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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hydrofluorocarbon electrolytes perform 
better than phosphates/phosphonates. 

• Greater capacity retention and rate 
capability is displayed for 
hydrofluorocarbons. 

• Resistance measurements point to infe-
rior interphases with phosphates/ 
phosphonates.  
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A B S T R A C T   

The rapid and accelerating adoption of lithium-ion batteries worldwide, especially in the transportation sector, 
has focused attention on their safety. One area of particular interest is finding alternatives for their most 
flammable component, the liquid electrolyte. Over the past 20 years, a number of non-flammable liquid elec-
trolytes have been identified and tested. However, because these data are frequently obtained under a wide range 
of conditions – e.g., different active materials, current densities or voltage cutoffs – it is difficult to compare 
them. In this work, eight promising non-flammable liquid electrolytes – four phosphate derivatives and four 
based on fluorinated hydrocarbons – are identified from the literature and tested in commercially relevant high- 
voltage systems under identical conditions. The electrochemical stabilities of the electrolytes were studied 
against both inert electrodes and in LiNi0.6Mn0.2Co0.2O2|graphite cells. Each electrolyte was assessed via long- 
term cycling experiments and rate-testing and the cell resistance during aging was monitored. It was found 
that the electrolytes containing phosphate and phosphonate-based solvents generally performed very poorly 
compared to the phosphorus-free fluorinated solvents; the latter resulted, on average, in twice the capacity 
retention after 500 cycles of the former. A strong correlation was observed between long-term cycling perfor-
mance, rate capability and the cell resistance.   
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1. Introduction 

Over the past decade, a broad consensus has emerged that the fossil- 
fuel powered cars and trucks that currently account for most of the 
world’s vehicle fleet will have to be replaced in large part by electric 
vehicles (EVs) running on lithium-ion batteries (LIBs) [1,2]. This tran-
sition will have clear positive environmental and public health benefits. 
EVs are also very safe: although the sample size is still much too small for 
a rigorous comparison, EV fires have so far occurred at lower rates than 
in combustion vehicles [3]. Nevertheless, it is crucial to minimize such 
accidents – both as an imperative in its own right and to maintain public 
confidence in the technology. The strenuous conditions of use to which 
EV batteries are subjected – wide temperature ranges, frequent physical 
shocks and rapid charging and discharging – increase their susceptibility 
to failures that could cause thermal runaway [4]. It is also worth noting 
that current LIBs, even when sealed and undamaged, potentially contain 
all the components required for fire: oxygen, fuel and heat. Oxygen is 
stored in the lattice of the cathode materials and can be released as O2 
during cathode decomposition. The highly flammable liquid electrolytes 
represent the most important potential fuel for a fire, but the separator 
[5], plastic packaging and electrode materials can also undergo 
exothermic decompositions [6]. Finally, the considerable energy stor-
able in an EV cell can be converted quickly into heat upon a short circuit 
in the cell. 

A great deal of effort has gone into managing or reducing the flam-
mability risk of LIBs. At the cell or pack level, this often involves venting 
systems, more durable separators [7] or switching to a more thermally 
stable active material like lithium iron phosphate [8]. At the materials 
level, research has gone into reducing the flammability of electrolytes, 
which are by far the most flammable components of LIBs [9]. The most 
widely-used LIB electrolytes today are composed of solutions of LiPF6 in 
organic carbonate esters – usually ethylene carbonate (EC) mixed with 
one or more linear carbonate like diethyl carbonate (DEC) or ethyl 
methyl carbonate (EMC). These have been in wide use since the 
commercialization of LIBs in the 1990s and have seen decades of 
refinement and characterization since then. As a result, they are 
well-understood and considered highly reliable. However, they are also 
highly flammable, with heats of combustion of − 10 to − 15 kJ g− 1 [10], 
comparable to coal lignite [11]. As a result, there is significant interest in 
replacing these electrolytes with less flammable alternatives. One pos-
sibility is solid-state electrolytes, which have the advantage of also 
potentially improving energy density. Although they have recently been 
the focus of intense interest and may yet see commercialization, they are 
far from mature as they pose considerable processing or manufacturing 
challenges and therefore high costs [12]. Ionic liquids, another popular 
option, are also held back by potentially high costs and poor Li+ trans-
port properties [13]. 

