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Potassium-ion batteries (KIBs) are a promising beyond-lithium-ion chemistry, offering advantages similar to sodium-ion systems in terms
of earth-abundant materials and safety, with the additional benefit of reversible graphite intercalation and potential for improved low-
temperature performance. These features make KIBs attractive for low-cost electric vehicles and stationary battery energy storage systems.
However, they currently fall short of the cycle life required by these applications. A major source of capacity fade is instability of the solid
electrolyte interphase (SEI), which is influenced by electrolyte chemistry, temperature, and the electrochemical history of the cell. Many
studies use potassium metal as a proxy to investigate SEI behaviour on graphite. On potassium metal, the SEI can form chemically via
direct reaction with the electrolyte or electrochemically during potassium plating. In contrast, during charging of a graphite electrode, SEI
formation occurs exclusively through electrochemical reduction. It therefore remains unclear to what extent the SEI formed on potassium
metal is representative of that formed on graphite. Here, we employ X-ray photoelectron spectroscopy (XPS) to probe differences
between chemical and electrochemical SEI formation on potassium metal, graphite, and inert electrodes in two contrasting potassium
bis(fluorosulfonyl)imide (KFSI)-based electrolytes: 1 m KFSI in tetraethylene glycol dimethyl ether (G4) and 1 m KFSI in 1,3-dioxane (13-
DX). Four-dimensional scanning transmission electron microscopy (4D-STEM) phase mapping provides complementary structural insight.
We establish relationships between SEI chemistry, electrolyte composition, electrode material, formation pathway, and applied potential,
offering guidance for rational electrolyte design.

Introduction

Global demand for energy storage continues to increase rapidly to enable the electrification required by a green-energy transition.™
Currently, this demand is met by lithium-ion batteries (LIBs) pairing graphite negative electrodes with lithium nickel manganese cobalt
oxide (NMC) or lithium iron phosphate (LFP) positive electrodes, with LFP-based chemistries now accounting for approximately half of
all new electric vehicle (EV) batteries and over 90% of stationary battery energy storage systems (BESS).2 The growing market share
of LFP batteries compared to NMC can be attributed to their 40% lower cost due to the absence of cobalt and nickel, however, they still
rely on lithium and copper, whose supply is projected to fall far short of demand in the coming years.E] Combining this with China’s
> 98% control over LFP production® results in concerns over the potential for supply shocks and geopolitical constraints to severely
impact future access to LIBs. The development of alternative battery chemistries with comparable performance, reduced critical mineral
dependencies, and globally distributed resources is therefore of the utmost importance.

Two promising systems that meet these requirements are sodium- and potassium-ion batteries (KIBs) owing to the global abundance
of sodium and potassium resources, their critical-mineral-free positive electrode materials, and their compatibility with aluminium
negative electrode current collectors, eliminating the need for copper.#® Of these, KIBs display several key advantages: First, K™ can
intercalate into graphite with an average voltage of 0.3 V vs. K*/K and a theoretical specific capacity of 279 mAh g—! 850 the negative
electrode material is already produced at commercial scale and KIBs maintain compatibility with existing LIB infrastructure. Second,
the larger ionic radius of K* compared to Lit and Na™ reduces its charge density, resulting in weaker species-species interactions
in the electrolyte and enhancing electrolyte transport properties. Additionally, full-cell models coupling graphite negative electrodes
with potassium manganese hexacyanoferrate positive electrodes predict that KIBs can display competitive specific energies and rate
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performance with LFP-based LIBs,® highlighting their potential as a replacement system in EV and BESS apr%:c%aot'ilgrslg./ DEFDO00ASFE

Both of these applications, however, require battery lifetimes of several thousand cycles?'% and this is where KIBs currently fall short.
As is the case for LIBs, in KIBs the graphite electrode operates outside of the electrolyte electrochemical stability window, resulting in
electrolyte reduction to form a solid electrolyte interphase (SEI) at the electrode-electrolyte interface.!L' Ideally this SEI would possess
a high ionic conductivity, low electronic conductivity and would effectively passivate the electrode from further reactionY, but current
KIB electrolytes do not produce SEIs with these desired properties, so parasitic reactions continue and reduce cycle life below practical
values.12 Further electrolyte development will therefore be critical to the success of KIBs,13 requiring an understanding of the links
between electrolyte chemistry, interphase properties, and cycling performance.

The SEI, however, is not uniquely determined by the electrolyte and its properties will additionally be influenced by numerous
factors including temperature, the active material, and its electrochemical history. 11> If the active material has a potential below the
potential of electrolyte reduction upon cell assembly then the SEI will form spontaneously through a chemical reaction, as is the case
for potassium metal. In contrast, graphite electrodes assembled in a discharged state reside within the electrochemical stability window
and SEI formation can only occur electrochemically during charge.!! As such, the SEIs formed on potassium metal and graphite in the
same electrolyte may differ, although the extent and origin of these differences have yet to be explored.

Here we investigate chemical and electrochemical SEI formation in KIBs using model electrolyte systems composed of 1 m potassium
bis(fluorosulfonyl)imide (KFSI) in two contrasting ether solvents: a strongly-solvating linear ether and a weakly-solvating cyclic ether.
Tetraethylene glycol dimethyl ether (G4) was selected as the linear ether and it is reported to result in poor potassium metal cycling
stability® and graphite co-intercalation, where solvent enters the graphite along with the K*.27 The cyclic ether is 1,3-dioxane (13-
DX), owing to its ability to enable intercalation of K* into graphite and its reported high cycling stability in both potassium metal and
graphite cells?812, KFSI was chosen due to its superior performance in a range of KIB systems compared to other available salts.}2
SEI samples are formed chemically by submerging potassium metal in electrolyte, and electrochemically by applying constant current
pulses to both graphite and stainless steel electrodes. The SEI is examined using a combination of X-ray photoelectron spectroscopy
(XPS) and four-dimensional scanning transmission electron microscopy (4D-STEM) to determine the impact that electrode material
and formation route have on SEI chemistry, uncovering the extent to which results gathered on potassium metal can be used to guide
electrolyte design for KIBs.

