C 1s set to 285 eV. This calibration was corroborated with the O
1s core level, which exhibits a unique peak at 532 eV.

Despite the differences in absolute peak positions, the shape of the
spectra obtained by both laboratories for cells 1 and 2 are different,
indicating variability in surface composition of the SEI. The mismatch
between peak position and referenced data from the literature is
attributed to a differential charging effect, a signature of a heterogenous
SEI surface chemical composition and distribution. In this case, the
charging effect manifests as opposite shifts in core-binding energies and
the emergence of additional peaks at higher binding energies in all
spectra (marked with asterisks in C 1s, F 1s and P 2p peaks (inset figure),

see Fig. 3-b and Fig. 4-b). Careful consideration of this effect is neces-
sary. It can be addressed by improving sample preparation, optimizing
the contact between the electrodes and the XPS sample holder, or by
optimizing charge neutralization during XPS acquisition [45].

Fig. 4-a and b reveal the presence of two F 1s peaks: one related to LiF
at 685 eV and a second peak at 687 eV assigned to salt residues
remaining at the surface of the electrodes after the washing process. This
assignment is supported by the presence of a P 2p peak around 138 eV,
indicative of LiPFg residual salt (see inserts in Fig. 4).

Overall, the blind reproducibility study demonstrates the importance
of standardizing both experimental and analytical protocols to minimize
potential sources of artifacts. Such artifacts may arise at any step of the
post-mortem workflow, including (i) electrode manufacturing; (ii) cell
assembly and cycling; (iii) the washing procedure used after disas-
sembly; (iv) sample preparation; (v) the choice of XPS acquisition
parameters.

Despite the measures taken to protect the cells from atmospheric
contamination, electrode aging within the glove box after cell disas-
sembly remains difficult to control. This variability stems from the
inherent reactivity of the electrode surfaces and the specific storage
conditions used. Additionally, transferring samples between different
glove boxes and analytical instruments introduces further risk of
contamination, potentially altering the sample composition. The elec-
trode surface may also undergo changes due to prolonged exposure to
the X-ray beam, the vacuum environment, or the use of ionic or elec-
tronic charge neutralization methods—all of which can introduce



C.N. Herrera et al.

artifacts into the analysis [46].

The acquisition parameters, particularly the choice of pass energy,
which affects the spectra broadening, can also impact the quality of both
qualitative and quantitative analysis.

Building on the insights gained from this initial blind reproducibility
workflow, we established an optimized protocol aimed at minimizing
sources of artifacts in post-mortem XPS analysis. The main sources of
variability were identified in four critical stages: (1) cell assembly, (2)
cycling protocols, (3) cell disassembly, electrode washing, sample
preparation, and transport, and (4) XPS data acquisition parameters and
practices. These stages are outlined in the top panels of Fig. 1 (steps 1 to
5). The knowledge gained from analyzing inconsistencies and challenges
in the blind study enabled us to define a structured workflow, with
revised guidelines and precautions tailored to each step. These guide-
lines were then put into practice in the standardized workflow, ensuring
greater reproducibility, improved data quality, and a more robust
characterization process.

3.2. Inter-laboratory standardized workflow with round-robin data
analysis

In the second workflow, a round-robin data analysis was conducted
using XPS datasets measured by a single laboratory, Partner 1. Table 2
lists the specifications of the data acquisition parameters. The datasets
consist of XPS spectra acquired on graphite electrodes cycled until 80%
state-of-health (SoH) using two different electrolytes: LP57 with and
without LiTDI-based electrolyte.

The round-robin analysis involved eight early-career researchers
with varying levels of expertise in battery chemistry and XPS charac-
terization. Table 3 summarizes their profiles, detailing individual
backgrounds and self-reported levels of expertise in both battery
chemistry and XPS. Each participant received two sets of XPS spectra
measured by Partner 1, one for each type of electrolyte, containing
spectra of F 1s, C 1s, N 1s, O 1s, P 2p and Li 1s core-levels.

The primary goal of XPS data analysis in this context was to deter-
mine the chemical composition of the SEI formed at the surface of the
cycled graphite electrode, and how it varies with electrolyte composi-
tion. By performing qualitative and quantitative analysis, it is possible to
identify and quantify the chemical species on the surface of graphite
electrodes post-cycling. This process involves XPS spectra processing
using iterative mathematical operations, such as spectra calibration,
background subtraction and peak fitting, corresponding to step 6 in
Fig. 1.

