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Inorganic compounds such as lithium fluoride (LiF) and lithium carbonate (LioCO3) as well as weakly acidic
lithium salts like lithium acetate (LiCH3CO>) or lithium formate (LiHCO3) are reported decomposition products
in lithium ion batteries (LIBs). The simultaneous analysis of these compounds is challenging due to the complex
system consisting of conductive salt, organic carbonates, additives and their decomposition variety. Ion exclusion
chromatography with conductivity detection (IEC-CD) seems to be predestinated for this analytical task due to its
ability to separate and determine weakly acidic anions, which are the relevant species arising from lithium salts
and electrolyte decomposition processes. One important chromatographic method to analyze ionic decomposi-
tion products is ion exchange chromatography (IC), which is currently a state-of-the-art (SOTA) technique for
fluoride (F?) quantification in LIBs. However, the calibration curve of F by IC hyphenated to a conductivity
detection (CD) provides a small linear range for low concentrations and an analyte dependent retention shift
occurs. IEC-CD represents a substantial upgrade in this respect and generated benefits for electrolyte analysis by
an improved linear range for F~ (up to several 100 ppm). Furthermore, especially in complex samples, the IEC-CD
method provides a more reliable chromatographic separation. In this study, IEC-CD is implemented to investigate
decomposition pathways of fluor-releasing electrolyte additives such as fluoroethylene carbonate (FEC). The
quantification of formate (HCO3), acetate (CH3CO32) and carbonate (CO%’) was also possible to gain deeper un-
derstanding of electrolyte additive decomposition in LIBs.

1. Introduction

Since their market implementation, lithium ion batteries (LIBs) have
become integral part of our society and their success story has exploited
new application areas such as electric vehicles, energy storage systems
or aviation. With the increasing capacities in battery manufacturing and
ongoing optimization of battery technology, the mobility sector has
been spotted as perfect target for LIBs [1-3].

State-of-the-art (SOTA) LIBs provide the best compromise of long
cycle life combined with high energy efficiency and energy density. The
operating cell voltages (> 3.5 V) and decent specific gravimetric/volu-
metric energy densities on cell level (up to 260 Wh kg™l/ 750 Wh L!) are
much higher compared to other rechargeable battery systems resulting
in superior driving range for electric vehicles [4-7].

A limitation of LIBs during operation and storage is the degradation
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of the cell components (aging), resulting in performance loss and a
reduced cycle lifetime. In this regard, the LIB electrolyte stability rep-
resents one major aging aspect [8,9]. For instance, Heider et al. and
Aurbach et al. showed a hydrolysis reaction of lithium hexa-
fluorophosphate (LiPFg) in organic solvents, whereby hydrogen fluoride
(HF) is formed [10,11]. HF formation can lead to a rapid breakdown of
the cell due to the dissolution of active material [12,13]. Furthermore,
typical decomposition products are inorganic compounds such as
lithium carbonate (Li;COs3) and lithium fluoride (LiF) as well as weakly
acidic lithium salts like lithium acetate (LiCH3CO>) and lithium formate
(LiHCOy) that are reported as key components of the solid electrolyte
interphase (SEI) [14-16]. Anyhow, the exact decomposition mecha-
nisms of the electrolyte at the electrode interfaces are still unclear.

To evaluate the formation and occurrence of these compounds,
robust and sensitive characterization techniques are required. One
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important chromatographic method to analyze ionic decomposition
products is ion exchange chromatography (IC) [17]. The determination
of the above mentioned anions by IC suffers from poor linearity or
retention is not possible, since these anions are used in the mobile phase.
In contrast, IC with typical anion exchange phase is the method of choice
to analyze typical conducting salts and anionic additives like LiPFg,
lithium difluoro phosphate (LiPO4F5), lithium bis(fluorosulfonyl)imide
(LiFSI) or lithium bis(oxalato)borate (LiBOB).

