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______________________________________________________________________ 

Abstract 

This study investigates the formation and properties of the solid electrolyte interface 

(SEI) in lithium-ion batteries under varying salt concentrations (0.4M, 0.8M, 1.2M) and 

low formation temperatures. This method was used as a formation accelerated stress 
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test (FAST) to evaluate the impact of different solvent blends and additives on anode 

passivation using the reduction rate of ethyl methyl carbonate (EMC) seen in the 

differential capacity of cells containing them as a performance metric. Electrolytes 

containing a mixture of vinylene carbonate and ethylene sulfate showed superior 

passivation, while a 3:7 mixture of fluoroethylene carbonate and ethyl methyl carbonate 

proved to be the most effective at passivating. Furthermore, the low-viscosity solvents 

methyl acetate and acetonitrile significantly enhanced SEI passivation during formation 

at the anode due to lower graphite exfoliation. We also show that the differential 

capacity data correlate with long-term cycling performance for some of the chemistry 

studied here. These results provide valuable insights for the efficient design of a new 

formation accelerated stress test (FAST) that could accelerate the discovery of 

high-performance electrolytes through rapid monitoring of SEI passivation during 

formation. 

______________________________________________________________________ 

 

Introduction 

In recent years, the lithium-ion battery sector has experienced rapid growth, mainly due 

to its important role as a source of energy storage for electric vehicles, portable 

electronics, and the grid. This surge in demand is evident in the market’s exponential 

expansion, which went from a ~ 1 GWh annual market size in 2000 to an impressive 0.8 

TWh in 2021.1,2 However, despite such advancements, fully grasping the complexities of 

the solid electrolyte interface (SEI), a key component of lithium-ion batteries, remains 
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challenging. A particularly challenging aspect is the prediction of the exact composition, 

structure, and passivation-related properties of the SEI based on the nature of the 

electrolyte, the cycling protocol, and other cell properties. This gap in knowledge 

presents a significant barrier to determining how specific SEI and electrolyte 

characteristics quantitatively influence the overall lifespan and efficiency of the battery 

cell.  

However, it is well-established that certain additives, such as vinylene carbonate (VC), 

ethylene sulfate (DTD), fluoroethylene carbonate (FEC), and lithium 

difluoro(oxalato)borate (LiDFOB) can improve the performance and lifetime of 

lithium-ion and/or lithium metal batteries.3–8 The performance improvement offered by 

those additives could possibly be the result of the passivation of the anode surface by 

polymers or inorganic species such as polyvinylene carbonate, lithium fluoride, lithium 

oxalate, and lithium sulfate, among others.8–10 

In the past, experimental methods related to transport (e.g., electrochemical impedance 

spectroscopy, ion conductivity), morphology (e.g., CT-scan, jelly roll thickness), gas 

volume (e.g., Archimedes’ principle), and open circuit voltage storage measurements, 

among other techniques, were used to predict and monitor cell performance.11–20  

However, further development is required to fully grasp the complexity of the SEI, which 

is also related to cell lifetime. 

Recent studies used characterization techniques such as Nuclear Magnetic Resonance 

(NMR), X-ray Photoelectron Spectroscopy (XPS), and Transmission Electron 

Microscopy (TEM), as well as modeling to better understand the complex chemistry and 
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physics occurring at the electrode interfaces under specific conditions.21–26 Ethylene 

carbonate (EC) based electrolytes have been studied significantly in that regard. It is 

generally accepted that EC reduces following two main reaction pathways, among other 

possible pathways.22,27–31 A first possible single electron pathway, which forms lithium 

alkyl carbonates, such as lithium ethylene dicarbonate (LEDC), and a second 

two-electron pathway, which forms lithium carbonate:  

2 EC + 2 Li+ + 2 e- → LEDC + C2H4  (1) 

EC + 2 Li+ + 2 e- → Li2CO3 + C2H4  (2) 

Lithium ethylene dicarbonate can then react in the presence of water to form lithium 

ethylene monocarbonate (LEMC) via ethylene glycol as an intermediate, while lithium 

carbonate can react with LiPF6 to form LiF.30,32,33 Both thermodynamically and kinetically, 

equation (1) appears to be preferred over equation (2) at low relative salt concentrations 

at the anode interface. This preference arises from the change in Li+/EC stoichiometry. 