To evaluate the robustness and variability of XPS interpretation
practices, the round-robin analysis was conducted blindly, i.e. partici-
pants were given no specific guidance and were free to apply their own
analysis procedures. Prior to this exercise, all participants we given in-
dications on general XPS practices for peak fitting and training on the
software used for data treatment. This approach enabled us to assess
how different analytical choices impact the outcome, especially when

Table 3
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made by users with varying levels of experience. To compare the results
obtained by the participants, we focus on key analytical parameters such
as the choice of the background subtraction method, the distribution
function used for peak fitting, and the treatment of peak area and stoi-
chiometry. Almost all participants employed a Shirley-type background
[47], which is the most common step-shaped background employed
when analyzing C 1s, F 1s, O 1s, P 2p and Li 1s spectra in the literature. A
linear background function was also used by two participants. For peak
fitting, half of the participants used a pseudo-Voigt function, while the
other half opted for an asymmetry Lorentzian function available in
CasaXPS peak fitting software. In this case the asymmetric Lorentzian
function was used in peak fitting to describe spectral lines that are not
perfectly symmetrical, unlike a standard Lorentzian or pseudo-Voigt
function. It modifies a standard Lorentzian by incorporating parame-
ters that introduce asymmetry, such as convolution with a Gaussian
function, or a mixing parameter in a combined Lorentzian function. The
specific fitting parameters used by each participant are reported in
Table 3.

This diversity in analytical approaches highlights the range of
methodologies currently applied in the field and underscores the
importance of establishing clearer guidelines. The findings from this
exercise offer valuable insights into how user-dependent variability can
be mitigated and contribute to the refinement of standardized practices
for XPS data analysis.

a. Result variability from peak fitting

To illustrate the disparity in peak fitting between participants, we
show the F 1s spectrum fit as an example in Fig. 5, and in Fig. 6 the fit for
the F 1s, O 1s, C 1s, Li 1s, P 2p, N 1s and S 2p core-level spectra from
Participant F, an expert in XPS and battery chemistry.

Fig. 5 shows that the F 1s spectrum recorded at the surface of a
graphite electrode cycled without LiTDI exhibits two peaks centered at
685 and 687 eV, assigned to LiF and LiPF,O, groups, respectively. All
participants, irrespective of their scientific background, fitted the
spectrum using these two distinct peaks. In this case, peak fitting relies
solely on a mathematical approach to assess the contributions of LiF and
LiPF;O,. Variations in analysis methodologies arise from the choice of
fitting functions by each participant. Some participants opted to use a
linear background function instead of a Shirley background, or chose an
asymmetric peak instead of the pseudo-Voigt functions for peak fitting.
However, these different choices did not alter the final quantitative and
qualitative interpretation in this case. This presents an example where
the selection of mathematical functions does not affect the result, as the
spectrum is symmetrical and the separation between peaks is not
ambiguous due spectrum asymmetry or broadening.

In the case of the F 1s spectrum recorded at the surface of a graphite
electrode cycled with the LiTDI additive, the component at 687 eV
shows an asymmetry and broadening towards lower binding energy.
This is indicative of both -CF3 related group in LiTDI and phosphates

The table presents participant information for the round-robin exercise. Column 1 and 2 indicate participants' knowledge of the XPS technique and battery chemistry,
rated as 1 for low, 2 for medium and 3 for high based on individual assessments. Column 3 details the field of expertise. Columns 4 and 5 list the functions used for
background and peak fitting, respectively. Participants B and C represent groups of two individuals.

Knowledge on XPS Knowledge on battery chemistry

Field of expertise Background function Fitting function

Participant A 1 1
Participant B
Participant C
Participant D

Participant E
Participant F

W WD W= -
W wWwwNNDND®

Data/ physics Linear Pseudo-Voigt

(product)
Solid state chemistry Shirley Lorenztian Asymmetrical
Material science
Surface science Shirley Pseudo-Voigt (sum)
Battery
Battery Shirley/Linear Lorenztian Asymmetrical
Surface science Shirley Pseudo-Voigt (product)
Solid state physics Shirley Pseudo-Voigt

(product)
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Fig. 5. F 1s core-level spectra from the round-robin analysis performed by six participants. For each participant, spectra acquired from graphite electrodes with
LiTDI-based electrolyte (top row, orange boxes) and without additive (bottom row, blue boxes) are shown. Each spectrum includes the background subtraction, fitted
individual peak components, and the residual between experimental data and the fit. All spectra are presented in arbitrary unit. Standard Deviation (STD) is reported
on each figure to evaluate the peak fitting variability. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

from LiPFg decomposition. To account for this peak asymmetry, all
participants included a third component. However, differences in peak
parameters were observed, demonstrating that mathematical consider-
ations alone are insufficient to describe the experimental data.