Implementation of ion exclusion chromatography with conductivity
detection (IEC-CD) is promising due to high selectivity to weakly acidic
anions [18]. Exemplarily, IEC-CD is suitable for the investigation of
electrochemically and thermally aged electrolytes. Since fluoride (F)
determination is challenging or even impossible by using element spe-
cific analytical techniques such as inductively coupled plasma-mass
spectrometry (ICP-MS) or X-ray fluorescence (XRF), IEC-CD is of even
more interest. For analyzing battery electrolytes, IEC-CD has not yet
been applied, although F* as well as carbonate (CO%) are key compounds
present in SOTA LIBs.

2. Experimental part
2.1. Chemicals

All chemicals were analytical grade unless otherwise stated. Aceto-
nitrile (ACN), ethanol (EtOH) and ethyl acetate (EtAc) were purchased
from VWR (Germany). LiFSI were used from Lonza Group (Switzerland,
99 %). Chloride standard, fluoride standard, FEC, formic acid (HCOOH,
98 %), methanol and phosphate standard were provided by Sigma-
Aldrich (USA) and diethyl carbonate (DEC), dimethyl carbonate
(DMC), dimethylformamide (DMF), dimethylsulfoxide (DMSO),
ethylene carbonate (EC), ethyl methyl carbonate (EMC), sodium acetate
(NaCH3COO) and sodium carbonate (NayCO3) were used from Merck
(Germany). Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Bat-
tery Grade) were purchased from TOB New Energy (China).

2.2. Cell assembly and electrochemical aging

Dry and sealed NMC622||graphite machine-made pouch cells were
used from Li-FUN Technology (China) for thermal and electrochemical
aging, which was performed on a battery and cell testing system
(MACCOR, USA). Prior to filling, the cells were dried in a vacuum oven
(Binder, Germany) at 60 °C for 12 h. The dried cells were filled with 750
uL of electrolyte and sealed with a GN—HS200V vacuum sealer (Gelon
LIB, China) for 5 s at 165 °C and 83 kPa.

Prior to cell formation, the cells were rested for 10 h to ensure ho-
mogeneous electrolyte distribution in the cell. After that, the constant
current formation was performed with two cycles in a voltage range of
3.0 Vto 4.2 V and a charge/discharge current rate of 0.2 C.

2.3. Cell opening and sample processing

The discharged cells were opened in a glove box (MBraun, Germany)
by cutting out the electrode stack with a ceramic scalpel and the elec-
trodes were separated from each other. To obtain pure electrolyte,
anode and separator were transferred into 50 mL tubes (VWR, USA) with
a shortened 20 mL syringe housing and were centrifuged in a Mega Star
600R centrifuge (VWR, USA) for 20 min at 8000 rpm and 20 °C. For
electrolyte analysis, the electrolytes were diluted volumetrically in
dimethylsulfoxide (DMSO (1/20 (v/v)) but monitored gravimetrically
and recalculated.

2.4. Ion exclusion chromatography-conductivity detection
Electrolyte measurements were carried out by means of IEC-CD.

Therefore, an 850 Professional IC Anion-MCS system equipped with
the Metrosep Organic Acids - 250/7.8 (Metrohm, Switzerland) column
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and 889 IC sample center were used. The column consists of a poly-
styrol/divinylbenzol copolymer basis with sulfonated modifications
with a dimension of 250 mm length and 7.8 mm width. The suppressor
was regenerated with 0.25 mmol L1 lithium chloride [19]. The mea-
surements were performed with an injection volume of 20 pL. A diluted
sulfuric acid solution (0.5 mmol L'l) was used as mobile phase and the
optimized temperature was 30 °C. The detailed instrumental parameters
for IEC-CD measurements are listed in Table 1.