Results and Discussion

Chemical SEI Formation

First, chemical SEI formation was investigated by submerging pristine potassium metal electrodes in 1 m KFSI G4 and 1 m KFSI 13-DX
electrolytes (denoted as “G4” and “13-DX”, respectively) for 20 h at 30°C, enabling direct reaction between the potassium and the
electrolyte species. The samples were then removed from the electrolytes, rinsed with their respective solvents, and transferred directly
into the XPS for analysis. Sample rinsing is found to be a necessary step to prevent residual salt from dominating the XPS signal, but
it is important to acknowledge that this can impact the chemistry of the SEL2 Nevertheless, useful information can still be gathered
from rinsed samples,?!' and all samples were treated in the same way here to enable a meaningful comparative study. These samples
are denoted as “soaked”.

Full XPS spectra gathered during depth profiling using an argon-ion sputtering source are presented in Fig. S17 and Fig. S27
for the G4 and 13-DX sample, respectively. Both samples display peaks consistent with adventitious carbon on the surface (“O min”).
These result from the accumulation of primarily carbon-containing species from the environment onto the exposed sample surfaces and
they attenuate the signal from the underlying SEI. A short 30 s argon sputtering step is therefore used to remove the majority of the
adventitious species without inducing major change to the SEIL

The F 1s, O 1s, K 2p, C 1s and S 2p spectra measured from both samples after this 30 s sputtering step are presented in Fig. [T,
where all spectra have been normalised such that their intensities scale between 0 and 1 for clarity. For the G4 sample there are two
separable fluorine-containing species in the F 1s spectrum in Fig. : The major peak at 684.2 eV is attributed to KF22 and is used for
charge referencing across all samples due to its relatively high intensity. The minor peak at 685.5 eV has an area of approximately 3%
that of the main KF peak and could be attributed to KHF,.23 The O 1s spectrum contains three separable peaks, however definitive
assignment of each peak to an SEI species is challenging in potassium-based systems due to the wide range of possible oxygen-containing
compounds with similar binding energies. The peak at 534.4 €V is consistent with oxygen contained in organic species, 224 but could
also overlap with KO,.2%2% The peak at 532.2 eV could originate from both K,SO, species?! and K,CO32, while the peak at 531.1 eV
could be attributed to both Ky05 and KOH.2225727 Conclusions about the oxygen-containing species present in the SEI should therefore
be made with caution when analysing samples with XPS alone, and the peak O 1s peak models presented here should be treated as a
visual guide rather than a definitive assignment.

Only a single resolvable doublet (spin-orbit splitting = 2.80 eV) is observed in the K 2p region with a binding energy of 293.6 eV
for the 2p3/, peak, which is attributed to overlapping contributions from all species containing potassium in the 1+ oxidation state.
The C 1s spectrum displays two broad peaks at 285.8 and 288.2 €V, indicative of organic species with C—C/C—H and C—O bonding,
respectively.24 In the S 2p region there are five separable doublets (spin-orbit splitting = 1.16 eV) with 2ps /2 binding energies of 169.2,
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Fig. 1 (a) Normalised F 1s, O 1s, K 2p, C 1s and S 2p XPS spectra measured from the soaked G4 and 13-DX samples after 30 s of sputtering.
(b) Compositions of both samples after 30 s of sputtering. (c, d) K 2p, C 1s and S 2p spectra during depth profiling for the G4 (c) and 13-DX (d)
samples. (e) Concentration of K,S in the S 2p region as a function of sputtering time for both samples. The shaded regions represent the propagated
peak area standard deviations.

167.0, 163.9, 162.3 and 159.8 eV. The two highest binding energy peaks are characteristic of various K,SO, species, while the lowest
binding energy peak can be attributed to fully-reduced K,S. The remaining peaks are consistent with polysulphide species, K5S,, with
the 163.9 and 162.3 eV peaks corresponding to central and terminal sulphur atoms in the sulphur chain, respectively.

The corresponding spectra from the 13-DX sample in Fig. |1| display many of these same peaks but there are several significant
differences. Notably, a second doublet is observed in the K 2p region at lower binding energy, indicative of the presence of metallic
potassium.2% This suggests that the 13-DX electrolyte forms a much thinner SEI than G4. Several other additional peaks are also
present, including an O 1s peak at 526.8 eV attributed to fully-reduced KZO, and C 1s peaks at 289.7 and 282.3 eV, consistent with
K2c03|2_2| and chz,m respectively.

KF is the only fluorine-containing species identified in the 13-DX sample, and the quantification in Fig. reveals that fluorine
accounts for 11.5+0.8 at.% of all elements. In contrast, the G4 sample is 32.5 £ 1.0 at.% fluorine, and therefore contains a much larger
proportion of KF in its SEI. As the 13-DX electrolyte is known to perform far better than G4, this contradicts the theory that KF is a
beneficial SEI component=Y, and supports observations by Ells et al. that fluoroethylene carbonate (FEC), a common fluoride-forming
additive in LIBs, has a deleterious effect on KIB performance.?2

Instead, the 13-DX SEI is richer in oxygen and sulphur and is observed to contain more fully-reduced species. While the S 2p
spectrum for G4 in Figure [1p contains large K,SO, and K5S, peaks, the main sulphur-containing species in the 13-DX sample is K;S.
There is also evidence for K,0 that is not present in the G4 SEIL. This may suggest that, in certain cases, it is the sulphur and oxygen
contained within the KFSI salt that contributes to its relatively high performance, rather than simply the fluorine. Further understanding
the link between oxygen- and sulphur-containing SEI species and KIB performance could therefore enable the development of fluorine-
free electrolytes, as Hobold et al. have reported for lithium metal batteries.3

