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Why Half-Cell Samples Provide Limited Insight Into the
Aging Mechanisms of Potassium Batteries

Fabian Jeschull,* Elmar Kataev, lurii Panasenko, Christian Njel, Roberto Félix,

and Julia Maibach

Photoelectron spectroscopy (PES) studies of solid electrolyte interphases (SEIl)
of cycled battery electrodes are mostly performed in half cell configurations
(i-e., against metallic counter electrodes). In contrast to less reactive Li metal,
problems arise in post-Li systems, like K-ion cells, where crosstalk phenomena
strongly interfere with the surface layer formation process. This raises the
question of whether surface analysis data from half cell experiments are still
representative and transferable to corresponding full cells in post-Li systems.
Here the major differences between SEI layers formed on graphite electrodes
are outlined in K-ion half and full cells derived from an in-depth surface analysis
approach combining in-house and (synchrotron-based) hard X-ray PES. This
results highlight significant changes in SEI characteristics, both in terms of
SEI layer thickness and gradual compositional changes across the interphase,
when K-metal (half cell) is replaced by a Prussian white positive electrode

(full cell). Furthermore, the initial SEI layers formed on the first cycle are found
to evolve and age differently upon further cycling, depending on the two

sustainable than Li-ion batteries (LIBs)
owing to a more abundant raw ma-
terial basis, provided critical elements
such as Ni and Co are avoided. Develop-
ment of KIBs benefits greatly from ac-
complishments in material chemistry of
Li- and Na-ion technologies. A common
cell configuration is graphitel'"?) as nega-
tive and Prussian white, K, M, [Fe(CN),]
(Mpy = Mn, Fe)* as positive elec-
trode in combination with carbonate-
based electrolytes, which are both promi-
nent electrode materials in LIBs®! and
NIBs.[¢] Although K-ions reduce the elec-
trode gravimetric capacity due to their
higher atomic mass, this penalty can
be offset through higher cell voltages
resulting in projected specific energies

cell configurations. This study stresses the additional complexity of studying
post-Li cells and the need to carefully design surface analysis experiments
for meaningful material and electrode interphase characterization.

1. Introduction

Amongst the Group 1 elements, K-ion batteries (KIBs) are the
latest addition to the portfolio of energy storage devices. Similar
to Na-ion batteries (NIBs), they are potentially cheaper and more
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and energy densities in the range of
corresponding Prussian white/hard car-
bon NIB and LiFePO,/graphite LIB cell
configurations.!”]

However, in terms of cycle life KIBs
still face major challenges related to the
reactivity of potassium and the formation of less protective pas-
sivation layers. For the analysis of the solid electrolyte interphase
(SEI) ex situ photoelectron spectroscopy (PES) is commonly used
for its high surface-sensitivity. Because of the complexity and the
thickness of the SEI formed on graphite electrodes in KIB half
cells, in-house spectrometers using standard Mg or Al Ka soft X-
ray sources reach their limits in probing the entire surface layer.
Hence, an in-depth analysis of the complex SEI layer at higher
probing depths would be very beneficial and can be realized us-
ing hard X-ray photoelectron spectroscopy (HAXPES).

So far there are but a few HAXPES studies on graphite elec-
trodes for KIBs in literature. Naylor et al.l®l reported on the
evolution of the SEI layer at different states of charge (SOC)
during the first intercalation-deintercalation cycle of K-ions in
graphite electrode in half cells. In a HAXPES study by Hosaka
et al.’! the SEI layers formed on cycled graphite electrodes
were compared after 10 cycles in both half and full cell setups
with carbonate-based electrolyte containing either KPF, or potas-
sium bis(fluorosulfonyl)imide (KFSI) as electrolyte salts (the
most commonly used electrolyte formulations!'®)). Based on pre-
vious (in-house) PES[''"13] and correlated gas chromatography-
mass spectrometry (GC-MS)[12116] regults, half cell results
are biased by severe crosstalk events in presence of a potas-
sium metal electrode in the cell. For example, the reaction of
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ethylene carbonate and linear carbonates at the K-metal surface
was found to lead to soluble dicarbonates (dialkyl dioxahexane
dioates) species!'*! in a significant amount (even under open
circuit voltage (OCV) conditions)(!"13] that diffuse to the posi-
tive electrode (e.g., Prussian whites) and induce side reactions
and self-discharge.['®!7] Because the reactivity of alkali metals
toward electrolyte components decreases considerably from K
to Li in line with the periodic law, the graphite electrodes ex-
tracted from half cells provide a good approximation for repre-
sentative picture of the sample surface in lithium systems,[8-20]
when the cells are not aged/cycled excessively. Following the con-
clusions of previous PES studies, the SEI formed in carbonate-
based electrolytes on graphite in KIBs is comparatively thick
up to the point that the underlying active material cannot be
reached by conventional PES. Moreover, such SEI tend to ex-
hibit high contents of organic surface deposits that dissolve read-
ily into the electrolyte.®*2!l However, the full cell studies by
Hosaka et al.l%! (graphite//K,Mn[Fe(CN),]) and Larhrib et al.l??]
(graphite//KVPO,F,sO, ;) provide a different angle to these pre-
vious (half cell) results suggesting that in absence of the highly re-
active K-metal counter electrode, the SEI layer on graphite is con-
siderably thinner which can be seen from a prominent graphite
peak in the Cls photoemission spectra. However, a direct, in-
depth analysis has not been performed yet to compare cycled elec-
trode surfaces from half and full cells (with the same materials
and under the same testing conditions) at different stages of ag-
ing. The recent findings also pose the question, which part of the
data obtained from PES experiments on half cells provides valid
conclusions for improvements and design principles of KIB full
cells and when is utilizing full cells is strictly necessary?

Herein, we aim to address these knowledge gaps by a detailed
depth-profiling study from in-house and hard X-ray PES exper-
iments to investigate the differences between the surface layer
properties in halfand full cell configurations in a carbonate-based
electrolyte. Our results demonstrate that photoemission spectra
of cycled electrode surfaces are strongly affected by the type of
sample preparation chosen (half or full cell), as a result of the
SEl layer’s altered chemical composition and thickness. From the
profound discrepancy in surface layer characteristics between the
two sample preparation strategies we conclude that results from
half cell samples have to be considered with caution. Our results
are particularly relevant in studies that aim to develop a mecha-
nistic understanding of the SEI formation in different electrode
and electrolyte environments and the electrolyte development in
general.

2. Results

Graphite electrodes for the PES study were prepared in half and
full cell configurations using either K-metal or Prussian white
K, Fe[Fe(CN),] (KFF) counter electrodes. The electrodes were cy-
cled in a liquid electrolyte mixture consisting of 750 mM KPF in
a solvent mixture of ethylene carbonate (EC) and diethylene car-
bonate (DEC) (EC:DEC, v/v = 1:1). The electrolyte mixture is well
motivated as one of the most commonly used formulations cur-
rently used in the KIB field, according to a meta study by Hosaka
and Komaba.['%! In addition, several previous XPS studies used
this electrolyte in their experiments,[!!?223] thus enabling good
comparability between existing work. The EC:DEC solvent mix-
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ture is also the basis for a number of revised electrolyte formula-
tions. Investigating the degradation of base components is there-
fore a relevant subject to understand performance improvements
from electrolyte development.