The dependence of the SEI composition on salt concentration has been observed 

before using X-ray photoelectron spectroscopy (XPS), Energy Dispersive X-ray 

Spectrometry (EDX) and Nuclear Magnetic Resonance Spectroscopy (NMR) in cells 

with graphite anodes containing LiPF6 and propylene carbonate (PC), where higher salt 

concentrations resulted in a solid electrolyte interphase (SEI) richer in LiF and poorer in 

lithium propylene dicarbonate (LPDC) compared to lower salt concentrations.34 

Furthermore, in lithium-ion cells containing lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) as a salt and dimethyl sulfoxide (DMSO) as a solvent, high salt concentrations 

(>2.5 M) created a passivating SEI, while low salt concentrations (1 M) resulted in 
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solvent intercalation into graphite.35 Similar findings were observed for other cell 

chemistries.36–38 

In addition to the impact of salt concentration on SEI performance, temperature also has 

an influence. For example, Transmission Electron Microscopy (TEM) measurements 

revealed that the thickness of the SEI increases with higher cycling temperatures, while 

cross-sectional SEM indicated that elevated temperatures result in a more uniform 

SEI.39,40 Additionally, using XPS and FTIR, researchers observed that SEI formation on 

graphite at 60°C produced lithium carbonate-rich SEI when the electrolyte consisted of 

1 M LiClO4 EC:DME 1:1. In contrast, formation at 25°C for the same chemistry, resulted 

in a lithium carbonate-poor SEI and graphite delamination, which resulted in poor 

cycling performance.40  

Building on previous research that demonstrated the effectiveness of low salt 

concentration as a method for accelerated stress testing, we decided to study the 

formation of different electrolyte formulations at different salt concentrations and 

formation temperatures. Then, we compared some of those findings with their long-term 

cycling performance.41 Since the SEI is less passivating under low salt concentration 

and low temperature, those conditions can be used to better understand how different 

solvents and additives influence passivation. Additionally, low salt concentration helps 

isolate the effects of the solvent and additives on SEI passivation from those of the salt. 

Furthermore, the results from the present study could potentially be relevant to very fast 

charging applications under low-temperature conditions where large salt concentration 

gradients develop.42  Finally, we aim to gain new insights that could assist researchers 

in accelerating electrolyte discovery.  
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Methods 

Pouch cells 

402035-size pouch cells without electrolyte were received from Li-Fun Technology 

(Zhuzhou, Hunan, China) with polycrystalline Li(Ni0.6Mn0.2Co0.2)O2 (NMC622) as the 

positive electrode and artificial graphite as the negative electrode. The cell was 

balanced to 4.5 V (the threshold voltage for lithium plating during the first charge, 

determined by the cathode and anode mass loading). The first charge capacity of the 

cells was ~250 mAh at 4.3 V. Prior to being filled with electrolyte, each cell was cut 

below the seal and dried in a vacuum oven at 80°C for a minimum of 12 hours. The 

thicknesses, mass loading, and active area of each electrode can be found in Table S5.  

  

Electrolyte preparation 

All electrolytes contained ethylene carbonate (EC; GELON, 99.9%, <20 ppm water) 

mixed with linear carbonates, an ester or a nitrile such as ethyl methyl carbonate (EMC; 

GELON, 99.9%, <20 ppm water), dimethyl carbonate (DMC; GELON, 99.9%), methyl 

acetate (MA; GELON, 99.9%), acetonitrile (ACN; Sigma-Aldrich, >99.8%), propionitrile 

(PN; Tokyo chemical industry (TCI), >98%) or valeronitrile (VN; Tokyo chemical industry 

(TCI), >98%). Lithium hexafluorophosphate (LiPF6; GELON, 99.9%, <20 ppm water) 

was added to the main mixture in various concentrations of 0.4 M, 0.8 M or 1.2 M. 