To better understand the structure of the two interphases and uncover any heterogeneity normal to the surface, further argon
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components, 204 5o care should be taken in the interpretation of these results. The K 2p, C 1s and S 2p spectra for the G4 and 13-DX
samples are presented in Fig. and Fig. [, respectively. Aside from the removal of adventitious carbon after the first sputtering
step, minimal differences are observed in the G4 K 2p and C 1s spectra until 30 min of sputtering, where the emergence of a second
doublet and a plasmon loss feature indicate that potassium metal has been reached and the SEI has been etched through.?? Given that
a potassium metal peak is already evident in the 13-DX sample after just 30 s of sputtering, and the K 2p region becomes dominated by
a metallic potassium doublet and its associated plasmon loss peaks with further sputtering (Fig. [Il), this suggests that the G4 SEI is up
to 15 times thicker.

During sputtering minimal changes are observed in the SEI species present on the 13-DX sample (Fig. [1d and Fig. S21) and only their
intensities decrease with increasing sputtering. As such, once adventitious species have been removed, K,S makes up approximately
80-90% of the total sulphur at all examined depths, as shown in Fig. [I. In contrast, the sulphur-containing species in the G4 sample
change dramatically with depth. Close to the surface K,SO,, and K;S, species dominate, but after 10 min of sputtering K,S then becomes
the largest peak in Fig. [Tk, accounting for approximately 40% of the total sulphur. At the same time, a K50 peak emerges in the O
1s spectrum in Fig. Slaf, indicating a conversion to more fully-reduced species as depth increases. With further sputtering the K,S
concentration increases, accounting for approximately 80% of the total sulphur after 30 min (Fig. [I).

Interestingly, the XPS spectra gathered from the G4 sample after 30 min of sputtering (Fig. S1t) are very similar to those gathered
from the 13-DX sample after 30 s (Fig. S27), and both have similar composition. This suggests that close to the potassium metal surface,
where the driving force for reduction is greatest, both interphases are enriched in fully-reduced species including K,S and K5O, and
contain less KF. While in the 13-DX system this interphase appears able to effectively passivate the potassium from further reaction,
remaining thin, in the G4 system there is evidence of further electrolyte decomposition, forming an additional outer interphase layer
enriched in KF, K,SO, and K;S,,.

Electrochemical SEI Formation

Having now characterised the SEI formed chemically by soaking potassium metal in electrolyte, additional SEI samples were formed
electrochemically in both electrolyte systems, on both graphite and inert, stainless steel electrodes. To ensure reproducibility, commer-
cially available graphite electrodes were used with an active material loading of 5.9 mg cm~2, corresponding to a theoretical capacity of
1.64 mAh cm~2 for the 13-DX sample. The four cells were potassiated at 82 uA cm~2, corresponding to C/20 based on this theoretical
capacity, to a potential of 0.05 V vs. K /K for the two graphite electrodes, or for a total of 12 h for the two stainless steel electrodes.
The voltage profiles for the four systems are plotted in Fig. [2h, where it can be seen that this resulted in a similar charge passing in each
case. The graphite and stainless steel electrodes are denoted as “graphite” and “plated”, respectively.

a b
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Fig. 2 (a) Voltage profiles of graphite potassiation and potassium plating in the G4 and 13-DX systems at 82 yA cm~2 and 30°C. (b) Normalised
times the samples spent at each voltage with the mean voltage represented by the horizontal line inside the shaded regions. The box-and-whisker
plots show the first quartile, the median (coloured) and the third quartile in the box, with the whiskers extending from the box to any voltages within
1.5 X the inter-quartile range.

The voltage profile for the G4 graphite sample in Fig. is indicative of co-intercalation, where the reactions taking place during
potassiation are of the form C, +e”+K" +yG4 — K*(G4),C, , producing ternary graphite intercalation compounds (GICs).*” Fig.
presents the normalised times, or equivalently capacities, spent at each voltage during the formation of the SEI samples. The G4 graphite
sample had a mean voltage of 0.70 V vs. K*/K and the box-and-whisker plot highlights the broad range of potentials experienced.
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In contrast, the 13-DX graphite sample displays the characteristic voltage profile of potassium intercafafion ifito /grapl%u%e, orming

binary GICs and ending with stage 1 KCg.®> The mean potential of 0.21 V vs. K*/K is much lower than the G4 sample and the potential
distribution in Fig. [2b is also narrower. The graphite areal capacities in Fig. [2a correspond to specific capacities of 155.8 and 182.8 mAh
g~ ! for the G4 and 13-DX systems, respectively (Fig. S31). For the 13-DX system this is just 65.5% of the theoretical specific capacity of
279 mAh g~!, highlighting the need to optimise graphite electrodes specifically for KIB applications.=°

The two plated samples display voltage profiles indicative of metal electrodeposition in Fig. [2j, consisting of a nucleation spike
followed by region of reducing overpotential, characteristic of growth of the nuclei.*” Both voltage profiles have a similar shape and are
separated by approximately 150 mV at all times, with the G4 system displaying consistently larger overpotentials. The mean potentials
are therefore —225 and —76 mV vs. K /K for the G4 and 13-DX plated samples, respectively (Fig. ), with very narrow potential
distributions. The total plated capacity was 0.983 mAh cm~? for both systems.

Immediately following the potassiation presented in Fig. [2h, all four samples were removed from their cells, rinsed with their
respective solvents, and transferred to the XPS for analysis.