2.1. Electrochemical Results

Figure 1A,B show the specific charge and discharge capacity for
the graphite/KFF full cell and graphite/K half cell, respectively.
The N/P ratio of the full cell was 1.28, i.e., an excess of graphite
was used, which is a common approach to reduce the risk of al-
kali metal plating!?*! and lies in the range of previously used N/P
ratios by Larhrib et al.[>] The C.E. and voltage profiles of selected
cycles are shown in Figure 1C,D, and F respectively. Half cells
showed a stable capacities of around 250 mAh g~ on discharge
(deintercalation) over the first 10 cycles. The initial coulombic ef-
ficiency (C.E.) was 73.2% and increased to 98.3% in the 10" cy-
cle, which is slightly better than in our previous work!"?*] and
in the expected range of reported results by other groups.>#’! In
contrast, the full cell displayer a low initial C.E. of only 53% and
consequently a comparatively low initial discharge capacity of 71
mAh g~'. The corresponding charge capacity, related to KFF ac-
tive material mass in the cell, suggests that the K-inventory in the
positive electrode was fully utilized. Nonetheless, the full cell data
lies in the expected range of other recent studies that reported val-
ues below 70% in similar carbonate-based electrolyte mixtures
(Table S2, Supporting Information). It should be stressed that
significantly smaller N/P ratios and precycled electrodes are com-
mon strategies to boost the capacity and reduce initial losses. For
the sample preparation herein, we have refrained from these op-
tions. Especially, precycling in a half cell would have created a
half cell-like SEI on graphite electrode before it is transferred to
the full cell. For the ageing study below, this is not a desirable sce-
nario. The cycling rate changed from C/20 to C/10 after 2 cycles,
which was associated with a significant drop in the discharge ca-
pacity of around 25 mAh g=!. After 30 cycles the cell retained a
capacity of 26 mAh g~!. The capacity retention in a similar range
than the data presented in a recent study by Larhrib and Madec?®!
who studied graphite/KVPO,F, O, full cells in dependence of
various N/P ratios in the range from 0.98-1.3. The voltage profile
in Figure 1D shows a sloping profile with several steps character-
istic to the voltage plateau of KFF at 3.45 and 4.05 V versus K*/K
and, to lesser extent of graphite (profile shown in Figure 1E). In
the second and all subsequent cycles, the potential profiles show
an increasingly steep gradient with increasing number of cycles
and longer constant voltage (CV) sections after reaching the up-
per voltage limit of 4.15 V. This is a direct result of capacity loss
and increasing cell resistance, as seen by the increasing voltage
hysteresis in Figure 1D. The graphite/K half cell was cycled for
one and ten cycles (the latter is shown in Figure 1B). The graphite
electrode achieved specific discharge capacities of approx. 250
mAh g~!, which is close to the theoretical specific capacity of
279 mAh g™ (KCy). The C.E. (Figure 1C) and specific charge ca-
pacities (Figure 1B) over the first three cycles indicate a high de-
gree of irreversible reactions. The excess of K-ion inventory from
the K-metal counter electrode compensates for loss of charge in-
ventory. The recurrent electrolyte decomposition below electrode
potentials of <1.2-1.5 V[2*3% leads to thick surface layers
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Figure 1. Galvanostatic cycling results of graphite/KFF A) and graphite/K B) and corresponding coulombic efficiencies, C.E. C). The voltage profiles for
selected cycles are shown for the full cell D) and half cell in E). The cumulative charge throughput as a function of cycle number is plotted in F. The full
cell capacity refers to the active material mass of the positive electrode (in mAh g ™).

and causes gradually increasing overpotentials, as reported
previously.[!11]

Half and full cells performed quite differently, particularly
regarding the depth of charge (DoC) that is an important pa-
rameter in the SEI layer formation. Therefore, we compared
them in this PES study using two different approaches. First,
the early (“initial”) SEI layer formation on graphite was stud-
ied after the first cycle in both cell configurations. Second, we
investigated the SEI evolution after continued cycling (“aged
SEI”). Because of their different ageing behaviors, we consid-
ered it more practical to compare these samples on the basis
of their cumulative charge throughput®'*?} instead of a com-
parison after the same number of cycles. In an attempt to re-
duce the difference between the charge passed through the half
and full cell, the cells were stopped after a different numbers
of cycles, i.e., after 10 and 30 cycles respectively. The half cell
had reached a cumulative charge throughput of 3.5 mAh while
the full cell had reached a cumulative charge throughput of 2.4
mAh. For comparison, if the full cell had been stopped after
10 cycles, the cumulative charge throughput had been only half
the value (1.2 mAbh, i.e., almost 3 times lower than for the half
cell). This affects the SEI layer properties, especially thickness,
which scale with the amount of charge passed (and the C.E.).
While there will be always discrepancies between two different
cell configurations, especially when they perform notably differ-
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ent, using the cumulative charge as sampling criteria helps to
align time-dependent (electro)chemical changes in the cell and
increases the exposure time of the electrolyte toward critically
low or high potentials. As mentioned above, differences may
also arise from different DoC, which is an aspect, cumulative
charge cannot solve. In full cells with low C.E. the changes in
DoC can be quite rapid due to the fast loss of the potassium-ion
inventory.

2.2. PES Depth Profiling on Graphite Electrodes

After the cells were stopped in their fully discharged state, i.e., in
the deintercalated state for graphite, the electrodes were rinsed
immediately after cell disassembly to remove electrolyte salt
residues. The electrodes were studied by non-destructive depth
profiling using three different photon energies from in-house
PES (1487 eV; Al K,,) and synchrotron-based HAXPES (2150 eV
and 6450 eV), respectively. Photon energies of 6450 eV allowed
measurements of higher binding energy (BE) core levels, specif-
ically K1s (BE = 3607 eV) and P1s (BE ~ 2152 eV), which have
a better photoionization cross section!** and therefore provide a
better signal-to-noise ratio than the corresponding K2s and P2p
lines at this excitation energy, while still exhibiting higher kinetic
energies. Because of the kinetic energy dependent inelastic mean
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With increasing probing depth, bulk signals
(e.g. graphite) increase in intensity

hv=1487 ev hv=2150 ev hv=6450 ev

layer

Graphite

PF, S

Graphite

il

0
Electrolyte components
K /\O)J\O/\ % / P

degrade at the interface

Surface layer deposits with gradually
changing chemical composition, i.e.
'solid electrolyte interphase’ (SEI)

Scheme 1. Graphical summary of the PES depth profiling study: when the probing depth is increased, more information about deeper regions of the
SEl and the SEI / (bulk) electrode can be gained. While organic species dominate in the top layers of the SEI, the chemical composition of the SEl is
shifting toward more inorganic material in the regions closer to the graphite particles, where for example carbonates are particularly prominent.

free path (IMPF) of the photoelectrons, the probing depth varies
both with photon energy and core level (Scheme 1). For exam-
ple, photoelectrons originating from a Cls orbital (BE ~ 284—
292 eV) from an in-house X-ray source (Al Ka ~ 1487 eV) pro-
vide an estimated probing depth of about 7-9 nm (34).341 This
value increases roughly to about 18 nm (34) at a photon energy of
2150 eV and reaches up to 45 nm (34) in the case at 6450 eV. Thus,
using harder X-rays, the probing volume increases and photo-
electrons generated in surface-near regions contribute less to the
overall spectrum than at lower probing depths. However, the ob-
tained spectra are always a projection of the photoelectrons emit-
ted from the entire probed volume. In the example in Scheme 1,
this is indicated in panel B with a gradual increase of the bulk
electrode signal (graphite) marked in grey while the surface fea-
tures (shades of red) are still present but at decreased relative in-
tensity.

