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XPS analysis of K-based reference compounds to allow reliable stud-

ies of solid electrolyte interphase in K-ion batteries. 

Laure Caracciolo, Lénaïc Madec,
*
 Hervé Martinez* 

 

ABSTRACT: As for Li- and Na-ion batteries, the electrolyte reactivity (i.e. the salts and solvents decomposition) also plays a 

crucial role on the electrochemical performance of K-ion batteries (KIBs). However, X-ray photoelectron spectroscopy (XPS) 

analysis of the solid electrolyte interphase (SEI) in KIBs remains based on Li-ion and Na-ion literature so far. This may lead to 

incorrect interpretations of the results considering that the first ionisation potential difference between the alkali metals is expected 

to significantly change the binding energy values observed by XPS for a given M-based (M=Li, Na or K) compound. Therefore, 

this work aims at providing XPS characterization of numerous commercial K-based reference compounds, including some that 

were still missing in the literature. In particular, absolute and relative binding energy values are given and compared to correspond-

ing Li and Na counterparts. This work will thus help researchers to get reliable XPS analysis of the SEI in KIBs. 
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INTRODUCTION  

K-ion batteries appear as a promising alternative for large-

scale energy storage systems for which abundant and low-cost 

raw materials are required. Indeed, with the lowest (i) redox 

couple potential, (ii) Lewis acidity and (iii) desolvation energy 

among alkali metals in non-aqueous carbonate electrolytes, 

potassium can enable high voltage and high power KIBs
1–3

. 

Recent studies, focused on negative and positive electrode 

materials, showed that promising electrochemical performance 

can be obtained with graphite that reversibly intercalates K
+
 

into KC8 and Prussian blue analogue or phosphates materials 

such as KVPO4F 
4–9

. 

However, studies on the SEI remain rare so far, even though 

electrolyte formulation and SEI formation were clearly found 

critical to KIBs successful operation
2
. SEI formation is the 

result of electrolyte salt(s) and solvent(s) degradation at the 

electrodes surface during cycling and/or storage. For instance, 

in half-cells, K metal leads to the formation of electrolyte 

degradation species that migrate to the working electrode 

surface (called cross-talk or interaction
10

 between electrode), 

which makes SEI's half-cell studies not reliable.
11,12

 Thus, full 

cell are key studies for reliable SEI analysis in KIBs.  

 

X-Ray Photoelectron Spectroscopy (XPS) analysis is proba-

bly the most frequently used technique to obtain the chemical 

SEI composition. It is performed by core-level binding ener-

gies assignment based on literature reference compounds 

database. However, despite numerous studied on Li- 
3,10 

and 

Na-based
12,14

 reference compounds, data on corresponding K-

based counterparts are still missing in the literature. Thus, 

considering that the first ionisation potential difference be-

tween alkali metals is expected to significantly change the 

binding energy values observed by XPS for a given M-based 

(M=Li, Na or K) compounds. In other words, as the first ioni-

zation potential decreases from Li to K, a higher delocalisation 

of valence electron density (i.e. screening effect increase) is 

expected from the M atom to the O or F atom for an M-F or 

M-O chemical bond, as illustrated in Figure 5. Therefore, SEI 

study in KIBs based on Li- and Na-based reference com-

pounds can not be reliable. Moreover, it is well known that 

binding energy values for reference compounds depend on the 

calibration method used. Generally, it is based on the C-C, C-

H carbon peak at 285.0 eV, attributed to contamination. How-

ever, both calibration (that may differ between studies) and 

differential charging effects (due to insulating sample proper-

ties) may lead to different binding energy values between 

studies. As an alternative, valence band spectra (0-35 eV) can 

be used as a fingerprint to identify a specific compound as 

proposed in Li- and Na-based SEI.
13–15

 However, this ap-

proach is not appropriate for SEI containing numerous com-

pounds and/or for SEI containing an element for which the 

effective photoionization cross-sections are much higher than 

those of the other characteristic elements resulting in high 

intensity peak(s) in the valence band region, such as potassium 

(i.e. with orbitals 3s and 3p at 34 eV and 18 eV, respectively). 
12,16,17

 



 

To tackle the issues raised above, this work aims at provid-

ing absolute and relative binding energy values of commercial 

K-based reference compounds to allow reliable XPS analysis 

of the SEI in KIBs. A comparison with corresponding Li and 

Na counterparts is also provided for better clarity.  