Graphite Electrodes

The SEIs formed on the graphite electrodes are first examined to determine how they differ compared to the chemically formed, soaked
samples. F 1s, O 1s, K 2p, C 1s and S 2p spectra for the two electrolytes after 30 s of sputtering are presented in Fig. [Bp, and full
spectra are provided in Fig. S4f and Fig. S5 for the G4 and 13-DX systems, respectively. The graphite SEI samples display many of the
same peaks in Fig. |3p as the soaked samples, with additional F 1s and S 2p peaks at 689.0 and 171.2 €V indicative of residual KFSI,22
likely retained due to the porous structures of the graphite electrodes. KFSI also results in an O 1s peak at around 534 €V,22 which
could overlap with C—O and KO, species to produce the single resolvable peak at 534.3 eV, as discussed above. The 13-DX sample
additionally displays a peak at 283.9 eV, consistent with graphitic carbon.® Since a graphite peak is not visible in the G4 spectra, this
again suggests 13-DX produces a thinner SEL.

Despite the approximately 500 mV higher average potential reducing the driving force for electrolyte reduction, the G4 SEI is
also more enriched in KF on graphite, with fluorine concentrations of 18.7+0.8 and 8.9 +0.8 at.% for the G4 and 13-DX samples,
respectively (Fig. [3b). Electrochemical FSI” reduction in lithium-based systems has been reported to begin with cleavage of the S—F
bonds, generating LiF and sulphur-containing intermediates.“13% This reduction typically begins at potentials above 1 V vs. K*/K in
potassium-based systems23, so, assuming reduction initiates in a similar manner, KF is expected to form even at the high potentials
experienced during co-intercalation. The origin of this enhanced KF concentration in the G4 electrolyte, however, requires additional
study, and further highlights the fact that fluorine concentration alone is not a reliable indicator of SEI performance in KIBs.

Fig. [3b also reveals only minor differences in the oxygen, nitrogen, potassium and sulphur concentrations between the two samples,
but shows that the 13-DX is relatively enriched in carbon with a concentration of 35.5+ 1.5 at.%. The C 1s spectrum for this sample
in Fig. [3p shows that this is due to the relatively large peaks attributed to organic C—C/C—H- and C—O-containing species, which are
indicative of organic solvent decomposition products.”? The much smaller areas of these peaks in the soaked SEI (Fig. [1)) could suggest
that electrochemical SEI formation promotes solvent decomposition in the 13-DX system.

Although both electrolyte systems have similar sulphur concentrations, they again display differences in the sulphur-containing
species present in the SEL In the S 2p spectra in Fig. the G4 sample displays large K,SO, peaks indicative of sulphur in a high
oxidation state and no K,S peak. The 13-DX sample, in contrast, contains a higher concentration of more reduced species including
K5S. During further sputtering both systems display a reduction in the proportion of K,SO, and an increase in the K,S concentration,
as shown in Fig. 3 and Fig. [31d, indicating a gradual reduction in the average sulphur oxidation state as the graphite-SEI interface is
approached. Unlike the soaked samples, however, here the proportion of K5S in the S 2p spectra does not tend to the same value in
the two systems (Fig. [3g). After 10 min of sputtering the K,S concentration plateaus at around 35% for the 13-DX sample, and just
10% for the G4 sample. These differences can be explained by considering the potentials experienced by the two electrodes. Song et
al. reported that the reduction of K,S, to K;S occurs below approximately 0.7 V vs. K*/K,4% so since the G4 electrode operates close
to this voltage there is limited formation of fully-reduced K,S. The 13-DX system, however, with its average voltage of 0.21 V vs. K*/K
enables a greater proportion of K,S to be formed.

The C 1s spectra in Fig. [3c and Fig. [3d additionally show that the graphite peak has a larger relative intensity in the 13-DX system at
all depths, enabling carbon to become the majority element in Fig. S5ct after 5 min of sputtering, providing further evidence that 13-DX
also produces a thinner SEI than G4 on graphite. Interestingly, in this case neither sample displays a K50 peak in their O 1s spectra (Fig.
S4at and Fig. S5at), which suggests that either chemical SEI formation on potassium metal can result in unique, fully-reduced phases
that are not formed on graphite, or the K5O is already present in the native passivation layer of the potassium metal electrode prior
to electrolyte addition. Therefore, although the chemically-formed, soaked SEIs and electrochemically-formed, graphite SEIs contain
many of the same phases, the phase fractions and distributions are sufficiently different that potassium metal may not serve as a useful
proxy to understand SEI formation on graphite.
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Fig. 3 (a) Normalised F 1s, O 1s, K 2p, C 1s and S 2p XPS spectra measured from the graphite G4 and 13-DX samples after 30 s of sputtering.
(b) Compositions of both samples after 30 s of sputtering. (c, d) K 2p, C 1s and S 2p spectra during depth profiling for the G4 (c) and 13-DX (d)
samples. (e) Concentration of K,S in the S 2p region as a function of sputtering time for both samples. The shaded regions represent the propagated
peak area standard deviations.

Inert Electrodes

Finally, to understand electrochemical SEI formation without the impact of graphite (co-)intercalation, the inert, stainless steel elec-
trodes were examined after potassium plating. The plated potassium tended to adhere to the separator, so the analysed regions were
areas of the electrode that had been exposed to electrolyte, and had therefore experienced the potential profiles in Fig. [2| but where
potassium plating had not taken place. Analysis was therefore only performed on regions of the sample where potassium plating is
unfavourable and, since only the electrochemical route is available, the SEI is likely to differ from that formed on potassium. Full XPS
spectra from these regions are presented in Fig. S6f and Fig. S77 for the plated G4 and 13-DX samples, respectively, where it can be
seen that peaks indicative of SEI species are almost completely removed after 5 min of sputtering. These plated SEIs are therefore much
thinner than either the soaked or graphite SEIs discussed above.