Nonaqueous liquid electrolytes represent the most feasible near-term 
non-flammable electrolytes. They are mainly dominated by two classes 
of compounds: organophosphorus compounds, which include phos-
phates, phosphites, phosphazenes and phosphonates (and sometimes 
fluorinated versions thereof); and hydrofluorocarbons, which include 
fluorinated carbonates, esters and ethers. The organophosphorus class 
has the advantage of being cheap, but poses unresolved interfacial 
problems with graphite electrodes [14], although a variety of strategies, 
mostly using additives, have been proposed to improve this. It is inter-
esting to note that in sodium-ion batteries, which typically contain hard 
carbon rather than graphite anodes, organophosphorus compounds do 
not exhibit these issues and have shown highly promising cycling sta-
bility [15,16]. Fluorinated carbonates, esters and ethers are more 
readily compatible with graphite, as they often form electrically insu-
lating and ionically conductive solid-electrolyte interphases (SEIs). 
However, they are considerably more expensive and associated with 
safety concerns related to toxic decomposition products, particularly 
hydrogen fluoride. There are also environmental concerns around their 
synthesis [17] and end-of-life treatment [18]. 

Although some work has been published studying candidates for 
non-flammable liquid electrolytes, they have been tested under a range 
of different conditions. Electrode materials, salts and salt concentra-
tions, voltage cutoffs, C-rates and temperatures often vary across 
studies. In this work, several techniques are used to investigate, under 
identical conditions, the electrochemical performance of eight prom-
ising previously reported candidates for non-flammable LIB electrolytes. 
The electrolytes were employed in commercially-relevant high-voltage 
LiNi0.6Mn0.2Co0.2O2 (NMC622)|graphite cells to provide a realistic sys-
tem for comparison. Only widely-used solvents that have been shown to 
be significantly less flammable than traditional carbonate esters – as 
measured by self-extinguishing time, onset of thermal runaway or heat 
of combustion – were considered. The electrolytes were selected 
considering real-world viability, focusing on systems with moderate salt 
concentrations and which have been reported to work well in graphite- 
containing cells. Highly concentrated electrolytes, a popular recent 
strategy for reducing flammability and improving cycling performance, 
were not considered, as they are judged to come with high costs [19], 
which will likely eventually render them commercially uncompetitive. 

This study employs linear sweep voltammetry (LSV) to assess the 
electrochemical stability window of each electrolyte, as well as galva-
nostatic cycling and rate-testing to understand long-term performance, 
and intermittent current interruption (ICI) to determine cell resistance at 
particular states of charge. 

2. Results and discussion 

Eight non-flammable solvent systems were examined in this study. 
Table 1 summarizes their compositions and flammability characteristics. 
Where available, co-solvents or additives reported to improve a given 
solvent’s performance were used. In the cases of TFEC, TFEP and TTE, 
such co-solvents are necessary because LiPF6 is not soluble in the non- 
flammable solvent alone. Mixtures of ethylene carbonate (EC) with a 
linear carbonate ester (e.g., diethyl carbonate (DEC) or ethylmethyl 
carbonate (EMC)) are widely-used co-solvents. Propylene carbonate 
(PC) and γ-butyrolactone (GBL) are also interesting, as they are less 
volatile and thus less flammable than traditional linear carbonates [20]. 
As a standard electrolyte, LP57 was chosen, a widely-used commercial 
electrolyte consisting of 1 M LiPF6 in a 3:7 v/v mixture of EC and EMC. 
To maintain identical experimental conditions throughout the study, the 
cycling regime including choice of cut-off voltage and C-rate, as well as 
electrolyte volume and temperature among other parameters, were kept 
constant. 

