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ABSTRACT

Electrolyte development for potassium-ion batteries (KIBs) pose great challenges due to the high intrinsic reactivity of the K-ion
system as well as the desired high-voltage application of KIBs, which often trigger strong decomposition of the electrolyte at the
electrode interfaces. A common approach to tailor the electrolyte’s properties is the use of cosolvents and additives. While their role

in lithium- and sodium-based systems is progressively elucidated and even become established as standard cell components, the

impact in KIBs still demands for a fundamental investigation. In this study, a comparative analysis of K-ion full cells based on a

potassium vanadium phosphate cathode (KVP/C) and a graphite anode employing several electrolyte formulations was carried out

to shed light on the complex interrelations of cyclability and the use of prevalent electrolyte additives. Thereby, vinylene carbonate
(VC) was determined as most promising additive for next-generation high-voltage KIBs.

1 | Introduction

The development of potassium-ion batteries (KIBs) strongly
benefits and builds upon the advances in other monovalent cell
chemistries, lithium and sodium. For instance, graphite is a
convenient active material for negative electrodes with a low
average redox potential (~0.2-0.3V vs. K*/K) and a theoretical
capacity of 279 mAh g™ [1-5]. Major challenges include poorly
stable solid electrolyte interphase (SEI) layers and the mechano-
chemistry of the potassium intercalation into graphite with a
volume expansion of ca. 60% [1, 2, 6], which leads to recurrent
electrolyte degradation and SEI reformation at the negative
electrode. The choice for suitable positive electrode materials
focuses currently on either Prussian blue analogs (PBAs) or
polyanionic compounds [7-14]. To date, a large fraction of
KIB full-cell development has been centered on PBA/graph-
ite systems, which have emerged as the most widely studied

cell configuration in the field [15-17]. Within the pool of dif-
ferent polyanionic materials, vanadium-based polyphosphates
have gained growing interest in the community. Previously
reported derivatives include KVPO,F [18], KVOPO, [15], or
KVPO,F, 50,5 (KVPFO) [14] that enable average cell voltages
around 4.0V versus K*/K graphite-based full-cell configura-
tions. Limitations of the material class include, for example,
low intrinsic electronic conductivities that have to be addressed
by carbon coatings, electrolyte degradation at high positive
potentials, and lower theoretical capacities in the range from 55
to 95mAh g™ compared to Fe/Mn-based PBAs.

K;V,(PO,); (KVP) features another promising cathode material
which offers a fluorine-free and easy producible active compound
[19, 20]. With this background, our group recently presented a
scalable synthesis approach to produce microstructured KVP/C
composites, as an important step toward more standardized
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material, electrode, and cell tests in lab- or pilot-scale environ-
ments [21].

Based on a meta study by Hosaka and Komaba in 2022 [22],
carbonate-based electrolytes, in particular mixtures of ethylene
carbonate (EC) with propylene carbonate (PC), diethyl carbo-
nate (DEC), or dimethyl carbonate (DMC), and KPF, as conduc-
tive salts are still the most commonly used. In combination
with graphite electrodes, these formulations are still among
the electrolytes providing the best trade-off in terms of SEI
formation (passivation) and electrochemical properties [23-25].
Out of the electrolyte additives that were previously suggested,
1,3,2-dioxathiolane 2,2-dioxide (DTD) [26, 27], fluoroethylene
carbonate (FEC) [28, 29], and vinylene carbonate (VC) [30, 31]
are the most commonly used additives in combination with
carbonate-based electrolytes (list not extensive). Despite their
positive impact for both negative and positive electrodes, many
of the reported results were obtained from half cell experiments
(i.e., against a potassium metal counter electrode), which raises
the question, how much of the improvement is actually assigned
to more effect passivation of the potassium metal electrode.
Hosaka et al. [26] demonstrated, for example, that DTD sup-
presses the detrimental formation of bis(alkyl carbonates) in
EC/(linear carbonate) solvent mixtures in contact with potas-
sium metal. However, in full cell configurations with a graphite
negative electrode, DTD can be detrimental to the overall elec-
trochemical process [26, 27]. Based on our own results, the
SEI properties are therefore substantially different for samples
prepared in half cells as compared to those prepared in full cells
[4]. These differences become most apparent when compared
to corresponding lithium systems [3]. For this reason, it is
paramount to crosscheck promising electrolyte formulations
in full cell setups, ideally with standardized materials to act
as reference for performance indicators. This approach was
outlined previously, for example, by Larhrib et al. for a graphite/
KVPFO [32].

Herein, we present a comprehensive study on the impact of
carbonate-based electrolyte formulations on the electrochemi-
cal characteristics of KVP/graphite K-ion full cells. Our study
includes two commonly used carbonate mixtures, EC/PC and
EC/DEC, the electrolytes additives FEC and VC. The early
stages of SEI formation and aging were investigated by a
complementary analytical approach with a strong focus on
the graphite electrode as a main source of loss of charge
inventory and degradation processes. Our study employed
X-ray photoelectron spectroscopy (XPS), surface-sensitive infor-
mation, (cross section) scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDX) for morpho-
logical changes and elemental distribution, as well as gas chro-
matography/mass spectrometry (GC/MS) to quantify soluble
electrolyte degradation products. This work illustrates in a
comprehensive manner how electrolyte mixtures of EC/PC in
combination with the electrolyte additive VC improves the
SEI properties and thus reduces irreversible losses in the full
cell setup, which enabled balanced full cell configurations
that run at a capacity retention of 60% for over 200 cycles.
Our results provide key lessons in designing K-ion batteries
based on polyanionic positive electrode materials and valuable
insights in system parameters that lay a basis for the transfer to
larger cell formats.