Vinylene carbonate (VC; BASF, 99.5%, <100 ppm water), ethylene sulfate (DTD; Tinci 

Materials, ≥98%), fluoroethylene carbonate (FEC; GELON, 99.9%) and/or lithium 
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difluoro(oxalato)borate (LiDFOB; GELON, 99.9%) were added as additives when 

needed. Tables 1 and 2 show the different electrolyte compositions used in this work 

with their respective formation and cycling conditions.  

The pouch cells were filled with 0.8 mL of electrolyte in an argon-filled glove box and 

then heat sealed at a temperature of ~160°C. 

  

Formation 

After cells were filled with electrolyte, they were kept at 1.5 V for 24 hours for the 

purpose of wetting the jelly roll and then charged at a constant current of C/20 to their 

maximum voltage, and then they were kept at a constant voltage until the current 

decreased to C/40. However, cells containing LiDFOB skipped the 24-hour wetting step 

at 1.5 V in order to prevent any LiDFOB reduction before the differential capacity 

measurement.43  If the cell underwent cycling, the cell was charged at C/20 to a 

maximum voltage of 4.3 V and then discharged at a constant current of C/20 to 3.8 V. 

Cells were then degassed in a glovebox before they were connected back to the 

Neware for long-term cycling. The cell temperatures were kept at 20°C, 30°C, or 40°C 

during the formation process, as specified in Table 1 and the main text. 

 

Table 1: List of electrolytes used in this work and their respective formation conditions 

for cells that were not subjected to long-term cycling.  
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LiPF6 molarity Solvent and Additives (by mass) Temperature (°C) C-rate 
Wetting 
(24h at 
1.5V)  

0.4, 0.8, 1.2 M EC:EMC 3:7 20, 30 (at 0.4 M), 40 
C/20, C/40 
(at 20°C 

and 0.4 M) 
Yes 

0.4, 0.8, 1.2 M EC:EMC 3:7  2% VC 20 C/20 Yes 

0.4, 0.8, 1.2 M EC:EMC 3:7  2% VC + 1% DTD 20, 40 (at 1.2 M) C/20 Yes 

0.4, 0.8, 1.2 M EC:EMC 3:7 1% DTD 20 C/20 Yes 

0.4 M EC:EMC 3:7  2% LiDFOB 20 C/20 No 

0.4 M FEC:EMC 3:7, EC:DMC 3:7, EC:EMC 1:9 20 C/20 Yes 

0.4 M EC:EMC 3:7 + 30% MA 20 C/20 Yes 

0.4 M EC:EMC:MA 3:4:3, EC:EMC:ACN 3:4:3, 
EC:EMC:PN 3:4:3, EC:EMC:VN 3:4:3 20 C/20 Yes 

 

Long-term cycling 

After the cells were formed at 40°C and C/20, cells were degassed in a glovebox before 

they were connected back to the Neware for long-term cycling. Cycling was performed 

at 55°C and C/2, with C/10 checkup cycles every 50 cycles. Cycling was performed for 

1100 cycles, and the ΔV value was calculated using the difference between the average 

charge and discharge voltage for each cycle number. The electrolytes tested during 

long-term cycling were 1.2 M LiPF6 EC:EMC 3:7, 1.2 M LiPF6 FEC:EMC 3:7 and 1.2 M 

LiPF6 EC:EMC 3:7 2% VC + 1% DTD (ratio and percentage by mass). 
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Density functional theory calculations 

Density functional theory calculations were performed using the Gaussian 16 software.44 

Calculations were performed using the B3LYP functional at the 6-311++G(2df,2dp) level 

using the IEFPCM polarizable continuum model with a relative permittivity of 20.45–49 All 

structures were optimized from an initial guess, and a frequency calculation was 

performed. This was done in order to calculate the Gibbs free energy of formation of 

each structure at 298 K and to also verify that no imaginary frequencies were present. 