 

EXPERIMENTAL SECTION 

The list of the reference powder samples analyzed in this 

study is reported in Table S1 with the supplier name and 

purity grade. As received reference powders were grinded in 

an agate mortar for 3 min under Ar atmosphere, deposited on 

an XPS sample holder adapted for powder analysis (no tape 

was used), then transferred in a sealed box to an Ar filled 

glove box connected to the spectrometer. Note that no Ar
+
 

etching was used to clean the samples surface as it can lead to 

sample degradation. For instance, MF and M2O formation 

were observed (not shown) for MPF6 and ROM sample (M= 

Li, Na or K), respectively. XPS analysis was performed using 

an Escalab 250 Xi, with a monochromatized Al Kα radiation 

(hν = 1486.6 eV). The standard charge compensation mode 

was the same for each sample. Core spectra were recorded 

with a 0.15 eV step, a constant 20 eV pass energy and short 

time iteration to follow any possible sample degradation. The 

reproducibility was confirmed by doing three measurements 

for each sample, leading to binding energy values with an 

average deviation of ±0.1eV for all samples. Using CasaXPS 

software, the binding energy scale was calibrated from the C-

C, C-H peak at 285.0 eV. Except for -CHx containing com-

pounds, this peak originates from carbon contamination, 

which was relatively low (<5%) due to the caution taken dur-

ing sample preparation. Depending on the spectra shape, a 

linear or a non-linear Shirley-type background was used. 70% 

Gaussian - 30% Lorentzian Voigt peak shapes and full width 

at half-maximum constraint ranges were selected to optimize 

areas and peak positions. XPS quantification was performed 

using the relative sensitivity factor provided with the Escalab 

machine and quantification values were consistent with the 

stoichiometry of each compound (Table S2).



 

 

Figure 1. XPS core level spectra for the KPF6  (top left), KBF4 (top right), KFSI (middle) and KTFSI (bottom) electrolyte salts. Abscissa 

correspond to the binding energy (eV). Intensities were maximized. *These peaks are attributed to impurities (KF for KPF6 and oxygenat-

ed species for KTFSI). See Table S2 for more details.

RESULTS AND DISCUSSION 

 Electrolyte salt reference compounds. Figure 1 shows 

XPS core spectra obtained for commonly used electrolyte 

salts, KPF6, KBF4, KFSI, and KTFSI. Note that as expected 

for these K-based electrolyte salts and in agreement with Li- 

and Na-based counterparts (Figure S1), no alkali environment 

impact (i.e. binding energy shift) was observed on the B 1s, N 

1s, and P 2p peaks due to the delocalized charge of the 

anions
18

.  

 

F 1s XPS core spectra of KPF6 showed a peak at 688.2 

±0.1eV attributed to -F6
 
groups while the corresponding P 2p 

peak was observed at 138.1 ±0.1 eV. KBF4 XPS core spectra 

showed a F 1s peak at 688.0 ±0.1 eV and a B 1s peak at 196.2 

±0.1 eV, in agreement with the literature
19

. S 2p XPS core 

spectra of KFSI showed a peak at 170.3 ±0.1 attributed to 

NSO2F environment while the corresponding N 1s, O 1s and F 

1s peaks were observed at 400.0 ±0.1eV, 533.4 ±0.1eV and 

688.1±0.1eV, respectively. For KTFSI, the O 1s, N 1s and S 

2p XPS core spectra showed peaks, attributed to NSO2 envi-

ronment, at 533.4 ±0.1 eV, 400.2 ±0.1 eV and 169.8 ±0.1eV, 



 

respectively. The F 1s XPS core spectra showed a major peak 

at 689.2 ±0.1eV, attributed to -CF3 from KTFSI. The corre-

sponding C 1s peak from -CF3 was observed at 293.5 ±0.1eV. 