2 | Results and Discussion

This study is structured in two parts: In the first section, graph-
ite/KVP full cells are introduced as lab-scale benchmark to
test different carbonate-based electrolyte formulations. The test
matrix comprises two base solvent mixtures, EC/PC and EC/DEC
and either FEC or VC as additives, respectively (for structural
formulas, see Figure 1). The selection of electrolyte formulations
is well motivated by a large fraction of recent works that employ
EC-based electrolyte mixtures, as demonstrated, for example,
in a meta study performed by Hosaka and Komaba [22]. We
stress explicitly that none of the electrodes was preconditioned
in any way prior to cell assembly. From a practical point-of-view
strategies, such as precycling electrodes to mask initial losses
of the charge carrier inventory is not a viable approach and
hence avoided herein deliberately. The second section studies
SEI formation and electrolyte degradation in the early stages of
cycling (first 10 cycles) that determine the cycle life of the cell to
a significant degree.

2.1 | Long-Term Cycling of Potassium Vanadium
Phosphate/Graphite Potassium-Ion Batteries

The KVP/graphite cells were galvanostatically cycled at cur-
rent rate of C/20 (1Cgeoreiica=106mAhg™) within the volt-
age limits of 2.0-4.4V, until their capacity retention dropped
below the threshold of <50%. The voltage limits were derived
from previous work on related cell system [21, 27]. Multiple
cells containing identical electrolyte samples were subjected
to repeated cycling to assess reproducibility, as shown in
Figure S2. In Figure 2, the cycling results of four formula-
tions are shown, including the two basic electrolyte formula-
tions without additives (further denoted as EC/PC and EC/
DEC), as well as formulations comprising EC/PC+2vol.%
FEC and EC/PC+1vol.% VC (further denoted as FEC-2 and
VC-1). Additional cycling data of other electrolyte composi-
tions are provided in the Supporting Information (Figure S1).
For this study, FEC contents between 0.5 and 2vol.%, and
VC contents between 0.5-5.0vol.% were tested. The additive
amounts correspond to established concentration windows used
in graphite-based Li-ion batteries [33-35]. In the comparison
in Figure 2, the sample with 1vol.% VC and 2vol.% FEC was
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FIGURE1 | Structural formulas of the organic (co)solvents and addi-
tives used in the different electrolyte formulations.
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Electrochemical performance of tested cells. (a) Discharge capacities over long cycle of the full cells with different electrolytes.

(b) Coulombic efficiency of the same cells. Cells were cycled for a minimum of 100 cycles or until a capacity loss of 50%.

used. The latter induced faster cell deterioration with increasing
FEC amount, all of which performed poorer than the FEC-free
case (further discussed below). Therefore, for the XPS analysis
below, the 2vol.% FEC electrolyte was expected to show more
pronounced interphase-related signatures and distinct degrada-
tion products, which motivated its choice in this comparison over
formulations with lower additive content. For VC, an optimum
appears to be reached at a concentration of around 1vol.%.

The graphite active material in this work allows the use of EC/PC
without any marked exfoliation, which is presumably due to a
functional surface coating (the proprietary carbon surface coating
according to manufacturer information). The KVP/graphite cells
reached first cycle capacities between 50 and 56 mAhg™". The
average discharge voltage was 3.6 +0.3V at a specific capacity of
45+10mAhg™" after the first two formation cycles. The initial
capacities for the four samples herein are thus similar to the values
determined in our previous work on KVP/C against metallic
potassium [21]. The highest initial CE was observed for the VC-1
formulation with 62.7%. Considering this rather low CE, it is sur-
prising that the cell maintained a capacity retention of more than
60% over more than 200 cycles. This result is an indication that
the loss of active charge carrier inventory which is lower than the
degree of parasitic reactions derived from the C.E. would suggest
(see Discussion Section). The 80% capacity retention threshold
was reached for both EC/PC and VC-1 electrolyte formulations
after around 60 and 80 cycles, respectively. Without VC, the
degradation was more substantial, while with VC, a notable knee
pointin the capacity retention marks the onset of accelerated deg-
radation. A synopsis of the key parametersis shown in Table 1. The
cells were assembled with an initial oversized cathode, yielding

N/P <1, in order to account for irreversible K-ion losses from
SEI formation and parasitic reactions, as indicated by the low
Coulombic efficiencies during the first cycles. The cumulative
loss of cyclable potassium effectively shifts the electrode balanc-
ing toward higher N/P ratios. This evolution is reflected in
the voltage profiles and dQ/dV analysis, where a progressive
suppression and truncation of high-voltage cathode features is
observed. Such behavior is consistent with a transition from
initially anode-limited operation to increasingly cathode-limited
behavior upon cycling.

2.1.1 | Voltage Profiles

The voltage profiles, shown in Figure 3a, are plotted for selected
cycles from the 1% up to the 300™ cycle for each electrolyte system.
The first charge sequence shows that in EC/PC-based electrolytes,
specific capacities of between 70 and 85mAhg™" are reached,
whereas in the EC/DEC electrolyte, a considerably longer first
charge is observed that is likely related to the side reaction of EC
and DEC, and potentially degradation products thereof [27, 36].
Despite the large apparent electrolyte degradation, the first cycle
initial discharge capacity is about as high as the best performing
EC/PC mixture that contained 1vol.% VC. The KVP/graphite
cell in VC-1 delivered 56 mAhg™, while in electrolytes without
additives, the initial specific capacity on discharge was below
50mAhg™". The color gradients clearly demonstrate that the VC-1
sample outperformed other electrolyte composition in terms of
capacity retention (Figure 3a). More specifically, VC-1 performed
better because the cell showed significantly smaller increase in
overpotential and preserved characteristic features in the profile
over a considerably longer time (Figures 3 and S3). This becomes

TABLE1 | Summarized key parameters of the cycling data.
Cum.
irreversible
Initial discharge 80% retention CE after charge loss after

