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A B S T R A C T

Pairing nickel-rich layered oxide cathodes (e.g., LiNi0.8Mn0.1Co0.1O2 (NMC811)) with silicon-based anodes (e.g., 
SiOx-graphite) and simultaneously increasing the upper cut-off voltage (> 4.3 V vs. Li|Li+) offers a promising 
pathway to increase the energy density of LIBs. However, the instability of state-of-the-art electrolytes poses a 
notable challenge for high-voltage Li ion cells with SiOx-based anodes due to abrupt cell failure. This challenge 
originates mainly from the restricted lithium transport due to a thick solid electrolyte interphase (SEI), followed 
by lithium metal plating on the SiOx-Gr anode, which leads to a roll-over failure. In this study, we introduce an 
additive-based electrolyte designed to facilitate the formation of a stable SEI on SiOx-Gr while protecting the SEI 
from attack by hydrofluoric acid and PF6

− . The electrolyte formulation comprises 1 M lithium hexa
fluorophosphate (LiPF6) dissolved in ethyl carbonate (EC) and ethyl methyl carbonate (EMC) mixture (3:7 by 
wt.) with 5 wt.% fluoroethylene carbonate (FEC) and 1.5 wt.% sulfonyl diimidazole show the ability to suppress 
roll-over behavior and retain a capacity of 92 % at 1C and 20 ◦C.

1. Introduction

Considerable efforts have been put into increasing the energy density 
of Li ion batteries (LIBs), to enable long-range and affordable electric 
vehicles [1–4]. Achieving high energy density is possible by employing 
nickel-rich layered oxide cathodes such as LiNi0.8Mn0.1Co0.1O2 
(NMC811). Further enhancement of energy density is attainable by 
elevating the upper cut-off voltage (UCV) due to the higher degree of 
lithium extraction from the cathode associated with a higher cell voltage 
[5–7]. Nevertheless, raising the UCV is followed by structural degra
dation, electrolyte oxidation, and subsequent formation of a resistive 
cathode-electrolyte interphase (CEI) [8,9]. Oxidative decomposition of 
electrolytes is detrimental since apart from material loss and CEI resis
tance increase, it is also associated with the electrode cross-talk phe
nomenon, where transition metals (TMs; Co2+, Ni2+, and Mn2+) dissolve 
from the cathode and are deposited on the anode [8,10]. Deposited TMs 

promote electrolyte breakdown, thicken the solid electrolyte interphase 
(SEI), and increase the possibility of high surface area lithium (HSAL) 
plating. HSAL is particularly detrimental since it consumes active 
lithium, resulting in rapid capacity fade, known as roll-over failure [11,
12].

Another strategy to increase energy density is by incorporating sili
con into the anode [13,14]. To deal with the large volume change during 
lithiation, silicon is usually added as SiOx and mixed with graphite to 
form a SiOx-graphite composite with up to 20 wt.% of SiOx [1,13]. Even 
with this approach, the SEI is still prone to break down due to the SiOx 
volume changes [12]. Consequently, a robust SEI layer is necessary to 
avoid lithium loss from continuous SEI re-formation, which would result 
in a severe capacity fade.

The combined challenges associated with the cathode and anode 
greatly impair cycling stability. To address this issue, a protective 
coating layer on both electrodes to form protective CEI and SEI has been 
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proposed [15,16]. Lower Li+ conductivity, scalability challenges, and 
high costs often come as drawbacks [17]. An alternative strategy in
volves developing novel electrolytes to form robust SEI and CEI in vivo 
[18–21]. These electrolytes include (localized) high-concentration 
electrolytes [19,22,23], ethylene carbonate (EC)-free electrolytes [6,
24], fluorine-rich electrolytes [8,25,26], and electrolytes with multi
functional additives [6,10,18,27].

The use of electrolyte additives (1–10 wt.%), in particular, is one of 
the most effective and commonly employed methods to enhance the 
stability of LIBs due to the possibility of maintaining the chemical, 
electrochemical, and physical characteristics of the state-of-the-art 
(SOTA) electrolytes [28,29]. In LIB with SiOx-containing anodes, fluo
roethylene carbonate (FEC) is commonly used as an additive in the 
electrolyte to enable the formation of an effective SEI [30]. Neverthe
less, FEC cannot inhibit TM dissolution from the cathode and is unstable 
under the presence of dissolved TMs [31,32,33]. The decomposition of 
PF6

− anion, as well as TMs dissolution, affects FEC stability and produces 
various compounds, e.g., HF, H3OPF6, HPO2F2, H2PO3F, and H3PO4, 
through a defluorination mechanism triggered by the Lewis acidic PF5 
generated from the decomposition of LiPF6 [32,33]. To enhance the 
stability of FEC, various additives, including LiN(SO2CF3)2, LiSO3CF3 
salts, Tris(pentafluorophenyl)borate (TPFPB) [33], HF scavenger 
amino-silane-containing hexamethyldisilazane (HMDS), (trimethylsilyl) 
isothiocyanate (TMSNCS) [32], and lithium difluorophosphate (LiDFP) 
[6,18,34], have been introduced. However, the practical application of 
these additives may be limited due to their synthesis complexity and 
toxicity [35–37].

Prior study on graphite/LiNi0.5Co0.2Mn0.3O2 cells cycled at 4.5 V vs. 
Li |Li+ that SDM offers unique functionality by simultaneously pro
tecting both the graphite anode and LiNi0.5Co0.2Mn0.3O2 cathode at high 
voltage (4.5 V vs. Li |Li+), using a combination of detailed electro
chemical methods and ex-situ surface analyses to elucidate the improved 
performance of graphite/LiNi0.5Co0.2Mn0.3O2 cells. However, it did not 
provide insights into the scavenging ability of SD, such as scavenging 

H2O and HF from the SOTA electrolyte. Additionally, we believe that 
graphite is much more stable in LiPF6 in EC/EMC cells, whereas SiOx is 
incompatible with LiPF6-based electrolytes, the chemical instability of 
the lithium hexafluorophosphate causes hydro-fluoric acid to develop, 
which targets the native SiOx layers on silicon anodes and breaks the 
chemical bond to the carboxymethylcellulose sodium salt binder. Thus, 
this study introduces the use of sulfonyl diimidazole (SD) as a co- 
additive of FEC for NMC811||SiOx-Gr operated to 4.5 V. The additive 
not only safeguards the SEI by scavenging HF and H2O but also protects 
the electrodes by forming sulfonyl-containing interphases [38]. 
Furthermore, the imidazole component, which acts as a Lewis base, aids 
in the neutralization of acidic gaseous byproducts, such as PF5, HF, and 
CO2, that are produced during the decomposition of the electrolyte [39,
40]. In this paper, we thoroughly examine the properties of SD alongside 
FEC. We extensively explain how SD facilitates the high performance of 
NMC811||SiOx-Gr cells at 4.5 V and 1C cycling. This research empha
sizes the relevance of electrolyte additives in preventing sudden cell 
failure when applied at high voltages.

