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Operando APXPS for direct probing of Li ion battery
LCO electrode/electrolyte interface chemistry
during lithiation/delithiation¥
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Ethan J. Crumlin, @9 Gabriel M. Veith ® f and Maria Hahlin @ *

The real-time interface chemistry between the lithium cobalt oxide (LCO) working electrode and the
LiClO4/propylene carbonate (PC) electrolyte is investigated during lithiation/delithiation using dip-and-
pull ambient pressure photoelectron spectroscopy (APXPS). The APXPS results appear to exhibit the
seldom discussed Co?* state in the LCO structure, where the operando measurements indicate electron
transfer among Co?*, Co®*, and Co”* states. Specifically, the lithiation of LCO reduces the Co** state to
both Co®* and Co?" states, where, as a function of voltage, reduction to the Co?" state is initially more
pronounced followed by Co** formation. In addition, a delay in surface delithiation is observed during
the reverse potential steps. This is discussed in terms of overpotential at the interface measurement
position as a consequence of the dip-and-pull setup for this experiment. Finally, the shifts in the
apparent binding energies of the spectral features corresponding to the electrolyte and LCO at their
interface show that the electrochemical potentials at delithiation voltage steps are different from the
lithiation steps at the same applied voltages. This further explains the non-responsive delithiation. The BE
shift observed from the LCO surface is argued to be dominantly due to the semi-conductive nature of
the sample. Overall, this article shows the importance of operando APXPS for probing non-equilibrium
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Introduction

Since their first demonstration four decades ago, Li-ion
batteries (LIBs) have revolutionized the portable energy
storage market, mainly due to their high energy density and
reversible charge/discharge properties.' The development of the
positive electrode has since drawn significant attention as it is
often a capacity limiting factor. Lithium cobalt oxide (LCO),
which for a long time was the most widely used positive elec-
trode in commercial Li-ion batteries, has a practical capacity of
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states in battery electrodes for understanding electron transfer in the reactions.

roughly 140-150 mA h g~ * provided by the Li deintercalation/
intercalation and electron transfer from/to the layered Li,-
Co0,.> In contrast to the higher theoretical capacity
(273 mA h g '), the suppressed practical capacity is due to the
collapse of crystal structure when removing more than 50% of
the lithium.® During battery cycling it is reported that a phase
transition occurs at high degree of delithiation, going from
trigonal semi-conductive phase (Li,CoO, 0.75 < x< 1) to mono-
clinic metallic phase (x < 0.75).**

The change of the phase and the chemical states at the
electrode due to lithiation/delithiation largely affect the battery
performance in terms of capacity and reversibility.*” In the most
simplistic models it is generally considered that the charge is
fully transferred from/to Co during delithiation/lithiation,
resulting in the transformation between Co®" and Co"" oxida-
tion states.>*® Although there are currently more complex
models proposed that also include oxygen participation, what is
still lacking is a clear picture of the interface chemistry during
operation. This includes information on the transformation
between chemical states at the electrode surface as well as
changes in electrochemical potentials over the interface under
during battery operation.

X-ray photoelectron spectroscopy (XPS) measures the kinetic
energy of the photoelectrons emitted under X-ray illumination

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta01654a&domain=pdf&date_stamp=2025-06-27
http://orcid.org/0000-0003-4396-8807
http://orcid.org/0000-0002-4802-6862
http://orcid.org/0000-0002-9212-6465
http://orcid.org/0000-0003-3132-190X
http://orcid.org/0000-0002-5186-4461
http://orcid.org/0000-0002-5680-1216
https://doi.org/10.1039/d5ta01654a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01654a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013026

Open Access Article. Published on 21 May 2025. Downloaded on 8/31/2025 4:31:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

via the photoelectric effect, from which chemical information
about the surface (and a few nm below surface) can be inferred.
This makes XPS an efficient tool for ex situ characterization of
the surface chemistry in LIBs after cycling.’* However, the
surface chemistry of the battery electrode is sensitive to local
environment, and is therefore dependent on real-time battery
operation conditions. For example, volatile species in the
interphase layers depletes under the ultra-high vacuum (UHV)
condition most commonly used in XPS measurements."* Addi-
tionally, intermediate states that exist only during battery
operation or a non-equilibrated electrode surface are impos-
sible to address using postmortem measurements. Operando
surface/interface sensitive techniques, capable of measuring
the electrode/electrolyte interface during battery cycling, are
thus highly desirable. Ambient pressure X-ray photoelectron
spectroscopy (APXPS) now routinely allows measurements in
gas/vapor environments, in the mbar pressure range, opening
up the possibility to maintain the liquid electrolyte phase which
enables in situ/operando measurements of battery solid/liquid
interfaces during redox reactions.”*” One approach to access
the solid/liquid electrochemical interfaces is the “dip-and-pull”
method,">"”*® which we apply here to a LIB. The setup involves
suspending a three-electrode LIB system above a beaker of
liquid electrolyte solution. After dipping into the liquid the
electrodes are pulled up from the liquid whilst remaining in
contact with the electrolyte solution to maintain a closed elec-
tric circuit. The dip-and-pull action forms a thin meniscus of
electrolyte solution on a flat electrode surface, which then can
be probed through with APXPS, and thus the electrode/
electrolyte interface can be measured. For successful operando
APXPS measurements, the meniscus needs to be thick enough
as to conduct ions, evident from voltage dependence of the core
level spectra binding energy from liquid species, and thin
enough for photoelectrons to escape.>' Previous measure-
ments performed by our group have shown that LIB electrolyte
solutions can be successfully probed by operando dip-and-pull
APXPS.'** Recently, Capone et al. probed the solid electrolyte
interphase formation on a model glassy carbon electrode with
APXPS, underscoring the effectiveness of APXPS for real-time
interface probing in Li ion battery.*

