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PFAS Free Organic Carbonate-Based Electrolyte Formulation
for LNMO||SiGr Cell Chemistry

Maike Leopold, Constantin Liirenbaum, Tobias Brake, Christian Wélke, Peng Yan,
Martin Winter, Sascha Nowak, Simon Wiemers-Meyer, and Isidora Cekic-Laskovic*

A per- and polyfluoroalkyl substances (PFAS) free electrolyte formulation for
the high voltage lithium nickel manganese oxide (LNMO)||silicon-graphite
(SiGr) per- and polyfluoroalkyl substances (20 wt.% silicon) cell chemistry is
developed. The high upper cut-off voltage of 4.9 V, together with the
substantial volume expansion of the silicon-graphite negative electrode,
imposes stringent demands on the electrochemical stability of the electrolyte.
A newly developed PFAS free electrolyte formulation incorporating lithium
difluoro(oxalato)borate (LiDFOB) alongside cost-effective organic carbonate
solvents ethylene carbonate (EC) and ethyl methyl carbonate (EMC) enables
stable operation of LNMO||SiGr cell chemistry. Improved galvanostatic cycle
life from 145 cycles to 245 cycles (69 %) can be achieved in the presence of

4 wt.% LiDFOB. LiDFOB effectively suppresses the transesterification often
observed in organic carbonate-based electrolytes by scavenging lithium
alkoxides and leads to a reduction of transition metal (TM) dissolution. These
properties contribute to the formation of an effective solid electrolyte
interphase (SEI) and cathode electrolyte interphase (CEl), resulting in
improved galvanostatic cycling stability and overall electrochemical
performance. The developed PFAS free electrolyte formulation constitutes a
promising pathway for high-voltage lithium ion cells, combining
environmental safety with high electrochemical performance.

the growing demand for higher en-
ergy densities.!?] This can poten-
tially be achieved by using a silicon-
containing negative electrode and
the high-voltage lithium nickel man-
ganese oxide (LiNijsMn,.O,) positive
electrode.’>] Compared to graphite,
silicon-containing negative electrodes
are characterized by their high specific
capacity of 3590 mAh g=! for Li,,Si
(graphite: 372 mAh g!). In the Earth’s
crust, silicon is the second most abun-
dant element!*)  However, using
silicon results in considerable volume
expansion of ~300 % during full lithi-
ation, and the resulting electrode has
a higher working potential of ~0.4 V
vs Li|Li* as compared to graphite with
~0.1 V vs Li|Li*.1%12 High volume
expansion results in particle cracking,
leading to an ineffective solid electrolyte
interphase (SEI), irreversible loss of ca-
pacity in the first cycle, and mechanical
fracture. These issues result in rapid

1. Introduction

Lithium ion batteries (LIB) are widely used in electric vehi-
cles and have undergone continuous advancements to meet
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capacity fading during galvanostatic

cycling 111131 To minimize these chal-

lenges, silicon is combined with graphite
(SiGr), enabling the advantages of both materials to be uti-
lized, particularly in terms of volume expansion and theoretical
capacity.['21*15] Tn addition to the attempts to increase the spe-
cific capacity in the participating electrodes of an LIB, an alter-
native approach to enhance the energy density by increasing the
operation voltage, which is why LNMO is selected as the positive
electrode material. LNMO has a theoretical specific capacity of
147 mAh g=! and an operation potential of 4.7 V vs Li|Li+ 1619
which leads to a higher energy density of 650 Wh kg=! on
electrode level compared to lithium iron phosphate (LiFePO,)
(510 Wh kg!) counterpart but which is lower than that of
Lithium nickel manganese cobalt oxide (LiNij43Co,,Mn,;0,)
(780 Wh kg1).120-22] Cost volatility and environmental impact are
further important considerations, where the absence of cobalt
and comparatively low nickel content are benefits of the LNMO
electrode.?*?*] However, LNMO-based cells often suffer from
rapid capacity fading due to strong oxidative electrolyte decom-
position and transition metal (TM) dissolution.?*?>%8] To im-
prove the cycling stability of LNMO||SiGr cells, an appropriate
electrolyte that can form an effective SEI and cathode electrolyte
interphase (CEI) in the high-voltage area up to 4.9 V is to be
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Figure 1. Mean specific discharge capacity vs cycle number a), accumulated discharge energy until 80 % SOH vs electrolyte formulation b), AV vs cycle
number c) of the BE electrolyte and BE + 1-5 wt.% LiDFOB. Rate capability experiment with various C-rates between 0.1 and 5 C of the BE electrolyte

and BE + 4 wt.% LiDFOB d).