2. Results and discussion

Fig. 1a gives the density functional theory (DFT) calculation results 
of plausible reduction pathways of SD and FEC. The reduction potential 
of SD was evaluated for the neutral molecule (SD only) and the SD co
ordinated to a lithium ion (SD-Li+) in order to qualitatively assess the 
impact of the intermolecular electrolyte environment on the reduction 
potential. The reduction potential for the neutral molecule is calculated 
to be 2.3 V vs. Li|Li+. In the SD-Li+ dimer, the presence of the lithium ion 
favors reduction, yielding a potential of 2.9 V. This enhancement is 
attributed to the lithium ion stabilizing the negative charge of the added 
electron. Additionally, it facilitates the fragmentation of SD in the SD- 
Li+ complex, stabilizing the product side and resulting in a notably high 
reduction potential of 4.3 V vs. Li|Li+. However, it’s important to note 
that the last reaction, involving bond breaking between sulfonyl and 

Fig. 1. a) Possible reaction paths, associated free energy differences ΔG (computed at 298 K) in kcal mol− 1, and reduction potentials Ered in V vs. Li|Li+ of SD and 
FEC. b) calculated HOMO and LUMO energies in eV of SD, FEC, EC, and EMC. c) illustration of the scavenging effect of SD. d) TM scavenging experiment of BL, BL – 
5FEC, BL – 1.5SD, and BL – 5FEC – 1.5SD electrolytes.
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diimidazole, is likely kinetically slow, requiring activation energy. The 
reduction potential for FEC is relatively modest but positive, approxi
mately 0.2–0.3 V vs. Li|Li+ (as depicted in Figure S1a). This remains 
largely unchanged when a lithium ion is added to stabilize the negative 
charge post-reduction. Furthermore, akin to SD, the reduction potential 
significantly rises when considering the fragmentation reaction leading 
to LiF formation from FEC (as illustrated in Figure S1d and Fig. 1a).

Fig. 1b displays the DFT-calculated energy levels for the lowest un
occupied molecular orbital (LUMO) and highest occupied molecular 
orbital (HOMO) of SD and FEC additives, as well as EC and EMC sol
vents. The LUMO level of SD is calculated to be − 1.12 eV, which is 
notably lower than that of ethylene carbonate (EC, − 0.17 eV), ethyl 
methyl carbonate (EMC, − 0.26 eV), and FEC (− 0.7 eV). This suggests a 
preference for the reduction of SD over FEC, EC, and EMC. Consistent 
with the findings of Jankowski and Weiling et al. [20,41], it is demon
strated that the presence of an aromatic ring decreases the LUMO and 
elevates the HOMO levels, thereby reducing the HOMO-LUMO gap. This 
suggests that the SEI and cathode electrolyte interphase (CEI) formed on 
the surfaces of SiOx-Gr and NMC811, respectively, should contain 
inorganic-rich compounds.

Fig. 1c depicts the proposed mechanism of SD bond cleavage into 
imidazole and sulfonyl groups, depicted through the DFT calculation in 
Fig. 1a. This occurs due to the minimum electrostatic potential near the 
N and S-N facilitating nucleophilic and electrophilic reactions. Conse
quently, the imidazole part attracts H+, while the sulfonyl group attracts 
F− ions, scavenging HF and PF5 [32,33]. To confirm SD scavenging 
ability, we conducted DFT calculations, as shown in Figure S2. The 

computed reaction energies for the two scavenging reactions depicted 
below are relatively small or even negative (particularly with H2O), 
indicating that both reactions are thermodynamically feasible. There
fore, we believe that these reactions, along with the IC–CD and GC–MS 
results, substantiate the interaction between FEC and SD. While SD 
scavenges HF and H2O, FEC protects the SiOx-Gr negative electrode.

To assess the impact of incorporating SD into the SOTA electrolyte 
with FEC, the electrolytes underwent a 7-day storage period with tran
sition metal (TM) ions (Ni2+, Mn2+, and Co2+) to simulate TM dissolu
tion from the cathode into the electrolyte. As seen in Fig. 1d, color 
change was observed in the baseline electrolyte with FEC (BL-5FEC) 
electrolyte, indicating the formation of acidic products due to FEC 
decomposition, exacerbated by the presence of transition metal addi
tives. This decomposition leads to the breakdown of PF6

− anions, 
resulting in the generation of various acidic compounds such as HF, 
H3OPF6, HPO2F2, H2PO3F, and H3PO4 [32]. However, the presence of 
SD in BL – 5FEC electrolyte, i.e., BL – 5FEC – 1.5SD, acts as a protective 
barrier against FEC degradation by scavenging HF and stabilizing the 
electrolyte’s acidity through sulfonyl and imidazole functional groups. 
No color change was observed in BL – 5FEC – 1.5SD electrolytes under 
the presence of TM ions. (Fig. 1d).

2.1. Electrochemical performance

Fig. 2a presents the overcharge experiment results, comparing the 
oxidative stability of the electrolytes on a working electrode with a 
practical surface area, i.e., LiNi0.5Mn1.5O2 (LNMO) [42,43].. The LNMO 

Fig. 2. a) Overcharge experiments of LNMO electrodes comparing the oxidative stability of electrolytes, b) first cycle (C/10) differential capacity vs. voltage plots, c) 
first-cycle specific charge and discharge capacity, as well as capacity loss of additives in NMC811||SiOx-Gr cells. All experiments were carried out with at least 3 cells.
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electrode was chosen for the overcharge experiment because it repre
sents a more application-relevant system with conditions similar to 
those used in practical applications, such as Ni-containing and 
high-voltage composite electrodes during galvanostatic overcharge. 
During charging, LNMO undergoes delithiation within the potential 
range of 4.65 – 4.9 V vs. Li|Li+ in the cases of all electrolyte systems. BL, 
BL–5FEC, and BL–1.5SD electrolytes exhibit similar plateaus at 5.4 V vs. 
Li|Li+, attributed to bulk electrolyte oxidation. In contrast, 
BL–5FEC–1.5SD electrolyte demonstrates enhanced stability under 
high-voltage conditions, with an elevated anodic stability of 5.65 V vs. 
Li|Li+, attributed to the over-voltage of interphase formation in the 
presence of FEC and SD additives

To gain a better understanding of the electrolyte reduction behavior 
during SEI formation, differential capacity (dQ/dV) vs. cell voltage plots 
are shown in Fig. 2b. In the case of the BL electrolyte, the first reduction 
peak is observed at a cell voltage of ≈ 3.1 V, which can be attributed to 
the reduction of EC on the surface of the negative electrode. The intro
duction of 5 wt% FEC into the BL electrolyte prevents the decomposition 
of EC due to the earlier reduction of FEC at ≈ 2.8 V. In contrast, Ghaur et 
al. showed that EC reduction proceeds when only 2 wt% of FEC is added 
to the electrolyte [30]. Introducing SD into the BL electrolyte 
(BL–1.5SD) results in a strong reduction peak at ≈ 2.24 V and an addi
tional broad peak at 3.04 V. The first peak can be attributed to the 
decomposition of the SD. In contrast, the second broad peak can be 
attributed to the decomposition of the EC, suggesting that SD-derived 
SEI does not fully eliminate EC decomposition. Finally, the introduc
tion of FEC and SD into the BL electrolyte (BL – 5FEC – 1.5SD) shows 
reduction peaks at ≈ 2.26 V and ≈ 2.67 V, which can be attributed to the 
reductive decomposition of SD and FEC, respectively. In this electrolyte, 
SD reduction onset remains the same as in BL–1.5SD, while FEC 
reduction happens at a lower onset compared to that in BL-5FEC elec
trolyte, which indicates an interaction of the two additives. In addition, 
no EC peak is observed when FEC and SD are employed.