Note that for KTFSI, the K 2p3/2 peak from the K 2p doublet 

(blue-filled components in Figure 1) appears at 294.2 eV so 

that it is only 0.7 eV separated from the -CF3 carbon peak. It 

was therefore essential to first fit the K 2p orbital by adjusting 

the area ratio (Area2p1/2=0.5*Area2p3/2), imposing equal full 

width at half maximum (FWHM) band doublet spacing 

(BE2p (1/2-3/2)= 2.75 eV). Second, an unconstrained C 1s com-

ponent was added. Note also that for the analysis of this refer-

ence compound, a single linear background for both K 2p and 

C 1s regions was used but for a multi-compounds sample (i.e. 

for SEI analysis) it may be necessary to use a specific back-

ground for each region. To confirm the baseline accuracy, one 

could additionally fit the K 2s orbital and check that K 2p and 

K 2s region leads to equal atomic percentages.  

Finally, iteration monitoring during XPS core spectra acqui-

sition showed that KPF6, KBF4 and KTFSI compounds were 

stable under the X-ray beam, while KFSI compounds suffered 

damages. As reported in the literature, the weak S-F bonds
20

 

are 

broken under the X-ray beam, which leads to new S 2p and F 

1s components at lower binding energy, whose intensity in-

creased over iterations. The XPS core spectra for KFSI in 

Figure 1 were obtained at the beginning of the salt degrada-

tion, so that degradation product peaks were negligible. In the 

case of SEI analysis of cycled electrodes, that often requires 

long time analysis, it could thus be impossible to identify 

SEI’s compounds from X-ray beam degradation products. 

Therefore, for SEI analysis, it is recommended to perform (i) 

quick degradation tests using few short-time iterative scans to 

identify the core levels affected by a possible X-ray beam 

degradation (i.e. evolving peaks over iteration), (ii) full analy-

sis on at least 2 different ‘’fresh’’ areas (for reproducibility) 

still using short-time iterations and (iii) sum the first non-

evolving iteration scans for each beam-sensitive core level.  

 

SEI’s reference compounds. Products from salt and sol-

vent degradation (i.e. SEI compounds) are typically inorganic 

compounds such as MF, M2CO3 or MOH, and organic com-

pounds such as ROM, RCO2M or ROCO2M with M being Li, 

Na or K and R being an alkyl chain. The formation of these 

compounds depends on experimental storage/cycling condi-

tions, which are not discussed in this study. 

Inorganic compounds. Figure 2 shows the F 1s XPS core 

spectra of MF compounds. Based on initial state effect in 

relation with the ionic charge, a binding energy shift was 

observed between KF, NaF and LiF with peaks located at 

684.2, 684.8 and 685.1 ±0.1 eV, respectively. Figure 3 shows 

the C 1s and O 1s XPS core spectra of M2CO3. compounds. 

On the O 1s core spectra, a peak was observed at 530.4, 531.1 

and 531.8 ±0.1 eV attributed to -CO3 groups for K2CO3, 

Na2CO3 and Li2CO3, respectively. The corresponding C 1s 

peak was observed at 288.6, 289.4 and 290.1 ±0.1 eV. The 

shift towards low binding energies for C 1s and O 1s, as the 

alkali's atomic number increases, 

Figure 3. C 1s (left) and O 1s (right) XPS core spectra of Li2CO3 

(red-cross), Na2CO3 (pink-point) and K2CO3 (blue-triangle). 

Intensity were maximized for better comparison.  

Figure 2. F 1s XPS core spectra of lithium fluoride (red-

cross), sodium fluoride (pink-point) and potassium fluo-

ride (blue-triangle). Intensity were maximized for better 

comparison. 

 



 

has already been reported in the literature
21

 and is further 

discussed with Figure 5.  

Figure 4 shows the O 1s XPS core spectra of MOH com-

pounds. For NaOH and LiOH, peaks were observed at 529.8 

±0.1 eV and 531.1 ±0.1 eV, as also reported in the 

literature
12,22

. For KOH, the O 1s peak was observed at 529.4 

±0.1 eV. Note that characteristic peaks of M2CO3, were identi-

fied at 288.7-530.5 ±0.1 eV, 289.7-531.4 ±0.1 eV and 

289.9eV-532.0 ±0.1 eV for M being K, Na and Li, respec-

tively. This is explained by impurities formed by the reactive 

surface of such MOH compound when stored under air (i.e. 

commercially). This was confirmed by exposing under air for 

1 week a KOH pellet prepared from the KOH powder (initially 

grinded in a mortar), for which a much higher amount of 

K2CO3 was observed (Figure S2). Nevertheless, the presence 

of K2CO3 confirms that the binding energy values for KOH are 

correctly estimated to ±0.1 eV.  