developed. Fluorinated solvents or additives are widely used in
high-voltage electrolyte formulations due to the unique proper-
ties of fluorine, including high oxidative stability, a wide temper-
ature range, and effective interphase formation.[?-3! Representa-
tive solvents such as fluoroethylene carbonate (FEC) and methyl
(2,2,2-trifluoroethyl) carbonate (FEMC) have been shown to en-
hance the electrolyte performance of LNMO-based cells.[3233]
However, the incorporation of fluorinated solvents often re-
duces the solubility of conducting salts and functional additives
and increases cost. To address this limitation, fluorinated ad-
ditives such as tris (2,2,2-trifluoroethyl) phosphate (TTFP) and
1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropylether (TTE) have
been used in order to optimize the properties of the electrolyte
further.3*3¢] Despite their functional benefits, there are grow-
ing concerns have been mentioned regarding the environmen-
tal impact of per- and polyfluoroalkyl substances (PFAS), primar-
ily due to their persistence in the environment. From an envi-
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ronmental standpoint, no —CF; and —CF,— groups should be
present in the conducting salt, solvent/co-solvent, and functional
additive(s).[*’] In this context, the present study aims to develop
a PFASfree electrolyte alternative for LNMO||SiGr cells.l***!] Due
to limited options of suitable electrolyte solvents, the elimina-
tion of fluorinated solvents makes achieving high voltage stability
challenging. An alternative strategy to enhance the high voltage
stability is the use of additives improving the CEI function at high
voltage.l**2] Lithium difluoro(oxalato)borate (LiDFOB) is a well-
known additive that can suppress electrolyte decomposition, side
reactions, and TM dissolution and can effectively enhance over-
all electrochemical performance.[***#’] Zhang et al. reported that
LiDFOB can be employed as a lithium salt due to its solubility
in linear carbonates and the ability to reduce the electrolyte vis-
cosity, thereby enhancing the low temperature performance and
the rate capability of the LiNi; . M, N, O, ||Gr cells.** More recent
studies have identified LiDFOB as a multifunctional additive.
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Specifically, it can form effective CEI and SEI layers, sup-
press electrolyte decomposition, thus enabling improved elec-
trochemical performance of the resulting LNMO||SiGr cell
chemistry.**=!] Ka et al. demonstrated that LiDFOB-based elec-
trolyte formulations, optimized for high-voltage applications,
can suppress decomposition and hydrolysis of lithium hexaflu-
orophosphate (LiPF;), capture Mn?* ions, and improve the elec-
trochemical performance of the LNMO||lithium titanium oxide
(LTO) cells by forming effective interphases on both the anode
(SEI) and cathode (CEI).[*]

In this study, the influence of the electrolyte formulation of 1 m
LiPF, in a mixture of ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) (3/7) (BE) in combination with LiDFOB as elec-
trolyte additive for LNMO||SiGr (20 wt.% silicon) cells is investi-
gated. By employing complementary electrochemical and spec-
troscopic techniques as well as gas chromatography measure-
ments, it is shown that the presence of LiDFOB in an optimum
amount of 4 wt.% can considerable improve the galvanostatic cy-
cle life from 145 to 245 cycles (69 %) by suppressing the TM dis-
solution and scavenging lithium alkoxides.