The first-cycle specific capacities of NMC811||SiOx-Gr cells charged 
to 4.5 V are depicted in Fig. 2c. Cells containing BL exhibited a discharge 
capacity of ≈196 ± 0.4 mAh g− 1, with a specific capacity loss of ≈ 40 ±
0.4 mAh g− 1. Similar capacity loss is observed when FEC is introduced to 
the BL electrolyte. Nevertheless, the capacity loss increases to 46 and 45 
mAh g-1 in the case of BL-1.5SD and BL-5FEC-1.5SD electrolytes, 
respectively. However, the discharge capacities are still comparable for 
all electrolytes. This implies that SD decomposition products are 
reduced and oxidized simultaneously during charge, not leading to an 
increase in charge capacity but not causing additional irreversible Li loss 
[39].

Finally, the various electrolytes’ self-discharge behavior was exam
ined to investigate the film formation properties further. Despite this, 
Schmiegel et al. and Ghaur et al. have shown that NMC523||SiOx-Gr cells 
containing FEC suffer from rapid self-discharge after storage for >300 h. 
In our cell systems, all investigated electrolytes showed a comparable 
voltage fading with no abrupt decrease (Figure S3) [30,44].

Following the initial electrochemical evaluation of the additives in 
NMC811||SiOx-Gr cells, as depicted in Figs. 1 and 2, the additives un
derwent an extended galvanostatic charge/discharge cycling at elevated 
voltage and 1C. Previously, Klein et al. demonstrated the exceptional 
high-voltage performance of NCM523||Graphite lithium-ion cells by 
adding 1 wt.% of lithium fluorophosphate (LiDFP) into the SOTA elec
trolyte system. The mechanism behind LiDFP’s superiority over other 
commercial additives, such as VC and FEC, was explained using IC–CD 
(Ion chromatography: conductivity detection) and XPS [6,31]. The 
study showed that LiDFP can effectively scavenge transition metals from 
the electrolyte and counteract electrode crosstalk, thereby preventing 
sudden cell failure [6]. Furthermore, Tan et al. utilized LiDFP additive in 
a Li||LiNi0.76Mn0.14Co0.10O2 cell, resulting in a capacity retention of 97 
% of the initial capacity (235 mAh g− 1) after 200 cycles. This remarkable 
performance was attributed to the robust interphase on the cathode 
formed by the decomposition of lithium difluorophosphate [18]. The 

catalytic effect of transition metals facilitates this decomposition, and 
the resulting decomposition products (Li3PO4 and LiF) form a protective 
interphase [18]. Inspired by these abovementioned works, LiDFP was 
employed in NMC811||SiOx-Gr pouch cells, as shown in Figure S6. 
Introducing 1.5 wt% LiDFP into the BL electrolyte system delayed the 
abrupt failure of the cell. However, it was found that LiDFP was not a 
suitable additive for SiOx-Gr-based negative electrodes, as evidenced by 
the capacity degradation that occurred after approximately 80 cycles. 
This could be attributed to the instability of the SEI on the SiOx-Gr 
negative electrode. Thus, the challenges of cycling high-voltage sili
con-based LIBs lead us to explore novel additives. Therefore, the elec
trochemical cycling experiments were conducted to investigate the 
impact of SD as an electrolyte additive on high-voltage NMC811|| 
SiOx-Gr cell chemistry. To optimize the right amount of SD additive, 1, 
1.5, and 2 wt% SD were first subjected to long-term cycling at 4.5 V with 
a 1C charge and discharge rate. As shown in Fig. 3a, the addition of 1 
and 2 wt.% SD leads to a sudden capacity failure of the cells roughly 
after 60 cycles, whereas the addition of 1.5 wt.% SD, although the nature 
of the fading mechanism is the same, delayed the sudden failure of the 
cells to roughly 75 cycles. After this initial assessment, 5 wt% FEC was 
introduced into 1. 1.5 and 2 wt% SD as a dual additive. As shown in 
Figure S4 by cell voltage vs. specific capacity during SEI formation (first 
cycle), all BL-5FEC-1SD, BL-5FEC-1.5SD, and BL-5FEC-2SD delivered 
discharge capacities of 197 mAh g− 1, 194 mAh g− 1, and 186 mAh g− 1 

respectively. The discrepancy could be due to increased resistances with 
higher SD content as during formation the discharge capacity was 
comparable. Based on the initial assessment, the BL electrolyte was 
evaluated without and with FEC and SD additives.

The long-term cycling performance of NMC811||SiOx-Gr in BL and 
BL–5FEC shows a sudden failure as early as 45 cycles, while the capacity 
drop is delayed to 75 cycles in the case of the BL–1.5SD electrolyte 
system. The observed capacity degradation and roll-over failure may 
indicate the presence of high surface area lithium (HSAL) metal depo
sition on the SiOx-Gr-based anode induced by transition metals disso
lution and subsequent deposition on the anode surface [6,45]. In 
contrast, the cells cycled with the BL–5FEC–1.5SD prevented the 
accelerated capacity fading of NMC811||SiOx-Gr with an initial capacity 
retention of 92 % after 100 cycles, as depicted in Fig. 3b.

Early presence of Li metal dendrite formation at the SiOx-Gr negative 
electrode, known as HSAL, can lead to a strong drop in Coulombic ef
ficiency (CEff) and fluctuations of the specific charge capacity. Fig. 3c 
shows a fluctuation of Ceff in the BL and BL-5FEC electrolyte systems. 
However, despite the drop-in capacity explained above, the BL-1.5SD 
electrolyte does not exhibit any fluctuation of Ceff. Furthermore, 
Fig. 3d further indicates the presence of HSAL as there is an abnormal 
increase of specific charge capacities, which correlates with the onset of 
roll-over fading.

The average charge and discharge voltage difference (ΔV) can pro
vide insights into the polarization of the cells. Additionally, it could be 
used to investigate the sudden capacity fading of cells [46]. As shown in 
Fig. 3e, for cells containing BL and BL-5FEC, despite lower cell polari
zation during the first 45 cycles, a rapid increase in ΔV was observed 
exactly at the onset of roll-over. In contrast, cells containing BL–1.5SD 
and BL–5FEC–1.5SD electrolytes can withstand such polarization. 
Although numerous factors can influence the impedance buildup of 
cells, the large volume change of silicon, electrolyte/active Li con
sumption due to SEI thickening, electrolyte oxidation at the positive 
electrode, and a shuttle-type reaction, transition metals dissolution 
(TMD) can be a reason for the impedance growth in cells containing BL 
and BL-5FEC electrolyte systems operated at 4.5 V [44,45]. Addition
ally, as shown in Figure S5, the impedance buildup for cells cycled with 
BL and BL-5FEC electrolytes is significantly higher compared to 
BL-5FEC-1.5SD. This aligns with the polarization plot and TOF-SIMS 
investigation shown in the section below, which indicated a thinner 
SEI when FEC-SD is used.