Electrolyte ~N/Pratio® capacity, mAhg™ reachedincycle’ Initial CE,% 100 cycles, % 100 cycles, %
EC/PC 0.89 44.6 66 55.1 98.8 27
VC-1 0.88 55.9 82 62.7 99.1 28
FEC-2 0.90 37.6 15 46.3 96.2 83
EC/DEC 0.91 48.9 27 40.4 98.3 57

“Calculated using the areal capacities of the electrodes.
®First value taken after 10 cycles preconditioning.
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FIGURE 3 | (a) Selected voltage profiles and corresponding (b) differential capacity plots of KVP/graphite full cells cycled in different electro-

lyte formulations.

most apparent in the comparison with other samples beyond
the 20™ cycle (see Figure S3). For instance, upon charge, the
charge processes show notably higher overpotentials, leading to
shorter charging sequences as the upper cutoff limit is reached
prematurely. Upon discharge, the upper voltage step from 4.0 to
about 3.7V fadesrapidly after the 10" cycle, and the voltage profile
straightens out to an almost linear voltage decrease over large
parts of the discharge sequence. The step can be assigned mostly
to the KVP electrode, as shown in the Supporting Information
(Figure S6a) for a KVP/K half cell (up-shift of the voltage step
200-300mV).

2.1.2 | Differential Capacity Analysis

To illustrate the changes in the voltage profiles over the first
100 cycles, the corresponding dQ/dV plots are also shown in
Figure 3 (second depiction in Figure S4). In this version of
the dQ/dV analysis, a Savitzky-Golay (SG) filter was applied.
Compared to a more basic moving average smoothing (e.g.,
Jeschull et al. [37]), the SG filter used a third-order polynomial fit
with a moving window size of 15 data points (e.g., Koning et al.
[38]) (see comparison in Figure S5). In Figure 3, this is reflected
by the largely flattened dQ/dV curves in later cycles (>50th cycle),
except for the VC-1 sample, which retains most of its profile over
the first 100 cycles. In dQ/dV plots of two-electrode full cells,
separating individual anode and cathode contributions is chal-
lenging without three-electrode data. Therefore, corresponding
data from graphite/K and KVP/K half cells are shown in Figure
S6 for better comparison. These data show that the dominant

dQ/dV features mainly originate from the KVP cathodes and
are associated with the sequential V**/V** and V**/V°* redox
processes, which lead to multiple redox steps in the upper voltage
region and corresponding dQ/dV peaks [19, 20].

From the first to the second charge cycle, a general peak shift can
be observed that is associated with changes in the cell resistance
such as the additional polarization from the formation of a
resistive SEI layer or changing contact resistances. SEI formation
causes characteristic voltage step(s) in the low-voltage region,
<3.5V, of the full cell (i.e., in the 0.5-1.5V region in the voltage
profile of the graphite/K half cell), leading to additional features
in the first cycle dQ/dV plots: for EC/PC at around 2.7V, for VC-1
at 3.2V, and for EC/DEC in the range 2.7-3.4V. Compared to a
moving average approach, the SG filter behaved insensitive to the
low-voltage region, even with small window size (see comparison
of VC-1 profiles in Figure S3). As indicated in the voltage profiles,
the onset of a first voltage step is seen already at about 2.5V for
EC/PC-based electrolytes and 200mV earlier for EC/DEC. The
distinct peak observed for the EC/PC-based electrolytes between
3.5 and 3.7V is a first-cycle feature of KVP, attributed to a small
voltage plateau that shrinks considerably in subsequent cycles.

For all electrolytes, a strong attenuation of peak amplitudes
with increasing cycle number is observed, indicating a loss of
K-ion inventory due to irreversible reactions. In addition, the
two peaks at around 3.9 and 4.0V gradually merge and shift to
higher voltage, while the high-voltage feature at 4.2V shifts in
the opposite direction, toward lower voltage. In general, such
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shifts toward higher potentials are assigned to increasing cell
resistances and a shifting voltage window in two-electrode full cell
configurations (voltage slippage). In a full-cell configuration, loss
of cyclable potassium effectively constrains the accessible voltage
window to K-lean KVP compositions in the high-voltage region,
which may manifest as a straightening of the voltage profile and
shifted dQ/dV peak positions. The discharge sequences are more
straightforward, with mainly two main features that decrease
in peak intensity and shift to lower potentials with increasing
number of cycles due to rising cell resistances. The VC-1 sample
that retains the profile shape best shows a continuous decrease
of these attributes, whereas changes in dQ/dV of other samples
occur more sudden.

2.2 | Electrolyte-Dependent Degradation
Mechanisms

In the following, a comprehensive degradation analysis is based
on samples that were cycle-aged in KVP/graphite cells up to 10
cycles in either of the four electrolytes introduced above. The
analysis includes GC/MS experiments, SEM cross sections of
graphite electrodes, and XPS analysis of the surface layers formed
on graphite electrodes. All samples were prepared and tested in
the same manner as presented above in the long-term study. The
cycling results over the first 10 cycles are in good agreement
with these earlier results, as summarized for the four samples in
Table S1.