2. Results and Discussion

2.1. Galvanostatic Cycling Performance Evaluation

To investigate the role of LiIDFOB as an electrolyte additive for
LNMO||SiGr cells with a silicon content of 20 wt.% in the SiGr
composite, galvanostatic cycling measurements were conducted
in a voltage range of 3.5 t0 4.9 V. 1 m LiPF in EC/EMC (3/7) was
used as BE electrolyte and five LIDFOB concentrations ranging
from 1 and 5 wt.% were systematically evaluated to determine the
optimal formulation for this cell chemistry. Figure 1 shows the
specific discharge capacity vs cycle number during the first 250
cycles a) and accumulated discharge energy until 80 % state of
health (SOH) b) of the LNMO||SiGr cells with six considered elec-
trolyte formulations. The cells with the baseline electrolyte show
capacity fading during the first 70 cycles, followed by a drastic ca-
pacity drop. This results in only 145 cycles until 80 % SOH and an
accumulated discharge capacity of 72 Wh g~!. Figure 1c displays
the difference between the average charge and discharge volt-
age (AV) vs the cycle number. This provides indirect information
about the cell polarization, i.e., higher AV values imply a higher
cell polarization.l®?] For the cells containing the BE electrolyte, a
considerably higher cell polarization is observed during the gal-
vanostatic cycling. This indicates faster degradation of the elec-
trodes and the electrolyte decomposition, leading to an increased
cell polarization. This observation is consistent with the higher
rate of irreversible reactions during long-term cycling, which is
indicating by the decreased Coulombic efficiency (CE) values as
shown in Figure S1 (Supporting Information).l>] The addition
of different amounts of LiDFOB between 1 and 5 wt.% results
in a similar galvanostatic cycling performance during the first
140 cycles. The cells with BE + 1 wt.% LiDFOB achieve an im-
proved discharge capacity compared to the BE electrolyte. How-
ever, the rapid capacity fading can be postponed by only 30 cy-
cles. This results in an accumulated specific discharge capacity
of 88 Wh g1. The AV values are constant for the first 100 cy-
cles, then the AV values increase. The rise in cell polarization
can be explained by the rapid capacity fading, which can result
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from ineffective SEI and CEI formation. A decreased specific dis-
charge capacity is observed with the BE + 2 and 3 wt.% LiD-
FOB cells compared to the BE + 1 wt.% LiDFOB cells. How-
ever, the accumulated discharge capacity improves to 105 and
115 Wh g~'respectively. This could be an indication that LIDFOB
is continuously consumed during galvanostatic cycling regarding
the improved galvanostatic cycling performance with increasing
LiDFOB amounts. However, a refill experiment shows that the
specific discharge capacity does not increase further if 300 uL of
the electrolyte BE + 1 wt.% LiDFOB is added to the aged cell
after 178 cycles (Figure S2, Supporting Information). Interest-
ingly, with an increased LiDFOB amount to 4 and 5 wt.% the
specific discharge capacity decreases, however, at the same time
the capacity fading is postponed to 200 cycles. This results in an
improved accumulated specific discharge energy of 120 Wh g
(BE + 4 wt.% LiDFOB) and of 117 Wh g~! (BE + 5 wt.% LiD-
FOB). Furthermore, the reduced specific discharge capacity indi-
cates that reduction/oxidation reactions occur at both electrodes
during the formation with LIDFOB on the interphases. This is
also evident from the decreased CE values, as shown in Figure
S1 (Supporting Information). During galvanostatic cycling, the
CE is improved, which also demonstrates a beneficial impact of
LiDFOB on the interphase formation.> LiDFOB concentrations
of 4-5 wt. % yield identical cell polarization behavior, indicating
suppressed side reactions and the formation of more effective
SEI and CEIL

Furthermore, a rate performance investigation was performed
to investigate the fast charging capability of the BE and the best
performing BE + BE + 4 wt.% LiDFOB electrolyte. Figure 1d
shows the comparison of LNMO||SiGr cells containing both elec-
trolyte and shows that the specific discharge capacity is improved
for the cells with LiDFOB at all C-rates between 0.1 and 5 C. This
means that the developed electrolyte not only improves the cy-
cle life of the LNMO||SiGr cell chemistry, but also enables higher
charge and discharge rates.

2.2. Capacity Endpoint Slippage Analysis

During galvanostatic cycling of a cell, charge and discharge end-
points progressively shift toward higher capacities. This effect is
known as endpoint slippage.>>>’] The shift in the charge end-
point is often attributed to side reactions occurring at the posi-
tive electrode, such as electrolyte oxidation, short circuits or shut-
tling mechanisms.[>*>7] In parallel, the discharge endpoint also
drifts initially influenced by the charge slippage itself, but may
be further affected by parasitic reactions at the negative elec-
trode. The reactions, including the reduction of electrolyte com-
ponents, results in the loss of active lithium.[>>-’] Overall, these
slippages serve as a reliable indicator for ongoing parasitic reac-
tions during galvanostatic cycling.””! Figure 2a shows the volt-
age profiles of the cells with the BE and the best performing
BE + 4 wt.% LiDFOB electrolyte. In the cells with BE electrolyte,
a more pronounced slippage in both charge and discharge end-
points is observed. The large increase of 0.26 mAh g=! of the dis-
charge endpoints can be related to the particle cracking of the
SiGr electrode and the resulting volume change, resulting in an
ineffective SEI and severe active lithium loss due to electrolyte
decomposition. Furthermore, the observed drop in CE during
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Figure 2. Electrochemical charge discharge profile and endpoint capacity vs cycle number of the LNMOI|SiGr cells containing BE (black) and BE + 4 wt.%