LSV was conducted to study the electrochemical stability windows; 
the hydrofluorocarbon-based (Fig. 1a) and phosphate/phosphonate- 
based electrolytes (Fig. 1b) are plotted separately to preserve read-
ability. Carbon-coated aluminium and carbon-coated copper working 
electrodes were used for the cathodic and anodic sweeps, respectively, 
to simulate the current collectors used for LIB cathodes and anodes. The 
tested voltage window was selected based on the operating ranges of 
typical high-voltage LIBs, in which the lower cutoff is usually set at 3 V 
(corresponding to ca. 2 V for graphite vs Li/Li+) and the upper cutoff at 
4.5–5 V (corresponding to just above 0 V vs Li/Li+ for graphite). As 
shown in the insets in Fig. 1a and b, all eight electrolytes exhibit a small 
peak at ca. 1 V with a magnitude of ca. − 15 μA cm− 2 during the anodic 
sweep, which is probably related to SEI formation reactions. The current 
density only becomes significantly more negative at ca. 0.1 V, but still 
does not surpass − 100 μA cm− 2, suggesting that the electrolytes are 
largely anodically stable. During the cathodic sweep, some electrolytes 
show signs of significant instability, starting with MFA at 4.8 V. Several – 
notably FEMC:FEC, FEC:TTE, PC:TFEC and EC:DEC:TFEP – show only 
low currents of less than approximately <10 μA cm− 2 throughout the 
voltage range tested (0–6 V). With some exceptions, the oxidation peaks 
produced by the phosphate/phosphonate-based electrolytes are much 
more pronounced than those of the hydrofluorocarbons, although this 
may be related to the much greater proportion of co-solvents present in 
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them (70–80%). Passivation or corrosion of the aluminum also likely 
plays a significant role: starting at ca. 3.9 V vs Li/Li+, LiPF6 passivates Al 
current collectors to form an AlF3 surface layer [46]. 

While LSV is a valuable technique to gain first insights into the 
electrochemical stability, it provides a simplified picture of electrolyte 
reactivity, as it neglects the role the active materials can play in cata-
lyzing degradation processes [47]. The lattice oxygen atoms of NMC in 
particular are known to participate in the oxidation of solvent mole-
cules, lowering the effective electrochemical stability limit considerably 
[48]. For instance, even though EC-based electrolytes often show little 
oxidative current against inert electrodes [49,50], when electrodes 
containing active materials are used, EC is the component that limits the 

oxidative stability of traditional electrolytes [51]. 
For a more realistic look at the redox activity of the electrolytes, the 

differential capacity plots of charging in NMC|graphite cells are plotted 
in Fig. 1c. The first cycle (during which the bulk of SEI formation occurs) 
and fifth cycle (by which time SEI formation is likely complete) are 
shown. These plots also contain peaks related to the intercalation of Li+

into graphite and out of NMC622, in addition to reduction/oxidation 
peaks of the electrolyte. It is also not possible to directly compare them 
to the LSV plots, as they are recorded against a full cell potential, rather 
than a Li/Li+ reference electrode. The dQ/dV data show substantial 
differences in reactivity among the electrolytes: the phosphate/phos-
phonates show significant decomposition peaks at much lower 

Table 1 
Descriptions of the non-flammable solvent systems studied in this work. Abbreviations: ARC = accelerated rate calorimetry, DSC = differential scanning calorimetry, 
SET = self-extinguishing time, FP = flash point. Pass/fail refers to a visual inspection of the burning behavior after being exposed to a flame source. All ratios of liquid 
mixtures are vol/vol; solid additives refer to mass/mass relative to the total amount of LiPF6 in the electrolyte.  