In summary, it was found that using the new additive formulation, 
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which prevents the reduction of EC resulted in remarkable performance 
for both NMC811||SiOx-Gr and NMC811||Gr pouch cells. This is likely 
due to the excellent film-forming ability of SD that suppresses the 
dissolution of transition metals into the electrolyte, thus giving protec
tion of FEC and facilitating a smooth FEC-based SEI formation on the 
anode through scavenging of impurities in the BL electrolyte [32]. 
Additionally, SD and FEC form a stable, robust, and uniform film on 
SiOx-Gr and Gr-based negative electrodes.

2.2. Anode investigation by SEM

To better understand the different capacity fading behaviors of cells 
cycled with different electrolytes, SiOx-Gr anodes were extracted from 
NMC811||SiOx-Gr cells after 100 cycles and after discharging to 2.8 V. 
Subsequently, scanning electron microscopy (SEM) images were taken. 
As seen in the optical photograph of the SiOx-Gr electrode extracted 
from the NMC811||SiOx-Gr pouch cells in Fig. 4a-c, shiny deposits, 
which are attributed to Li metal deposits, are observed over the anode 
surfaces from cells with BL, BL-5FEC, and BL-1.5SD. These shiny de
posits are also found to stick to the separators in Figure 4a-c. Notably, 
the introduction of SD into the BL electrolyte visually suppresses the 
amount of the shiny deposit (Fig. 4c), and a complete suppression of the 
deposition is observed when BL-5FEC-1.5SD was employed (Fig. 4d).

Low magnification SEM images in Fig. 4a-c reveals that the SiOx-Gr 
surfaces cycled with BL, BL-5FEC, and BL-1.5SD electrolytes are covered 
by a large amount of decomposition products, indicated by the changed 
particle morphology compared to the pristine (Figure S10). This con
trasts with the almost unchanged particle morphology of the anode from 
cells cycled with BL–5FEC–1.5SD shown in Fig. 4d. Moreover, the high 
magnification SEM images in Fig. 4a-c reveal the presence of shiny and 
chunky particles, likely to be metallic Li, on SiOx-Gr surfaces cycled with 
BL, BL - 5FEC, and BL-1.5SD. This is, again, not observed on SiOx-Gr 

cycled with BL–5FEC–1.5SD. Furthermore, the electrode cycled with BL 
and BL-5FEC-1.5SD electrolyte systems show an even distribution and 
minimal accumulation of lithium and transition metals (Mn, Co, and Ni), 
as depicted in Figure S11. The presence of lithium could still be due to 
lithiated graphite particles in the discharged state and lithium from SEI 
components, such as LiF. In contrast, the anode cycled with BL elec
trolyte exhibits a highly uneven and significant accumulation of lithium 
metal and transition metals, as shown in Figure S11a. LA-ICP-MS anal
ysis indicated that using the BL electrolyte with FEC and SD additives for 
NMC811||SiOx-Gr cells with an upper cut-off voltage of 4.5 V signifi
cantly reduced the transition metal dissolution and deposition 
(TMDMD) on the SiOx-Gr anode surface.

2.3. Interphase investigation by ATR-FTIR spectroscopy and TOF-SIMS

Attenuated total reflection Fourier-transform infrared spectroscopy 
(ATR-FTIR) was utilized to analyze the SEI composition of SiOx-Gr an
odes taken from NMC811||SiOx-Gr after 100 cycles. Fig. 5a and 
Figure S13 shows noticeable differences in the SEIs formed with or 
without the electrolyte additive SD. Notably, distinct bands corre
sponding to vibrational modes associated with functional groups of the 
SD (Table S2), i.e. the symmetric stretching (νs) of O = S = O at 1433 
cm⁻1, the wagging deformation (δwag) of O = S = O at 634 cm⁻1, and 
C–N-C at 608 cm⁻1, were detected. The presence of these bands on 
anodes cycled with BL–SD (Fig. 5a) and BL–5FEC–1.5SD (Figure S13) 
suggests the integration of the SD fragments into the SEI of these anodes. 
Additionally, the absence of a pronounced band at 1152 cm⁻1, linked to 
the asymmetric stretching (νas) of the S-N-S bond of SD, on the cycled 
anode with SD additive hints at the possible breakdown of this bond. 
Furthermore, the bands that can be assigned to the imidazole ring and 
the SO2 group are present (δwag C–N-C, dwag C–H, δsc O = S = O, uas O 
= S = O); however, the bands that can be assigned to the N-S-N vibration 

Fig. 3. a) Specific discharge capacity vs. cycle number plots for BL electrolytes with different amounts of SD, b) specific discharge capacity, c) Coulombic efficiency, 
d) specific charge and discharge capacity. e) average charge and discharge voltage difference (ΔV) vs. cycle number of NMC811||SiOx-Gr cells cycled at 1 C with BL, 
BL – 5FEC, BL – 1.5SD and BL – 5FEC – 1.5SD electrolytes. Here, 1C is defined as 190 mA g− 1. Shaded areas represent the standard deviation of 3 cells.
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are absent. This supports the conclusion that the SD degrades on the 
surface due to the breaking of the NSN bond.

Regarding the possible degradation products of SD shown in Fig. 1c, 
no prominent IR band associated with the O–H bond (at 3600 cm⁻1) 
from SDOH (Imidazole-1-sulfonic acid) is detected (Table S4). The 
reason could be that, in fact, no organic SEI components with OH-groups 
are present in the SEI, as these are mostly present as O-Li; this compo
nent might be present in the SEI in the dehydrogenated but lithium- 
coordinated state. In contrast, the presence of a band at 749 cm⁻1, 
which can be assigned to S-F bond stretching by DFT calculations, 
suggests the presence of SDF (Imidazole-1-sulfonyl fluoride) as an SD 
decomposition product (Table S4). This assignment of the S-F bond 
stretching is further supported by comparing SDF to the bis(fluo
rosulfonyl)imide (FSI) anion, which shares a similar molecular structure 
in terms of the S-F bond [47]. Although the reported FSI IR band of S-F is 
around 790, the heterocyclic aromatic(resonance) side of the SD addi
tive (compared to FSI), the conjugated effect would lower the wave
number of the S-F band. Therefore, the calculated IR value of SDF and 
the experimented value is lower. The inclusion of fluorine in SDF sup
ports the initial hypothesis of the HF scavenging capability of the sul
fonyl group (Fig. 1c). Consequently, SDF is incorporated into the SEI 
during cycling. In contrast to the noticeable differences observed on the 
anode, no extra bands that can be definitively attributed to SD were 
detected in the cycled cathode, (Figure S12) indicating a more pro
nounced impact of SD in the anode.