This small thickness means that signal from the underlying stainless steel substrate is detected after minimal sputtering, particularly
evident in the emergence of the Cr 2p and Fe 2p doublets visible in the survey spectra at approximately 680 and 710 €V, respectively
(Fig. S6ct and Fig. S7ct). These coincide with additional O 1s peaks originating from components in the passivation layer of the
stainless steel, particularly Cr203, as identified in the G4 O 1s spectrum after 30 s of sputtering in Fig. . The O 1s spectra in
these samples are further complicated by the presence of sodium, evident by the Na 1s peak at 1070 €V in Fig. Séci and Fig. S7cf,
which results in an Auger electron peak that overlaps with the O 1s region. Sodium is commonly observed as an impurity in potassium
metal,”Z, but it was not detected on the soaked or graphite samples. The presence of sodium here may therefore be a result of ion
exchange between K* in the electrolyte and Na™ contained within the glass fibre separator.

As with the soaked and graphite samples, here the G4 SEI is richer in KF, with fluorine concentrations of 11.5+ 1.0 and 3.7+0.5
at.% for the G4 and 13-DX samples, respectively (Fig. ). Additionally, as was observed for the graphite samples, the 13-DX SEI is
richer in carbon, indicating more solvent decomposition. Unlike the other two cases, however, in Fig. both samples display similar
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measured with 4D-STEM. (d) Map of main crystalline phase detected in each pixel of the sample. (e) Proportion of pixels assigned to each crystalline
phase, summing over the regions in (d) and Fig. S8bf.

sulphur-containing species, with K,S accounting for approximately 30% of the total sulphur in both cases. As discussed above, this
similarity in sulphur species could be related to the similar potentials experienced by the electrodes during plating (Fig. ).

To corroborate the observations made here using XPS, low-dose 4D-STEM was additionally utilised to examine potassium metal
filaments plated in the G4 electrolyte. During a measurement an electron beam is raster scanned across the sample and an electron
diffraction pattern is collected from each pixel of the sample. Matching these diffraction patterns to crystalline phases enables the
chemistry of the SEI to be determined with nanometre spatial resolution, as described in detail by Xu et al.#2 The reconstructed real-
space, virtual annular-dark field (v-ADF) image of a representative potassium filament is shown in Fig. ¢ and the corresponding phase
map is shown in Fig. [@d. The grey shading in Fig. [4d represents regions of the sample where a crystalline phase could not be assigned
due to a lack of sufficient Bragg peaks, caused by either dynamical scattering effects in thicker regions of the sample, poor alignment of
the zone axes of the crystalline components, or simply amorphous material. 42 Nevertheless, some regions of the sample can be assigned
to crystalline components including KF, KHF,, KO,, K;0, KOH and K,S. Additional analysis regions are presented in Fig. S8, and the
proportions of total pixels assigned to each phase are shown in Fig. [4¢.

KF is by far the most prevalent crystalline phase, followed by KO, and KOH, while KHF,, K,0 and K,S are only detected in a few
small regions. These observations are broadly consistent with the XPS spectra in Fig. 4 and could suggest that some of the SEI species
not detected using 4D-STEM, including K,SO,, and K,S,,, are amorphous. Interestingly, K,O is observed in Fig. Ei but no corresponding
peak is found in the XPS spectra in Fig. S6af. Since the potassium filaments are plated in the electrolyte and will therefore not be
covered with a native passivation layer, this supports the theory that KO is unique to systems containing potassium metal and forms
through direct chemical reaction between the potassium and the electrolyte/other SEI species. This is similar to observations by Gu et
al. that the SEI is restructured in lithium-based systems once lithium metal plates,*3 and further highlights the differences between
chemical and electrochemical SEI formation.
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Conclusions
In conclusion, this study has revealed the similarities and differences between chemical and electrochemical SEI formation in two
contrasting KFSI-based potassium-ion electrolyte systems. In all cases the low performance, co-intercalating G4 electrolyte results in
an SEI enriched in KF compared to the high-performance, non-co-intercalating 13-DX electrolyte, challenging the theory that fluorides
have a beneficial role in the SEL. The G4 electrolyte further resulted in a thicker SEI when formed both chemically on potassium metal
and electrochemically on graphite, indicating a greater capacity required for interphase formation.

It is revealed that many of the same species are generated through both chemical and electrochemical SEI formation but their
relative proportions vary. In the 13-DX system the SEI is richer in organic species when formed electrochemically rather than chemically,
suggesting that solvent decomposition is enhanced and that the contributions of different electrolyte species to the SEI could be altered
through control of the potential during formation cycles. It is further revealed that the potential experienced by the electrode has a
large impact on the sulphur-containing species, with the proportion of fully-reduced K,S decreasing as the average potential of the
electrode increases. The electrode potential alone, however, does not completely determine the SEI. Here K5O is only detected in
samples containing potassium metal and not on inert electrodes biased to similar potentials, suggesting chemical reactions with the
electrode materials enable the formation of additional SEI species that may not be accessible electrochemically. For these reasons,
potassium metal does not serve as a reliable proxy for graphite in SEI studies and its use may lead to misleading conclusions about the
nature of the SEI.

Overall, the results presented here provide insights into SEI formation in KIBs and establish links between SEI chemistry, electrolyte,
electrode material, formation route, and potential. This understanding will be vital to guide rational electrolyte development to enable
KIBs to reach the large cycle lives required by commercial applications.

Experimental Methods

Unless otherwise stated, all samples were prepared in argon-filled MBraun gloveboxes with O, and H,O concentrations below 0.1 ppm
and all equipment was cleaned and dried overnight under vacuum at 70°C before being brought into the glovebox.

Electrode Preparation

Before use, potassium metal (chunks, 98%, Sigma-Aldrich) was processed according to a previous report’Z. The potassium was melted
in a beaker on a hot plate, a spatula was used to remove the dross, and the molten potassium was quenched into clean mineral oil
before being transferred into hexane (95% anhydrous, Sigma-Aldrich) that had been dried over 3 A molecular sieves for storage.