Participants with expertise in both battery chemistry and XPS (e.g., E
and F) considered stoichiometric aspects by combining peak ratio from
the LiPFy0, contribution in the P 2p (peak at 136 eV) spectrum and the
-CF3 contribution in the C 1s (peak at 293 eV) spectrum (see Fig. 6).
Therefore, the most accurate fit in this case involves simultaneous
consideration of F 1s, P 2p and C 1s core level peaks, taking into account
peak position, stoichiometry ratio and full width at half-maximum
(FWHM) values.

Optimal XPS analysis is tightly connected to the electrochemical
process and the potential electrochemical reaction pathways. Specif-
ically, the F 1s peak serves as signature of by-products resulting from salt
or additive degradation, as suggested by possible chemical and/or
electrochemical reactions [6,48-54]:

LiPF¢—PFs + LiF

PFs -+ H,O—2HF + POF,
2HF + 2Li" + 2e~ —2LiF + H,
LiPF6 =+ Li2C03 —>3L1F + POF3 + C02

PFs + Li;CO3—2LiF 4 POF; + CO,

The presence of F 1s peaks at 685 and 687 eV, along with P 2p peaks
at 133 and 136 eV, are the signatures of the by-products resulting from
the aforementioned reaction paths.

As LiTDI can also be subjected to a decomposition during cycling to
form LiF and CF3 [55,56], this should be considered when the F 1s peak
is considered. The presence of F 1s peak at 685 and 689 eV, along with C
1s peak at 293 eV related to -CF3 species, could highlight the decom-
position of LiTDI during cycle.

This underscores the importance of incorporating chemistry-based
knowledge to refine purely mathematical spectral peak fitting.

b. Statistical analysis of peak fitting and discussion
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Fig. 6. Fitted XPS spectra for the sample cycled with LiTDI-based electrolyte. Top row: F 1s (left) and O 1s (right); middle row: C 1s (left), Li 1s (center), and P 2p
(right); bottom row: N 1s (left) and S 2p (right). The fitting was performed by Participant F, an expert in XPS analysis and battery chemistry. Peak assignments were
guided by chemical knowledge and stoichiometric constraints. All spectra are presented in arbitrary unit.

Fig. 7 illustrates the estimated atomic percentages of main elements
found at the surface of the graphite electrodes (carbon, fluorine, lithium,
nitrogen, oxygen, phosphorus and sulfur) as analyzed by the partici-
pants. The Blue and orange colors represent the graphite electrodes
cycled in electrolyte with and without LiTDI additive, respectively.
Atomic percentages were calculated using sensitivity factors provided
by the partner who performed the XPS characterization (Partner 1). All
participants found similar atomic percentages for the identified species
and determined comparable relative percentages for each sample.

However, they noticed differences in the SEI composition between
the cycled electrodes. Specifically, the atomic concentrations of oxygen,
fluorine, and lithium were higher in the electrode cycled with the ad-
ditive as compared to the one cycled in the electrolyte without. We can
highlight that the SEI composition is different for both electrodes, the
presence of nitrogen and -CF3 related peak in the C 1s spectrum, evi-
denced the role that LiTDI could play as an additive in the electro-
chemical process.

All participants estimated similar atomic concentration with minor
disparities, showing that the initial level of data analysis, which does not
include peak fitting, is not a major source of artifact. However, this level
of data analysis is insufficient to resolve the chemical composition of the
SEL. Participants were asked to provide a second level of quantification

based on peak fitting analysis. This analysis estimates the SEI compo-
sition based on the relative percentage of atomic environments. Fig. 8
shows a detailed comparison of the relative atomic percentages esti-
mations extracted from C 1s, F 1s, O 1s and Li 1s peak fitting of the
spectra recorded at the surface of both electrodes.