Non-flammable solvent Co-solvent Additives Characterization of 
flammability 

2,2,2-trifluoroethyl methyl carbonate (FEMC) 10 vol% fluoroethylene carbonate (FEC) 
[21,22] 

None Pass/fail [23], ARC [22,24] 

1,1,2,2-tetrafluoroethyl-2,2,3,3- 
tetrafluoropropylether (TTE) 

60 vol% FEC [22] None ARC [22] 

Methyl difluoroacetate (MFA) None [25–29] 2 vol% vinylene carbonate (VC) [28,29] DSC [25,26,28–30] 
Bis(2,2,2-trifluoroethyl) carbonate (TFEC) 30 vol% propylene carbonate (PC) 

[31–33] 
1 vol% FEC [33] SET [33], FP [33] 

Tris(2,2,2-trifluoroethyl) phosphate (TFEP) 70 vol% EC:DEC (1:1) [34] None SET [34,35], DSC [36,37] 
Trimethyl phosphate (TMP) 70 vol% GBL (γ-butyrolactone) [38] 3 wt% lithium difluoro(oxalate) borate 

(LiODFB) [38] 
SET [38] 

80 vol% GBL [39] 2 vol% VC + 5 vol% vinyl ethylene carbonate 
(VEC) [39] 

Pass/fail [40], SET [20, 
41–43] 

Dimethyl methylphosphonate (DMMP) 90 vol% EC:DEC (1:1) [44] 5 wt% lithium bis(oxalato)borate (LiBOB) [44] SET [44,45]  

Fig. 1. Linear sweep voltammetry (LSV) of the (a) hydrofluorocarbon-based and (b) phosphate/phosphonate-based non-flammable electrolytes studied in this work. 
Anodic and cathodic sweeps were done using carbon-coated copper and carbon-coated aluminum working electrodes, respectively. (c) dQ/dV plots of the 1st and 5th 
cycles (at C/10) of NMC622|graphite containing each electrolyte. 
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potentials than the hydrofluorocarbons and LP57, although this is likely 
also due in part to the co-solvents used. By the fifth cycle, when SEI 
formation is presumed to be complete and the remaining peaks are likely 
due to the reversible Li/Li+ redox, the redox behavior is more uniform 
redox across the electrolytes. The Li/Li+ redox does show substantial 
overpotentials in the phosphates/phosphonates, as evidenced by the 
upshifted redox peak positions in the 5th cycle relative to the standard 
LP57. Conspicuously, EC:EMC:DMMP effects a complete breakdown in 
the characteristic Li/Li+ redox peaks, indicating considerable electro-
chemical instability. 

Fig. 2 shows long term cycling data of each electrolyte at a rate of C/ 
2 (corresponding to ca. 80 mA g− 1). It is immediately evident that the 
four phosphate/phosphonate-containing electrolytes – GBL:TMP, EC: 
EMC:DMMP, EC:DEC:TFEP and GBL:TFEP (red traces) – perform 
significantly more poorly. All suffer from severe capacity fading in the 
first 10–20 cycles, accompanied by low initial coulombic efficiencies 
(Figs. S1 and S2), which only approach 100% after 50–100 cycles, 
implying inefficient SEI formation accompanied by high levels of 
lithium consumption. TMP and DMMP are believed to co-intercalate 
into graphite, causing its exfoliation [52,53]. The co-solvents and ad-
ditives used evidently mitigate this phenomenon an extent, since TMP 
and DMMP on their own permit no reversible capacities at all, but may 
not be sufficient to prevent it entirely. The fluorinated phosphate TFEP, 
in contrast, has previously been shown not to undergo co-intercalation, 
which has been attributed to the lower electron density on the P––O 
bond and resulting weaker coordination of Li+ [54]. However, as its 
poor cycling stability shows, it clearly suffers from some other problem – 
possibly a highly resistive SEI, as also suggested by its poor rate capa-
bility (Fig. 3). Interestingly, stable cycling with TFEP-based electrolytes 
in graphite-containing full cells has been reported when lithium nickel 
oxide or lithium nickel manganese oxide is used as the cathode [55,56], 
suggesting that the poor cycling stability described herein may be 
related to a specific incompatibility with NMC. 