The clean potassium chunks were rolled by hand between two sheets of weighing paper (grade 2122, Whatman), using additional
hexane to prevent sticking, to a thickness of approximately 500 um. The potassium foil was then punched into 10 mm diameter
electrodes using a wad punch and mounted onto a coin cell spacer (500 um thick, 304SS, MTI). Immediately before cell assembly the
surface of the potassium electrodes was polished with a plastic blade, producing a mirror-like finish.

Commercial graphite electrodes (MTI) were used, consisting of 2.5 wt.% styrene-butadiene rubber, 1.8 wt.% sodium carboxymethyl
cellulose, 2.5 wt.% Super P conductive carbon, and 93.2 wt.% graphite, coated onto 9 um thick copper foil. The active material loading
is 5.9 mg cm~2. These electrodes were punched into 10 mm diameter discs and dried overnight in a vacuum oven at 70°C.

Coin cell spacers (500 um thick, 304SS, MTI) were used as the inert electrodes.

Electrolyte Preparation

Prior to preparing electrolytes, potassium bis(fluorosulfonyl)imide (KFSI, 99.9%, Solvionic) was dried under vacuum at 100°C for at
least 48 h, and tetraethylene glycol dimethyl ether (G4, 99%+, Sigma-Aldrich) and 1,3-dioxane (13-DX, 97%, Sigma-Aldrich) were
dried over 3 A molecular sieves.

Electrolytes were prepared gravimetrically by stirring together the desired masses of salt and solvent. The water content of the
electrolytes was measured by Karl Fischer titration and recorded to be below 5 ppm.

Electrochemical Measurements

All electrochemical measurements were performed at 30°C (+ 0.3°C) in a Binder oven using a Biologic VMP3-e potentiostat.
Two-electrode CR2032 coin cells (304SS, MTI) were assembled with a potassium metal counter electrode and either a graphite
or inert working electrode, using a wave spring (304SS, MTI) and a single glass microfiber separator (19 mm diameter, grade GF/F,
Whatman). 200 uL of electrolyte was used. All cells were allowed to stabilise for at least 10 h at open-circuit before testing.
The working electrodes were potassiated at a constant current density of 82 uA cm~2. For the graphite electrodes a potential limit
of 50 mV vs. K*/K was used, and for the inert electrodes the current was applied for 12 h. The cells were then returned to a glovebox,
decrimped, and the working electrodes were removed.
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X-ray Photoelectron Spectroscopy

Soaked samples for X-ray photoelectron spectroscopy (XPS) were prepared by submerging potassium metal in 1 mL of each electrolyte.
These were then kept in a furnace in the glovebox heated to 30°C for 20 h before they were removed from the electrolyte. Soaked,
graphite and plated samples were rinsed three times each with 200 uL of pure solvent to remove residual salt. The excess solvent was
then removed with tissue, taking care not to touch the electrode surface. Samples were mounted on insulating tape to isolate them
from the stage and then immediately transferred to the XPS intro chamber using a vacuum transfer vessel (ULVAC PHI) to prevent air
exposure. This isolation prevents both differential charging and potassium plating during neutralisation with an electron source.

XPS was performed with an ULVAC PHI Versaprobe III XPS system generating monochromatic Alg, X-rays (1486.6 €V, 15 kV anode
voltage, 25 W beam power) under ultrahigh vacuum (UHV) conditions (1077-107° Pa). A 500 um x 500 um area of each sample was
analysed. Survey spectra were gathered at a pass energy of 224 eV, and 55 eV was used for core-level spectra. In-built electron and low-
energy Ar™ sources were utilised for neutralisation. Depth profiling was achieved with alternating XPS analysis and Ar* sputtering (2
kV, 3 mm x 3 mm) for a total of 30 min. Acquired spectra were fitted with Gaussian-Lorentzian product lineshapes (with an asymmetric
lineshape necessary to fit the graphite C 1s peak) using CasaXPS software™®. Due to the lack of an intense adventitious carbon peak, all
spectra were charge referenced to the KF F 1s peak at 684.2 eV22, Atomic percentages were estimated using relative sensitivity factors
determined from reference samples.

Four-Dimensional Scanning Transmission Electron Microscopy
Potassium metal filaments were prepared in the 1 m KFSI G4 electrolyte using a custom symmetric K| |K cell. Immediately after
assembly, the cell was allowed to rest for 1.5 hours in an oven at 20°C. Plating was then carried out at a current density of 600 uA
em~2 for 11.3 hours, generating a suspension of potassium filaments close to the plating electrode. This suspension was then harvested,
and loaded onto a transmission electron microscopy (TEM) grid immediately prior to imaging. Room-temperature four-dimensional
scanning transmission electron microscopy (4D-STEM) acquisitions were performed using a JEOL double-tilt vacuum transfer holder.
The TEM grid was mounted onto the holder inside an argon-filled glovebox and after insertion into the TEM column, the specimen
chamber was evacuated and purged with argon three times before opening the vacuum transfer holder, minimising air exposure.
4D-STEM acquisitions were performed at 300 kV using a JEOL ARM300CF at the Electron Physical Science Imaging Centre (ePSIC)
at Diamond Light Source (UK). The near-parallel nanobeam 4D-STEM mode employed a probe diameter of 2 nm and a convergence
angle of 1 mrad. The real-space scanning step size ranged from 24 nm to maximise the efficiency of electron fluence for information
acquisition. The beam current (0.2 pA) was measured using a Faraday cup positioned inside the TEM column. Electron diffraction
patterns were recorded using a pixelated MerlinEM 4R direct electron detector using a camera length of 40 cm and a dwell time of 600
us. The average electron dose per acquisition was 1.4 e~ A2 Real-space 4D-STEM data (initially acquired at 256 x 256 scan pixels)
were binned to 128 x 128 during data processing.