The reduction potential of each molecule was then calculated following the method used 

previously by Self et al.50 

 

Thickness measurements 

Thickness measurements were acquired on two equivalent cells using either a 

micrometer (iGaging, California, USA) for cells containing nitriles or a digital caliper 

(Mitutoyo, Illinois, USA) for all other cells. All measurements were acquired in the center 

of the jelly roll of the pouch cells. Cells were degassed prior to any measurement to 

eliminate the thickness increase due to gas production. The micrometer measurements 

were performed using a constant applied pressure for all cells by halting after the first 

audible click. In contrast, digital caliper measurements were collected when the surface 

of the cells was judged to be flat. The variation between two measurements on the 

same cell averaged 60 microns for micrometer measurements, while the maximum 

variation between two measurements on the same cell using the digital caliper was 50 

microns.  
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Results and Discussions 

Motivated by past research indicating that low salt concentrations can accelerate 

lithium-ion cell failure and driven by the need to accelerate electrolyte discoveries, we 

undertook cycling of lithium-ion pouch cells with low salt concentrations.41,51 

Interestingly, we then observed a significant reduction of EMC at an offset voltage of 3.1 

V when NMC622/graphite cells filled with 0.4 M LiPF6 EC:EMC 3:7 were formed at 

20°C,52,53 while this was not observed to occur at 40°C. Figure 1. a) presents this data, 

revealing a non-linear relationship between the rate of EMC reduction at 3.1 V and the 

formation temperature. By integrating the dQ/dV curve between 3.1 and 3.4 V and 

assuming negligible EMC reduction at 40°C (see Figure S1), it is estimated that 

approximately 26 mAh of lithium-ion are consumed due to EMC reduction at 20°C, 

compared to 5 mAh at 30°C. In addition, it is clear that increasing the formation 

temperature gradually results in better passivation against EMC reduction and causes a 

shift in the EC reduction potential toward lower full-cell voltage. 

 

To better understand the kinetics behind the phenomenon, cells with the same 

chemistry were formed at two different C-rates, C/20 and C/40, and a temperature of 

20°C. Figure 1. b) shows this data.  Interestingly, varying C-rates don’t appear to 

change the EMC reduction rate significantly under the conditions studied here, 

indicating that it is unlikely that low electrolyte conductivity is the cause behind this 

phenomenon. 
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Figure 1: Differential capacity versus voltage plots that were obtained by performing cell 

formations at a) three different temperatures or b) two different C-rate, as indicated in 

the legend, for electrolytes containing 0.4 M LiPF6 EC:EMC 3:7. Charging was done at a 

constant C-rate of C/20 for subfigure a) and a C-rate of C/20 or C/40 and a temperature 

of 20°C for subfigure b).  

 

To better understand how the salt concentration affects this phenomenon, cells with 

different salt concentrations were made and tested. Figure 2a) shows that when salt 

concentration was increased from 0.4 M to 1.2 M, the rate of EMC reduction was 

observed to decrease. In contrast, Figure 2. b) shows that the impact of salt 

concentration has no influence on EMC reduction at a formation temperature of 40°C. 

This effect was also observed in lithium iron phosphate (LFP)/graphite full cells at a 

normal salt concentration (1.2 M) and at a temperature of 20°C by Zhang et al., who 

showed that exfoliation of the graphite occurred under those conditions using X-ray 

diffraction.54 While Zhang et al. were motivated to prevent graphite exfoliation from 
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occurring by optimizing the electrolyte, here we take advantage of this EMC reduction 

effect to study the degree of passivation of the solid electrolyte interface (SEI) for 

different electrolyte formulations.  