In this study, the interface chemistry between a LCO thin
film positive electrode and 1 M LiClO,/propylene carbonate (PC)
electrolyte solution is probed by dip-and-pull operando APXPS
during one cycle of lithiation/delithiation. Specifically, we are
able to follow the complex transitions between Co*"*"/**
oxidation states during delithiation/lithiation, as well as
monitor the electrochemical potential changes during oper-
ating conditions. Less change of Co oxidation states and an
overall higher measured BE for both electrode and electrolyte
peak during delithiation compared with lithiation reveals that
extra overpotential is required to delithiate the sample. Overall,
this article shows the importance of operando APXPS for
developing a deeper understanding of the charge transfer over
the electrode/electrolyte interface.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

Identification of oxidation states in the pristine LCO surface
under ambient PC environment

The LCO electrode surface was investigated in a propylene
carbonate vapor environment prior to being immersed in the
liquid electrolyte solution. The resulting Co 2p, O 1s and C 1s
spectra from the undipped electrode are presented in Fig. 1. The
Co 2p spectra (Fig. 1a) is curve-fitted based on the raw data
shape with the support from a set of theoretical and experi-
mental studies on LCO and other cobalt compounds.?®* It is
noticed that in spite of the numerous XPS studies on LCO
structure, a clear consistent interpretation of its Co 2p spectrum
is still lacking.*® This stems from uncertainties in binding
energy position, peak broadening and complex satellite struc-
tures, which make quantitative or accurate qualitative analysis
of XPS spectra for Co chemical states challenging.**”** Here,
the asymmetric line shape of Co 2p3/, spectra is fitted with three
components (see fitting parameters in Table S11). A sharp peak
at 780 eV (red) is assigned to Co**, and a peak at 781.8 eV (green)
is assigned to Co*".® Between the Co** and Co*" peaks, an
additional contribution at ~781 eV is assigned to Co’*
(vellow).*>*3%32 Calculating the percentage of each oxidation
state relative to the sum of the oxidation states results in 20%
Co*, 64% Co>" and 16% Co*", giving an average oxidation state
of 3.0 at the surface of the uncycled electrode. Given that the
relative weight of the satellite structures are different for these
states,>* these values do not represent an actual distribution of
state but rather serves as a reference value for the pristine LCO
material when later comparing to the cycled sample.

The presence of Co®" in LCO was less discussed in previous
reports, despite of the significant contribution in the raw
spectra.*?>**3* Some studies show that Co®* is likely to show up
due to local deficiency of oxygen,* as well as due to surface
degradation.***” Furthermore, heat treatment can remove the
oxygen from the sample, or Ar ion sputter cleaning has also
shown to cause Co ion reduction. In view of this, together with
the lack of a general consistent interpretation of the Co 2p
spectrum, a short motivation for our curve fitting model
follows. In this work, by overlaying the two spectra acquired at
lithiated state (3.2 Vvs. Li'/Li) and delithiated state (4.0 Vvs. Li'/
Li) from the following operando APXPS measurement (Fig. S17),
two contributions at ~781 eV and ~783 eV are revealed at high-
energy side of Co 2p main line. To model this behavior, a curve
fit involving three peaks, assigned to Co**, Co®" and Co™, is
necessary. Furthermore, curve fitting tests excluding the Co>*
state resulted in a curve fit that lacks physical and chemical
meaning (Fig. S21). The binding energy of the Co>" state with
around 1 eV above that of Co®" is further supported by previous
studies.***** A higher BE position of Co®" compared to that of
Co** with higher oxidation state is a consequence of final state
effect which occurs for some transition metal compounds with
a localized open-d shell.**** A UHV HAXPES investigation on
a replicate thin film LCO sample with high energy resolution
substantiates the contribution from Co”>* (Fig. $3t). Thus, our
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Fig.1 The (a) Co 2p, (b) O 1s, and (c) C 1s spectra of pristine LCO sample under the 7.9 mbar PC vapor and Ar atmosphere.

data supports a curve fitting model using Co**, Co®", and Co**
states.