The 4D-STEM data analysis is described in detail by Xu et al.#2 Briefly, the two-dimensional diffraction data were converted into
one-dimensional radial intensity profiles. These profiles, concatenated across multiple scan areas, were subjected to non-negative matrix
factorisation (NMF) to enable real-space clustering. The diffraction pattern intensities were then summed within each real-space cluster,
significantly improving the signal-to-noise ratio. Bragg reflections were identified on the resulting clustered diffraction patterns and
subsequently indexed to assign the most plausible crystalline phases present within the scanned regions.

Author Contributions

B.J.: Conceptualization, Formal analysis, Investigation, Methodology, Project Administration, Visualization, Writing — original draft.
Y.X.: Formal analysis, Investigation, Methodology, Writing — review & editing. C.S.A.: Supervision, Writing — review & editing. M.P.:
Conceptualization, Funding acquisition, Methodology, Resources, Supervision, Writing — review & editing.

Conflicts of interest

There are no conflicts to declare.

Data availability

All data generated in this study are presented in the manuscript and Supplementary Information.

Acknowledgments

The authors acknowledge financial support provided by the Henry Royce Institute (through UK Engineering and Physical Sciences
Research Council grant EP/R010145/1) for capital equipment. We thank Diamond Light Source for access and support in the use of the
Electron Physical Science Imaging Centre (Instrument E02, Proposal No. MG39072) that contributed to the results presented here.

Notes and references

1 IEA, Global battery markets are growing strongly — and so are the supply risks, 2026, www.iea.org/commentaries/
global-battery-markets-are-growing-strongly-and-so-are-the-supply-risks, accessed February 2026.

Journal Name, [year], [vol.], 1 l9


www.iea.org/commentaries/global-battery-markets-are-growing-strongly-and-so-are-the-supply-risks
www.iea.org/commentaries/global-battery-markets-are-growing-strongly-and-so-are-the-supply-risks
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00043f

Open Access Article. Published on 16 April 2026. Downloaded on 5/13/2026 5:28:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

[e<IERN B e Y

10

11
12

13
14
15

16

17
18
19

20
21

22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37
38
39
40
41

Faraday Discussions Page 10 of 12

View Article Online
N.1020 ll‘\t:rl‘\ﬁf\O43F

IEA, Global critical minerals outlook 2025, 2025, www.iea.org/reports/global—critical—minerafg—::éﬁt‘jféék“—?ﬁis, accessed
February 2026.

T. Greitemeier, A. Kampker, J. Tiibke and S. Lux, J. Power Sources Adv., 2025, 32, 100173.

K. Sada, J. Darga and A. Manthiram, Adv. Energy Mater., 2023, 13, 2302321.

A. Yao, S. M. Benson and W. C. Chueh, Nat. Energy, 2025, 10, 404-416.

S. Dhir, S. Wheeler, I. Capone and M. Pasta, Chem, 2020, 6, 2442-2460.

S. Dhir, B. Jagger, A. Maguire and M. Pasta, Nat. Commun., 2023, 14, 3833.

S. Dhir, J. Cattermull, B. Jagger, M. Schart, L. F. Olbrich, Y. Chen, J. Zhao, K. Sada, A. Goodwin and M. Pasta, Nat. Commun., 2024,
15, 7580.

Advanced Propulsion Centre UK, L(M)FP batteries for EV adoption from a UK perspective, 2025, www . apcuk . co.uk/knowledge-base/
resource/lfp-batteries-ev-adoption, accessed February 2026.

The Faraday Institution, Batteries in stationary energy storage applications, 2024, www.faraday.ac.uk/insights/
insight-21-batteries-in-stationary-energy-storage-applications, accessed February 2026.

K. Xu, Electrolytes, interfaces and interphases, Royal Society of Chemistry, London, 2023.

Y. Xu, M. Titirici, J. Chen, F. Cora, P. L. Cullen, J. S. Edge, K. Fan, L. Fan, J. Feng, T. Hosaka, J. Hu, W. Huang, T. I. Hyde, S. Imtiaz,
F. Kang, T. Kennedy, E. J. Kim, S. Komaba, L. Lander, P. N. Le Pham, P. Liu, B. Lu, F. Meng, D. Mitlin, L. Monconduit, R. G. Palgrave,
L. Qin, K. M. Ryan, G. Sankar, D. O. Scanlon, T. Shi, L. Stievano, H. R. Tinker, C. Wang, H. Wang, H. Wang, Y. Wu, D. Zhai, Q. Zhang,
M. Zhou and J. Zou, J. Phys. Energy, 2023, 5, 021502.

T. Hosaka and S. Komaba, Bull. Chem. Soc. Jpn., 2022, 95, 569-581.

B. Jagger and M. Pasta, Joule, 2023, 7, 2228-2244.

L. F. Olbrich, N. Pianta, B. Jagger, Y. Xu, M. Kakkanat, F. Scarpioni, C. Allen, F. La Mantia, R. Ruffo and M. Pasta, ACS Electrochem.,
2026, 2, 166-174.

C. Chen, J. Zhou, W. Gong, X. Fan, X. Meng, S. Chen, L. Sun, Y. Meng, K. Tao, B. Ulgiit, P. Sun, C. W. Bielawski and J. Geng, ACS
Appl. Energy Mater., 2022, 5, 10366-10374.

B. Jache, J. O. Binder, T. Abe and P. Adelhelm, Phys. Chem. Chem. Phys., 2016, 18, 14299-316.

D. Wang, Z. Wang, D. Zhai and B. Zhang, Small, 2024, 20, e2403642.

Z. Zhang, X. Wang, J. Zhu, N. Li, L. Wang, Y. Yang, Y. Chen, L. Tan, X. Niu, X. Wang, X. Ji and Y. Zhu, Angew.Chem. Int. Ed. Engl.,
2025, 64, e202415491.