2.5. Ion exchange chromatography-conductivity detection

The determination of the calibration curve of F for 1, 2, 5, 10, 20 and
50 ppm (see Fig. 2) and the solubility experiments of LiPFg and LiTFSI
based electrolytes to determine the LiPFg and LiTFSI content were car-
ried out by means of IC-CD. Therefore, an 850 Professional IC Anion-
MCS system and 889 IC sample center (Metrohm, Switzerland) were
used. A Metrosep A Supp 7- (250 x 4.0 mm), 5 um; Metrohm) with a
Metrosep A Supp 4/5 guard column was used for isocratic anion sepa-
ration at 65 °C and a flow rate of 0.7 mL min’! was applied [20,21]. The
column material consists of a polyvinyl alcohol with quaternary
ammonium modification. The parameters set for this separation tech-
nique are shown in Table 2.

3. Results & discussion

3.1. Method development and validation of ion exclusion
chromatography

For sufficient separation, a 0.5 mmol L sulfuric acid solution
without an organic modifier was used as eluent, because 15 vol. %
acetone resulted in a poor base signal and a solvent peak. The impacts of
the flow rate and temperature were experimentally determined. A flow
rate of 0.55 mL min"! was the most suitable and is at the upper end (max.
flow rate of 0.6 mL min'l) of the range recommended by the column
manufacturer [22]. Despite the high flow rate, a sufficient separation of
the analytes under investigation was given. The temperature did not
affect the separation of the components drastically, which is why all
measurements were carried out at moderate 30 °C. Elevated tempera-
tures prove less effective due to the extended equilibration time required
for the IEC-CD and higher energy consumption of the IEC system. The
IEC-CD measurements of a solution of F’, formate (HCO3), acetate
(CH3CO3) and CO% in sulfuric acid are shown exemplarily for a flow rate
of 0.3 mL min™ and 0.55 mL min’! at 30 °C (see Fig. 1).

IEC-CD analysis of the standard compounds resulted in baseline
separated peaks (see S1 a). Peak assignment was performed by indi-
vidual analysis of the four compounds. The 0.5 mmol L™ sulfuric acid
solution ensured a pH-value from approx. 3 and under these conditions
HF exhibits the strongest dissociation rate (pK, = 3.18) [23] and un-
dergoes the least retention. Formic acid (pK, = 3.75) [24] eluted with a
retention time of approx. 12.5 min followed by acetic acid (pK, = 4.76)
[24]. Carbonic acid (HoCOs, pK, = 6.35) [24] passed the column more
slowly because of the lowest dissociation constant. The low degree of
dissociation of HoCOs facilitates a higher frequency of passage through
the so-called Donnan membrane and enables increased interaction with
the stationary phase. The charged Donnan membrane shields dissociated

Table 1
Overview of parameters set for IEC-CD.

IEC-Parameter Settings

Eluent 0.5 mmol L' H,SO4
Injection volume 20 pL

Flow rate 0.55 mL min™!
Pressure 3.3 MPa
Temperature 30°C

Detection Conductivity
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Table 2
Overview of parameters set for IC-CD.

IC-Parameter Settings

Eluent 3.6 mM NayCOs, 3.4 mM NaHCOs, 42 Vol. % ACN
Injection volume 20 pL
Flow rate 0.7 mL min’!
Pressure 10.5 MPa
Temperature 65 °C
Detection Conductivity
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Fig. 1. Zoomed and overlaid chromatograms for the separation of a solution of
F (10 ppm), HCO5 (5 ppm), CH3CO5 (15 ppm) and co? (150 ppm) in sulfuric
acid for a flow rate of 0.3 mL min™ (light blue) and 0.55 mL min! (orange).
CO% eluted at a flow rate of 0.3 mL min™ after 30 min and was therefore
not detected.

molecules, while uncharged analytes can cross the membrane. The in-
dividual measurements of the acids confirmed the retention times ex-
pected from the pK,-values (see S1 b).