2.2.1 | Gas Chromatography/Mass Spectrometry Analysis

To study the consumption of additives and the evolution of
soluble degradation products, the electrolytes were examined

a
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by GC/MS both in their pristine state and in the early stages
of SEI formation and growth, i.e., after the first charge, after
completion of the first cycle and after 10 cycles (discharged state).
The EC/PC and EC/DEC electrolyte systems in Figure 4 are shown
as representative examples. The EC/PC samples with additives
are shown in Figure S7. In the case of the EC/PC electrolyte,
almost no volatile degradation products were observed, except
for trace amounts of low-molecular-weight trialkyl phosphate
species (namely triethyl phosphate, TEP) detected at a retention
time of 13.06 min (see also Figures S9 and S10). This signal
was observed exclusively after the first formation cycle and was
absentin both the pristine electrolyte and the EC/DEC electrolyte.
The transient appearance of TEP was reproduced in several
independently prepared samples (Figure S10), confirming that it
represents a real intermediate rather than an analytical artifact.
Electrolytes containing FEC likewise showed no detectable TEP
(detection limit of TEP was about 50-100 ppm in the electrolyte),
whereas VC-containing electrolytes exhibited only very small,
residual TEP traces, consistent with the altered early-stage SEI
chemistry induced by VC (Figures S8-S10). Moreover, it was no
longer detected after subsequent cycles. To further confirm its
disappearance after the formation cycle, additional samples were
analyzed after two and five cycles (Figure S9). The appearance of
this species solely during the initial formation cycle therefore sug-
gests that it represents a short-lived intermediate associated with
interphase formation. It may be formed via reactions between
PF,~ decomposition products, originating from KPF, and solvent
decomposition products such as alkoxides that have formed in
the initial cycle and may subsequently be incorporated into the
interphase or rapidly consumed during further electrochemical
processes. To the best of our knowledge, such behavior was not
described before.
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FIGURE4 | GC/MS measurements from the electrolytes after cell disabling. The (a) EC/PC and the (b) EC/DEC electrolytes are shown as uncycled
electrolyte, after 0.5 cycles, after one cycle and after 10 cycles. Prior to the retention time of 5 min, only the argon peak and the dichloromethane solvent

were detected.
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In contrast, the degradation products formed in the EC/DEC
mixture are clearly evident, specifically the dicarbonate derivative
DEDD (diethyl 2,5-dioxahexanedioate) bridged by an ethyl chain,
the dicarbonate derivative DECE (di-(2-ethoxycarbonyloxyethyl)
ether) bridged by an ether group, and the ethyl ether-terminated
carbonate DECC (di-(2-ethoxycarbonyloxyethyl) carbonate).
Their formation has been observed in earlier studies in the
presence of potassium metal |39, 40].

While the analysis was qualitative, relative peak intensities of
the decomposition products clearly indicate an increase in their
concentration relative to the EC peak during the first cycle. The
samples cycled for 10 cycles did not show significantly higher
concentrations. When either FEC or VC was used in the EC/PC
solvent mixture, no soluble degradation products were found.
This suggests that electrolyte decomposition, if present, may
predominantly lead to nonvolatile or surface-bound species that
cannot be detected by GC/MS. In EC-based electrolyte mixtures,
DEC is considerably more susceptible to alkoxide-mediated trans-
esterification reactions than PC, which indicates a higher relative
stability of PC toward alkoxide-driven solvent degradation [40].

2.2.2 | Scanning Electron Microscopy

Intercalation of K-ions into graphite is known to cause drastic
mechanical stress on the material due to the large volume expan-
sion upon forming of the intercalated graphite phases [2, 41-43].
In addition, cointercalation of the solvent was often assigned to
cause rapid capacity fade as a consequence of internal decompo-
sition in the cointercalated stage [44, 45]. To further understand
the different behaviors of the four full-cell systems and the role
of the anode, graphite electrodes were extracted from the cells
after 10 cycles and cross-sectional/surface images were obtained
with SEM (Figure 5a-h). The cross-sectional images show an
inner porosity of the graphite particles with a partial open porosity
and pore lengths ranging from 2 to 6pum. A comparison with
the pristine material suggests that the pore dimensions remained
largely unchanged. The cross sections reveal charging effects as
a peripheral layer surrounding the particles, which are typically
attributed to a poor electronically conducting surface layer such as
the SEI. Because of the open porosity, electrolyte infiltration and
degradation of the particle interior is also occurring, leading to an
SEI coverage in the pores of the active material. The SEI morphol-
ogies appear individual to every electrolyte system with respect to

thickness and material distribution. The most notable difference
is seen between EC/PC mixtures and the EC/DEC electrolyte. The
latter showed a significantly thicker surface layer. In case of the
additive-free EC/PC electrolyte, particle-like features can be seen.
However, looking at the top surface image, these features seem to
originate more likely from bubbles that have formed in thermal
hot spots during the ion milling. Nonetheless, the electron micro-
graph suggests that the surface layer thickness in this case is still
notably higher than in case of electrolyte mixtures with additional
amounts of VC or FEC. Compared to the electrolytes without any
additives, the top surface images further indicate that VC formed
a smooth surface layer over the particles and even interconnected
them as can be seen in the contact areas between particles [46].
In case of FEC, small bright spots in the surface layer can be seen
in the top surface images, which could be assigned to residual
KPF, salt that remained after washing, as well as to salt and FEC
decomposition products such as KF, according to corresponding
EDX maps (Figure S14). Similarly, larger cubic deposits can be
seen on the particles surface in the electron micrographs of
the EC/DEC sample (Figure 5h) that could be assigned to NaF
by correlation with the EDX results (Figure S15). The Na-ion
likely originates from sodium carboxymethyl cellulose (CMC-Na)
binder. The observed variability in the formation of agglomerated
inorganic surface species across different electrolyte systems sug-
gests that the electrolyte composition, particularly the choice of
additive or cosolvent, governs the nucleation of inorganic material
at the graphite surface. Similar electrolyte-controlled nucleation
phenomena have previously been reported for lithium-based
systems [47, 48].

The findings of the SEM investigation indicate that the homoge-
neity of the surface layer as well as its thickness can be correlated
with the cycling behavior of the cells, whereby a thick and rough
surface layer seems to deteriorate the cyclability. Cross-sectional
analyses of the KVP/C cathodes are shown in Figure S16. The par-
ticles cycled in the different electrolytes exhibited no significant
differences in surface layer formation or morphology; therefore,
they are not discussed further.