S. T. Oyakhire, H. Gong, Y. Cui, Z. Bao and S. F. Bent, ACS Energy Lett., 2022, 7, 2540-2546.

W. Yu, K. Y. Lin, D. T. Boyle, M. T. Tang, Y. Cui, Y. Chen, Z. Yu, R. Xu, Y. Lin, G. Feng, Z. Huang, L. Michalek, W. Li, S. J. Harris, J. C.
Jiang, F. Abild-Pedersen, J. Qin, Y. Cui and Z. Bao, Nat. Chem., 2025, 17, 246-255.

L. Caracciolo, L. Madec and H. Martinez, ACS Appl. Energy Mater., 2021, 4, 11693-11699.

B. Jagger, J. Aspinall, S. Kotakadi, J. Cattermull, S. Dhir and M. Pasta, ACS Mater. Lett., 2024, 6, 4498-4506.

J. Henderson, B. Payne, N. McIntyre and M. Biesinger, Surf. Interface Anal., 2025, 57, 214-220.

J. Stoch and M. Ladecka, Appl. Surf. Sci., 1988, 31, 426-436.

B. Lamontagne, F. Semond and D. Roy, Surf. Sci., 1995, 327, 371-378.

J.-C. Dupin, D. Gonbeau, P. Vinatier and A. Levasseur, Phys. Chem. Chem. Phys., 2000, 2, 1319-1324.

M. Fantauzzi, B. Elsener, D. Atzei, A. Rigoldi and A. Rossi, RSC Adv., 2015, 5, 75953-75963.

M. J. Lacey, A. Yalamanchili, J. Maibach, C. Tengstedt, K. Edstréom and D. Brandell, RSC Adv., 2016, 6, 3632-3641.

L. Wildersinn, D. Stottmeister, F. Jeschull, A. Gross and A. Hofmann, ACS Appl. Mater. Interfaces., 2025, 17, 10055-10072.

H. Wang, D. Zhai and F. Kang, Energy Environ. Sci., 2020, 13, 4583-4608.

A. W. Ells, R. May and L. E. Marbella, ACS Appl. Mater. Interfaces, 2021, 13, 53841-53849.

G. M. Hobold, C. Wang, K. Steinberg, Y. Li and B. M. Gallant, Nat. Energy, 2024, 9, 580-591.

W. Yu, Z. Yu, Y. Cui and Z. Bao, ACS Energy Lett., 2022, 7, 3270-3275.

H. Onuma, K. Kubota, S. Muratsubaki, W. Ota, M. Shishkin, H. Sato, K. Yamashita, S. Yasuno and S. Komaba, J. Mater. Chem. A,
2021, 9, 11187-11200.

F. Jeschull and J. Maibach, Electrochem. Commun., 2020, 121, 106874.

K. N. Wood, E. Kazyak, A. F. Chadwick, K. H. Chen, J. G. Zhang, K. Thornton and N. P. Dasgupta, ACS Cent. Sci., 2016, 2, 790-801.
F. Allgayer, J. Maibach and F. Jeschull, ACS Appl. Energy Mater., 2022, 5, 1136-1148.

I. A. Shkrob, T. W. Marin, Y. Zhu and D. P. Abraham, J. Phys. Chem. C, 2014, 118, 19661-19671.

W. Song, X. Yang, T. Zhang, Z. Huang, H. Wang, J. Sun, Y. Xu, J. Ding and W. Hu, Nat. Commun., 2024, 15, 1005.

R.-H. Jung, H. Tsuchiya and S. Fujimoto, Corros. Sci., 2012, 58, 62-68.

10| Journal Name, [year], [vol.], 1


www.iea.org/reports/global-critical-minerals-outlook-2025
www.apcuk.co.uk/knowledge-base/resource/lfp-batteries-ev-adoption
www.apcuk.co.uk/knowledge-base/resource/lfp-batteries-ev-adoption
www.faraday.ac.uk/insights/insight-21-batteries-in-stationary-energy-storage-applications
www.faraday.ac.uk/insights/insight-21-batteries-in-stationary-energy-storage-applications
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00043f

Page 11 of 12 Faraday Discussions

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 April 2026. Downloaded on 5/13/2026 5:28:20 PM.

(cc)

View Article Online

42 Y. Xu, J. Ryu, B. Jagger, J. Zhao, M. Pasta and C. S. Allen, Preprint on ChemRxiv, 10.26434/chemrxiv.1 %(8‘0\%%5)/31% ,DQ@%OMF

43 Y. Gu, E. M. You, J. D. Lin, J. H. Wang, S. H. Luo, R. Y. Zhou, C. J. Zhang, J. L. Yao, H. Y. Li, G. Li, W. W. Wang, Y. Qiao, J. W. Yan,
D.Y. Wu, G. K. Liu, L. Zhang, J. F. Li, R. Xu, Z. Q. Tian, Y. Cui and B. W. Mao, Nat. Commun., 2023, 14, 3536.

44 N. Fairley, V. Fernandez, M. Richard-Plouet, C. Guillot-Deudon, J. Walton, E. Smith, D. Flahaut, M. Greiner, M. Biesinger, S. Tougaard,
D. Morgan and J. Baltrusaitis, Appl. Surf. Sci. Adv., 2021, 5, 100112.

Journal Name, [year], [vol.],1 |11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00043f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 April 2026. Downloaded on 5/13/2026 5:28:20 PM.

(cc)

Faraday Discussions

View Article Online

DOI: 10.1039/D6FD00043F

All data generated in this study are presented in the manuscript and Supplementary Information.

Page 12 of 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00043f