The phosphorus-free solvents (blue traces in Fig. 2), on the other 
hand, cycle much better, despite the fact that the non-flammable 
component or components of all four of these electrolytes are con-
tained in much higher proportions than the phosphates. The organo-
phosphorus moiety likely forms SEI components detrimental to 
performance (e.g., with low ionic conductivity or high electrical con-
ductivity). The phosphorus-free compounds structurally resemble the 
proven carbonate-based electrolytes in wide use today and are more 
likely to produce effective SEIs. 

Some of the co-solvents may also be partially responsible for the 
capacity decay; for instance, GBL and PC have known interfacial issues 

with graphite electrodes: GBL forms highly resistive SEIs on graphite 
[57] accompanied by high irreversible capacities [58], while PC forms 
no protective SEI at all but rather decomposes continuously, exfoliating 
the graphite structure [59]. TFEC may perform better when mixed with 
a different co-solvent. On the other hand, in the case of GBL:TMP it is 
plausible that the resistive SEI formed by GBL – if due to a thick or very 
dense structure – may be precisely what prevents the co-intercalation of 
TMP. 

The poor cycling stability of the phosphate solvents is also reflected 
in their rate capability (Fig. 3): all exhibit noticeable capacity attrition 
even within the five cycles of each rate step, and have on average lower 
rate capabilities overall. The capacity decay caused by DMMP is so 
rapid, even at the lowest C-rate, that it drowns out the capacity loss 
caused by increasing the current density. 

The internal resistance of each cell during battery cycling (Fig. 4) 
reinforces the cycling and rate capability results: the cells containing 
phosphates or phosphonates develop a higher resistance over time than 
those with hydrofluorocarbons. Even within each group, the resistance 
values are largely consistent with the rate capabilities. It is likely that SEI 
growth accounts for most of the increase in resistance, since all systems 
are identical except for the electrolyte, and probably explains at least in 
part the phosphate/phosphonate group’s significantly poorer cycling 
stability. 

It should be noted that the rate capability and ICI tests do not reflect 
fully identical conditions, as ICI is performed at much lower current 
densities. Some of the differences in rate capability are likely also related 
to the different reactivities of the electrolytes at high and low currents. 
For instance, cycling at high currents likely consumes less Li+ in some 
electrolytes than others, or leads to the deposition of SEIs with different 
compositions and resistivities. The wide disparities in the C/10 capac-
ities at the end of the rate tests (Fig. 3) suggests that a significant degree 
of SEI or electrolyte decomposition is taking place in some of the systems 
– and, again, more so among the phosphates/phosphonates than the 
hydrofluorocarbons. 

The poor performance of phosphorus-containing solvents, which 
holds across a variety of metrics and co-solvents, is striking and suggests 
that this class of compounds suffers from fundamental electrochemical 
issues. For instance, organophosphate-derived SEI components may be 
intrinsically highly resistive, blocking the Li+-conducting channels on 
the graphite surface. The uniformly higher internal resistances of the 
phosphate/phosphonate-containing cells suggest this as well. Tradi-
tional carbonate ester-based electrolytes are believed to form semi-
carbonates (alkyl carbonates) as the major ion-conducting species in 
SEIs; other salts like Li2CO3 can also contribute to ion conduction and 

Fig. 2. Galvanostatic cycling performance of the non-flammable electrolytes studied in this work, grouped into phosphate/phosphonate-based and fluorinated 
carbonate/ester/ether-based, with LP57 shown as a benchmark. 
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diffusion [60]. Phosphates and phosphonates, which lack a carbonyl 
moiety, cannot easily form these compounds; their major decomposition 
products during battery cycling are not known. If the O––PO2R or 
O––PO3 units of the phosphonates and phosphates end up forming sig-
nificant parts of the SEI, it is unclear what their properties – e.g., ionic 
conductivity, solubility and mechanical strength – might be. On the 
other hand, the hydrofluorocarbons used in this work all contain ester or 
carbonate moieties and are more likely to form semicarbonate-like 
structures that enable Li+-conduction. 