Additionally, regarding corroboration of these band assignments, we 

performed highly accurate DFT calculations of SD and the degradation 
products with the results given in the Table S2–4. By this, the putative 
underlying vibration modes of SD, SDF, and SDOH were assigned and 
the important vibrations are highlighted in the spectra in the manu
script. Furthermore, the complementary IC–CD-MS shown in the sub
sequent section of analysis of the electrolytes shows the presence of 
structures f and g, which are also formed by breaking of the NSN bond. 
The breaking of the SD at the N-S bond is indicated by the absence of the 
two bands assigned by DFT calculations to N-S-N stretching. One might 
argue the band is overlapped by SEI bands formed by BL. However, the 
spectrum of the pristine SD shows that the NSN stretching bands exhibit 
similar intensities compared to the deformation bands or the SO2 
stretching bands. Thus, similar intensity ratios should be expected in the 
interphase spectrum, but this is not observed. This indicates the pro
posed breaking of the molecule at the NSN bond in the interphase. 
Consequently, as a result of SD and its degradation products along with 
FEC a stable, robust and thin interphases were formed. The correlation 
between impedance growth and interphase thickness is well-supported. 
As shown in Fig. 3e and Figure S5, the impedance growth closely aligns 
with the SEI and CEI thicknesses indicated by TOF-SIMS .

Time of flight-secondary ion mass spectrometry (ToF-SIMS) was 
utilized to gain deeper insights into the components and thickness of the 
SEI and CEI. In Fig. 5b-e, 80 % Si signal intensity was chosen as a cri
terion for when the SEI is sputtered through and the bulk SiOx-Gr par
ticle is reached [12]. As such longer sputter times signify a thicker SEI 
layer. The negative fragments ion Li− indicates the organic and 

Fig. 4. Optical photograph and SEM images of SiOx-Gr anodes after 100 cycles in NMC811||SiOx-Gr cells with a) BL, b) BL–5FEC, c) BL–SD, and d) BL–5FEC–1.5SD 
electrolytes.
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inorganic Li salts in the SEI and PO3
− and PO2F2

− represent conducting 
salt decomposition products. Consequently, higher relative PO3

− and 
PO2F2

− fragment ion signal intensity indicate a greater level of LiPF6 
decomposition within the SEI. The use of BL electrolyte notably results 
in the formation of thick SEI, with a maximum for LiPF6 decomposition 
products inside the SEI, suggesting hydrolysis and subsequent LiPF6 
decomposition during cycling (Fig. 5b). The anode cycled in BL - 5FEC 
also indicates a thick SEI, though a reduced amount of PO2F2

− fragments 
compared to BL is observed (Fig. 5c). The use of BL – 1.5SD slightly 
reduces the SEI thickness and notably suppresses the amount of PO3

− and 
PO2F2

− within the SEI (Fig. 5d). Finally, the anode cycled with BL – 5FEC 
– 1.5SD electrolyte is found to have the thinnest SEI, with LiPF6 
decomposition products being most visible at the surface of the SEI, 
indicating a stable SEI with low interfacial resistance. Mn+ fragment 
ions were also found to be below the limit of detection for the BL – 5FEC 
– 1.5SD electrolyte compared to the other electrolytes, indicating the 
suppression of electrode crosstalk (Table S1). This aligns well with the 

remarkable improvement of cycling performance and the lack of 
decomposition product observed with SEM, enabled by the dual additive 
approach.

Finally, It can therefore be concluded that the precise composition of 
SEI on SiOx-Gr comprises F, N, and S, as evidenced by the anode that was 
cycled with FEC-SD containing electrolyte. This indicates that SD and 
FEC are implicated in the formation of the surface film on the SiOx-Gr 
anode, resulting from their preferential reduction. To substantiate this 
assertion, ATR-FTIR and TOF-SIMS analyses were conducted, as illus
trated in Fig. 5a-e, in conjunction with DFT simulations that corroborate 
this conclusion.

To investigate the impact of electrolytes on the CEI, ToF-SIMS 
chemical maps were performed on cross-sectionally polished positive 
electrode sheets obtained from NCM811||SiOx-Gr cells after 100 cycles 
(Fig. 6a-c). As the measurement was conducted in a discharged state, it is 
evident that Li is present in the bulk of the NCM811 particle. In all cases, 
the images depict a double-sided NMC811 cathode cross-section. The 

Fig. 5. a) ATR-FTIR spectra of the bulk electrolytes, bulk SD additive, and the interphases of the cycled SiOx-Gr anodes with and without additives (SD (powder) 
orange, (SD (SEI, green), BL (SEI, black) and BL(Pristine); b-e) normalized ToF-SIMS depth profile of SiOx-Gr anodes. All electrodes were harvested from fully 
discharged NMC811||SiOx-Gr cells after 100 cycles.
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right side of all images has higher intensities compared to the left side 
due to the direct contact of the former with the sample holder, resulting 
in a lower surface charging effect. While the cross-sectional image of 
electrode sheets cycled with BL – 5FEC shows hardly visible CAM par
ticles (Fig. 6a), those cycled with both SD-containing electrolytes exhibit 
clear CAM particle outlines (Fig. 6b-c). This could be attributed to a 
thicker CEI, in the case of the cells cycled with BL – 5FEC and thinner 
CEIs for cells cycled with BL – 1.5SD and BL – 5FEC – 1.5SD.

2.4. Ex situ IC-CD-MS bulk analysis of aged electrolyte

After 100 cycles, post mortem analysis by means of ion 
chromatography-conductivity detection-mass spectroscopy (IC–CD- 
MS) and gas chromatography-mass spectroscopy (GC–MS) was 

conducted to analyze the decomposition of the electrolytes. As shown in 
Fig. 7a, the aged BL electrolyte contains 4 different peaks attributed to 
the degradation products of LiPF6, such as organophosphates (area a) 
and PO2F2

− (area d). Moreover, HF is also formed as the hydrolysis 
product of LiPF6, as indicated by the F- peak in Fig. 7b [48,49]. In aged 
BL – 5FEC electrolyte, IC-MS results show a pronounced increase in 
PO2F2

− peak intensity compared to the BL electrolyte (Fig. 7a, area d), 
suggesting a more severe LiPF6 decomposition under the presence of 
FEC, likely involving PF5 Lewis acid- or HF-induced dehydrofluorination 
of FEC, generating various acids such as HF, HPO2F2, H2PO3F, and 
H3PO4 [33]. The presence of F− and HPO2F2

− and H2PO3F− ions is 
further supported by the IC–CD results in Fig. 7b. Fig. 7a further reveals 
that the introduction of SD, results in the formation of fluorosulfonyl 
compound (area f), showing the HF-scavenging effect of SD.

Fig. 6. a-c) cross-section TOF-SIMS chemical maps of Li+ secondary ions on double-layered NMC811 cathodes. All electrodes were harvested from fully discharged 
NMC811||SiOx-Gr cells after 100 cycles.