The Co 2p shake-up satellite originates from photoelectrons
with the energy loss from valence states excitation.*** The
corresponding satellite peaks for Co®>" and Co"" are assigned
with energy spacing of 10 eV and 4.2 eV relative to the corre-
sponding main peaks, respectively.***>?*** The satellite position
of Co®" from LCO is hard to determine due to partially over-
lapped position with Co**/Co"" satellite peaks, and a lack of
conclusive experimental or theoretical reports. Some studies on
cobalt monoxide presented a broad satellite peak approximately
5-6 €V above the main peak of Co** with possibly several final
states.”*3>1%*1 However, since this satellite feature is due to the
core hole screening effect by ligand O atom, the variation of
band structure for different compounds will affect the satellite
peak positions (see Fig. S41).%**** Considering a high relative
weight of satellite for Co>" state,>** the Co®" satellite peak is
expected to have a visible contribution.* Here from the spectra,
a signal at 3.4 eV above the Co** the main peak (4.5 eV above the
spectra mainline) is presented, which we attribute to the cor-
responding satellite (blue peak).>** The relative ratio of it to the
Co”" main peak is on average 42% (Fig. S51). We also note that
due to the energy overlap between the Co 2p,, peak and Co 2p3,
» satellites it is not feasible to accurately determine the Shirley
background offset.** Thus, the satellite peak shape and intensity
after background subtraction might to some degree be affected.
Therefore, the components compositions and ratios presented
below are determined solely from the main Co2p;/, peaks.

The O 1s spectrum in Fig. 1b is dominated by the peak at
529.7 eV (yellow), assigned to the transition metal (TM) oxide
from LCO.>** The two additional oxides with higher energy
(orange) at 531.8 and 533.4 eV are attributed to the surface
compounds typically seen in TM oxides, and have significantly
lower intensity than the main oxide peak.*> The two compo-
nents (green) at 534.7 and 532.8 eV are assigned to surface
adsorbed PC. This is supported by the C 1s spectrum (Fig. 1c),
where three components at 291.2, 287.5, and 285.6 eV with an
atomic ratio of 1: 2 : 1 (blue) are assigned to C=0, C-O and C-C
from PC, respectively. The intensity ratio (total peak area ratio)
of O 1s (Ip) to C 1s (Ic) from the same species PC here is 2.58,
close to the theoretical intensity ratio (see method section). The
rest of the contributions in the C 1s spectrum originate from
surface carbon (grey peaks at 288.6 and 285.7 eV). The low C 1s

20570 | J. Mater. Chem. A, 2025, 13, 20568-20577

intensity indicate that only minor amounts of carbonates or
other surface species are present on the undipped LCO sample.

Oxidation state evolution during operando APXPS
measurements

The electrodes were dipped into the electrolyte solution and the
LCO working electrode was delithiated before the APXPS
measurement by applying a voltage of 4.2 V vs. Li'/Li that was
held for 200 min, (i.e. 2.65 V of potential differences between
working electrode (WE) and LTO reference electrode, Fig. S61),
during which Li ions are deintercalated from the LCO working
electrode and intercalated into the LTO counter electrode. The
voltage over the cell was thereafter changed in steps from 4.1 V
to 3.2 V vs. Li'/Li, to discharge the battery (i.e. lithiate the LCO
working electrode), followed by the reversed steps back up to
4.1 V to charge the battery (i.e. delithiate the LCO working
electrode). Voltage changes were applied when the electrode
was at pulled-up position. APXPS measurements were con-
ducted a few mm above the top of meniscus, since no signal
from the electrode could be detected below this point. Fig. S77
exhibits changes in O 1s spectra during and after the potential
ramping. The time-delayed core level shift seen for the elec-
trolyte peaks, in contrast with the instant shift of TM oxide
peak, shows individual voltage responses of the electrode and
the electrolyte, and additionally that the ion redistribution time
in the electrolyte is longer than the electronic response of the
LCO. This also confirms that the probed area is electrochemi-
cally connected to the bulk electrolyte. APXPS measurements
under close to steady-state conditions were acquired when the
set potential value was reached and the current had decreased
to a low value (below 15 pA). After the measurement at one
voltage step, the electrodes were again dipped into the electro-
Iyte before placed back in measurement position for the next
voltage step to replenish the electrolyte. For some potentials an
additional set of measurements was performed when observing
a rising of current when dipping back to liquid (Fig. S8%). The
Co 2p spectra at each voltage step in the discharge-charge cycle
is presented in Fig. 2a-h. Fig. 2i shows the Co*" % (blue dots
and lines) given by the ratio of the Co*" peak area to the sum of
Co**, Co®" and Co*" main peaks, and the average Co oxidation
state (purple dots and lines) determined by the average contri-
bution from all chemical states weighted by the corresponding