LiDFOB (dark yellow) electrolytes.

galvanostatic cycling further confirms side reactions at the neg-
ative electrode.l’*>>71 The capacity endpoint of charge (Q.) ex-
hibits a marching rate of 0.17 mAh g~!, suggesting ongoing par-
asitic oxidation reactions as a result of the formation of ineffective
CEL.>*5%] Notably, the charge and discharge endpoint slippage in-
creases drastically after 110 cycles, which can be correlated to the
rapid capacity fading and is an indication for irreversible side re-
actions on both electrodes and ongoing TM dissolution.[5456:7]

LNMO||SiGr cells containing BE + 4 wt.% LiDFOB electrolyte
exhibit a high capacity retention, which aligns with the smaller
shifting of voltage profiles (a) and lower slippage during cycling
(b), as shown in Figure 2.55%¢ This can be related to the low
active lithium loss of the negative electrode and suggests fewer
side reactions, indicating the formation of an effective SEI on
the SiGr negative electrode due to decomposition products of
LiDFOB.>* Furthermore, Q. remains nearly constant, which
may be attributed to the suppression of side reactions at the pos-
itive electrode, likely resulting from the formation of an effective
CELPB2

2.3. Electrolyte Decomposition

To gain a deeper insight into the decomposition products of
the BE and BE + 4 wt.% LiDFOB electrolyte, gas chromatogra-
phy mass spectrometry (GC-MS) measurements were performed
of the fresh electrolytes, as well as of the aged electrolytes af-
ter 3 cycles and end of life (EOL) (80 % SOH; BE: 145 cy-
cles; BE + 4 wt.% LiDFOB: 245 cycles). Figure 3 shows the
GC-MS analysis of the fresh BE shows prominent peaks, cor-
responding to EC and EMC solvents. Upon aging, additional
signals corresponding to dimethyl carbonate (DMC) and di-
ethyl carbonate (DEC) emerge, indicating ongoing electrolyte
decomposition.’®] These changes are attributed to the elec-
trochemical reduction of EC and EMC at the negative elec-
trode, leading to the formation of reactive lithium alkoxides.>%¢!
Lithium alkoxides are known to undergo nucleophilic attack
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on EC and EMC, initiating transesterification reactions,>*¢! re-
sulting in the formation of 2,5-dioxahexane dicarboxylate (EM-
DOHC), dimethyl 2,5-dioxahexane dicarboxylate (DMDOHC),
and diethyl 2,5-dioxahexane dicarboxylate (DEDOHC).>°! No-
tably, the amount of the transesterification products increased
with ongoing cycling. These species have been correlated to par-
asitic side reactions, resulting in decreased electrochemical per-
formance and increased cell polarization. The addition of 4 wt.%
LiDFOB to the BE shows the complete suppression of transes-
terification products. This suppression is attributed to the effec-
tive scavenging of lithium alkoxides by LIDFOB, thereby prevent-
ing their participation in transesterification reactions.!*”:!l This
results in the formation of an effective SEI on the negative elec-
trode surface and inhibits further decomposition of EC and EMC,
and reduces side reactions. Consequently, the improved interfa-
cial stability leads to enhanced galvanostatic cycling performance
and reduced cell polarization. Furthermore, during the decom-
position reactions of LiPF, highly reactive PF; is formed, which
subsequently leads to the generation of POF;, HF, alkyl fluorides,
and carbon dioxide (CO,).[®?l During galvanostatic cycling, the
decomposition of LiPF, in the BE + 4 wt.% electrolyte is reduced
compared to the BE counterpart.