Figure 5 shows a schematic representation of the 1
st
 ioniza-

tion potential (IP1) effect on the binding energy value for the 

alkali metals (top) as well as the binding energy evolution of 

MF, MOH and M2CO3 XPS components as function of the 

first ionisation potential (IP1) of the alkali metals (bottom). For 

all samples, XPS binding energies decreased when decreasing 

IP1 (i.e. from Li to K) due to the increasing delocalisation of 

valence electron density (i.e. screening effect increase) from 

the M atom to the F atom for MF, to the O atom for MOH and 

to the O atom for M2CO3, as illustrated on top of Figure 5. In 

the case of the M2CO3 compounds, this is associated with an 

additional delocalisation along the MO bonds (i.e. it in-

creases the negative charge of the O that shift the electron 

density to the carbon). Thus the M2CO3 carbon binding energy 

is also shifted to much lower binding energy values from 

Li2CO3 (290.1 ±0.1 eV) to K2CO3 (288.6 ±0.1 eV), in agree-

ment with the literature.
21

 Note that the C atom of K2CO3 was 

thus observed at the same binding energy of typical RCO2Li 

compounds
23,24

, which clearly highlights the need of K-based 

reference compounds to enable reliable XPS analysis of the 

SEI in KIBs.  

 

Figure 5. Schematic representation of the 1st ionization potential 

effect on the binding energy value for the alkali metals (Top) as 

well as binding energy (eV) evolution of MF, MOH and M2CO3 

XPS components as a function of the first ionization potential of 

alkali metals (Bottom). The binding energy values range is ±0.1 

eV for all components. 

 

Organic compounds Figure 6 shows the K 2p-C 1s and O 

1s XPS core spectra of CH3OCO2K, CH3CH2CO2K, K2C2O4, 

CH3CH2OK and CH3OK compounds. For CH3OCO2K, the C 

1s core spectrum showed two peaks with equal areas at 286.3 

±0.1 eV and 289.4 ±0.1 eV, attributed to the carbon in CH3O- 

and -OCO2K environment, respectively. The corresponding O 

1s spectrum showed two components with a ½ ratio at 532.9 

±0.1 eV and 531.1 ±0.1 eV, attributed to the oxygen in CH3O- 

and -CO2K. For information, the CH3OCO2Li counterpart 

showed components at 286.8 ±0.1 eV (CH3O-), 290.1 ±0.1 eV 

(-OCO2K), 533.3 ±0.1 eV (CH3O-) and 531.8 ±0.1 eV (-

CO2Li)
13,23,24

. Therefore, the K compound leads to lower bind-

ing energy (-0.5 eV on average) compared to the Li one, high-

lighting the effect of the lower ionization potential of K. Note 

that additional peaks (marked by an * in Figure 6) were ob-

served at 288.0 ±0.1 eV and 531.1 ±0.1 eV (this latter is based 

on XPS quantification), attributed to a -CO2K compound 

impurities such as K2C2O4 or RCO2K. The peak at 529.4 ±0.1 

eV is attributed to KOH impurities. Both K2C2O4/RCO2K and 

KOH impurities are due to the absence of purification after the 

synthesis process of this compound. However, the growth of 

these additional peaks during acquisition while the 

CH3OCO2K peaks decreased suggests that these impurities are 

also degradation products under the X-ray beam (Figure S3).  