Further experiments were performed to measure other ionic species
commonly found in LIBs like hexafluorophosphate (PFg), phosphate
(PO?{), bis(trifluoromethanesulfonyl)imide (TFSI), bis(flurorosulfonyl)
imide (FSI') and chloride (CI"). Notably, PFg, TFSI" and FSI' hold note-
worthy interest due to their utilization as co-conducting salt anions and
their substantial presence in high concentrations. PO3 can be formed
due to the hydrolysis of LiPFg with water as the final product [25]. CI
may occur as contamination from synthesis. As expected, the dissocia-
tion of PFg, PO3", TFSI', FSI" and CI” was too high and therefore they were
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not retained at the stationary phase. The target analytes underwent
excellent and selective separation without any chromatographic
interferences.

A notable limitation of IC-CD for F~ quantification is the narrow
linear range for high concentrations and an analyte concentration
dependent retention shift occurs as visualized in Fig. 2 a) and b).

The calibration curve of F~ obtained by IEC-CD provides a wider
linear range as depicted in d). The calibration curve is shown for 1, 5, 10,
20, 40, 60, 80 and 100 ppm with a correlation coefficient of 0.999. All
measurements were carried out with a threefold determination with
high reproducibility. In comparison with IC-CD, the basic conductivity
of IEC-CD is higher with approx. 96 - 100 pS cm™’. In IC-CD, sodium
bicarbonate was used as eluent and the suppressor consisted of an ion
exchange column in its hydrogen form. The hydrogen exchange of the
eluent formed CO, in water with a low conductivity. Moreover, a CO4
suppressor was applied to further decrease background conductivity to
<1 pS em. In IEC-CD, the suppressor was regenerated with lithium
chloride (25 mmol L'!) and the Li* ions exchanged with the H' ions
forming a less, but still conductive Li* form. The IEC-CD represents a
substantial upgrade for the linear range, because no slope decreasing for
higher concentrations of F” could be detected. Samples containing > 300
ppm F are still in the linear range. In addition to the improved linear
range for quantification, more stable retention behavior was achieved.
In Fig. 2 a), a clear retention shift to shorter retention times for high
concentrations can be observed by IC-CD, which no longer occurs in the
IEC-CD measurements (see Fig. 2 ¢)). Especially in complex samples, the
IEC-CD method provides a more reliable identification of the analytes
based on the retention times. However, an asymmetric peak shape for
high concentrations is noticeable. Fronting was evident in the peaks
corresponding to higher concentrations, a phenomenon frequently
attributed to column overloading with analytes. Additionally, the cali-
bration curve could be consistently applied over an extended duration
owing to the resilient nature of the detection method.

In S2 and S3, the overlaid chromatograms and the calibration curve
for 1, 5, 10, 25, 50, 75 and 100 ppm are depicted for HCO3 and CH3CO3
measured by IEC-CD. These compounds also showed a wide linear
working range with a correlation coefficient of 0.999, enabling precise
quantification of HCO3 and CH3CO3. One advantage compared to F is
the more symmetrical peak shape even at increased concentrations.
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Fig. 2. a), b): Zoomed IC-CD chromatograms and calibration curve for F for 1, 2, 5, 10, 20 and 50 ppm. The linear regression fit was plotted for 1, 2 and 5 ppm. The
IC-CD method presents the current SOTA quantification of F” in the context of LIBs [20,26] c), d): Zoomed and overlaid chromatograms for the determination of the
calibration curve for F measured by IEC-CD (c)). The calibration curve for F” is shown for 1, 5, 10, 20, 40, 60, 80 and 100 ppm (d)). The measurements were carried
out in water and a threefold determination with high reproducibility was obtained.
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The calibration curve of CO% was determined within the range of 10
to 400 ppm as shown in S4, yielding a high correlation coefficient of
0.999. Slight conductivity deviations of the calibration curve measure-
ments were observed possibly attributed to absorption of CO; into the
solvent medium resulting in increased CO% content over time.
Furthermore, the calibration curves duration of applicability was
comparatively shorter than that of F, HCO3 and CH3CO3 and had to be
recalibrated regularly. Nevertheless, a broad linear range was obtained,
allowing CO%’quantiﬁcation via IEC-CD in comparison to IC-CD.