Fig. 7. a) IC-MS, b) IC–CD, and c) GC–MS results of BL, BL – 5FEC, BL – 1SD, and BL – 5FEC – 1.5SD electrolytes extracted from in NMC811||SiOx-Gr pouch cells at 
4.5 V after 100 cycles. The areas marked with letters in a) correspond to the possible structures shown in the right part.

F. Demelash et al.                                                                                                                                                                                                                               Energy Storage Materials 72 (2024) 103735 

8 



Moreover, gas chromatography-mass spectrometry (GC–MS) analyses 
were conducted to investigate the formation of volatile decomposition/ 
aging products in the electrolyte. The formation is based on the electro
chemical reduction of EMC and EC at negative electrode in a first step. This 
provokes the formation of lithium alkoxides among others. These com
pounds can react by nucleophilic attacks with EMC to the observed 
transesterification products or with EC to the observed ‘OHCs This for
mation of trans-esterification and oligomerization products resulting from 
the decomposition of SOTA solvents in the BL electrolyte serves as indirect 
evidence of SEI formation [30]. In the BL electrolyte system, these 
trans-esterification and oligomerization products also referred to as ’OHCs 
(DMC, DEC, ethylmethyl-2,5-dioxahexane-carboxylate (EMDOHC), 
dimethyl-2,5-dioxahexane-carboxylate (DMDOHC), and diethyl‑2, 
5-dioxahexane-carboxylate (DEDOHC)), are observable, as depicted in 
Fig. 7c According to literature, these species have been found to correlate 
with parasitic reactions, which worsen electrochemical performance and 
contribute to increased impedance growth [50].. As illustrated in Fig. 7c, 
compared to the BL electrolyte blend, both BL-5FEC and BL-5FEC-1.5SD 
notably eliminated the products observed when using the BL electrolyte. 
However, incorporating without FEC in the BL electrolyte did not prevent 
the formation of these trans-esterification and oligomerization products. 
These findings align well with the observations of the aforementioned 
electrochemical results. The ability of 5FEC-1.5SD to prevent roll-over may 
be attributed to the formation of stable, uniform, and thin interphase films 
before the reduction of EC and EMC.

Finally, the introduction of SD to the BL or BL – 5FEC electrolyte is 
found to greatly reduce LiPF6 decomposition, as seen by the notable 
reduction of PO2F2

− (Fig. 7a, area d and Fig. 7b) and F- + organophos
phates (Fig. 7b).

3. Discussion

The dQ/dV plot in Fig. 1b reveals that the SEI composition includes 
S, N, and F components, resulting from the sequential decomposition of 
additives, starting with SD and followed by FEC. In this context, SD 
serves a dual purpose: it acts as a film-forming additive and protects FEC 
from decomposition, thereby preventing the formation of acidic prod
ucts. To verify these findings, ATR-FTIR and IC-MS analyses were con
ducted. Fig. 5 shows the absence of two bands associated with N-S-N 
stretching (as determined by DFT calculations), suggesting the break
down of SD at the N-S bond. While one might argue that these bands 
could be masked by SEI bands formed by BL, this is unlikely. The pristine 
SD spectrum shows comparable intensities for the NSN stretching bands 
and the deformation or SO2 stretching bands. If the NSN bond remained 
intact in the interphase, similar intensity ratios would be expected, but 
this is not observed. This evidence supports the proposed cleavage of the 
SD molecule at the NSN bond within the interphase. Regarding SD’s 
scavenging effect, IC-MS results for the aged BL-5FEC electrolyte 
(Fig. 7a, area d) show a marked increase in PO2F2

− peak intensity 
compared to the BL electrolyte, as illustrated in Fig. 5. The observed 
results indicate increased LiPF6 decomposition when FEC is present. 
This likely involves PF5 Lewis acid or HF-induced dehydrofluorination 
of FEC, generating various acids including HF, HPO2F2, H2PO3F, and 
H3PO4. The IC–CD results in Fig. 7b further support the presence of F− , 
HPO2F2

− , and H2PO3F− ions.
Fig. 7a demonstrates that adding SD leads to fluorosulfonyl com

pound formation (area f), showcasing SD’s HF scavenging capability. To 
validate this scavenging ability, DFT calculations were performed 
(Figure S2). The computed reaction energies for two scavenging re
actions are relatively small or negative (especially with H2O), suggesting 
both reactions are thermodynamically possible. These calculations, 
along with IC–CD and GC–MS results, support the interaction between 
FEC and SD. In this system, SD scavenges HF and H2O, while FEC pro
tects the SiOx-Gr negative electrode. Fig. 6c shows that both BL-5FEC 
and BL-5FEC-1.5SD significantly reduced the products observed with 
the BL electrolyte. However, adding SD without FEC to the BL electrolyte 

did not prevent trans-esterification and oligomerization products. These 
findings align with the previously mentioned electrochemical results. 
The ability of 5FEC-1.5SD to prevent roll-over may be due to the for
mation of stable, uniform, and thin interphase films prior to EC and EMC 
reduction. Our research also highlighted SD’s effect on the conducting 
salt’s decomposition under specific cycling conditions. This decompo
sition wasn’t prevented by using the baseline electrolyte or FEC alone. 
However, adding SD to either the BL or BL-5FEC electrolyte significantly 
reduced LiPF6 decomposition, as evidenced by the marked decrease in 
PO2F2

− (Fig. 6a, area d and Fig. 6b) and F+ organophosphates (Fig. 6b). 
Fig. 6a further demonstrates that introducing SD leads to the formation 
of a fluorosulfonyl compound (area f), illustrating SD’s HF scavenging 
effect. Our findings were corroborated by complementary studies using 
TOF-SIMS, EIS, and LA-ICP-MS. The thicker SEI observed through EIS 
and TOF-SIMS suggests that the film formed by SD and FEC decompo
sition is both stable and thin. Moreover, LA-ICP-MS revealed reduced 
transition metal (TM) deposition on SiOx-Gr when SD was present. This 
reduction can be attributed to SD’s ability to scavenge HF, which would 
otherwise cause TM corrosion and subsequent dissolution. This obser
vation further supports SD’s dual role as both a scavenging and film- 
forming additive.

4. Conclusion

This study offers an in-depth analysis of the impact of sulfonyl dii
midazole (SD) as a co-additive for protecting FEC-based SEI in high- 
voltage NMC811||10SiOx-Gr cells. Electrochemical and post mortem 
analyses reveal that the use of 1 M LiPF6 in EC/ EMC mixture with the 
addition of 1.5 wt% SD and 5 wt% FEC prevents roll-over failure in cells 
operated at 20 ◦C to 4.5 V. It is found that FEC is necessary to enable 
stable SEI formation in the SiOx-containing cells used in this study. 
Nevertheless, high voltage operation of these cells exacerbates FEC 
decomposition, initiated by PF5 Lewis acid and HF, resulting in the 
formation of various acidic compounds. As a result, large amounts of 
TMs are deposited on the SiOx-Gr anode. This catalyzes solvent 
decomposition, thickens the SEI, and increases the risk of Li plating. The 
scavenging effect of SD suppresses the formation of acidic products 
associated with the decomposition of FEC. Consequently, low amounts 
of TM deposits are present on the anode and Li plating is eliminated. This 
finding holds important implications for designing electrolytes for SiOx- 
containing lithium-ion cells operating at high voltages. A co-additive 
that is capable of preventing FEC decomposition is necessary to pre
vent roll-over failure in these cells.