The C 1s XPS core spectra of CH3CH2CO2K and K2C2O4 

show one peak at 288.1 ±0.1eV, attributed to a carbon in -

CO2K environment, while the corresponding O 1s peak was 

observed at 531.1 ±0.1 eV. Note that no binding energy differ-

ence was thus observed between oxygen in a -CO2K environ-

ment (CH3CH2CO2K / K2C2O4) and oxygen in a -OCO2K 

environment (CH3OCO2K). The C 1s XPS core spectra of 

CH3OK and CH3CH2OK show one peak at 286.1 ±0.1eV 

attributed to carbon in -COK environment while correspond-

ing O 1s peak was observed at 531.3 ±0.1eV. Note that for 

Figure 4. O 1s XPS core level spectra of LiOH (red-cross), 

NaOH (pink-point) and KOH (blue-triangle). Intensity were 

maximized for better comparison. *These peaks are attributed to 

M2CO3 impurities.  

 

 



 

both CH3OK and CH3CH2OK, the presence of K2CO3 was 

observed as it is used as stabilizer for these commercial com-

pounds. Note also the presence of KOH impurity. Note that a 

slight O 1s binding energy difference (about 0.4 eV) was 

observed between the -COK and -CO2K/-OCO2K environ-

ments. It is thus proposed that for SEI analysis, a single O 1s 

component (with a larger FWHM) could be used to represent 

these different environments. Finally, note that for 

CH3CH2CO2K and CH3CH2OK, the CHx environment was 

observed at 285.0 ±0.1 eV with good correlation with the 

expected atomic percentage (see Table S2).  

As previously mentioned, for XPS analysis of SEI in KIB, 

one should not rely on LiBs literature for peak assignment. 

Moreover, to avoid calibration method issue and/or charging 

effect between studies, the relative binding energies or ΔBE, 

i.e. the binding energy difference between core level compo-

nents (Table S3) can be used in addition to the absolute bind-

ing energies (Table S2) so that more reliable SEI analysis can 

be obtain. Figure 7 thus summarizes the relative (red-written 

labels) and absolute (values read on axes) binding energies for 

the KIBs electrolyte salts (in yellow) and the K-based refer-

ence compounds (organic in blue and inorganic in orange) as 

obtained in this work. Commonly used electrode additives 

(binders and carbon black) have also been reported for infor-

mation (grey-color), based on previous work.
23,25–29

 



 

Figure 6. K 2p-C 1s (left) and O 1s (right) XPS core level spectra for CH3OCO2K, CH3CH2CO2K, K2C2O4, CH3CH2OK, and 

CH3OK compounds. For CH3CH2OK, and CH3OK, K2CO3 was also observed (*) as it is used as stabilizer. For CH3OCO2K, -CO2K 

impurities was observed (**) in addition to KOH. 

 

CONCLUSIONS 

K-ion batteries (KIBs) performance are governed by the 

electrolyte reactivity, i.e. by the SEI formation from the salts 

and solvents degradation during storage/cycling. XPS analysis 

of the SEI is thus of great importance but remained based on 

Li-ion and Na-ion literature so far. Therefore, the present work 

provides a rather complete XPS database of commercial K-

based reference compounds. The effect of the much lower first 

ionization potential of K compared to Na and Li was clearly 

observed for the inorganic compounds M2CO3, MF and MOH 

(M= Li, Na or K) compounds. For instance, the C 1s peak of 

K2CO3 was observed 288.6 ±0.1 eV compared to 289.4 and 

290.1 ±0.1 eV for Na2CO3 and Li2CO3, respectively. Note that 

such very low binding energy value for the C 1s peak of 

K2CO3 is typical of the C 1s peak for RCO2Li compounds. 

Analysis of organic K-based compounds such as ROCOOK, 

RCO2K and ROK is also provided for the first time. This work 

also provides relative binding energy values, ΔBE, i.e. the 

binding energy difference between core level components in 

addition to the absolute binding energies to further help the 

analysis of SEI. Overall, this work will thus help researchers 

to get reliable SEI interpretation in KIBs, which should lead to 

a better understanding / improving of KIBs cells performance 

and lifetime. 



 

  

Figure 7. O 1s (top axe), F 1s (middle axe) and C 1s (bottom axe) absolute binding energy (eV) of KIBs electrolyte salts (in yellow-color), 

K-based reference compounds (organic in blue-color and inorganic in orange-color) and commonly used electrode additives (binders and 

carbon black, grey-color, as reported in literature). For KIBs SEI’s compounds and KIBs common salts, relative binding energy between 

represented orbitals are also given in red-written labels. 
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