3. Conclusions 

In this work, eight promising non-flammable electrolytes – four 
based on phosphates or phosphonates and four based on hydro-
fluorocarbons – were selected from the existing literature, based on the 
criteria of previously demonstrated non-flammability, practical viability 
and wide use in the literature. All eight electrolytes were tested under 
identical conditions. Overall, the hydrofluorocarbons significantly out-
performed the phosphates/phosphonates, exhibiting on average twice 
the capacity retention after 500 cycles, triple the rate capability as 
measured by the capacity at the fast charge-discharge rate of 2C, and 
half the cell resistance after 25 cycles. It is not straightforward to isolate 

the contribution of each electrolyte’s non-flammable component to its 
overall electrochemical performance, since they contain a diverse range 
of co-solvents and additives. However, because these co-solvents and 
additives were selected to produce the most promising formulation 
(based on the existing literature) for each non-flammable solvent, it is 
possible to draw some broad conclusions. The most noticeable is the 
striking superiority of phosphorus-free fluorinated solvents over the 
phosphorus-containing ones, a trend that holds for all co-solvents used: 
even the “best” organophosphorus electrolyte, TFEP, underperforms the 
“worst” hydrofluorocarbon, TFEC. The intercalation into and exfoliation 
of graphite by TMP and DMMP presents a fundamental problem for 
which no practically viable solution has been found to date; the addi-
tives tested in this work are not sufficient. Given the environmental and 
economic concerns around fluorinated molecules, it would be worth 
trying to find a way to make these electrolytes viable. However, even 
TFEP, a phosphate which does not undergo co-intercalation, displayed 
significant capacity fading and growth in cell resistance, a trend 
observed with conventional (EC:DEC) as well as more experimental 
(GBL) co-solvents. This suggests that the use of phosphates may present 
general interfacial issues. 

Finally, this study allows us to identify promising candidates for 
further study, as well as highlighting issues for in-depth investigation. 

Fig. 3. Rate capability of the electrolytes based on organophosphorus compounds (red traces) and fluorinated carbonates, esters and ethers (blue traces). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Internal resistance of NMC622|graphite cells containing carious non-flammable electrolytes during cycling, as obtained by intermittent current interruption. 
Resistance values represent means during charge steps. Cycles 1–2, 15 and 26 (containing ICI steps) were carried out at a C-rate of C/10, while cycles 3–4 were 
carried out at C/5. Cycles 5–14 and 16–25 (without ICI) were carried out at a C-rate of C/2. 

F. Gebert et al.                                                                                                                                                                                                                                   



Journal of Power Sources 556 (2023) 232412

6

One obvious line of research would be to characterize the surfaces of the 
cycled electrodes and of the gas evolution during cycling, to gain an 
impression of the compounds making up the SEIs, and of the electrolyte 
decomposition reactions leading to them. There is also much scope for 
optimizing the performance of MFA and TFEC by experimenting with co- 
solvents and additives. 

4. Experimental section 

4.1. Electrolyte preparation 

LiPF6 and LP57 were purchased from Sigma Aldrich. Electrolyte 
solvent components were purchased from Tokyo Chemical Industry. All 
chemicals were used without further purification, aside from drying. 
Sample preparation was carried out in an MBraun glove box with O2 
content of less than 1.0 ppm and H2O content of less than 1.5 ppm. 
Electrolytes were prepared by mixing all solvent components and drying 
over molecular sieves for at least 3 days, after which the liquid was 
filtered and 1 mol l− 1 LiPF6 added. LiPF6 was dried at 70 ◦C under 
vacuum for 48 h before use. 