The limits of detection (LODs) were experimentally determined for
F’, CO%, HCO3 and CH5CO3 (listed in Table 3). For all measurements the
samples were diluted in water. All calibration levels were measured
three times and if the calibration level did not match the linear detection
range, they were not considered. The limits of quantification (LOQ) were
determined according to Eq. (1) based on the slope of the calibration
curve and the standard error of the regression (SD[x/y]). F~ has the
lowest LOD (0.09 ppm), followed by HCO> and CH3CO3 (LOD: 0.25
ppm). CO% shows a LOD of 1.0 ppm.

100 = 1op -2 | ob = 3 sp Y. 100 = 10 sp /X &)}
3 slope slope

The developed IEC method shows comparable LODs to F selective
analytical techniques (see Table 4). An indirect IC-ICP-MS methodology
introduced by Bayén et al. comprises lowest LOD of 1 - 10” ppm F” [27].
This method bases on formation of aluminum monofluoride (AIF*") in
excess of AI>* cations analyzed by cation chromatography hyphenated
to ICP-MS. The detection is realized by monitoring aluminum at mass to
charge (m/z) 27. Anyhow, a complex instrumental setup with different
hyphenation linkages is required. Furthermore, a thermal treatment for
quantitative formation of AIF>* complex is essential, which can result in
artefacts by temperature-sensitive compounds in the electrolyte.

IC-CD shows lower LODs than IEC-CD. However, drawbacks of IC are
already discussed above. Moreover, coelution of decomposition prod-
ucts of LiPFg-based electrolytes can take place in battery application
without usage of complex two-dimensional chromatographic systems
[28].

In addition, F~ selective electrodes (FSE) are challenging for F
quantification in batteries. While the low pH-value of the electrolyte
should overcome cross-selectivity to hydroxide anions, metal ions from
the cathode or current collector can interfere (Fe*'/Fetor AI®T).
Furthermore, the electrode response depends on the F activity, not
concentration. This activity varies, among other things, on the total ion
concentration of the sample. Unfortunately, battery electrolytes contain
high concentrations of the ionic conductive salt, which can lead to
misquantification [29]. Due to electrode size, only high sample volumes
are measurable by FSE (roughly 10 mL sample). Anyhow, the extraction
efficiency of battery electrolytes is limited, and it is hard to gain higher
amounts of electrolytes from end-of-life batteries.

Capillary electrophoresis (CE) methodologies are limited to their
strong dependencies on matrix effects. Especially, high ionic strength
(conductive salt) and organic compounds (carbonates) can affect the
electric osmotic flow - the key separation driver of CE.

The shown IEC-CD method comprises different advantages compared
to SOTA analytics of F. Especially, high selectivity not only to F’, but
also to HCO3, CH3CO3 and CO3? is promising. Easy instrumental setup,
low-cost eluent/regenerant and low-temperature separation make IEC
to a cost competitive alternative for battery electrolytes. The

Table 3

List of LODs and LOQs of F', HCO3, CH3CO3 and CO%.
Analyte LOD / ppm LOQ / ppm
F 9.1072 3.1071
co% 1.0 3.33
HCO3 2.5-107" 8.3-107"
CH3CO> 2.5-107" 8.3-107"
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Table 4

Comparison of SOTA analytical techniques for F~ quantification.
Method LOD (F" / ppm) Reference
IEC 9.1072 This work
CE 9.101 Pyschik et al.[30]
(¢ 1-1072 Kumar et al.[31]
FSE 3.1072 Chan et al.[32]
IC-ICP-MS 1-10* Bayon et al.[27]

discrimination of high-concentrated matrix components (conductive
salt, compounds with low pK, and uncharged organic components) due
to functionality of the Donnan membrane enables analysis of low-
concentrated, weakly acidic electrolyte decomposition products. IEC is
the first analytical method for simultaneous quantification of F, HCO3,
CH3CO3 and CO% in battery applications. In the next chapter, exem-
plarily applications for battery electrolyte analysis are shown.