2.4. Gas Evolution During Cell Formation

Gas chromatography barrier discharge ionization detector (GC-
BID) and gas chromatography thermal conductivity detector (GC-
TCD) measurements were carried out after the formation due to
the notable gas development of the cells with the BE + 4 wt.%
LiDFOB electrolyte (Figure S3, Supporting Information). In the
organic carbonate-based electrolytes, gas evolution during the
formation is primarily caused by the reductive instability of EC
and EMC within the used voltage range.l*=%7] Specifically, the
reductive decomposition of EC during the SEI formation gen-
erates various gases, including ethene (C,H,), carbon monox-
ide (CO), and hydrogen (H,).[5*66:6869] With the BE electrolyte,
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Figure 3. GC-MS chromatogram of the fresh and aged BE and BE + 4 wt.% LiDFOB electrolyte.

mainly H, (52.45 %) is detected as shown in Figure 4. H, is typ-
ically produced by the decomposition reaction of trace amounts
of H,O at the negative electrode.[®*6¢7071] Furthermore, the re-
ductive decomposition of the solvent EC leads to the formation
of C,H, (0.98 %) and CO, (1.14 %),”27°] while the decomposi-
tion of EMC generates methane (CH,) (1.68 %).[%37375] Further-
more, the gas decomposition product ethane (C,H) (0.80 %) is
also detected.[®*%%7275] Adding 4 wt.% LiDFOB to the BE leads to a
notable gas evolution during the formation, indicating the forma-
tion of large quantities of CO, as the main decomposition prod-
uct of oxalates.”®) During the oxidative decomposition of LiD-
FOB, a high amount of CO, (31.64 %) is formed.[”®! CO, inhibits
the formation of lithium alkoxides, which are usually produced

60
55 ] Il B
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50

N Wwbh N
O O oo o,
PR PR PR B I |

Composition [%]
N

N
1

H, CH, CO
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Figure 4. GC-BID/TCD measurements of the decomposition products
during the formation of the Li-FUN cells containing BE and BE + 4 wt.%
LiDFOB electrolytes.
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by reducing linear carbonates and then undergo transesterifica-
tion reactions.!”67”]

The CO, radical produced by anodic reaction also acts as an
effective scavenger for H,0 and H,.["®8] Additionally, the reduc-
tive decomposition of EC also produces CO, accounting for an-
other high proportion of the gas composition.[®*] According to
the literature and linear sweep voltammetry, LIDFOB is reduced
before EC (Figure S4, Supporting Information).””) LiDFOB can
suppress both hydrogen formation and the direct reduction of
EC, which can limit side reactions with linear carbonates.”””] Due
to the preferential reduction of LiDFOB, gaseous products from
the reduction of EC or trace impurities (e.g., CH,, C,H, C,H,)
only occur in a small fraction.[®] It can be assumed that the de-
composition products of LiDFOB enable the formation of a more
effective SEI, which suppresses the reduction of solvent compo-
nents such as EC and reactions with impurities. The remaining
gas fraction observed in both samples consists of Ar as well as
traces of O, and N,, introduced during the sample preparation.

2.5. Interphase Characterization

To further investigate the differences in the surface chemistry of
the LNMO||SiGr cells containing the BE and BE + 4 wt.% LiD-
FOB (for simplicity noted as BE + D in the following section)
electrolytes, harvested electrodes after 3 cycles and EOL were
analyzed using scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS). While no differences are dis-
cernible from the SEM micrographs (Figures S5 and S6, Support-
ing Information) for either LNMO or SiGr electrodes, the XPS
results indicate that both electrolytes have an influence on the
SEI and CEI composition. Figure 5 shows the F 1s spectra of the
harvested SiGr electrodes from cells containing BE and BE + D
electrolyte. Two peaks are observable, one at ~685.0 eV, which is
attributed to lithium fluoride (LiF), and one at ~686.5 eV, which
is attributed to Li,PF,0,.*%%!) In general, LiF and Li PF O, are
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Figure 5. F 1s fitting results from XPS spectra of the harvested SiGr electrodes after 3 cycles and after EOL from cells containing considered electrolyte

formulations BE (a,c) and BE + 4 wt.% LiDFOB (b,d).