4.2. Electrode preparation 

Pre-fabricated electrode sheets of NMC622 (LiNi0.6Mn0.2Co0.2O2) 
coated on aluminium foil (foil thickness 20 μm) and artificial graphite 
coated onto copper foil (foil thickness 14 μm) were purchased from 
Custom Cells. Cathodes and anodes had areal capacities of 2.0 mA h 
cm− 2 and 2.4 mA h g− 1, respectively; densities of 2.6 g cm− 3 and 1.7 g 
cm− 3, respectively; and active material contents of 93.5% and 95%, 
respectively. Both electrodes also contained carbon black as conducting 
additives and PVDF binders (for the graphite) and CMC/SBR (for the 
NMC622). Circular electrodes with diameters of 13 mm were cut out and 
dried at 120 ◦C under vacuum for 12 h before use. Each cathode disk 
contained 16.8 mg of active material for a nominal capacity of 2.65 mA 
h. Each anode disk contained 19.9 mg of active material for a nominal 
capacity of 3.18 mA h. Electrode capacities were thus balanced for an 
anode:cathode ratio (N/P ratio) of 1.2. 

4.3. Electrochemical measurements 

Cycling and rate capability tests were performed at room tempera-
ture on a Neware cycler using 2-electrode NMC622|graphite pouch cells 
consisting of polymer-laminated aluminium. 24 mm × 24 mm squares of 
Celgard® 2400 (25 μm thick) were used as the separators, except for the 
trimethyl phosphate-containing electrolyte, for which glass fiber (ca. 
100 μm thick) was used. 35 μl of solvent were applied to each side of the 
separator. All cells were rested for 5 h after assembly to allow the sep-
arators and electrodes to be fully wetted. CCCV cycling was used for 
cycling, rate capability and ICI experiments: each cell was charged at 
constant current (CC) to 4.3 V, after which the voltage was held at 4.3 V 
until the current reached 1/10 that of the current used during the pre-
ceding CC step. The cell was then discharged at constant current to 3 V. 
For long-term cycling, each cell was subjected to 2 cycles at C/10 (0.265 
mA) and a further two at C/5 (0.53 mA) to allow SEI formation. Sub-
sequent cycles were carried out at C/2 (1.325 mA). For rate capability 
experiments, no further formation cycles beyond the first five cycles at 
C/10 were carried out. 

Intermittent current interruption experiments (ICI) were performed 
at room temperature on a Bio-Logic VMP3 potentiostat using 2-electrode 
NMC622|graphite CR2025 coin cells, using the method previously re-
ported by Lacey et al. [61,62] Briefly, the procedure involves pausing a 
battery cell for very short periods of time at regular intervals; from the 
voltage response, the cell resistance can be calculated. In this work, 1 s 
pauses at 5-min intervals were used (except during the CV steps, which 
contained no interruptions). The resistance at each pause was calculated 
via 

R= −
ΔV1s

I  

where I is the current before each interruption and ΔV1s is the voltage 
drop 1 s after interruption. Because ICI experiments are most accurate 
under conditions close to equilibrium, they were carried out at C/10 or 
C/5 and interspersed with several non-ICI cycles at C/2 to simulate cell 
aging. To allow SEI formation, each cell was first subjected to 2 cycles at 
C/10 and two at C/5 under ICI conditions. Thereafter, each cell was 
cycled 10 times at C/2 without pausing, followed by 1 cycle at C/10 
under ICI conditions, followed by another 10 cycles without pausing, 
and a final cycle at C/10 under ICI conditions. The sampling rate was 10 
s− 1 during interruptions and 1 min− 1 during current application. The 
data were evaluated using an in-house Python script. 

Linear sweep voltammetry (LSV) was carried out using 3-electrode 
pouch cells. Lithium metal disks (13 mm in diameter) were used as 
counter electrodes. Carbon-coated aluminum disks and carbon-coated 
copper disks (both 13 mm in diameter) were used as working elec-
trodes for the cathodic and anodic sweeps, respectively. 27 mm × 27 
mm squares of Celgard® 2400 were used as separators. Strips of lithium 
metal ca. 4 mm wide, placed close to but not between the active elec-
trodes, were used as reference electrodes. To ensure the reference 
electrode did not come into contact with the working or counter elec-
trodes, they were sandwiched between Celgard sheets. The sweep rate 
was 0.1 mV s− 1. 
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TMP: trimethyl phosphate 
TTE: 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether 
VC: vinylene carbonate 
VEC: vinyl ethylene carbonate 
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