2.2.3 | X-ray Photoelectron Spectroscopy

In order to reveal the composition of the surface layers in the
different electrolyte systems, XPS analysis of graphite and KVP/C
electrodes was carried out. Due to only marginal changes of

FIGURE 5 | SEM pictures and cross sections of graphite anodes after cycling for 10 cycles in (a,e) EC/PC, (b,f) VC-1, (c,g) FEC-2, and

(d,h) EC/DEC electrolytes.
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the CEI layers after charge and discharge, the spectra are only
briefly discussed herein and are shown in Figures S20 and S21.
C1s/K2p and O1s/V2p spectra of the graphite electrodes after
the first half- and full-cycle are shown in Figure 6a-d. In some
of the F1s and P2p spectra, noticeable BE shifts were observed
when comparing spectra with and without charge compensation.
For example, Figure S18 shows a shift of ~0.2eV in the Fls
spectrum of the initially charged graphite electrode. In this regard,
charge-compensated spectra were used for discussion herein.

2.2.3.1 | CI1s/K2p Core-Level Spectra. In the C1s/K2p region,
peaks are assigned to the sp’ graphite peak at ~283.3eV, the
hydrocarbon/adventitious carbon peak at 285eV (used for refer-
encing of all spectra), as well as oxidized carbon species attributed
to ~C-0O-/-C-OK (~286eV), -C=0 (~287.8¢eV), -(C=0)OR/
K,CO; (~288.8€eV), and organic carbonates (~289.9eV). In the
K2p region, inorganic K-species such as KF and K,COj; as well
as organic compounds like ROK show up as a broad 2ps,, peak
at~293.3eV. With VC as additive, additional peaks can be found
at~290.8eV, which can be assigned to poly(VC) [49,-51]. The
curve shape of the K2p region suggests the splitting of the
K-species [32], aseven broadening of the fitted peaks (for example,
suggested by Oswald et al. [52]) did not properly match the
measured data. Therefore, a second compound was fitted at
a 2p;;, peak position of~294.3eV, which may be assigned to
higher oxidized K-species (e.g., K,PO,F,). Inferring from the small
sp>-peak intensities of the bulk graphite signal, comparatively
thick SEI layers can be observed for the EC/PC-based electrolytes
at the end of the first charge already. After the first cycle, the
signal disappeared almost entirely. The behavior was slightly
different for the EC/DEC electrolyte, where the sp” peak remained
prominent after the first charge, indicating initially a thinner SEL
However, after completing the first cycle the sp> peak was barely
visible in the spectrum, similar to the other samples. Interestingly,
there is also a fundamental change in the SEI composition, when
comparing the relative peak ratios between the C1s species and

(@) cis/K2p (b)

O1s/V2p

the K2p doublet: Based on the peak areas of the hydrocarbon
(sp*-C) peak and K2p5, peaks, the graphite surface exhibits a high
surface content of potassium after the first charge in electrolytes
with EC/PC. After completing the first cycle, the hydrocarbon
peak increased significantly, indicating the deposition of more
organic compounds on the electrode surface, and thus a change
in the elemental distribution of the surface composition with a
decreasing potassium content. Furthermore, K-species become
more clearly visible in the K2p spectrum of the EC/PC-based
electrolytes. The EC/DEC electrolyte behaves differently, as the
relative peak intensities between hydrocarbon and K2p signal
remained similar between the two stages of aging. It is further
observed that the oxidized carbon species increase notably in
intensity. It should be stressed that the compositional change in
all samples occurs within the first cycle, while the SEI continues
to grow. Hence, while the absolute amount of potassium may
still increase during this time, its relative mass fraction in the
SEI decreases.

O1s-V2p core-level spectra. In the Ols spectra obtained after
a half- and full-cycle, mainly three peaks can be identified
which correspond to -C=0/-CO, (~531eV), -C-0O- (x532.6eV)
and -C-OK (x533.9eV) components. Conspicuously, for the
EC/DEC system, a peak doublet can be identified in the V2p
region (2ps, peak at~516.8eV) which most likely corresponds
to V** species, as similarly described by Larhrib et al. [32] for
the KVPOF system. This strongly suggests dissolution and subse-
quent migration of vanadium from the cathode to the opposite
electrode, which is also confirmed by EDX (see Figure S15h). The
loss of the redox-active species from the active cathode material
is likely a contributing factor to the rapid performance decay
observed for the EC/DEC system.

2.2.3.2 | FlandP2p Core-Level Spectra. The spectra of both core
levels are provided in the Supporting Information (Figure S17).
Most spectra show a (unreacted) PF6~ component at 687.0eV,

Cls/K2p (d) o1s/v2p
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FIGURE 6 | C1s/K2p and O1s/V2p XPS spectra of graphite anodes cycled in different electrolytes after initial (a,b) charge and (c,d) discharge.
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possibly as salt inclusions in the SEI or residues that were not
fully washed off the surface. KF is located at low BEs between
283.4 and 284.0eV. The BE of both components is in agreement
with previously reported values [3, 4, 53]. The corresponding PF
signal (138.0eV) in the P2p spectra can only be clearly seen for the
EC/DEC electrolyte and for EC/PC after a full charge-discharge
cycle. For EC/DEC and FEC-2 (discharge), a second P component
that is typically assigned to phosphate species, e.g., O =PF,(OR),,
isobserved at 134.0eV in the P2p and at around 685.0eV in the F1s
spectra. The F1s spectra suggest small amounts of this compound
also in the spectra of the charged state for VC-1 and EC/PC, that
are below the detection limit in the corresponding P2p spectra.
The F and P contents of surface layers formed in VC-1 appeared
particularly low after one cycle (based on XPS measurements on
different spots on the sample). Interestingly, in the spectrum of the
DEC system, a peak at 684.3eV indicates the formation of NaF,
which is further confirmed by the Nals spectrum (Figure S19),
and is also in agreement with the EDX findings discussed before
(Figure S15). After the first discharge, the formation of organic
fluoro-species (BE at 689.2eV) can be seen in the FEC-2, which
is commonly observed in carbonate-based electrolytes with FEC
[37, 54].