5. Experimental section

5.1. Electrolyte preparation

The reference electrolytes were prepared by dissolving 1 M LiPF6 in 
EC: EMC (3:7 by weight “LiPF6 in EC/EMC” electrolyte); all components 
were purchased from Targray (ENCHEM, purity: battery grade). The 
electrolyte additives, lithium difluorophosphate (LiDFP, American Ele
ments; CAS No.: 24,389–25–1; purity: ≥99.9 %), fluoroethylene car
bonate (FEC, ENCHEM, purity: battery grade) and 1,1′ 
-sulfonyldiimidazole (SD, TCI America; CAS No: 7189–69–7; >98% 
purity) were added to the electrolyte solution with concentrations of wt. 
%. All the electrolytes were prepared in the argon-filled glovebox with 
H2O and O2 levels below 1 ppm. The electrolytes were stirred for 5 h 
using a magnetic stirrer to ensure complete dissolution of the salt. In or- 
der to simulate the TM dissolution during the scavenging experiment 
that may occur from NMC811,TM salts were added to the electrolyte. 
Powders of thermally stablenickel(II) bis(trifluoromethanesulfonyl) 
imide (Ni(TFSI)2) (purity: ≥97 %),cobalt(II) bis(tri
fluoromethanesulfonyl)imide (Co(TFSI)2) (purity: ≥97 %),and manga
nese(II) bis(trifluoromethanesulfonyl)imide (Mn(TFSI)2) (pu-rity: ≥97 
%) (Alfa Aesar) salts were dissolved in the electrolyte so that 

F. Demelash et al.                                                                                                                                                                                                                               Energy Storage Materials 72 (2024) 103735 

9 



theconcentration of each metal cation was 15 mm.
(2) (PDF) Assessing Key Issues Contributing to the Degradation of 

NCM-622 || Cu Cells: Competition Between Transition Metal Dissolution 
and “Dead Li” Formation. Available from: https://www.researchgate.ne 
t/publication/380,365,619_Assessing_Key_Issues_Contributing_to_the_ 
Degradation_of_NCM-622_Cu_Cells_Competition_Between_Transition_ 
Metal_Dissolution_and_Dead_Li_Formation [accessed Jul 21, 2024].

5.2. Electrochemical investigations

200 mAh NMC811||SiOx-Gr and NMC811||Gr LiFun cells (LiFun 
Technologies Xinma Industry Zone, Golden Dragon Road, Tianyuan 
District, Zhuzhou City, Hunan Provence, PRC, 412,000) balanced to 4.5 
V were used for electrochemical investigations. NMC811 positive elec
trodes consist of 96.4 wt% active material, 1.6 wt% carbon black, and 2 
wt% polyvinylidene difluoride (PVdF) binder. The negative electrodes 
consist of 94.8 wt% artificial graphite/silicon oxide composite active 
material (90 %AGr, 10 % SiOx and 90 %AGr, 10 % SiOx), 1.4 wt% 
carbon black as a conductive agent, and 1.3 wt% sodium-carboxymethyl 
cellulose (CMC) and 2.5 wt% styrene-butadiene rubber (SBR) binders. 
The cathode mass loading was ≈13.9 mg cm− 2. The mass loading for the 
anode was ≈8 mg cm− 2

. Before cell assembly, the cells were opened and 
dried under reduced pressure at 90 ◦C overnight. Subsequently, the 
pouch cells were filled with 700 µL of electrolyte, which corresponds to 
200 mAh nominal capacity at 0.1C of the used pouch cells. Finally, the 
cells were vacuum-sealed at 15 % of the ambient pressure using 
GN–HS350V from Gelon Lib Co., Ltd., China, while maintaining a gas 
pocket in a dry room with a dew point of less than − 50 ◦C.

NMC811||SiOx-Gr and NMC811||Gr full cells were cycled using a 
Maccor 4000 battery testing system and constant current (CCCV) 
charge/discharge cycling in a cell voltage range of 4.5 – 2.8 V. For 
formation protocols, C/10 and C/5 charging and discharging rates were 
applied in a cell voltage range of 4.5–2.8 V. After that, the cells were 
subjected to 1C long-term cycling. Following each current charge, a 
constant voltage (CV) step was done until the specific current dropped 
below C/20. All electrochemical experiments were conducted in climate 
chambers at a constant temperature of 20 ◦C. The detailed mechanism of 
these pouch cells’ drying and sealing process was explained elsewhere 
[20,30].

For storage experiments, the pouch cells were connected to the cell 
test equipment (MACCOR 4000 Series) at a temperature of 60 ◦C (in a 
temperature-controlled chamber with a tolerance of ± 0.1 ◦C) after the 
SEI formation. The cells were stored for 6 h at open circuit voltage (OCV) 
and then charged to the upper cut-off voltage of 4.5 V. The OCV was 
measured for 720 h once the current dropped below 0.02C. The cells 
were discharged to the lower cut-off voltage of 2.8 V at a rate of 100 mA. 
Subsequently, the pouch cells charged and discharged in the first cycle 
between 2.8 and 4.5 V at 0.1C, followed by four cycles between 2.8 and 
4.5 V at 0.5C. A constant voltage step was applied at the top of the 
charge until the current dropped below ≈0.02C to initiate the discharge. 
For this experiment, whole procedure was adopted from[30,44]

Overcharge experiments were conducted in T-cells (Swagelok) using 
a three-electrode setup. The working electrode was a LiNi0.5Mn1.5O2- 
based composite electrode (Ø12 mm) with an areal capacity of 
approximately 0.36 mAh cm− 2. The electrode consisted of 90 wt.% 
active material, 5 wt.% carbon black (Super C65, Imerys Graphite & 
Carbon), and 5 wt.% poly(vinylidene difluoride) binder (Solef 5130, 
Solvay) coated on aluminum foil. The counter and reference electrodes 
consisted of lithium foil (500 μm; Gelon Lib Group) with Ø12 mm and 
Ø8 mm diameters, respectively. The working and counter electrodes 
were separated by three layers of Ø12 mm polypropylene (PP) fiber 
separators (FS2190; Freudenberg) soaked in 120 μL of electrolyte. The 
reference electrode was separated by two layers of the same separator 
soaked in 120 μL of electrolyte. Pouch cells and T-cells were assembled 
in a dry room atmosphere with a dew point of at least − 50 ◦C (0.16 % 
relative humidity).

After allowing the T-cells to rest for 3 h post-assembly to ensure 
adequate electrolyte wetting, overcharge experiments were initiated. 
The cells were charged using a CC mode (0.09 mA cm− 2), and the 
working electrode’s potential was continuously monitored. Charging 
was stopped upon reaching either 30 h of measurement time or 6 V. To 
ensure reproducibility, at least two T-cells per electrolyte mixture were 
employed.