decomposition products of LiPF, and LiF also being a decom-
position product of LIDFOB. After three cycles, considerable dif-
ferences can be observed with the cells containing different elec-
trolytes. There is a considerably higher relative amount of LiF
with the BE electrolyte compared to the cells with the BE + D
electrolyte, which could be an indication that in the presence
of LiDFOB the fluoride ions are mobilized (e.g. by formation of
BF,”) rather than being deposited in the SEI. As the decomposi-
tion of PF;~ requires the liberation of F~, the detection of fluo-
rophosphates is usually accompanied by a LiF signal of compa-
rable intensity.®?] The LiF amount is increasing for the different
electrolytes during galvanostatic cycling, but the LiF amount is
still lower for the BE + D electrolyte after EOL. The C 1s spec-
tra of the SiGr electrodes show five peaks, C—C/C=C (graphite)
and three characteristic peaks from organic carbonate decompo-
sition products like C—O, O=C—O and CO, (Figure 6).%3] After
three cycles and EOL, a higher relative amount of organic de-
composition products is observed with the BE + D electrolyte
compared to the BE. The proportion of C—O does not change

Adv. Energy Mater. 2026, 16, 05133 e05133 (6 Of'|2)

for the BE + D electrolyte during galvanostatic cycling. In con-
trast, the relative amount of C—O of the BE electrolyte is increas-
ing slightly. This indicates ongoing decomposition reactions of
the solvents and conducting salts on the negative electrode. Fur-
thermore, the relative amount of O=C—0 and CO, is increas-
ing during galvanostatic cycling, suggesting that LiDFOB decom-
poses continuously and more oxalate decomposition products
and Li, CO, are present in the SEL[#* These observations are con-
firmed by the O 1s spectra. (Figure S7, Supporting Information)
Figure 7 shows the presence of the Mn 3p peak in the Li 1s spectra
on the SiGr negative electrode with the BE electrolyte after 3 cy-
cles, which shows that manganese has dissolved from the LNMO
positive electrode into the electrolyte and subsequently deposited
onto the graphite electrode. In contrast, the TM dissolution can
be reduced in the presence of the BE + D electrolyte. However,
the relative amount of Mn 3p on the negative electrode increases
during galvanostatic cycling with both electrolytes. One possible
explanation is that, when the LiDFOB is fully consumed dur-
ing continuous galvanostatic cycling, the TM dissolution of Mn

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. C 1s fitting results from XPS spectra of the harvested SiGr electrodes after 3 cycles and after EOL from cells containing considered electrolyte

formulations BE (a,c) and BE + 4 wt.% LiDFOB (b,d).

cannot longer be suppressed, resulting in Mn being deposited
on the negative electrode. The area of interest in the B 1s spectra
overlaps with P 2s signals, which make it impossible to clearly
identify contributions by boron. This is especially evident in the
BE case, where no boron was present (Figures S8 and S10, Sup-
porting Information).

The XPS measurements on the LNMO positive electrode show
small differences between the cells containing BE and the BE + D
electrolytes. In the C 1s spectra (Figure 8) carbon black and
polyvinylidene fluoride (PVDF) CF, of the binder material can
be identified. Additionally, C—C/C=C, C—C, and the classical or-
ganic decomposition products like C—O and O=C—O of the elec-
trolyte can be observed.!®¥] During galvanostatic cycling, the rel-
ative amount of the aromatic (C—C/C=C) compounds decreases
in the cells with both electrolytes, while the amount of C—C re-

Adb. Energy Mater. 2026, 16, 05133 e05133 (7 0f12)

mains unchanged. The relative amount of C—O and O=C—O in-
creases in the cells with both electrolytes during galvanostatic
cycling. This indicates an ongoing decomposition of the elec-
trolytes. However, the increase of C—0 and O=C—O in the cells
with BE + D is stronger, indicating that more oxalate decomposi-
tion products are on the CEL!®] The same trend can be observed
in the O 1s spectra (Figure S11, Supporting Information).