Fig. 9. and Fig. 10 present comparisons between peak positions (top
plots) and FWHM (bottom plots) based on statistical analysis of the peak
fitting results performed by all participants, for the cell without and with
additive, respectively. In these plots, the x-axis represents core level
components, while the y-axis represents the deviation from an expected
value. Deviations were compared to the most accurate peak fitting data
performed by Participant F (refer to Fig. 6 for individual peak fitting).
Two types of data are plotted: blue data points represent averaged values
with standard deviation as error bars, while orange data points represent
individual values. Averaged values were plotted when more than three
participants identified the same component. Circles, squares and tri-
angles indicate components identified by six, five and four participants,
respectively.

Analyzing these plots reveals components that are challenging to
quantify without a solid understanding of battery chemistry. Regarding
the LiTDI-based electrolyte sample (Fig. 10), the C 1s and O 1s spectra
show the largest deviation in fitting. Notably, (i) the C 1s component
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Atomic percentage of SEI's components as estimated by the different participants

Participant B

Fig. 7. Atomic percentages of SEI components (C 1s, F 1s, Li 1s, N 1s, O 1s, P 2p, and S 2p) as estimated by each participant from XPS analysis of graphite electrodes
cycled in a LP57-based electrolyte. Results are shown for electrodes cycled with (blue) and without (orange) LiTDI additive. Each panel corresponds to a different
participant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Atomic percentages of fitted components from the C 1s, F 1s, O 1s, and Li 1s core levels, obtained by participants via XPS peak fitting of the spectra recorded
at the surface of the electrode from the coin cell using a LiTDI-based electrolyte. Each bar represents the contribution of a specific chemical component identified
within a given core level, with colors distinguishing individual participants. The data illustrate the variability in spectral interpretation and component quantification
across participants.
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Fig. 9. Statistical assessment of fitting accuracy across participants for XPS spectra acquired from a graphite electrode cycled in a coin cell without additive. Each
species-component pair is plotted along the x-axis, with deviations from the reference values shown on the y-axis for the peak position (top panel) and FWHM
(bottom panel), in eV. Reference values were derived from Participant F's results. Orange markers indicate individual participant results, while blue markers
represent the mean values with standard deviations as error bars. The shape of the blue markers indicates the number of contributing participants: circles for six,
squares for five, and triangles for four. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Statistical assessment of fitting accuracy across participants for XPS spectra obtained from a graphite electrode cycled in a coin cell with LiTDI-based
electrolyte. The axis configuration and marker conventions are consistent with Fig. 9. Deviations from Participant F's reference values are shown on the y-axis
for peak position (top panel) and FWHM (bottom panel), with species—component pairs on the x-axis. Orange markers represent individual participant results, while
blue markers denote mean values with standard deviations as error bars. Marker shapes indicate the number of participants contributing to each average (circle: six,
square: five, triangle: four). The insert in the top panel corresponds to the Li 1s peak fitting performed by Participant E, showing Li20 and Li2CO3 identified at 1.93
eV above and 0.6 eV below the reference value, respectively. Such deviations are significantly larger than those of the other participants, who all found peak positions

differing by less than one-third of these values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

assigned to C=0 in (ROCO3) at 288.5 eV was identified only by expert exhibits a substantial mean offset value and considerable deviation in
users; (ii) the C 1s component assigned to C-O/C-N related bonds FWHM, due to its overlap with C—C and C=0, making it difficult to fit
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accurately; (iii) the intensity of CF3 component, being weak and broad,
shows significant deviation in average FWHM from the expected value
and standard deviation. For Li 1s and O 1s, the low binding energy shift
associated to the changes in the chemical environment, manifested in
their symmetrical spectra shape, renders spectral decomposition diffi-
cult. As an example, participant E fitted the Li 1s spectrum using four
components, with different peak assignments. In this fit, the Li;O and
Li»CO3 peaks were misaligned relative to reference values: Li,O was
shifted by +1.93 eV, while Li,CO3 was shifted by —0.61 eV. Further-
more, an additional component attributed to LiCg was introduced to
capture asymmetry of Li 1s at lower binding energies. This specific
contribution could be linked well with the shoulder in C 1s peak at 283
eV (LiCg) in Fig. 6. We noticed that participant E is the only one who
proposed a peak fitting including the LiCg¢ contribution. The Li 1s
resulting peak fitting of participant E is presented as an inset in Fig. 10.

Regarding the F 1s core level, while LiF was accurately fitted with an
average value very close to the expected one, the CF3 and PFs (LiPF,;0,)
components overlap, leading to less precise individual fits.