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Co 2p spectra measured during (a)—(d) lithiation and (e)—(h) delithiation of LCO after a pre-delithiation of material holding at 4.2 V. The
spectra at each potential were measured when current converges to be stable (current below 15 pA) (i) Co** % (given by the Co*" main peak area
divided by the sum of all Co components main peaks area, same for Co®* and Co?* %) and averaged Co state (calculated by the relative weight of
each Co state). And (j) Co®* and Co?* %. The data dots in (i) and (j) is from a summed Co 2p spectrum of 4 spectra due to low signal-to-noise ratio
of individual spectrum. 20-25 spectra were acquired from Co 2p at each applied potential at 2 or 3 spots and (a)—(h) shows the full sum of these
spectra. The dashed lines represent the mean value of the distributed dotted data. The solid lines are derived from curve fitting the summed Co
2p spectrum over the total 20-25 scans, corresponding to spectra (a)—(h). The overall trends of each components vs. voltages from both
methods are well-aligned. Deviation at some voltages (e.g., 3.6 V delithiation) may result from a few outlier dotted points due to low signal-to-

noise ratio of its corresponding spectrum.

valence. During lithiation the average Co state and the Co*" %
sees a continuous decrease. This suggests an active TM redox
occurring during lithiation. The high level of correlation
between Co®" and Co average states trends (Fig. 2i) implies
a continuous electron transfer to Co*".

The evolution of the Co®*" and Co®*" population during
lithiation/delithiation extracted from our curve fit model of the
APXPS data is shown in Fig. 2j. Combined with the Co*" pop-
ulation (Fig. 2i), the results reveals that all three components
respond actively to the lithiation. Over the full voltage range
during lithiation, the decrease of Co*" % give rise to increases of
both Co®" and Co™". It is further seen that the increase of Co™ %
starts at an earlier stage of lithiation (from 4 V) with a change of
higher magnitude (12% to 18%) compared to the small
formation of new Co>'% states (49% to 51%). A few possible
reaction pathways for the charge transfer compensation are
plausible; (1) two electrons transfer to Co*" yielding a one-step
transition between Co*" — Co®" states, (2) two successive one-
electron-transfer steps Co*" — Co®>" — Co®", 3) or a one-
electron-transfer Co** — Co*", followed by a fast dispropor-
tionation of two Co** states, 2 Co®" — Co** + Co**. The observed

This journal is © The Royal Society of Chemistry 2025

initial decrease of the Co®" state can be argued to support the
latter reaction pathway, while on the other hand the continuous
decrease of the number of Co*" states support the previous
options. The data in these measurements are not sufficient to
determine the exact reaction pathway, and further development
of instrumentation with higher time resolution is most likely
required to capture a possible intermediate Co*" state. Up to
now, the electron transfer mechanism during the Li ion
intercalation/deintercalation to/from LCO is not fully under-
stood. The expected behavior according to the simplistic
“charge compensation” model is that the electron transfer
occurs on Co, and specifically, through a transition between the
Co*" and Co®" states.>*® The presented data however implies the
formation of Co®" states at the surface of the LCO during lith-
iation, and indicates a more preferable state of Co>" than Co*"
or Co*" at the start of lithiation. Thus, we can conclude that to
accurately describe the charge transfer processes at the LCO
surface the models need to include the role of Co*".

In recent years there has been much research emphasis
placed on understanding the role of oxygen in the charge
compensation during lithiation/delithiation.>****” In the hybrid

J. Mater. Chem. A, 2025, 13, 20568-20577 | 20571
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oxygen anion and Co cation redox model (HACR) an emerging
XPS peak at ~1 eV higher binding energy relative to the TM
oxide peak in the O 1s spectra was linked to such oxygen redox
in a voltage region >4.35V.*° However, Fantin et al. recently
associated the presence of this peak with the rock-salt forma-
tion, attributing it to the unstable structure at high voltages.?”
Meanwhile, the energy shift of the state formed from the oxygen
redox, relative to the TM oxide, was calculated to be a minor 0.3
eV¥. Such subtle shift is challenging to resolve with our limited
energy resolution; however, a broadening of the TM-O peak may
indicate its presence. In this work, the O 1s spectra have been
curve fitted using a single TM-O peak, together with three peaks
related to the electrolyte (Fig. 4). The slight variation of the full
width half maximum of the TM-O peak shows no correlation to
the material lithiation degree (Fig. S9t). Therefore, the data
show no support for oxygen redox at the electrolyte/electrode
interface. Furthermore, this work utilizes the stable cycling
region for LCO, and thus cannot determine any oxygen loss as
described in the HACR model.