2.3. C1s-K2p Spectra
The Cls spectra of the graphite electrodes from either half or

full cells, measured at different photon energies, are shown in
Figure 2 for samples studied after the initial SEI formation after
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1 cycle and the after extended ageing (i.e., 10 cycles for half and
30 cycles for full cells), respectively. Survey and core level spec-
tra are provided in the Supporting Information (Figures S1-S4,
Tables S3-S6, Supporting Information) for the pristine electrode
and from graphite electrodes stored at open circuit voltage (“OCV
samples”) for the duration of the testing time of the cycled sam-
ples (both half and full cells). The spectra consist of a bulk active
material signal (sp?-C, graphite; BE = 283.3+0.1 €V; grey), sat-
urated hydrocarbon species (sp*-C, -CH-; BE = 285.0 eV; red),
ethers/alcohols (-CO-; BE = 286.6+0.1 eV; blue), carboxylates -
(C=0)OR; BE = 288.5+0.1 eV green) and carbonates (K,CO,
if inorganic, or R,0-(C=0)-OR,; if organic in nature; BE =
289.8+0.2 €V; yellow).31113] The peak assignments above are
representative of a variety of structurally similar chemical mo-
tives with closely adjacent BEs, stemming from the degrada-
tion of electrolyte components into different compounds. The
K2p signal is the prominent doublet peak with a characteristic
BE distance of +2.8 eV for the K2p;, and K2p,, core levels at
292.8+0.2 eV (dark purple) and 295.6+0.2 eV (pale purple), re-
spectively. The peaks can be assigned to K,CO; and potassium
salt deposits.[''13] Because of its proximity to peaks in the high BE
Cls region, minor overlaps with carbonates species, e.g. CO;~,
can be observed.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 8dedt|dde au Ag pausenob ale sejoie YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIHIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BulUO//Sdny) SUORIPUOD pue swie | 8y} 89S *[5202/70/70] Uo ARiqiT8uluo A8 |Im 'Ind ullieg wnnuez-zioyw pH Ad TT8E0rZ02 WUse/Z00T 0T/I0p/W0d A8 |1 Ake.q Ul [uo'peoueApe;/Sdny wouy pepeojumod ‘9 ‘520z ‘0v89rTaT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

A C1s-K2p Spectra
graphite/K-metal half cell

Cycle #1, 1487 eV

Cycle #10, 1487 eV

Cycle #1, 2150 eV Cycle #10, 2150 eV

intensity / arb. units
intensity / arb. units

I ETT YT

Cycle #1, 6450 eV Cycle #10, 6450 eV

3
296 292 288 284 280
binding energy / eV

296 292 288 284 280
binding energy / eV

M sp>-C / graphite
M sp°-C / -CH-

W ether-0 / -CO-
B -(C=0)OR

www.advenergymat.de

B C1s-K2p Spectra
graphite/KFF full cell

Cycle #1, 1487 eV Cycle #30, 1487 eV

intensity / arb. units
intensity / arb. units

— T T T T T T T T

Cycle #1, 6450 eV Cycle #30, 6450 eV

T
296 292 288 284 280
binding energy / eV

296 292 288 284 280
binding energy / eV

O -0(C=0)0-
B K2ps,, / K2py ),

Figure 2. Cls spectra of graphite/K-metal half cell A) and graphite/KFF B) configurations (discharged state) after 1, as well as after 10 (half cell) and 30
(full cell) cycles for three excitation energies (increasing probing depth from top to bottom).

In spectra of samples from half cell configurations (Figure 2A)
measured at the lowest probing depth, i.e., the in-house PES
spectra, the graphite signal (sp?-C) is barely visible after only one
cycle. This corresponds to a surface layer thickness of around
8-9 nm (from the IMFP of photoelectrons excited with 1487 eV).
In the corresponding HAXPES spectra measured at 2150 eV,
the graphite signals gained moderately, yet notably, in intensity.
By increasing the probing depth further using 6450 eV excita-
tion energy, the bulk graphite peak becomes the most promi-
nent Cls feature in the spectrum of the electrode after 10 cy-
cles. Interestingly, in all spectra after 10 cycles, the sp?-C peak
displays larger peak intensities, which suggests somewhat coun-
terintuitively that the surface layer thickness has decreased from
the 1% to the 10" cycle (for a more detailed discussion, see
below).

After the first cycle in the half cell (Figure 2A, Cycle #1) the
graphite surface shows an intense -CO- component in both the
in-house and the HAXPES (6450 eV) spectra. Only at 2150 eV
is the -CO- peak intensity notably lower. In samples aged for
ten cycles, the relative intensities between the sp*-C/-CH- peak

Adv. Energy Mater. 2025, 15, 2403811 2403811 (5 of 14)

and -CO- peak remain almost constant, with a slightly more in-
tense saturated hydrocarbon signal. Their intensities with re-
spect to other signals decrease with probing depth, indicating
that both components display higher contents in the outer SEI,
i.e., the surface-near region. With increasing probing depth,
higher intensities are observed for both the carbonate peak
and carboxylate peak. At 6450 eV the intensity of the carbon-
ate peak approaches that of the sp*-C and -CO- peaks, indi-
cating higher contents of this component in the inner SEI,
i.e., the deeper subsurface/near-bulk regions. This is in gen-
eral agreement with the literature that SEI regions close to
or in contact with the active material show higher inorganic
content,[223637] which derives from organic compounds, such
as ethylene dicarbonate salts ((CH,-OCO,K),), via subsequent
reactions.!'>38]

A comparison of the graphite bulk peak (sp?-C) in the spec-
tra of full cell samples (Figure 2B) with those from half cell ex-
periments shows significant differences in the development of
the SEI layer thickness after 1 and 30 cycles. After 1 cycle, the
graphite signal is prominent in all spectra and its relative peak
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Figure 3. F1s spectra of graphite/K-metal half cell A) and graphite/KFF B) configurations (discharged state) after 1, as well as after 10 (half cell) and 30
(full cell) cycles for three excitation energies (increasing probing depth from top to bottom).

intensity increases with increasing photon energy. However, af-
ter 30 cycles, the peak is strongly attenuated relative to the other
signals and disappeared entirely in the in-house spectrum, in-
dicating a considerable increase in the SEI layer thickness with
increasing cycle number. The SEI composition shows distinct dif-
ferences from the surface layer compositions formed in half cells.
Apart from the in-house spectrum after 30 cycles, the sp?-C/-CH-
peaks are more distinct from the rest of the signals attributed
to SEI components. While the K2p peaks in half cell samples
show measurably higher intensities relative to SEI components
in the Cl1s spectra, their intensity is consistently lower in spectra
of the full cell samples, which indicates lower amounts of potas-
sium salts. From the decreasing intensities of both the -CO- and
-(C=0)OR peak and the gradual increase of the carbonate peak
with increasing probing depth, it can be concluded that the for-
mer species have higher concentrations in the uppermost layers
of the SEI (outer SEI), while the concentration of the latter is
higher near the bulk electrode (as also observed in half cells as
well).
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2.4. F1s Spectra

Apart from the Cls spectra, the most significant differences
in the surface layer composition between half and full cells
are observed in the Fl1s spectra, shown in Figure 3. The KF
(purple) is found at 683.3+0.1 eV, and a prominent P-F peak
(teal) is observed at 687.340.1 eV (mostly KPF) in accordance
with previously reported reference measurements.'13] A peak
at 689.4+0.1 eV is assigned to organic fluorinated compounds R-
CF, (pale red).''*] In addition, some spectra show a fourth com-
ponent (grey) at around 690.8+0.1 eV that could not be further
assigned. The signal might originate from differential charging
effects of an insulating fraction of salt residues, because even for
highly fluorinated compounds, such as Teflon (C,F,),, BEs larger
than 690 eV are rarely reported.[*?]