3.2. Application of ion exclusion chromatography for electrolyte
measurements

Besides the IEC-CD method development, the aim of this work was
also the implementation of IEC-CD to study electrochemically and
thermally aged  electrolytes.  Therefore, lithium  bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) based electrolytes were used with
ethylene carbonate (EC)/ diethyl carbonate (DEC) (3:7 wt. %, ELyrrs-
+ec/pEc) and with additional FEC as an additive (ELyiTrsi+EC/DEC+FEC)-
Fluorine-containing additives are applied in LIB electrolytes for several
years because of the presumed formation of a highly fluorinated SEI due
to reductive decomposition improving electrochemical performance
[33]. For electrolyte additive studies regarding their F~ formation after
decomposition, LiPF¢ can interfere the expressiveness of the data due to
hydrolysis to HF and equilibrium with LiF. Therefore alternative, more
stable salts such as LiTFSI were considered in this research. Electro-
chemical and thermal stability experiments were performed to exclude
F release from the conductive salt. Furthermore, one aim of this
research was to quantify additional weakly ionizable species like HCO3,
CH3CO5 and CO% in electrochemically and thermally aged electrolytes.

For qualitative investigations of the electrolyte the choice of solvent
is crucial to exclude artefact formation after aging or ghost peak
occurrence. As depicted in Fig. 3 a), the pure solvent blanks of H50,
dimethyl sulfoxide (DMSO), ethanol (EtOH), methanol (MeOH),
dimethyl carbonate (DMC), dimethylformamide (DMF) and acetonitrile
(ACN) were measured. As visualized, just HoO and DMSO were suitable
for the simultaneous determination of F', HCO3, CH3CO3 and CO%" due to
baseline instability of the other tested solvents.

For stability investigations of LiTFSI, the pristine electrolyte of
ELyitrsi+ec/pEC+FEC Was diluted in different solvents and the LiTFSI
concentration was measured by IC-CD. The measurements indicated the
highest stability and the best recovery rate of LiTFSI in DMSO (see Fig. 3
b)).

To examine the stability of FEC in various solvents approx. 10 mg of
FEC were dissolved in 1 mL of each solvent and were incubated 12 h at
room temperature (see Fig. 3 c)). For the measurements, the samples
were further diluted. As a result, FEC is unstable towards polar protic
solvents such as MeOH, EtOH and especially H20. In the solutions of
DMSO, ACN and DMC the F” content was < LOD (0.09 ppm). Overall, the
results showed that DMSO is the most suitable solvent for electrolyte
analysis by means of IEC-CD. LiTFSI and the fluorine containing additive
FEC are stable and did not provide any further F content through
decomposition that could interfere the measurements. Consequently,
further electrolyte measurements were carried out in DMSO. Never-
theless, it should be mentioned that the focus in the choice of the solvent
was directed on simultaneous quantification of F, HCO3, CH3CO3 and
Cco%.

For the aged electrolyte measurements, the LiTFSI based electrolytes
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Fig. 3. a) Zoomed and overlaid chromatograms for the comparison of pure solvent blanks (H;O: brown, DMSO: yellow, EtOH: blue, MeOH: light blue, DMC: dark
blue, DMF: orange, ACN: light brown). b) The pristine electrolyte (ELyitrsi+Ec/pEcFEC) Was solved in different solvents and the LiTFSI content was measured by IC-
CD. The theoretical concentration is plotted at 24.9 wt %. c¢) The stability of FEC in MeOH, EtOH, DMSO, ACN, DMC and H,0 are depicted due to the determination of

the F~ content by IEC-CD.

after cell formation at 20 °C and 60 °C were considered. For each aged
electrolyte, three multi-layer pouch cells were built and formed at 20 °C
and 60 °C and a twofold determination was carried out. Besides F’, also
HCO3, CH5CO3 and CO% were quantified. In Fig. 4, the F~ contents of
pristine and aged LiTFSI based electrolytes are depicted as a bar chart.