3. Conclusion

The presence of LIDFOB as a functional additive in an optimal
amount of 4 wt.% in the EC/EMC-based electrolyte enhances
the cycle life of LNMO||SiGr cells considerably from 145 cycles
to 245 cycles (69 %) until 80 % SOH compared to the baseline
electrolyte counterpart. The improved performance is attributed

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. Li 1s fitting results from XPS spectra of the harvested SiGr electrodes after 3 cycles and after EOL from cells containing considered electrolyte

formulations BE (a,c) and BE + 4 wt.% LiDFOB (b,d).

to several synergistic mechanisms induced by LiDFOB. The in-
corporation of LiDFOB in the electrolyte is an effective strategy
for suppressing side reactions during galvanostatic cycling. Sur-
face analyses of the electrodes show differences in the compo-
sition of the SEI and CEI layers between the investigated elec-
trolytes, with a higher abundance of oxalate species detected in
the interphase in the presence of LiDFOB. GC measurements
have shown that LiDFOB and the gas decomposition product
CO, of LiDFOB can effectively scavenge lithium alkoxides. This
also results in a reduction of TM dissolution. Overall, the ob-
tained results underscore the multifunctionality of LiDFOB as
a promising PFAS free electrolyte additive that improves the in-
terphase stability and electrochemical performance of the partic-
ularly challenging LNMO||SiGr cell chemistry (Figure 9).

Adv. Energy Mater. 2026, 16, 05133 €05133 (8 of 12)

4. Experimental Section

Electrolyte Components and Resulting Formulations: ~ Ethyl methyl car-
bonate (EMC), ethylene carbonate (EC), lithium hexafluorophosphate
(LiPFg), and lithium difluoro (oxalato)borate (LiDFOB) were purchased in
battery grade quality from E-Lyte innovation GmbH. Electrolytes were for-
mulated per molality (mol kg~') in an argon-filled MBraun glovebox (H,O
<1 ppm, O, <1 ppm). The following electrolytes were formulated: 1 m
LiPFg in EC/EMC (3/7) and 1 m LiPFg in EC/EMC (3/7) + X wt.% LiDFOB
(X=1,2,3, 4, and 5 wt.%).

Cell Assembly:  Commercially available 250 mAh LNMOJ|SiGr (20 %
Si) dry two-electrode pouch cells from Li-FUN Technology were used for
galvanostatic cycling measurements. The cells were opened and dried
under reduced pressure (<0.1 mbar) at 120 °C for 14 h. Following this,
the cells were filled with 700 uL of electrolyte and sealed under reduced
pressure for 5 s using the pouch cell sealer Gelon GN-HS200V in an

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD aA 11D 3|qe! [dde 8L Aq peueob ae Sapoie YO ‘8sh JO Sa|n 10y AIq18UlUO AB]IM UO (SUORIPUOD-PUR-SWBIAL0O" AB| 1M Ae.q 1 |BU [UO//:SdNL) SUORIPUOD pUe Swiie | 8u 89S *[9202/20/0T ] Uo AriqiTauliuo A8|IMm elfelieueIyooD Aq EETS0GZ0Z WUSe/Z00T 0T /I0p/L0o" A3 (1M Alelq | Ul [UOpeoUeApe//Sdiy Wo1j pepeolumod ‘Z ‘9202 ‘0v8arToT


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

ADVANCED ADVEREEP
ENERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de
—Data ——Fit LNMO C 1s —Data ——Fit LNMO C 1s
a.) BE (3 cycles) b.) BE + 4 wt.% LIDFOB [3 cycles)
C-C/IC=C

C-C/IC=C

Intensity [a.u.]

204 202 200 288 286 284 282
Binding energy [eV]

—Data ~—Fit LNMOC 1s

c.) BE [145 cycles)

C-C/IC=C

Intensity [a.u.]

204 202 200 288 286 284 282
Binding energy [eV]

Intensity [a.u.]

294 202 200 288 286 284 282
Binding energy [eV]

——Data —Fit LNMOC 1s
d.) BE + 4 wt.% LIDFOB [245 cycles)]

Intensity [a.u.]

294 292 290 288 286 284 282
Binding energy [eV]

Figure 8. C Ts fitting results from XPS spectra of the harvested LNMO electrodes after 3 cycles and after EOL from cells containing considered electrolyte

formulations BE (a,c) and BE + 4 wt.% LiDFOB (b,d).

argon-filled MBraun glovebox. (H,O <1 ppm, O, <1 ppm) A custom-
designed cell holder was employed to ensure a consistent pressure of
~2 bar was applied using a torque screwdriver. To ensure reproducibil-
ity, three cells were assembled for each electrolyte formulation. To prevent
excessive gas buildup, cells were cut open in an argon-filled glovebox after
the formation cycles and re-sealed using the same procedure as detailed
above.