2.2.3.3 | Potassium Vanadium Phosphate Cathode Surface
Layer. The XPS spectra of the KVP/C electrodes after first charge
and discharge (Figures S20 and S21) do not show significant
changes, despite indicating a slight increase of salt over solvent
decomposition. It can also be observed that for EC/PC and VC-1
electrolytes, more K2p species formed on the surface.

XPS Quantification

2.2.3.4 | Elemental Distribution. Figure 7 depicts the changes
of surface species atomic concentrations (given in at.%) between
first charge and discharge of the graphite electrodes in the four
electrolytes (obtained from the ratio between the normalized
peak area/sum of normalized peak areas with the inclusion of
instrument-specific sensitivity factors). Based on previous results
[3], there is a high risk that the SEI layer thickness exceeds
the probing depth using in-house XPS (x~5-10nm). Because of
this limitation, the quantification may not refer to the entire
surface layer but only the topmost fraction, within the probing
volume. It can be seen that for all PC-containing electrolytes, the
total amount of the carbon species are virtually similar in the
first charge cycle, although with notable differences between the
individual components on SEI formed in EC/PC-based electro-
lytes. The fluorine and phosphorous core levels are comparatively
minor components in the surface layer formed on the graphite
electrodes, accounting for less than 7at.% F species and <1at.%
P species (Tables S2 and S3). Accordingly, the F1s and P2p
spectra are both weak signals by comparison. In fact, among the
charged samples, only EC/DEC shows a measurable P2p signal.
Furthermore, the fluorine content in the SEI formed in the VC-1
electrolyte, predominantly originating from KF formation in this
case, is about twice as high than for EC/PC formulation and
slightly higher than for the FEC-2 system. However, differences
in the degree of salt degradation and KPF; inclusions are negli-
gible after first charge. In contrast, the results suggest distinct
differences to the EC/DEC electrolyte, with not only notably lower
K-salt contents (and no KF) but also a larger organic fraction
(specifically hydrocarbon). The amount of detected vanadium
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FIGURE7 |

charge and discharge. Values are derived from peak fitting of core-level spectra.

Bar plots showing the evolution of surface species atomic concentrations on graphite electrodes cycled in different electrolytes after first
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species that were only found for the EC/DEC formulation is
about 1.8at.%.

Stronger variation between the four systems is observed after
discharge. While for the EC/PC and FC-2 formulations the
organic carbon/oxygen fractions are visually decreasing, it is
significantly increasing for the VC-1 formulation. Concurrently,
the inorganic fraction is reduced to an extend close to the
detectability threshold, while for the other two PC systems it
is increasing. Between the EC/PC and FEC-2 formulation, the
inorganic fraction differs in the amount of KF, which remains on
amoderate level for the EC/PC formulation while it is drastically
increased for the FEC-2 system. Similar trends in the three
systems are exclusively seen for the evolution of K2p species
which shows a general reduction of the concentrations. The
EC/DEC system also shows an increase of the organic carbon/
oxygen fraction and, albeit only marginal, increase of inorganic
fluorine species such as NaF/KF after discharge. In addition,
continuous dissolution of vanadium species is indicated by a
further increase of the concentrations to~3.5at.%.

A quantification was also performed after the 10" cycle and is
shown in Figure S24 (respective spectra are shown in Figures S22
and S23). The C1s spectrum indicates an increased contribution
from organic species, while inorganic fluorine species in the Fls
become less dominant. In addition, the K2p signals show a general
increase for all four systems, with the most pronounced rise
observed for the FEC-2 and EC/DEC systems.

3 | Discussion

In this work, graphite/KVP two-electrode cells with sensible elec-
trode balancing (N/P~0.9) were used for electrolyte studies on
full cells. As our previous work demonstrated, the SEI formation,
its composition, and thickness can be fundamentally different
in half cell experiments with a potassium counter electrode
[4]. Electrolyte studies performed in half cells are thus biased
due to the high reactivity of potassium toward electrolyte com-
ponent. For more tangible results on the stability and benefit
of different solvent mixtures and electrolyte additives, tests in
full cell configurations therefore become a necessity for KIBs. To
illustrate the impact of this issue, we herein selected four different
electrolyte compositions, including VC and FEC as additives. At
an additive content of 1vol.% VC provided a trade-off between
sufficient surface passivation and excessive decomposition and
interphase growth, while any amount of FEC was detrimental to
the capacity retention. Coin cell setups like the one in this work
use comparatively high electrolyte amounts, i.e., small electrode
loading to electrolyte volume ratios, leading to rather cell-specific
optimum values. Therefore, in other cell configurations (e.g.,
pouch cells) [55] varying optimum amount can be expected,
while the overarching trends between additives should remain
unaffected. Especially for the use of FEC, contradicting results
are reported. Ells et al. [56] referred the detrimental effects of
FEC to the high reactivity of the additive with potassium, thus
forming insulating KF passivation layers. According to Liu et al.
[57], FEC had detrimental impact on graphite/K half cells. In
contrast, in cathode/K half cells, FEC and VC appear to have a
stabilizing effect compared to additive-free electrolytes [25, 58].

Previous works illustrated this issue with the additive DTD (1,3,2-
dioxathiolane 2,2-dioxide) which passivates K-metal, but is poorly
compatible with graphite [26, 27].