In contrast to the pristine electrolytes, no F content (< LOQ (0.3
ppm)) was found in the at 20 °C electrochemically formed ELj;rrsi+rc/
pec- Thus, the aged electrolyte was perfectly suited to investigate the F
content caused by fluorine containing additives such as FEC after elec-
trochemical aging. It was concluded that the determined F content in
ELyiTrsi+Ec/DEC+FEC Was formed exclusively by the corresponding addi-
tive [34,35]. Furthermore, Fig. 4 showed the F concentrations of
ELyitrsi+Ec/pEc and with additional FEC for electrochemical formed cells
at 60 °C. As visualized, due to the temperature increase to 60 °C during
the formation process, F” was detected for ELjjrrsiirc/pEc. In literature,
low temperature decomposition of LiTFSI was associated to the release
of trapped HF acid as residue from synthesis. Lu et al. described HF
generation of pristine LiTFSI already at 36 °C via thermogravimetric
analysis (TGA). However, only low amounts of HF were detected [36].
Initial F~ content in pristine electrolyte can be also caused by storage at
slightly elevated temperatures. In general, electrolyte suppliers deter-
mine the F” content to < 20 ppm.

Moreover, Kramer et al. explained a correlation of anodic aluminum
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Fig. 4. Bar chart of the F contents of pristine and aged LiTFSI based electro-
lytes (formed at 20 °C and 60 °C) measured by IEC-CD. The pristine electrolyte
measurements were carried out with a threefold determination. Three bars are
shown for each aged electrolyte, corresponding to three different pouch cells.
For each aged electrolyte, the mean value of the F~ content was calculated from
a twofold determination (ELyjrrsiirc/pEciFEC: light green,
DEC: orange).

ELLitrsi+Ec/

current collector with electrolyte decomposition in carbonate-based
electrolytes. Due to lack of passivating conductive salt or additives,
aluminum can be dissolved into the electrolyte, but also further faradaic,
parasitic reactions take place. Applying a constant voltage to LiTFSI
based electrolytes leads to an increased F* concentration during elec-
trochemical oxidation process at the aluminum electrode [37].

Furthermore, reductive LiTFSI degradation is described at the
interface of graphite and electrolyte. This LiTFSI based SEI consists
among others of LiF and can result in increased F~ concentration in the
electrolyte [38].

With additional FEC, the temperature change had exactly the
opposite effect on the F* concentration. It was also noticeable that the
concentrations in the three individual electrolytes are more reproduc-
ible than for the formation process at 20 °C.

In literature, FEC is described as additive with superior SEI film-
forming abilities due to ring-opening reaction at reductive surfaces
and further LiF release as stable building block of the SEI This LiF-rich
SEI is particularly resistant to re-dissolution of SEI species in the elec-
trolyte. The newly developed IEC analysis of the electrolyte delivers first
correlation of dissolved F” species exclusively formed by FEC. Besides the
formation of stable immobile LiF in the SEI, FEC is causing F" release into
the electrolyte in form of LiF and HF [39,40].

Anyhow, it has to be stated, that the F~ content in the electrolyte is
relatively small. The major amount of electrolyte decomposition prod-
ucts precipitates on the negative electrode. The lower F” content at 60 °C
formation temperature can be assigned to a more stable SEI or better
kinetic decomposition behavior [41].

In contrast to the pristine electrolytes, HCO> was quantified in the
aged electrolytes formed at 20 °C and 60 °C (see Fig. 5), indicating that
HCOs3 is formed by electrochemical processes [16]. LiHCOy can be
formed through the reaction of CO, radicals with protonic impurities
such as HF [16]. As for F, in the absence of an additive, the concen-
tration of HCO3 in the electrolyte was temperature-dependent. The
concentration increased meaningfully with raising temperature. In the
FEC containing electrolyte, variations in temperature did not lead to
visible changes of the HCO3content.