The half cell data (Figure 3A) shows mainly a P-F peak with mi-
nor amounts of organic fluorinated compounds at higher BEs,
as well as small amounts of KF at lower BEs, which is in good
agreement with our previous in-house measurements.l'!! The
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signal-to-noise ratio of spectra measured at 6450 eV was rela-
tively high because of the decaying photoionization cross-section
of atoms with increasing excitation energy.*!! From the first to
the tenth cycles, the P-F peak intensity decreased significantly,
which is likely a result of a thicker surface layer with an over-
all lower fluorine content. In the in-house and 6450 eV spectra
after 1 cycle, only a faint KF signal can be seen, which was not
explicitly fitted. The KF content increased relative to the P-F peak
at higher probing depths in the spectra obtained at 2150 eV and
also from the first to the tenth cycle. This result suggests that
KF accumulates during cycling in the SEI layer either through
recurrent electrolyte salt degradation or proceeding degradation
reactions of deposited material (e.g., known from LIBs, ref.[42])
Moreover, KF is a component found in higher concentrations in
the inner SEL

In contrast, the Fls spectra of full cell samples (Figure 3B)
differ distinctly from those of half cells. It can be observed that
the relative intensities of the KF peak are notably higher rela-
tive to the P-F signal in the in-house spectra. This could indicate
higher KF contents or significantly lower KPF; (P-F) contents in
the outer SEI layers. However, it should be emphasized that the
noisy F1s spectrum after one cycle is particularly indicative of low
overall fluorine contents after initial SEI formation.

Samples measured at 2150 eV showed relative peak intensities
more comparable to those of half cell samples. While the rela-
tive peak intensity of KF increased in the in-house spectra from
the first to the tenth cycle, it remained approximately constant in
the spectra measured at 2150 eV. This is also an indication that
the surface layer was not fully penetrated in the in-house mea-
surement, due to the lower IMPF of the F1s photoelectrons. In
addition, a major difference in the latter spectra is the presence
of a more prominent peak of fluorinated organic compounds, as
well as the aforementioned fourth component at an even higher
BE. Both features increase with respect to the P-F peak from the
spectrum after cycle 1 to that of cycle 30.

A relative peak shift of the P-F and KF components between
the in-house and synchrotron data was observed for the sample
after 30 cycles (Figure 3B). Specifically, the P-F and KF peaks
moved closer together by 1.6 eV (from a peak distance of 3.7-
4.0 eV, in agreement with ref,'"!*] to 2.4 eV) in the in-house
spectrum, which correlates with a corresponding relative shift be-
tween the P-F (PF,~) peaks of the in-house and 2150 eV spectra
(full cell, cycle #30) in Figure 4C. Although the origin remains
unclear, the increase of relative shifts might be explained by in-
crease of differential charging through combination of 1) the in-
sulating nature of KPF; and KF deposits in the SEI, 2) the increas-
ing thickness of the surface layer and thus differential charging
effects.!!]

2.5. P2p and P1s Spectra

For the analysis of phosphorus species, the P2p core levels were
recorded in experiments with 1487 eV and 2150 eV, respectively.
Because of the low photoionization cross-section of the P2p or-
bital at 6450 eV, the P1s orbital was used instead at this photon en-
ergy. P2p spectra show characteristic doublet peaks for the P2p;,
and P2p, , core levels with a BE distance of 0.9 eV (intensity ratio
2:1) due to spin-orbit splitting.
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The P2p spectra of graphite electrodes from half cell config-
urations show a distinct PF;~ doublet (teal green) and addition-
ally PF, (OR), components in HAXPES spectra at both probing
depths.[*>¥] The intensity of the PF, (OR), species is relatively
small compared to the PF,~ peak. Salt degradation appears to oc-
cur throughout the first ten cycles, leading to the accumulation
of products such as PF, (OR), (and KF) in the SEL

Similar to the Fl1s spectra, signal intensities (and therefore P
contents) were generally lower in the surface layers of full cell
samples. A curve fit was applied on all spectra, but due to the
high noise level, only the peak assigned to PF,~ (teal green) is
clearly discernible. Therefore, the PF,(OR), component was not
included in the fit of the spectra recorded at 2150 eV. Both species
could be clearly distinguished in the 2150 eV sample after 10 cy-
cles. The relative intensity of the PF, (OR), degradation product
increases with the number of cycles, thus correlating PF,(OR),
and KF formation in the P2p and F1s spectra. The P1s spectra at
6450 eV show only one peak at 2152 eV, which is assigned to the
PF,~ anion.l”]

2.6. Other Core Levels

Besides the above-discussed elements, spectra of the Ols, K2s
(1487 eV & 2150 eV) and K1s (6450 eV) environments are pro-
vided in the supporting information (Figures S1,S2, Support-
ing Information). The K2s and K1s spectra (Figure S2, Support-
ing Information) show a single peak for the potassium salts
formed during SEI formation. Ols spectra were fitted with two
components: a carbonate/carboxylate peak (dark yellow) at about
531.3+0.2 eV and an ether peak (-CO-, blue) at 533.3+0.2 eV. In
the case of the in-house spectra, the Na KLL Auger line is ob-
served after the first cycle. Na-ions are introduced into the sys-
tem due to the CMC-Na binder of the graphite electrodes. After
ten cycles, the Na* content in the SEI layer is probably below the
detection limit. As Auger peak positions in BE scale are a func-
tion of photon energy, the Na KLL signal in the Ols spectra at
2150 eV and 6450 eV is no longer observed. In accordance with
the C1s spectra, it was found that in O1s the -CO- peak increases
with cycle number. Its relative peak intensity decreased with in-
creasing probing depth with respect to the carbonate/carboxylate
peak. the Na KLL signal in the O1s spectra at 2150 eV and 6450 eV
is no longer observed.

2.7. Surface Composition Analysis

From the peak areas of the fitted photoemission spectra dis-
cussed above, the atomic concentrations can be derived using rel-
ative sensitivity factors (RSF). RSF values for the HAXPES data
were determined as described in equation 1 and are summarized
in Table S1, Supporting Information). Quantification of in-house
data is performed in the analysis software Avantage based on a
RSF library (see Experimental Section). The bar plots in Figure 5
provide a brief overview of the elemental distribution (values pro-
vided in Tables S3-S6, Supporting Information) and the domi-
nant chemical species in the SEI layer of graphite cycled in dif-
ferent cell configurations, and outline the surface layer evolution
by comparison of the atomic concentrations after one initial cycle,
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Figure 4. P2p and P1s spectra of graphite/K-metal half cell A & B) and graphite/KFF C & D) configurations (discharged state) after 1, as well as after 10
(half cell) and 30 (full cell) cycles for three excitation energies (increasing probing depth from top to bottom).

as well as after 10 (half cell) and 30 (full cell) cycles, respectively.
In general, the quantification of photoemission spectra is associ-
ated with a comparatively large margin of error in the range of up
to several at.%, which is due to uncertainties related to the respec-
tive curve fits (peak widths and positions) of strongly overlapping
signals (e.g., Ols spectra). IMPF-corrected RSF values are further
based on the assumption of a homogenous surface layer, which
is not the case for SEI layers. The atomic concentrations derived
recently by Allgayer et al.'!) for graphite-K half cells (stopped af-
ter 2 initial cycles; in-house XPS) are in good agreement with the
surface layer contents found herein for the half cell sample after
1 cycle within a margin of <3—4 at.% (except for the P-F and C =
0).