The choice of graphite in this work allowed the use of EC/PC
mixtures, which normally leads to graphite exfoliation in many
types of graphite. EC/PC-based electrolytes come with the benefit
of higher anodic stability (Kim et al. [36]) and they avoid the
formation of bis(alkyl carbonates) that were associated previously
with cross talk and parasitic reactions [27, 40, 59]. This was
confirmed in the systems investigated herein by GC/MS experi-
ments. Interestingly, small amounts of TEP were detected in
EC/PC-based systems (except when FEC was present). In addi-
tion, our XPS study showed that EC/PC-based electrolytes also
suppressed the cross talk of vanadium, that was only found on
the graphite surface when EC/DEC was used. Further analysis
on the graphite aging suggested that in the presence of VC, a
polymer is formed at the surface that interconnects interparticle
gaps, avoids particle fracture, and excessive surface layer growth.
This is also reflected in the XPS results, by a significantly more
intense hydrocarbon component (possibly due to polymer at the
surface) and overall a less inorganic surface layer composition.
In this regard, the XPS results in this work are in line with
previous in-house XPS results on graphite/K half cells and hard
XPS experiments on graphite/K,Fe[Fe(CN),] full cell results, both
in the same EC/DEC electrolyte formulation [3, 4]. In agreement
with the latter full cell study, it can also be concluded that
inorganic fluorine and phosphorus species, arising from salt
decomposition, appear to play a minor role in SEI formation,
suggesting that other decomposition pathways (mainly involving
organic species) dominate interphase chemistry under full-cell
operating condition. However, it is also demonstrated that for
vanadium-phosphate-based polyanionic systems the application
of DEC-containing electrolytes can have detrimental influence
on cycling behavior except showing similar initial SEI formation,
which can be explained by the strong tendency to dissolve both
organic and vanadium species, thus causing electrode cross talk,
and thereby actively damaging the cathode active material as
well as the anode protective surface layer. XPS after 10 cycles
(Figure S23) further revealed the increase of potassium species,
which correlates the loss of K-ion inventory to the observed
capacity fade of the cells. As the increase in the K2p is accompa-
nied with an increase of the organic carbon fraction, it can be
assumed that the newly formed K-species are, in contrast to the
initial cycle, mostly of an organic nature.

Potassium salts in general, and organic salts in particular, tend to
be more soluble than corresponding lithium and sodium salts (in
the general order Li (least soluble) < Na < K) [60, 61]. Soluble salts
may be considered active K-inventory (insoluble species would
be considered inactive K-inventory) [62], which can provide an
explanation as to why the low initial Coulombic efficiencies do
not lead to faster capacity fade. According to Holtstiege et al.
[62], several parasitic reactions, including electropolymerization
(as expected for VC), H, formation and metal dissolution and
redeposition, as well as redox shuttle mechanisms, do not con-
sume the active charge carrier inventory but lower the C.E.
Moreover, it should be stressed that the comparatively large
electrolyte reservoir may partially buffer K-ion losses in coin cell
configurations. This effect is expected to become less pronounced
under more electrolyte-lean and application-relevant cell setups
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(such as pouch cells), where the available potassium inventory is
more tightly constrained.

4 | Conclusion

In this study, we demonstrated cycling results of KVP/C || graph-
ite full cells with different liquid electrolyte formulations. The
standard electrolyte composition 0.5 M KPFy EC/PC (1:1) showed
a comparably solid performance, given the known compatibility
issues of PC and graphite. Addition of 1% of VC could significantly
improve the capacity retention of the full cell, while the use of
FEC as additive and DEC as PC substitute demonstrated detri-
mental effects on cycle life. SEM and XPS investigations further
revealed the formation of initially organic/polymeric dominated
SEIs on the graphite anodes with only minor amounts of inorganic
salt decomposition compounds. It was deduced that generally
more stable cycling behavior can be expected with this particular
interface constellation. This work highlights the importance of
electrolyte design strategies in KVP-based systems in order to
enable long-lasting K-ion full cells.

5 | Experimental Section
5.1 | Materials

Potassium hexafluorophosphate (KPF,, >99%, Sigma-Aldrich)
was dried at 120°C for 12 h in vacuo (10> mbar) prior to use.

Ethylene carbonate (EC, 99%, Alfa Aesar), propylene carbonate
(PC, 99.7%, Sigma-Aldrich), diethyl carbonate (DEC, >99%,
Sigma-Aldrich), vinylene carbonate (VC, 98%, Fisher Scientific),
fluoroethylene carbonate (FEC, >99%, Sigma-Aldrich), graphite
(C-NERGY ACTILION GHDR15-4, Imerys Graphite & Carbon
Switzerland), carbon black (CB, Super C Imerys Graphite &
Carbon Switzerland), poly(vinylidene fluoride) (PVdF, Solef
6020/1001, Solvay), sodium carboxymethyl cellulose (Na-CMC,
Sigma-Aldrich), poly(acrylic acid) (PAA, M, ~1.25 Mio., Sigma-
Aldrich), and N-methyl-2-pyrrolidone (99.5%, Sigma-Aldrich)
were used as received (Karl Fisher titration of the carbonate
solvents and the respective electrolytes confirmed water contents
below 10 ppm. Furthermore, GC/MS was conducted of the sol-
vents, additives, and prepared electrolyte to confirm purity).

The synthesis of potassium vanadium phosphate composites
(K5V,(PO3),, KVP/C) by a spray-drying method and the corre-
sponding characterization (including XRD and half cell cycling
data) is described in a previous study by our group [21].

5.2 | Cell Assembly and Electrochemical Analysis
5.2.1 | Electrode Preparation

KVP/C electrodes were prepared by mixing KVP/C active mate-
rial, carbon black (CB), and PVdF in a ratio of 8:1:1 in NMP and
by doctor blading the obtained slurry on Al foil to a wet thickness
of 200 um.

Graphite electrodes were similarly produced by mixing Actilion
graphite powder, CB, Na-CMC, and PAA in a ratio of 95:1:2:2

in deionized water and by doctor blading the slurry on Cu foil.
The wet thickness of the coating was fixed to 50 um to balance
cathode/anode capacities.