Similar to the determined F~ and HCO; concentrations, the CH3CO>
content increased with a raising temperature of the formation process
for ELyirsi+ec/pEc (see Fig. 5). For the FEC containing electrolyte, the
concentration of CH3CO3 did not change notably with temperature. In
general, the CH3CO3concentration was in a similar range for pristine and
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Fig. 5. Bar chart of the HCOO™ (upper), CH3COO™ (lower, left) and CO3? (lower, right) content of pristine and aged electrolytes (formed at 20 °C and 60 °C)
measured by IEC-CD. The pristine electrolyte measurements were carried out with a threefold determination. Three bars are shown for each aged electrolyte,
corresponding to three different pouch cells. For each aged electrolyte, the mean value of the analyte content was calculated from a twofold determination

(ELyitrst+Ec/pEc+FEC: light green, ELyitrsi+ec/pEc: Orange).

aged electrolytes. Michan et al. presumed a LiCH3CO5 formation due to
reactivity of alkoxy species with air. The alkoxy species are likely
resulting from DMC and EC reactions [42].

In addition to F’, HCO3 and CH3CO5, the quantification of CO% was
also possible by means of IEC-CD. While no CO3 was detected in the
pristine electrolytes, it was also formed during formation (Fig. 5). One
presumed formation of LioCO3 involves the ring opening of EC [43].
Furthermore, formed semi-carbonates are reactive towards acids, water
and CO,. Therefore, Li;CO3 can be formed in situ during formation
process. In addition, building of Li;COg3 artefacts during sample prepa-
ration or species separation cannot be excluded.

For the FEC containing electrolyte formed at 20 °C more F, HCO3,
CH3CO3 and CO% were detected than without additional FEC. The for-
mation process at 60 °C led to reduced levels of HCO3 and CO%’ in the
presence of FEC. However, CH3CO3 concentrations remained consistent
across both formations. High temperature formation leads to a more
effective and stable SEI. Therefore, the indirect SEI characterization via
electrolyte analytics is challenging due to trapped species inside the SEIL.
Anyhow, insights into reductive decomposition pathways of the elec-
trolyte and investigations of soluble SEI species can be performed via
IEC-CD.

4. Conclusion

The understanding of electrode - electrolyte interphases regarding
their formation, composition and stability is crucial for advanced cell
chemistry designs for future LIBs. Powerful analytics are inevitable to
effectively understand battery aging and performance. Thus, great ef-
forts in the development of new analytical techniques have been made
since their implementation.

This paper includes the method development and validation of a new
IEC-CD and the ensuing application in LIB electrolyte characterization.
The determination of F" by IEC-CD offers great advantages over SOTA IC-
CD method and can generate benefits for electrolyte analysis by an
improved linear range with a LOD of 0.09 ppm. No retention shifts
occurred by IEC-CD in contrast to IC-CD, which made the identification
of the analytes based on the retention time much more reliable.
Furthermore, simultaneous determination of weakly acids (HCO3,
CH5CO3 and CO%) was successfully applied.

This work provides evidence of the usefulness of the IEC-CD method
as an analytical tool for electrolyte characterization. Besides a practical

analysis, guideline (method parameter, solvent choice), the design of
electrolyte composition and testing conditions were selected to evaluate
the impact of the film-forming additive FEC on electrolyte decomposi-
tion reactions. A successful simultaneous determination of F, HCO3,
CH3CO3 and CO% in organic carbonate-based electrolytes was imple-
mented. The effects of FEC and different formation temperatures on the
electrolyte decomposition during film formation were investigated. IEC-
CD could be a powerful and complementary tool in the diverse toolbox
of chromatographic techniques for electrolyte studies.
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