Key findings of the quantification in Figure 5 are a larger frac-
tion of P-F species in the SEI of half cells and in both cell types
overall low content of KF, compared to corresponding Li cells.!!]
Moreover, the KF content in full cells was generally even lower
than in the half cell samples. Given the small fraction of alkyl
fluorophosphates (Figure 4), it can be concluded that the P-F con-
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tribution originates mainly from PF,~ that deposited at the elec-
trode surface or was trapped in the thick SEI layer formed in half
cells. The oxygen content in this comparison is notably larger in
full cells and is likely a result of the formation of polymeric or
inorganic carbonate species and carboxylates that form during
electrode degradation. The sum of Cls and O1s species in full
cells makes up more than 70 at.% of the overall surface layer.
However, this includes a notable fraction of the bulk graphite sig-
nal (sp?-C). Because of the thinner surface layers, the contribu-
tion of this signal is larger in full cell samples. In contrast, in
half cells the total C1s and O1s content varies in the range be-
tween 50-75 at.%. At lower probing depth (in-house data), the
C1s+01s content is higher than in the data acquired at 2150 eV,
which is indicative of a composition gradient when switching be-
tween different probing depths. The potassium content in full
cells after one cycle is generally smaller than in half cells. The
potassium content determined from HAXPES measurements
is larger, which is likely due to the fact of the higher probing
depth, which can have an impact on the relative fractions when a
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Figure 5. Surface composition analysis derived from in-house (1487 eV) and HAXPES (2150 eV) spectra recorded for graphite electrodes cycled in half

and full cells.

chemical gradient is present (IMPF dependency of the respec-
tive photoemission spectra). There is a notable increase in the K-
content in the HAXPES data (2150 eV) of full cell samples from
one to 30 cycles, which is generally smaller than in aged half
cell samples. As previously mentioned (Figure 2), the SEI layer
on graphite in full cells grows continuously, while in half cells a
dissolution appears to take place. This is seen in Figure 5 quite
clearly by the higher sp?-C content in half cells after 10 cycles,
compared to the sample cycled for only one cycle. In contrast,
the sp?-C content in full cells decreases with increasing aging
duration.

3. Discussion

The formation of stable SEI layers on graphite electrodes is a
key challenge for KIBs with higher capacity retention, higher en-
ergy efficiency and longer cycle life. Photoelectron spectroscopy
plays a major role in determining surface layer composition
and thickness during its evolution, as a highly surface sen-
sitive technique. Previous studies reported XPS and PES re-
sults after different testing conditions and aging states. For
example, Larhrib et al. investigate the SEI formed in their
graphite/KVPO,F, O, 5 cells??! after 50 cycles, while Hosaka et
al. aged their graphite/K,Mn[Fe(CN),]! full cells for 10 cycles.
Therefore, it was one aim in this study to compare graphite sur-
faces of half and full cell configurations under similar testing con-
ditions and follow the SEI evolution by investigating the initial
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SEI formation after 1 cycle and after short-term cycle-aging. The
resulting SEI layers were investigated by a PES depth profiling
approach, leveraging different probing depths by variation of the
excitation energy (Scheme 1).

3.1. Graphite SEI (Half Cells)

It was demonstrated that a heterogeneous surface layer was
formed that displayed an organic-inorganic gradient with more
organic species in the outer regions, i.e., toward the electrolyte
phase, and more inorganic species in the inner regions, i.e.,
closer to the electrode surface. This finding is in general agree-
ment with previous PES literature and appears to be valid across
different monovalent cell systems.[8184344] By studying the SEI
compositions and thicknesses, as well as ageing behavior, it was
possible to identify the main differences between the surface lay-
ers formed on graphite electrodes with two different cell configu-
rations, which were most pronounced in the respective Cls and
F1s spectra.

In half cell setups, the graphite signal in the C1s spectra was
more intense (relative to other signals) at any probing depth
for the samples exposed to the longer cycle-ageing experiment.
This result suggests that after the initial SEI formation in the
first cycle, the surface layer became thinner as cycling contin-
ued. In other words, the SEI layer is quite dynamic at this early
stage of cycling and components may dissolve over time. This is
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consistent with the high contents of ether species (-CO-) on the
surface, which is notably elevated compared to SEI layers formed
during intercalation of Li* into graphite.l'2*] Their solubility
is generally higher in the electrolyte, and therefore gel-like lay-
ers are more likely. As a result, the SEI layer could be more per-
meable to electrolyte components and thus promoting recurrent
irreversible reactions, resulting in low coulombic efficiency.

Our results are in good agreement with previous XPS/PES
studies on graphite/K half cells investigated under OCV stor-
age conditions!'125] or over the first few cycles.[#11] Specifically,
the high organic contents of the SEI layers in half cell configu-
rations and the rapid surface layer growth are markedly differ-
ent characteristics to corresponding Li-systems. Particularly the
low contents of fluorides could play a role in the poorer pas-
sivation properties.l'!l These studies highlighted that thick SEI
layers form after only one galvanostatic cycle.’] Notable surface
changes are also rapidly observed under OCV storage (even prior
to any cycling) over just a couple of days.!'?l The formation of con-
siderable amounts of -CO- species is a central difference to the
SEI layers in LIBs. -CO- species include not only ethers but also
alkoxides (ROK), which originate from the concerted degrada-
tion of ethylene carbonate (EC) and linear dialkyl carbonates (e.g.,
DEC) and are formed in the presence of any alkali metal.[12:1>46-48]
Their rate of formation is strongly dependent on the alkali and is
greatly accelerated in case of potassium.[" The ethylene bis(alkyl
dicarbonate) formation is a source for continued degradation re-
actions by repeated nucleophilic attacks of alkoxides, generating
oligomeric products and more alkoxides amongst others, as pre-
viously reported by Gachot et al. for both Li*’! and K cells.[*’]
Another possible pathway is the autocatalytic degradation of car-
bonates by fluorophosphates (from the hydrolysis of PF,~).[0>1
However, the P2p and F1s spectra in this study suggest that their
formation is considerably less than in SEI layers of Li-containing
electrolytes (see below).