Lack of surface delithiation-insufficient overpotential and ion
transport resistance

At the end of the lithiation, LCO was held at 3.2 V for 2.5 hours
under steady state lithiation current (—5 to —2 pA, see Fig. S10,
~0.11 C rate, calculated based on total capacity of 93 pA h™)
before starting the reverse potential steps. The following APXPS
measurement points, i.e. the 3.2 to 3.6 V voltage step, show
a continuous decrease of average Co state and Co** % due to the
potential hold. The relative redistribution of the Co*", Co**, and
Co>" percentages further show a simultaneous transformation
among the states during this time. However, on further
increasing the WE voltage the values of average Co state is
unreversed. This is at first thought surprising, but we attribute
this to be a consequence of ineffective delithiation at the
measurement position as outlined below.

First of all, the delithiation of LCO material effectively occurs
from 3.9 V, thus no major delithiation and/or Co states changes
should be expected before reaching above 3.9 V (see Fig. S11}
charge-discharge curve) as the driving force for redox reaction
is very small in the lower voltage region. Furthermore, for
a regular battery, the applied voltage often does not equal the
driving potential for lithiation/delithiation and generally over-
potentials are needed to overcome the internal resistances (e.g.
iR-drop, activation polarization, concentration polarization)
during operation.

Here, the dip-and-pull APXPS measurements are conducted
on the sample 3 mm above the “dipped” position. This implies
that lithiation/delithiation at the measurement spot is depen-
dent on e.g. ionic transport through the electrolyte that resides
in the 0.1-0.5 pm wide electrolyte channels that perforate the
LCO material (Fig. 3a), and our hypothesis is that this may
substantially increase the resistance between bulk electrolyte
and the measurement position.*®

To test this hypothesis APXPS measurement that probe
vertically along the LCO surface while cycling at a pulled-up
position at an applied voltage of 4.2 V was performed (HIPPIE

20572 | J. Mater. Chem. A, 2025, 13, 20568-20577
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Fig. 3 (a) The SEM image of LCO thin film surface. Cracks with a width
of 0.1-0.5 um are observed (see also Fig. S14+ for cross section SEM),
which here serves as electrolyte channels to transport electrolyte
through capillary force, enabling the lithiation/delithation of the
sample above where it was dipped into liquid. (b) The schematic
illustration of limited Li ion transportation.

beamline in MAXIV, Sweden, Fig. S121). Both the solid and the
liquid phase features are probed in the same O 1s spectrum.
Shifts in the BE positions are observed for both the LCO surface
and the electrolyte along the 500 pm vertical length, both below
and above the probed-interface position. The LCO TM oxide
signal shows a ~0.4 eV shift from the “interface position” to the
pure solid. This clearly demonstrates a non-uniform electro-
chemical potential distribution on the sample at different
heights. Furthermore, the shift of the electrolyte peaks (0.3 eV)
shows that the electrochemical potential of the electrolyte also
varies depending on height. This means that there is a resis-
tance present in the electrolyte solution. This effectively means
that the driving potential at the interface measurement point is
less than the set voltage, and that in this APXPS measurement
geometry a higher applied voltage than 3.9 V is needed for
delithiation. In addition, the hypothesis is supported by the
electrochemical current rising following the re-dipping of the
sample back into the electrolyte (see blue arrow in Fig. S1071).

In our experiment, the applied voltage window ranges
between 4.1-3.2 V. From the cycling curve in Fig. S77 it is clear
that for 4.1-3.9 V there are continuous reactions, while for 3.9-
3.2 V very little is on-going. Assuming a voltage drop from the
bulk electrolyte to the measurement point of 0.2 V, this would
mean that 3.9 V would barely be reached when trying to
delithiate with 4.1 V applied voltage. We would therefore still be
operating at the “no-action” part of the curve, and thus no
delithiation is expected. While for reverse voltage steps (lith-
iation) it would instead stay on the reaction-region below redox
voltage.

Potentials at LCO electrolyte interface

The electrochemical potential changes over the solid/liquid
interface can be investigated from operando APXPS spectra of
the electrolyte solution for the case of a metallic WE.* In this
work, the interface potential between the thin film semi-
conductive LCO electrode and liquid electrolyte solution,
during electrode lithiation/delithiation, is directly probed from
O 1s core level where the spectroscopic response from the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 O 1s spectra from interface during (a)—(d) lithiation of LCO
(from 4.1V to 3.2 V vs. Li) and (e)—(h) delithiation of LCO (from 3.6 V to
4.1V vs. Li*/Li). The blue double peaks with 1.8 eV energy separation
refer to the electrolyte solvent PC, and the pink peak is attributed from
theLiClOy4 salt. The yellow peak is assigned to the TM oxide.

electrode and electrolyte are probed simultaneously (Fig. 4). The
curve fitted O 1s spectra exhibit two peaks (green) at binding
energies 533.1 and 531.2 €V (at 4.1 V in Fig. 4a), with a relative
area ratio of 2 : 1, which are attributed to the C-O-C and C=0
from PC, respectively.'* The peak (pink) at 531.6 eV is assigned
to the salt LiClO,, for which the fitted peak position is con-
strained to be 0.42 eV above that of the minor PC peak (C=0).
The contribution to the lowest BE peak is from the LCO TM
oxide (MO, yellow peak at 528.6 eV). Fig. 5a and b gives the
extracted binding energies of each O components from

a 5342
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electrolyte and TM oxide as a function of applied voltage, where
each scan/spectrum was individually fitted and are included as
single dots to show the spread in data.