Electrochemical Performance Evaluation: Galvanostatic cycling exper-
iments were conducted using a Maccor Series 4000 battery tester in
a temperature-controlled chamber at 20 °C. Following a 6 h rest step,
three formation cycles were performed at 0.1 C using a constant cur-
rent/constant voltage (CCCV) protocol within a voltage window of 3.5 to
4.9 V. Subsequent cycling was performed at a C-rate of 0.5 C (CCCV). After
every 24 cycles, a capacity check was carried out at 1 C (CCCV).

The rate capability investigations started with a 6 h rest step and then
three formation cycles were performed at 0.1 C (CCCV), followed by five
cycles at each different C-rate of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 C (CCCV), and
then further galvanostatic cycling at 0.5 C (CCCV).

Adv. Energy Mater. 2026, 16, e05133 e05133 (9 of 12)

Linear Sweep Voltammetry Measurements:  For linear sweep voltamme-
try, three-electrode EL-Cell PAT cells were used with SiGr as the working
electrode, lithium as the counter electrode, and a lithium insulation sleeve
with a Freudenberg separator as the reference electrode. A total volume of
100 pL of electrolyte was added to the cell. The measurements were car-
ried out using an MPG-2 Biologic potentiostat/galvanostat at a scan rate
of 0.025 mV s~', from open-circuit potential to 0.01V vs Li|Li*.

Gas Chromatography—Mass Spectrometry Measurements: ~ After the 3rd
and 100th cycle, the cells were opened inside an argon-filled glovebox. The
cell stacks were carefully removed and transferred to centrifugation tubes.
The samples were centrifuged at a Sigma 3—18KS at 5500 min~" for 30 min
at a temperature of 15 °C. The separated electrolyte was collected and
transferred into a GC vial.

GC-MS measurements were conducted using a GC-MS 2030, Shimadzu
with a Restek Rxi-5 ms fused silica capillary (30 m, 0.25 mm, 0.25 um). Vol-
ume of 1 pL of the electrolyte sample was injected, with the injector tem-
perature of 200 °C. The initial oven temperature was set to 40 °C, held for
3 min, and followed by a two-step ramp. First, an increase of 12 °C min~!
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Figure 9. Schematic representation of the transesterification process, transesterification products (EMDOHC, DMDOHC, and DEDOHC), and TM
dissolution in cells with the BE electrolyte as well as the suppression of the transesterification products formation and the reduction of TM dissolution
due to the ability of the LIDFOB-containing electrolyte to scavenge the lithium alkoxide.

to 85 °C and thereafter 33 °C min~' to 210 °C, which leads to a total time of
11 min. The final temperature was held for 2 min. The mass spectrometer
was operated in a scan mode over an m/z range of 20-350.

Gas Chromatography Measurements: GC measurements were per-
formed using a Shimadzu GC-2010 Plus system with GC parameters and
calibration adapted from LeiRing et al.[3®] For the quantification, a Shi-
madzu BID BID-2010 Plus and a Shimadzu TCD TCD-2010 Plus detector
were used. To control the system, the LabSolutions software (version 5.90)
from Shimadzu was used. The gas extraction was adapted by Leifing et al.
using a 25 uL gas-tight syringe. The resulting chromatograms were evalu-
ated with the Postrun Analysis editor (version 5.90) from Shimadzu.[3¢]

Scanning Electron Microscopy Measurements: SEM measurements
were conducted using a Carl Zeiss AURIGA microscope with an InLens
detection mode. The SEM images were acquired with an accelerating volt-
age of 3 kV and a working distance of 5 mm. Prior to analysis, the elec-
trode samples were prepared by washing them with 1 mL of EMC within
an argon-filled glovebox. After washing, the samples were dried and trans-
ferred to an air-tight sample chamber.

X-Ray Photoelectron Spectroscopy Measurements: XPS measurements
were performed using a K-Alpha, Thermo VG Scientific photoelectron
spectrometer equipped with a monochromatic Al-Ka X-rays (Al Ka,
hv = 1486.6 eV). The base pressure of the measuring chamber was
~2-107° mbar. Energy calibration was conducted in accordance with
ISO 15472 using reference samples of copper, silver, and gold refer-
ence. The intensity scale was calibrated following the device manufac-
turer’s specifications. Spectral deconvolution was carried out using a
pseudo-Voigt function with 70 % of Gaussian and 30 % of Lorentzian
distribution.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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