3.2. Graphite SEI (Full Cells)

Samples from full cells showed the more intuitive behavior of a
gradually growing SEI. After the first cycle a prominent graphite
peak could still be observed even at the lowest probing depth,
highlighting the fact that the SEI formed in the full cell environ-
ment is considerably thinner. Higher porosity and a more hetero-
geneous SEI density could also play a role, since the deposition
process and the type of degradation products formed are likely
affected by the limited charge carrier inventory and a rapidly de-
creasing depth of charge/discharge (i.e., a less reducing environ-
ment). The -CO- content is initially lower in the surface layer
but builds up as ageing progresses. Similarly, organic fluorinated
species also appear to accumulate only gradually in the surface
layer, which is in stark contrast to the elemental distribution in
half cells. In agreement with our previous study,!'!! the LiF con-
tent in Li half cells was as high as 10 at.%, while the correspond-
ing K-cells showed only low KF contents of a few at.% (after ini-
tial SEI formation). From the elemental distribution (Figure 5), it
can be stated that the relative peak intensities in the F1s spectra
show that the KF content and in fact the fluorine content overall
remain minor components in surface layers of full cells. The P2p
spectra are in good agreement with this finding, suggesting that
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electrolyte salt degradation, the source of fluoride formation, oc-
curs at a low level. This is particularly true when compared to the
corresponding spectra obtained in Li cells.['1?%] The low tendency
for salt degradation and KF formation, together with the overall
thinner surface layer, is also reflected in lower relative K contents
(Figure 5).

Recent PES results on KIB full cell configurations, i.e.,
graphite/KVPO,F, O, s cells®?l and graphite/K,Mn[Fe(CN)]"*’
further highlight considerably thinner SEI layers and low K-salt
contents, which is indicated in the relative peak intensities be-
tween characteristic SEI signals and the K2p doublet. Our find-
ings confirm these previous general trends, particularly in terms
of low KF contents that appear to play an important role in the
passivation quality of the surface layer. These differences become
most apparent when comparing the SEI layer composition to
LIBs, like graphite/LiFePO, full cells, that displayed carbon con-
tents of less than 25% and LiF making up more than 60%/2! after
9 cycles. Beyond the comparison to SEI characteristics found in
half cells, our study contributed with additional information on
the initial SEI layer formation (after 1 cycle) and allowed us to
establish compositional changes to cycle-aged electrodes.

3.3. KFF Surface Layer (Full Cell)

The spectra of the KFF electrode were only briefly discussed, as
the main focus was placed on development of the SEI layer for-
mation and evolution on graphite. A detailed surface analysis is
provided in the Supporting Information (Figures S7-S9, Sup-
porting Information). Briefly, our analysis showed a high level
of complexity in the photoemission spectra due to the strong
overlap of different components in the C1s spectra. For instance,
the contribution of hydrocarbon species (-CH-) from electrolyte
degradation reactions is no distinct feature in the C1s spectrum
and contributes to the peak intensities of the C=N and carbon
black signals around 285.3 eV. However, its contribution can be
seen indirectly in the comparison between electrodes analyzed
after one and 30 cycles. The attenuation of the bulk carbon black
signal is an indication of a comparatively slow but gradual in-
crease of a surface layer. The practical capacity of KFF was ac-
cessed fully on the first cycle, but a large fraction of the charge
carrier inventory was lost to side reactions on the first cycle (see
voltage profiles, Figure 1D). Despite this considerable loss of K-
ions over justa few cycles, there were comparatively little changes
observed at the electrode surfaces of samples stopped after the
first and the 30" cycle, respectively.

3.4. Summary

This study bridges the gap between previous PES analyses ad-
dressing the initial SEI formation and those addressing aged elec-
trodes from longer cycling intervals, by investigating SEI char-
acteristics of graphite electrodes from both ageing time scales.
Because of different material choices and ageing conditions in
previous studies direct comparisons of PES results are chal-
lenging. This issue was addressed herein by preparing half and
full cell samples from the same materials and under the same
testing conditions, thus allowing a most direct comparison be-
tween the two cell configurations. Our findings relate not only
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to configuration-dependent changes in surface layer composi-
tion and thickness but also shed light on the further SEI evolu-
tion over prolonged cycling. This is reflected in the comparison
of the SEI layer properties after two different charge through-
puts, where a significant SEI dissolution was observed between
the 1% and 10" cycle on graphite electrodes from half cells,
whereas the SEI formed on graphite in full cells showed a con-
tinuous growth from the 1% to the 30" cycle. SEI layers on
graphite surfaces from full cells turned out to be significantly
thinner than corresponding surfaces from half cells. This ob-
servation is in agreement with a recent studies by Larhrib et
al. (graphite/KVPO,F, O, ),[??! and in stark contrast to the SEI
layer properties of the half cells shown herein and to a previous
PES study by Naylor et al.l®l (SEI layer changes during the first
formation cycle). The underlying cause for both observations is
the extensive electrolyte degradation of carbonate-based solvent
mixtures comprising of EC and a linear carbonate at the K-metal
electrode and associated crosstalk processes induced by a critical
accumulation of degraded species with high solubility in the sol-
vent/electrolyte mixture. The soluble degradation products travel
and deposit on other cell components, including the WE.I1415]
Therefore, the SEI composition observed in half cells is likely to
include a considerable proportion of surface deposits originating
from the K-metal counter electrode, as confirmed in storage tests
in several studies.l"'"13] Ultimately, the change in surface proper-
ties in different cell configurations may challenge what reliable
information can be obtained from half cell testing.

3.5. Limitations

In this study we used the most commonly used carbonate-
based electrolyte formulation, i.e., KPF; in EC:DEC, according
to Hosaka and Komaba.[!%! Based on previous findings, similar
results are expected for other carbonate-based solvent combina-
tions, e.g. EC:DMC or EC:EMC, where analogue soluble degra-
dation products were found to accumulate in the electrolyte in
contact with potassium metal.'*1] In recent years, more diversi-
fication into other solvent classes is seen, for instance electrolyte
mixtures based on trietyl phosphate (TEP) in combination with
high concentrations of KFSI,[5253] which consequently shows dif-
ferent passivation and degradation behaviors and mechanisms.
PES is an ex situ method and as pointed out in the experimental
section, electrodes are washed with DMC prior to analysis. In-
evitably, low-molecular degradation products are likely removed
in this process from pores or the surface. The surface that is ob-
served with PES hence includes the insoluble fraction of the SEIL.
Additional microscopy and spectroscopy techniques can there-
fore contribute to a more holistic picture of the SEI layer proper-
ties over various length scales.l*!

4, Conclusion

With this study, we aimed to highlight the differences between
surface layers formed on graphite electrodes in half cell and full
cell K-ion configurations. In the KIB field the necessity of de-
tailed knowledge of the sensible influencing factors in different
cell configurations, as well as good judgement on their respective
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limitations, appears to be strongly amplified in comparison to
more “forgiving” Li-based setups. The SEI layers that are formed
on graphite electrodes in either half or full cell configurations dis-
play notable discrepancy with respect to chemical composition,
thickness and in their ageing behavior. Hence, data from half
cell samples might be misleading, if a thicker SEI layer is the
result of pronounced crosstalk of degradation products formed
at the potassium metal counter electrode. Their deposition and
subsequent reaction at the working electrode led to altered chem-
ical compositions that reflect the SEI composition of a full cell
only poorly. Moreover, faster capacity fade and shallower depth
of charge in a full cell might complicate a comparison by cells
stopped after the same number of cycles and (cumulative) charge
throughput might become a fairer basis of comparison. Although
more material testing in full cell configurations would be desir-
able, there are additional issues associated with full cell experi-
ments, starting from a reliable, ideally commercial, material ba-
sis (material availability gap) to produce reproducible electrode
coatings and defined loadings.l>!