The voltage stepping down from 4.1 to 3.2 V (lithiation
voltage steps) shifts the BE for all components to higher BE
values, and this is reversible during the following delithiation
voltage steps. A nearly 1 eV/1 V (Fig. 5a) response of the PC
solvent oxygen peak shifts relative to the applied voltages is
observed over the full voltage range (see also C 1s BE shift in
Fig. S131). The O 1s binding energies from LCO electrode TM
oxide (Fig. 5b) also shift with respect to the corresponding
voltages, but with an overall smaller magnitude Fig. 5b) than
the electrolyte peak shift. This BE shift can also be observed for
the Co 2p spectra (Fig. 5¢) which follows the same trends as the
LCO O 1s peak. Finally, for both electrolyte and electrode
spectra, significantly higher binding energies are seen during
delithiation compared to lithiation at all applied voltages,
yielding a hysteresis of BE energy vs. applied potential. It is
challenging to fully determine the origin of these binding
energy changes, however some suggestions to its origin follow.

Concerning the shift of the LCO O 1s and the Co 2p as
a function of voltage: Firstly, as shown above (Fig. 2i and j), all
the measurement points in the delithiation series are on
essentially the same material, and thus no chemical shift in the
core level spectra is expected. Secondly, for a semi-conductive
WE, the alignment of the Fermi level with the spectrometer/
metal current collector generally cause band bending and
alignment barriers. Changing the voltage in such a system can
cause an increase/decrease in band-bending which is seen as
a shift in core level binding energy.”>* In view of this, we argue
that the observed binding energy changes in the LCO peaks on
delithiation voltage are dominantly related to the semi-
conducting nature of the material. As the changes are similar
for the lithiation, it is likely that it mainly has the same origin,
however no firm conclusion can be made for the lithiation
voltage steps since here also the material is changing as
a function of voltage.

As the binding energy is referred to the Fermi level, which
essentially reflects the electrochemical potential of electrons,
the higher BE levels for the electrolyte solution at delithiation
voltages steps compared to the equivalent lithiation steps

O 1s PC 52064 O 1s MO 77984 o Lithiation CO 2P
534,0 A ) « Delihitation .
_ = Deithiation 1 ’ 529,44 @ Lithiation e 779,64 e
S 5338 o Lihitation N %‘ = Delihitation %‘ . ‘ 9
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) 8/ - - el .° gl - -
§ 533,6 /l/ A g l B ! 2 8 # A 7z
y i . w
) s 8 529,01 e s Srre2{ * 8 .
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Fig. 5 Measured binding energy of (a) PC C=0 contribution from O 1s, (b) metal oxide peak from O 1s, and (c) Co>* peak position from Co 2p
spectra during lithiation and delithiation. The blue line in each graph is 1: 1 to potential as a reference. The data points in the O 1s at an applied

potential are from 10-15 spectra acquired from 2—-3 measurement

spots on the sample. Each data point is a fitted BE position from one

spectrum. Each data point of Co 2p is from a summed spectrum of 4 spectra due to low signal to noise ratio. 20—25 spectra were acquired from

Co 2p at each applied potential at 2 or 3 measurement spots.
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Solid

Fig. 6 (a) schematic illustration of LCO interface probing with O 1s at
(b) solid, (c) interface, and (d) liquid.

reveals that the electrolyte is not electrochemically at the same
energy level. A binding energy difference of around 0.2-0.3 eV is
observed at the same applied potential when comparing deli-
thiation to lithiation. The deviation is most probably due to
sluggish ion mass transport in the meniscus electrolyte, which
causes the electric potential in the meniscus to differ from the
bulk electrolyte under operating conditions. This would essen-
tially mean that an overpotential is needed to drive the reaction
at the measurement point, which also agrees with the discus-
sion above regarding the difficulty to delithiate the material.

As a final note, it should be acknowledged that with the
challenges of resolving the full picture of interface potentials,
more detailed operando APXPS measurements is vital. However,
the direct probing of real-time electrode/electrolyte electro-
chemical potential, under varying cell voltage and chemical
environment, clearly shows the importance of operando
measurements for fully characterizing and understanding the
interface functionality in LiBs.