Both KVP/C and graphite electrodes were obtained by cutting
discs of 12 and 14mm diameters, respectively. The electrodes
were dried at 80°C in a climate chamber overnight, followed
by drying at 120°C under vacuum (10> mbar). The final mass
loading of the dried KVP/C electrodes was ~4.9mgcm™ and of
the dried graphite electrodes ~1.9 mgcm ™. Referring to the theo-
retical capacities of KVP/C and graphite (Qgyp/c= 106mAhg™;
ngphne=279mAhg_l), the N/P ratio was~0.9 (note different
electrode sizes). The electrodes were then stored in an Ar-filled
glovebox and further used without exposure to air.

5.2.2 | Electrolyte Preparation

Base electrolyte 0.5M KPF, EC/PC was prepared by dissolving
KPF, in an EC/PC 1:1 mixture. 0.5M KPF, EC/DEC electrolyte
(1:1 ratio of EC/DEC) was prepared likewise. The electrolytes
with additives FEC and VC were prepared by adding appropriate
amounts of the additives to the base electrolyte (numbers in the
abbreviations indicate vol.% of the additive).

5.2.3 | Cell Assembly

For cell tests, coin cells were assembled in an Ar-filled glove-
box. Specifically, in full-cell case, 12mm KVP/C cathode, 14 mm
graphite anode, 150 uL of electrolyte, and 16 mm Whatman sep-
arator were inserted into a two-electrode coin cell setup. In
half-cell setup, the respective electrode was paired with a 14-mm
potassium electrode on Cu foil, 150 uL of electrolyte, and a 16-mm
Whatman separator.

5.2.4 | Galvanostatic Cycling

Galvanostatic cycling with potential limitation (GCPL) was con-
ducted on a multichannel VMP3 potentiostat (BioLogic Science
Instruments) at 25°C in a climate chamber. The coin cells were
charged and discharged using a constant current which was
calculated according to electrode mass and theoretical capacity of
KVP (106 mAhg™") as well as a cycling rate of C/20. In addition,
a constant potential step was added after each charge/discharge
cycle for 30 min with a current limitation of half the initial applied
current. The cells were cycled for minimum 100 cycles or until
they reached 50% capacity loss. In full-cell setup, the voltage
range was set from 2-4.4V, whereas in half-cell setup, the upper
potential was increased to 4.5 V. The voltage window was defined
on the basis of KVP half-cell data (differential capacity (dQ/dV)
analysis) [21]. The upper cutoff was set deliberately in a narrow
range to include the high-redox feature at 4.4V (vs. K/K), but
to avoid voltage drifts into higher potential regions, as well to
mitigate the risk of potassium plating at the graphite negative
electrode. For rate capability tests, the cycling rate was changed
after every 10™ cycle and ranged from C/20 to C/2.

5.2.5 | Potentiostat Data Generating and Processing

GCPL data were exported using EC-Lab software (V11.61,
BioLogic). All data processing was carried out in R (version
4.5.0), using the data “bat2dat” processing workflow [63]. A script
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(inR) for differential capacity analysis was generated with support
of ChatGPT (version GPT-5.1) and selected cycles were analyzed
by two different approaches: a) using a SG differentiation and b) a
finite-difference approach in combination with a moving average.
Further details and a comparison of the two approaches are shown
in Figure S2.

5.3 | Additional Characterization Methods
5.3.1 | Gas Chromatography/Mass Spectroscopy

GC/MS experiments were carried out according to the previ-
ously described method [39]. In brief, a Clarus 690 GC device
(PerkinElmer Inc., Waltham, USA) equipped with a 5MS Sil
capillary column and a MS detector (SQ8T) was used for
the measurement. The separator sheets were extracted with
dichloromethane and the diluted solvent was cleaned through
a syringe filter before measurement. The Turbomass 6.1.2 soft-
ware packages were utilized for data acquisition and subse-
quent analysis.

5.3.2 | Scanning Electron Microscopy with Energy-Dispersive
X-ray Analysis

SEM was carried out on a Merlin GEMINI microscope (Zeiss)
and EDX analysis was conducted using an EDX XamN detector
(Oxford instruments). Cross sections of graphite electrodes were
obtained by ion milling with a PECS II precision etching sys-
tem (Gatan).

5.3.3 | X-ray Photoelectron Spectroscopy

Prior to XPS analysis, the cells were opened under argon atmos-
phere in a glovebox. The electrodes were extracted and then
washed in 1ml PC for 45s and dried by evaporating the solvent.
Half of the washed electrodes were adhered to the sample holder
using conductive copper tape. The sample holder was then trans-
ferred to the spectrometer under argon atmosphere.

XPS was conducted on a K-alpha spectrometer (Thermo Fisher
Scientific, East Grinstead, UK) using monochromatic, microfo-
cused Al-K, X-ray source (hy =1486.6 V) with 400 um spot size
and a pass energy of 50eV. The Thermo Avantage software
(version 6.8.1, Thermo Scientific) was used for data acquisition
and processing. To minimize localized charging effects, an
electron flood gun with low-energy electrons (8 eV) was used in
KVP/C samples while graphite samples were measured without
charge compensation. To ensure reproducibility, three spots
were measured on each sample. Referencing was realized by
shifting all spectra to the hydrocarbon Cls peak at 285eV,
and for comparability, the spectra were normalized to the max-
imum peak height of 1. A Shirley-type (“smart background”)
and Voigt profiles with 70% Gaussian and 30% Lorentzian
contribution were used for peak fitting. The graphite peak (sp
peak) was fitted asymmetrically with a tail mix: 75% and tail
exponent: 0.02 for graphite electrodes and tail mix: 75% and
tail exponent: 0.4 for KVP/C electrodes. For quantification the
analyzer transmission function and Scofield sensitivity factors
were applied.
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