In the light of recent diversification in electrolyte
formulations,[*>°¢%8] there are ample opportunities for in-depth
studies on SEI evolution in other solvents and salts, e.g. ethers
in combination of TFSI- or FSI-based salts.>! Furthermore, our
results motivate to revisit and critically challenge established test
procedures for half cell configurations. This includes the value of
rate-capability tests of electrodes that grow much thicker surface
layers in half cells than in full cells. Another example are elec-
trolyte (additive) screenings and related mechanistic studies, due
to extensive reactions at the K-metal counter electrode and the
resulting interferences of these reaction products at the working
electrode through deposition and successive reactions.[*]

In a broader context, the analysis of cell setups made from
standard materials (e.g., carbonate-based electrolyte mixtures)
promote the comparability of results between different cell
chemistries and thus make an impact in identifying underly-
ing chemical trends, for example the reactivity series amongst
the alkali metals in organic electrolytes®!] or the solubility of al-
kali metal salts and their role in the formation of protective SEI
layers.[62]

5. Experimental Section

Materials:  All materials were used as received, unless stated differ-
ently. Potassium metal (in ampules; Alfa Aesar, 99.95% trance metal ba-
sis) opened and stored in an Ar-filled glovebox (MBraun, H,O < 0.1 ppm,
0O, < 0.1 ppm). C-NERGY KS15L graphite (d90 = 17.2 pym; BET =
20m? g~') and SUPER C65 carbon black was kindly provided by Imerys
Graphite & Carbon. FeSO, » 7 H,O (ACS reagent, >99.0%), K,Fe(CN)g
3 H,0 (>98.5%), poly(vinylpyrrolidone) (PVP, M,, = 40 kg mol~") and
sodium citrate tribasic dehydrate (>99.5%) for the prussian white synthe-
sis, sodium carboxymethyl cellulose (CMC-Na) and polyacrylic acid (PAA,
M, = 1.250 kg mol~) binder, potassium hexafluorophosphate (KPF¢, ACS
reagent, >99.0%) and N-methyl pyrrolidone (ACS reagent, >99.0%) were
purchased from Merck. Ethylene carbonate (EC, >99.0%) and diethyl car-
bonate (DEC, >99.0%) were acquired from BASF. Poly(vinylidene diflu-
oride) (PVdF, Kynar HSV900, Arkema) was obtained from Arkema. Coin
cells from steel-grade SUS316L and SUS304 were purchased from Hosen
and MT], respectively. Whatman glassfiber separators (GF/D) and Celgard
2325 trilayer microporous membranes (PP/PE/PP) were cut into discs of
16 mm in diameter. In addition, glassfiber separators were dried at 120 °C
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overnight under vacuum and transferred directly without air exposure into
an Ar-filled glovebox.

Synthesis K,Fe[Fe(CN)¢] (KFF): Potassium iron hexacyanoferrate
(K, Fe[Fe(CN)g], KFF) was prepared by a co-precipitation method from
an aqueous solution of FeSO, and K,Fe(CN)s, yielding a chemical com-
position of K; goFe[Fe(CN)g]x1.0H,O (from thermogravimetric analysis
and inductive coupled plasma optical emission spectroscopy) as reported
previously.[463:64]

Electrode Preparation: ~ Slurry preparations were conducted under am-
bient conditions. Slurries were prepared using a planetary mixer (Thinky,
ARV-310P). The binder solutions for the positive electrode was prepared
prior to slurry preparation, a 10 wt.% PVdF solution in NMP. The solution
was stirred at room temperature overnight to allow the polymers to dis-
solve. The resulting electrode coatings were dried under reduced pressure
in a glass oven (Biichi, Switzerland) to enable sample transfer without fur-
ther air exposure after the drying step.

KFF Electrode Preparation: Electrode slurries were prepared containing
180 mg of KFF, 90.0 mg of carbon black (CB), 30.0 mg of PVdF, (over-
all electrode composition 80:10:10 ratio by mass, wt.%). Electrode coat-
ings were produced by doctor blading and dried subsequently in a vented
temperature chamber at 60 °C overnight to remove NMP. The electrode
sheets were cut into discs with a diameter of 16 mm and a mass loading
of ~1 mg cm™2. The electrode discs were then dried at 110 °C for 12 h
under vacuum (1073 mbar) and transferred to an Ar-filled glovebox.

Graphite Electrode Preparation: Graphite electrodes comprised of
95 wt.% KST15L graphite, Super C65, and a CMC-Na:PAA binder mixture
in a weight ratio 95:1:2:2. The binder solution was prepared by dissolving
20 mg of CMC-Na and 20 mg of PAA in 2 mL deionized water using a
Thinky Mixer (200 rpm for 5-10 min). Then 20 mg of Super C65 powder
was added and mixed to a slurry for 5 min at 2000 rpm. A total of 1.9 g
KS15L was added in two batches to the slurry and after each addition the
suspension was mixed for another 5 min at 2000 rpm. More deionized wa-
ter was added as necessary to achieve a suitable viscosity for coating (ca.
4.5 mL H,O in total). The slurry was coated on copper foil (Goodfellow,
0.01 mm, 99,9%) with a doctor blade with a small slit size (d = 60-80 um;,
i.e., d > KS15L particle size) to produce thin electrodes to match the KFF
electrode loadings. The electrode coating was dried overnight under am-
bient conditions. Then, electrode discs were cut in a diameter of 14 mm,
dried under vacuum at 120 °C for 12 h and introduced into an Ar-filled
glovebox without air exposure.

Electrolyte Preparation:  The choice of electrolyte followed this previous
studies where graphite/K half cells showed the best capacity retention in
an EC:DEC solvent mixture.l" Mixtures containing propylene carbon-
ate (PC) could not be used due to the incompatibility with graphite, al-
though their anodic stability would be preferable. According to Hosaka and
Komaba, 3] the EC:DEC-based electrolyte mixtures were the most widely
used solvent in over 50% of all studies (based on 223 studies analyzed),
which makes this electrolyte composition representative for a large num-
ber of studies. The electrolyte was 0.75 M KPFg dissolved in a mixture of
EC:DEC (v/v = 1:1). The solution was stirred overnight in the glovebox to
dissolve the electrolyte salt.

Cell assembly and testing:  Cell cycling was performed either on a VMP-
300 or a BCS battery cycler (both Biologic, France).

Graphite/K Half Cell Assembly: Coin cells with SUS304 steel-grade were
used in this setup. For preparation of the potassium counter-reference
electrode a piece of potassium was applied on a coin cell spacer and dis-
tributed homogenously with a ceramic knife and spatula. Each cell con-
tained one Whatman and one Celgard separator, with the latter facing the
graphite working electrode. The separators were soaked in 150 pL elec-
trolyte and then sealed in a coin cell crimper.

The cells were cycled galvanostatically using a constant current (CC)-
constant potential (CP) cycling protocol. For the first two cycles a rate of
C/20 (1C =279 mAh g=" (KCg)) was applied between the potential limits
of 0.025 V and 1.20 V versus K* /K. The cut-off condition during the CP-
step was a limiting current of C/40 (half the current of the CC-step). On
the following cycles the cycling rate was increased to C/10 and the limiting
current in the CP-step was increased to an equivalent of C/20. One cell
was only cycled for one cycle at C/20 and stopped after reaching the upper
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cut-off limit. The second cell continued to the tenth cycle, ending in the
discharged state (deintercalated graphite).