In the P 2p core level spectrum, the low signal-to-noise ratio poses
challenges in the fitting. Additional difficulties arise from the need to
apply spin-orbit constraint, which requires spectrum modeling using a
doublet with a fixed intensity ratio of 0.5 between the P 2ps/2 and P 2p+/
2 components, and a consistent peak separation of approximately 0.8 eV.
Although two overlapping doublets are expected (see Fig. 5), only three
participants accounted for all key aspects—including stoichiometry,
accurate peak assignment, and proper treatment of spin-orbit splitting.

Overall, the round-robin study emphasized the importance of
adhering to specific protocols at each analysis stage to achieve precise
peak fitting for better results interpretation. These stages include key
steps, namely peak calibration, background subtraction, accurate peak
assignment, and the careful selection of an appropriate peak function for
fitting.

Assessments of FWHM, peak position and peak intensity further
contribute to the comprehensive methodology. Cross-linking informa-
tion from different peaks emerges as the most effective strategy for
building a fit that provides reliable insights into the surface chemical
composition.

It is essential to highlight that expertise in both XPS and battery
technology is crucial for precise data analysis and interpretation.
Therefore, it is evident that the development of an XPS peak fitting
database would substantially enhance the accuracy of peak fitting,
especially within the intricate landscape of battery chemistry. There-
fore, creating such a database should be an important objective for the
battery community. In addition, such curated databases are becoming
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i i Ch Ener, .
Actl\{e Cycling . Exl a.rge. : g.y User expertise
materials protocols disassembly neutralization calibration
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Assembly Electr(')de Pass energy .g.
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increasingly valuable in the era of artificial intelligence (AI), where
machine-learning approaches can be used to improve XPS peak identi-
fication and fitting. Standardized, high-quality reference datasets would
not only support human experts but also enable the training of Al models
that can accelerate, automate, and refine XPS data analysis in complex
electrochemical systems.

4. Conclusions

Studying the evolution of the SEI in lithium-ion batteries using XPS is
a powerful but complex process. As illustrated in Fig. 11, the entire
process is susceptible to several sources of artifacts, beginning with cell
assembly and cycling, and extending to sample transfer, washing,
experiment preparation, data acquisition, data analysis and
interpretation.

Cell assembly, although conducted meticulously according to spe-
cific protocols, may introduce variations in electrolyte formulations,
electrode handling, and cycling conditions, potentially influencing the
formation and composition of the SEI layer. The dismantling of cells
post-cycling and subsequent washing steps might inadvertently leave
behind residual salts or contaminants, affecting the accuracy of chemical
analysis by surface sensitive technique such as XPS. During XPS data
acquisition, parameters such as pass-energy and charge neutralization
must be carefully adjusted to mitigate spectral enlargements and dif-
ferential charging effects, which can lead to inaccuracies in peak posi-
tions, broadening and intensities. Variations in experimental setups
across different laboratories, coupled with differences in expertise levels
among analysts and human-induced biases in data analysis, may
contribute to inconsistencies in peak fitting methodologies and data
interpretation, compromising the reliability of conclusions.

To address these challenges, the battery community needs to prior-
itize standardized protocols and rigorous quality control. Our round-
robin study highlights the critical role of inter-laboratory comparisons
in validating results and promoting consistency. Such collaborative ex-
ercises are crucial for establishing consensus and best practices for every
step of the post-mortem workflow, from cell dismantling to data
acquisition and analysis, and should become a regular feature of
community-wide research initiatives.

In addition to improving experimental protocols, we must also focus
on advancing how we analyze data. A key step is the creation of stan-
dardized, community-validated XPS spectral databases. These databases
would not only serve as a reference but also act as a foundation for
training machine learning models for automated peak fitting and
assignment. This approach will reduce subjectivity and human bias,

Air contamination

|

Cell ageing |

Data quality assessment

Fig. 11. Systematic identification of artifact sources affecting post-mortem XPS characterization of SEI layers in battery cells. The experimental workflow en-
compasses seven main stages (assembly, cycling, preparation, transfer, acquisition, data fitting, and interpretation), each associated with specific artifact sources that

can impact the reliability of SEI identification and analysis.
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helping to accelerate and improve the accuracy of data interpretation in
the chemically complex environment of battery interfaces.

By identifying the main sources of artifacts and proposing a struc-
tured, collaborative workflow, this study provides a clear framework for
more reproducible, quantitative, and predictive XPS analysis of battery
interfaces. Following these recommendations is essential for improving
the quality of battery research and, in turn, advancing the development
of batteries with enhanced performance and longevity.
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