5.3. Scanning electron microscopy (SEM)

SEM imaging was used to examine the surface morphology of the 
cycled SiOx-Gr anodes and NMC811 cathodes after 100 cycles in a cell 
voltage range of 4.5–2.8 V (Carl Zeiss AURIGA; Carl Zeiss Microscopy 
GmbH). EDX was performed at an accelerating voltage of 20 kV using an 
X-MaxN 80 mm2 EDX detector (Oxford Instruments). The INCA software 
was used to assess the spectra (Oxford Instruments). The cells were 
disassembled in the argon-filled glove box (H2O and O2 level below 1 
ppm) to avoid contact with atmospheric air. Before the analysis, the 
cathode and anode surfaces were rinsed with 1 mL of dimethyl car
bonate (DMC). Details about the procedure can be found elsewhere [51].

Density rfunctional theory (DFT) calculations were conducted using 
the Gaussian16 package [52]. The optimization of molecular structures 
employed the B3LYP DFT functional and the 6–311++G(3df, 2p) basis 
set. To simulate the influence of an electrolyte environment, an SMD 
implicit solvation model with parameters specific to acetone was chosen 
for its similarity in dielectric constant to liquid carbonate-based elec
trolytes [53–56]. Following geometry optimization, the calculated 
infrared (IR) frequencies and intensities of SD, SDF, and SDOH molec
ular structures were utilized to support the assignment of bands in the 
ATR-FTIR spectra. The outcomes, including frequency scaling factors of 
1 and 0.98 and potential assignments, are detailed in the supplementary 
information.

5.4. Attenuated total reflection Fourier-transform infrared spectroscopy 
(ATR-FTIR)

Analysis of the interphases was conducted using an Invenio-R FT-IR 
spectrometer (Bruker) with a Platinum-ATR unit (diamond crystal, 
Bruker) and a mercury-cadmium-telluride (MCT) detector inside a 
custom-build glovebox under nitrogen flux. The spectra were acquired 
with a spectral resolution of 4 cm− 1 at an incidence angle of 45◦ Each 
spectrum was obtained by accumulating 32 interferograms for back
ground and sample spectra, respectively. The spectra are presented as 
absorbance and were processed by concave rubber band background 
correction (15 iterations, straight lines). Further details of this method 
can be found elsewhere [20].

5.5. Time of flight-surface ion mass spectroscopy (ToF-SIMS)

Measurements were performed using an IONTOF ToF-SIMS 5 spec
trometer utilizing a 30 keV Bi nanoprobe in both spectrometry 
(bunched) mode fast imaging mode with delayed extraction to enable 
high lateral and mass resolution. In bunched mode, the primary ion gun 
was set to shoot Bi32+-ions with an ion current of 2 pA over an area of 100 
µm × 100 µm with a resolution of 128 × 128, and the analyzer was set to 
negative ion mode, and a cycle time of 60 µs. Bunched mode was 
combined with a 1 keV Ar sputter gun to obtain depth information. For 
depth profiling, the Ar+ sputter beam was set to sputter at an ion current 
of 250 nA over an area of 300 µm × 300 µm in interlaced mode. Each 
sample was probed at three different locations to validate the results. 
The target current was measured before and after each measurement to 
compensate for fluctuations in the primary and sputter ion currents. Fast 
imaging was performed on an ion milled cross-section over an area of 
100 µm × 100 µm with a resolution of 1024 × 1024. A binning of 4 pixels 
was used to increase contrast. To avoid contact with air, the samples 
were transferred to and introduced into the ToF-SIMS device using an 
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airtight sample carrier purchased from IONTOF. The samples were 
prepared for ToF-SIMS depth profiling by washing the surface of the 
electrode five times with DME to remove any excess electrolyte and 
conducting salt that may interfere with the measurement.

5.6. Ion chromatography-conductivity detection-mass spectrometry 
(IC–CD-MS)

A qualitative analysis of anionic degradation products was executed 
on an 850 Professional IC (Metrohm, Switzerland) with conductivity 
detection (CD) hyphenated to an 6530 Accurate Mass Quadrupole-Time- 
of-Flight (Q-TOF)-MS (Agilent, USA). A Metrosep A Supp 7 column 
(250×4.0 mm, 5 µm; Metrohm) with a Metrosep A Supp 5 Guard/4.0 
guard column was used for an isocratic separation of the anionic com
pounds at an oven temperature of 65 ◦C and an applied flow rate of 0.7 
mL min-1 over a total runtime of 30 min. All samples were diluted 
1:1000 with acetonitrile and the injection volume was set to 65 µL. The 
eluent consisted of a 3.6/3.4 mM Na2CO3/NaHCO3 aqueous solution 
and acetonitrile in a ratio of 58:42 (v/v). The utilized suppressor was 
sequentially regenerated by 0.1 M sulfuric acid and rinsed with MilliQ 
Water. Ionization in the MS was performed in ESI(-) mode at a capillary 
voltage of 3.5 kV. The nebulizer gas was set to 45 psi and the drying gas 
to a flow of 10 L min-1 at 350 ◦C. A collision-induced dissociation energy 
of 30 eV was applied for MS/MS experiments and the mass range was set 
to m/z 70–500 in MS1 and m/z 50–500 in MS2. Instrument control, data 
acquisition, and data evaluation were performed for MS with Mass
Hunter Data Acquisition and MassHunter Qualitative Analysis B.08.00 
(Agilent), while for IC with MagIC Net 3.3 (Metrohm).

5.7. Gas chromatography – flame ionization detector (GC-FID)

A qualitative analysis by GC–MS of carbonate-based solvents and 
decomposition products was executed on a Nexis GC-2030 (Shimadzu) 
equipped with a non-polar Restek Rxi®− 5 ms (30 m x 0.25 mm x 0.25 
µm) fused silica column (5 % diphenyl/ 95 % dimethyl polysiloxane). 
The sample injection was done with a volume of 1 µL at an applied split 
ratio of 1:10 and a set temperature of 250 ◦C. Helium (6.0 purity) was 
used as carrier gas with a column flow of 1.15 mL min-1. The oven 
program started with an initial temperature of 40 ◦C which was held for 
1 min, followed by a first ramp of 3 ◦C min-1 to 60 ◦C and a subsequent 
second ramp of 30 ◦C min-1 until a temperature of 260 ◦C was reached. 
This final temperature was held for 2 min, resulting in a total mea
surement time of 16.33 min. The MS operated in the electron ionization 
(EI) mode with an ion source temperature of 200 ◦C and an interface 
temperature of 250 ◦C, while the filament voltage was set to 70 V and 
the detector voltage was relative to the respective tuning file. The mass 
range was set to 20–350 m/z with an event time of 0.1 s in scan mode. 
The identification of compounds was verified with the NIST 11 library. 
All samples were diluted 1:100 with DCM to precipitate and remove the 
conductive salt prior to injection.
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