Graphite/KFF Full Cell Assembly: It was paramount in this setup to use
coin cells with SUS316L steel, for its higher corrosion resistance.l?*l The
graphite electrode, a Celgard/Whatman/Celgard separator stack and the
KFF electrode were stacked on top of each other (N/P ratio ~ 1.00-1.30),
so that both electrodes faced a Celgard separator (to avoid contaminations
from glassfibers). The separators were wetted with 150 uL electrolyte and
then sealed in a coin cell crimper.

Galvanostatic cycling of graphite/KFF full cells was carried out similar
to the half cell tests with a constant current (CC)-constant potential (CP)
cycling protocol. On the initial two cycles a rate of C/20 (1C = 279 mAh
g~ (KCq)) was applied between the voltage limits of 2.0 V and 4.15 V. The
cut-off condition during the CP-step was a limiting current of C/40 (half
the current of the CC-step). One cell was stopped after the first cycle after
the lower cut-off limit was reached. For the cell that continued beyond the
first cycle (to the 30t cycle) the cycling rate was increased to C/10 start-
ing from the 3 cycle. The limiting current in the CP-step was increased
accordingly to an equivalent of C/20. The cell capacity was referred to the
KFF active material mass (KFF reached a practical discharge capacity of
Q(KFF) ischarge = 120 mAh g1 after the first cycle, as determined in this
previous study[*).

Data Processing: The galvanostatic cycling data was exported to TXT
file extension using the EC-Lab software (V11.27) and further processed
using the in-house developed «bat2dat» R package that was available on
github.1%8] Reported full cell capacities refer to the active material mass of
the positive electrode.

Photoelectron spectroscopy (PES): PES was a highly surface-sensitive
technique, probes the element-specific chemical environments of surface
SEl species. Non-destructive PES depth profiling was carried out ex situ
on cycled electrodes extracted from coin cells at three different photon
energies (1487, 2150, 6450 eV) from in-house measurements and hard
X-ray radiation at the BESSY Il synchrotron facility in Berlin.

PES Depth Profiling Approach: In-depth probing of the SEI layer with PES
requires variable excitation energies to vary the probing depth. The probing
depth of in-house PES (i.e., X-ray photoelectron spectroscopy, XPS) with
common excitation energies from Al-K, (1486.6 eV) or Mg-K,, (1253.6 eV)
X-ray sources was restricted to less than 10 nm,343%] which often was
insufficient to probe through the entire SEI layer, the thickness of which
can reach tens of nm.I%] The probing depth was a function of the inelas-
tic mean free path (IMFP) of the generated photoelectrons and thus of
their kinetic energy.l®8] As a result, the probing depth increases with in-
creasing the energy of photons used to excite photoelectrons from a spe-
cific orbital. Therefore, variation of the excitation energy was a means to
perform non-destructive depth profiling of the electrode surface. The syn-
chrotron radiation allows for varying and selecting the excitation energies
over a wide range, e.g. at the KMC-1 beamlinel®®! at BESSY Il between
2 keV to up to 10 keV, which was also equipped with High Kinetic Energy
electron analyzer installed at the HIKE end station.[”l Compared to sput-
ter depth profiling (e.g., Ar+ sputtering/etching) the surface layer remains
intact, which removes the risk of generating sputter-induced degrada-
tion products.13>7% Different etching rates of organic and generally more
dense inorganic compounds can differ greatly (e.g., between potassium
salts and many carbon species), thus generating rough surface topolo-
gies dominated by inorganic material. Unlike depth profiling with differ-
ent photon energies, ion etching thus bears a high risk of altering the SEI
stoichiometry.

Sample Preparation & Transfer: Cycled samples were collected after cell
disassembly shortly after cycling stopped. In parallel, one cell of each
configuration was put aside directly after assembly (without cycling) and
stored at open circuit voltage (OCV) in the glovebox, so that the storage
time matched the cycling time of the 10 and 30 cycles aged cells, respec-
tively (“OCV samples”). The electrodes were then rinsed with DMC before
they were cut into smaller pieces to fit the sample holders. In-house sam-
ples were mounted on the sample holder inside an Ar-filled glovebox and
then transferred under inert gas conditions to the spectrometer. Measure-
ments were conducted without charge neutralization. Synchrotron sam-
ples were fixed in plastic containers and then vacuum sealed (inside two
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pouch bags) for transport. The sample bags were then opened in a Ar-filled
glovebox located at BESSY, placed on the sample holders and mounted in
the transfer chamber. The transfer chamber was then evacuated and at-
tached to the load-lock of HIKE without air exposure.

General: The binding energy (BE) range of Cls spectra was extended to
310 eV, to include the K2p lines in the region between 290-300 eV. To as-
sess possible beam-induced irradiation effects, F1s and P2p spectra were
collected first. In addition, another F1s and Cls spectrum were recorded
at the end of a measurement set.

In-House PES: X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Thermo Scientific K-alpha spectrometer using
monochromatized Al Ka radiation (1486.6 eV, 400 um spot size). Photoe-
mission spectra were recorded with a concentric hemispherical analyzer
at a pass energy of 50 eV.

Hard X-ray Photoelectron Spectroscopy (HAXPES): Graphite and KFF
electrodes were examined by hard X-ray radiation (2150 eV & 6450 eV (3™
order) excitation energy) at the high kinetic energy electron (HIKE) spec-
trometer endstation located at BESSY II’'s KMC-1 beamline at HZB.[7°!
Spectra were collected with a Scienta R4000 analyzer and a pass energy
of 200 eV. At the higher photon energy, measurement of the K1s and P1s
core levels was conducted rather than the K2s and P2p core levels, due
to the poor photoionization cross-section of the latter at this excitation
energy.[67]

Data Analysis: Spectra of graphite electrodes were referenced to the C
1s peak (C-C/C-H) at 285.0 eV binding energy. For KFF electrode the F1s
line at 688.1 eV of PVdF (-CH,-CF,-) was used for referencing. Analysis
of in-house data was performed with Avantage (software version 5.9904,
Thermo Scientific). The fitted data was then exported to IGOR Pro (v6.37,
WaveMaterics Inc.) for data curation and plotting. Synchrotron data was
directly imported to IGOR Pro. The dimension of the spectra was reduced
from 2D to 1D by collapsing the data along the kinetic energy axis. A Shirley
background function was used during data processing. The spectra were
fitted with Voigt profiles (Lorentzian contribution of 20%). The asymmetry
in the graphite peak shape was fitted with an decaying exponential tail.l”"]
Quantification was performed for spectra recorded at 1487 eV and 2150 eV.
For the in-house spectra (1487 eV), the instrument specific sensitivity fac-
tors were obtained during fitting in Avantage. Relative sensitivity factors for
the synchrotron data were determined following the method detailed in
ref. [65] and were reported in Table S1 (Supporting Information): The
normalized peak areas for each spectral component, A(i),q,m Were then
obtained from the respective fitted peak area A(i) and the product of
IMPF,[7273] core level cross-sections (CS) from refl3374] (under consider-
ation of the measurement geometry) and the transmission function (TF)
of HIKE at the respective kinetic energies equation 1,

A (i)

Ao = ESTmPFTF

M

The quantification in Avantage (in-house data), also used an kinetic
energy dependent correction factor (energy compensation factor, EC pro-
vided in Avantage) for the depth-dependent inelastic scattering of photo-
electrons in a homogenous layer (adjusted escape depth), as follows

\ A (i)

A =—— 2
Ooorm = &5 77 £C @
The atomic concentration, [i] (at.%), was calculated as (equation 3),

A norm
[1= =——— -100% 3
2 A norm ©)
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