Conclusions

A LCO/electrolyte interface was directly probed with operando
APXPS. Curve fitting of the Co 2p spectra alludes to the presence
of Co*" in the LCO. An active Co redox during lithiation is
observed from the changing relative ratios of the Co oxidation
states. A well-aligned decrement of Co*" % and averaged Co
state, during lithiation from 4.1 to 3.2 V (vs. Li*/Li), reveals Co**
as a main electron receiver during electron transfer. Corre-
spondingly, both Co®" and Co®" respond to the lithiation, with
an immediate increase of Co>" from the beginning of lithiation
compared to a slower response from Co*".

A constant Co chemical state from APXPS is observed at the
surface of LCO during delithiation. This is attributed to a lack of
overpotential resulting from the large electrolyte resistance
between the interface probing position and the bulk liquid in
this dip-and-pull experiment. This is also evidenced from the
electrolyte/electrode core level BE positions, which shows
overall higher values during delihitation voltage steps
compared to those in lithiation at the same applied voltages.

This work presents a step forward in probing of LIB elec-
trodes using operando APXPS, providing new insight into the
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reaction mechanisms during battery cycling. The demonstrated
ability to resolve electrochemical potential distributions at the
interface of real battery materials during operation opens up
further studies to gain an atomic level understanding of func-
tional battery materials and their interfaces.

Method

Materials

The investigated working electrodes (WEs) were thin films (1.8
um thick, see Fig. S14 SEM and S15t EDS of LCO thin film cross
section) of sputter deposited LCO (5 sccm Ar, 20 mTorr, 80 W,
base pressure 7.7x10~” mbar, deposition time 8 h 10 min). The
substrate was alumina with a sputter deposited Pt layer on-top.
The sample was transferred in air to an oven where it was
annealed at 700 °C in O, for 2 h, followed by a short transfer in
air for packing.

Operando APXPS setup

The dip-and-pull experiments were conducted at Beamline 9.3.1
tender APXPS beamline at the Advanced Light Source (ALS). A
three-electrode cell setup was constructed in a glove-box and
sealed in a bag before being transferred to the experimental
chamber. An Ar glove bag was used to introduce the electrodes
and electrolyte solution to the chamber. The counter electrode
(CE) was a composite film comprising of lithium titanate oxide
(LTO, Posco GS Materials), CMC (sodium carboxylate cellulose)
and carbon black (Imerys graphite & carbon, C.NERGY SUPER
C65) in 8:1:1 mass ratio coated on an aluminum substrate. An
Al-wire with the LTO slurry dipped on the tip was used as
a reference electrode (RE). The effective mass loading for the RE
electrode was much smaller than for the CE. The RE was pre-
cycled to the LTO voltage plateau (1.55 V vs. Li'/Li) so that the
lithiation degree remained constant. The electrolyte used was
1 M LiClO,4(Sigma Aldrich) in propylene carbonate (PC, Sigma
Aldrich). The electrolyte was degassed for several hours in the
experimental chamber. A specially designed plastic beaker was
used as electrolyte container. All three electrodes were sus-
pended from above the beaker using a 3-axis manipulator
enabling the motion of the electrodes. The beaker was in a fixed
position below the measurement position inside the chamber.

The PC's vapor pressure is around 0.3 mbar at room
temperature but due to observed sample charging under X-ray
illumination, additional Ar was introduced to the chamber.
This was found to sufficiently minimize charging effects, where
photoionized electrons from the gas compensate for the
otherwise inherent buildup of positive charge in non-
conductive samples (due to the photoemission process). For
the measurement of the undipped samples the total chamber
pressure for these measurements was around 8 mbar. For the
dipped measurements no charging effects were observed so no
Ar was needed.

A solid/liquid interface was created using the dip-and-pull
method following similar methodology to our previous studies
at the HIPPIE beamline at the MAX IV facility in Lund, Swe-
den.”® Using compact thin film electrodes successfully

This journal is © The Royal Society of Chemistry 2025
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ensured that the wetting was limited (compared to porous
electrodes). However, due to cracks in the thin film, capillary
forces still transported the liquid several mm up the electrode.
The major part of the meniscus was too thick for photoelectrons
from the electrode to escape, but at approximately 3 mm above
the dipped part of electrode, both the solid and liquid could be
probed simultaneously. The electrical contact of the probed
liquid was proven by the response of liquid core level spectra
line position when ramping the applied potential (Fig. S71). The
O 1s core level spectra, which features components from both
the TM oxide and the electrolyte solution, was used to identify
the region of the meniscus where we could measure a solid/
liquid interface. A photoelectron that is ejected from the elec-
trode surface need to pass through the liquid layer atop with
thickness d, and in this process the intensity of electron I
attenuates according to:

I=Ipe" "™

where I, is the intensity without liquid layer atop, and 4, is the
IMFP from electrolyte. Thus the intensity of the electrode peak
will vary with different thickness of liquid layer. The intensity
ratio between the electrolyte and electrode peak in the spectrum
therefore reveals the liquid layer thickness at the measurement
point. To find a good measuring spot where the interface can be
observed, the signal is monitored using a snapshot mode when
simultaneously moving the manipulator of sample holder from
thick liquid region, where only electrolyte feature is seen in O 1s
spectrum towards the dry region until the electrode peak shows
up. Normally the measurement location is then selected as the
onset of the appearance of electrode peak in the spectrum. After
a few scans on the same position the measurement position was
moved to a different spot, and in the post analysis the spectra
with same/similar electrolyte to bulk electrode peak ratio were
selected the peak ratio of the acquired spectra for further
analysis. This is illustrated in Fig. 6. This region on the sample
where both solid and liquid can be probed with APXPS is
referred to as the “interface position”.

The sample was also moved sideways to ensure that the
analyzed spot was fresh and free from radiation induced effects
(we primarily observed beam induced growth of PC from the gas
phase, which attenuated the electrode surface features long
before the radiation induced any observable chemical changes
to the surface). A photon energy of 5 keV was used for all APXPS
measurements, with an energy bandwidth of 0.1% (double
crystal monochromator Si (111)). The X-ray intrinsic energy
resolution is estimated to be 675 meV. The Scienta HiPP-2
hemispherical analyzer was configured with a pass energy of
200 eV and a slit of 1.5 mm giving a theoretical analyzer reso-
lution of 750 meV. The total overall measurement resolution is
therefore estimated to be 1.0 eV

A BioLogic potentiostat was used in floating mode to run the
electrochemical measurements. The working electrode was
grounded directly to the hemispherical analyzer. Voltage was
applied between WE and RE, initially set to 4.2 V (vs. Li'/Li, and
2.65 V vs. the RE). All the voltages declared in the paper are
given vs. Li'/Li. At each subsequent voltage step the current was

This journal is © The Royal Society of Chemistry 2025
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allowed to decay. When the current has decreased to a fairly
stable value (below 15 pA), APXPS measurements were con-
ducted. The total duration of the operando experiment was
approximately 35 hours.

Spectra analysis

XPS spectra were processed with Igor Pro software. The binding
energies for all spectra obtained are calibrated with a constant
negative shift of 4.24 eV. This is based on alignment of pristine
LCO O 1s metal oxide energy to be at 529.7 eV** (the beamline
energy was not changed throughout the measurements, which
was proven to be stable through the entire dataset). A Shirley
curve is used for the Co 2p spectra background subtraction,
after a prior linear background level alignment based on the
spectra shape at pre-peak region at low energy. Linear back-
ground substation are used for O 1s and C 1s. The curves were
fitted with a pseudo-voigt function, where the Lorentzian
function describes the natural broadening due to the life time of
the core hole decay, while the Gaussian shape of the curve is due
to the experimental broadening.

The deconvoluted peak for each component from the probed
core levels Co 2p, C 1s, and O 1s is considered symmetric. The
FWHM for the same components/chemical state from one core
level obtained at different potentials are constrained the same
for curve fitting. For different chemical components contrib-
uting to one spectrum, the FWHM is not fitted exactly the same,
as different broadenings are expected for different chemical
states. The Lorentzian contribution giving the natural broad-
ening from the life time of core hole is constrained to be similar
for all components in one spectrum. The energy spacing
between corresponding components are constraint to be the
same for spectra from different applied voltages. See fitting
parameters for Co 2p in Table S1.}

Peak intensity

The photoemission intensity is determined by>*
I =nFapyATA

where I is the number of photoelectrons detected per second
(cps), n is the concentration of the atom, F is the X-ray flux, o is
the photoionization cross-section, ¢ is related to angular
distribution, y is the fraction of ¢ retained in the measured peak
(the efficiency of production in the photoelectric process), A is
the area of photoemitted sample, T is transmission function of
the electron spectrometer (which is a function of kinetic
energy), and A is the IMFP.

Given the signal from core levels, e.g. O 1s and C 1s from the
same species PC in this study, the relation between the peak
intensity Iois and Icys is

o nP%JmST(KEO]S)A(KEOIS)
H%UClST(KEC[S)A(KEC]S)

Icis

with a photon energy of 5 k eV, the kinetic energies of O 1s and
C 1s electrons are 4470 and 4710 eV, giving minimal differences
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on their IMFP and transmission function. Thus the intensity
ratio between the two core level can be estimated as

I nooois
Ols ~ _PC —-25
Icis  ncocis

PC

where the atomic ratio of O and C in PC is 3:4, and the
photoionization cross section from O 1s and C 1s core levels at
5 k eV photon energy are 1.124 and 0.333.*

Scanning electron microscopy

Scanning electron microscopy (SEM) images was obtained with
a Merlin from Zeiss (Germany) equipped with an energy-
dispersive spectroscopy (EDS) system (X-Max 80 mm? Silicon
Drift Detector). AZtec (INCA energy) software was used for X-ray
mapping and element analysis.
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