We reason that cell performance at the anode, when the salt chemistry is fixed, should 

mostly result from electrically insulting passivation of the anode by the solvent and low 

linear carbonate reduction. Linear carbonate reduction is known to produce lithium 

alkoxides, which results in the degradation of the electrolyte via transesterification and 

could result in a loss of performance.55 Additionally, poor passivation that is not 

electrically insulting can cause continuous SEI growth, resulting in lithium inventory loss 

and impedance growth. In line with this reasoning, we looked at the effect of adding 

additives to the electrolyte. Zhang et al. showed that adding 2% VC to an electrolyte 

containing 1.2 M LiPF6 EC:EMC 3:7 was enough to passivate the graphite against the 

reduction of EMC and enough to stop the resulting graphite exfoliation. Figure 2. c) 

shows the effect of adding 2% VC + 1% DTD to cells containing electrolytes with 

different salt concentrations when those cells are formed at 20°C. It is observed that 

slight EMC reduction occurs when the salt concentration is 0.8 M; however, this 

reduction doesn't occur at concentrations of 1.2 M, and very little EMC reduction occurs 

at 0.4 M, showing that EMC reduction follows a non-monotonic relationship versus salt 

concentration for this electrolyte, which could be the result of the coupling of two 

competing effects.  

Figure 2. d) shows that EMC reduction doesn’t occur at a formation temperature of 40°C 

when the salt concentration is 1.2 M in a cell containing those additives. Figure 2. d) 
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also shows that formation at 20°C results in full cell reduction potentials 0.1 V higher 

than those at 40°C for EC (2.9 V), DTD (2.5 V), and VC (2.8 V).  

 

Figure 2: Differential capacity versus full cell voltage for cells formed at a), c) 20°C and 

b), d) 40°C. Subfigures a) and b) show data for electrolytes containing the baseline 

solvent (EC:EMC 3:7), while subfigures c) and d) also include the additive blend 2% VC 

+ 1% DTD in addition to the baseline solvent. Different line styles and colors are used to 

represent the different salt concentrations (0.4 M LiPF6 for solid red, 0.8 M LiPF6 for 

dashed blue, and 1.2 M LiPF6 for dotted black). All experiments were performed at a 

constant current of C/20 after wetting until their maximum voltages. 
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To understand the reason behind the non-linearity in the EMC reduction rate at 20°C for 

cells containing 2% VC + 1% DTD, similar experiments were performed for cells 

containing only 2% VC or only 1% DTD as added additives. The results of these 

experiments performed at 20°C are shown in Figure 3. a) for 2% VC and 2. b) for 1% 

DTD. Figure 3. a) and b) shows that while the two additives have similar EMC reduction 

rates at a salt concentration of 1.2 M, the electrolyte containing 2% VC is more sensitive 

to a decrease in salt concentration than 1% DTD when it comes to passivation against 

EMC reduction. Figure 3. a) shows nonlinearity for the EMC reduction rate as a function 

of salt concentration for VC-containing electrolytes, while the EMC reduction rate is 

almost constant as a function of salt concentration in Figure 3. b) for DTD-containing 

electrolytes. This suggests that vinylene carbonate could be the reason behind the 

nonlinearity as a function of salt concentration shown in Figure 2. c) for 2% VC + 1% 

DTD-based electrolytes. We hypothesize that passivation improves at high salt 

concentrations due to an increase in inorganic components in the SEI. In contrast, the 

increase in passivation at low salt concentration could possibly result from the change 

of Li+/VC stoichiometry at the interface, resulting in longer polyvinyl carbonate chains. 

However, fully understanding that nonlinearity is beyond the scope of the current work 

and more research is needed to confirm that hypothesis.  

In order to elucidate the different sensitivities to salt concentrations for different 

electrolytes during reduction, Density Functional Theory (DFT) calculations using the 
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B3LYP functional and the IEFPCM solvent model at the 6-311++G(2df,2pd) level were 

performed. The rationale for these DFT calculations is that, in a low salt concentration 

electrolyte, a smaller percentage of solvent is present in the solvation shells, leaving 

more of it free in the electrolyte. If the free solvent molecules are still able to reduce 

easily, even without the presence of a lithium-ion, then the passivation of graphite by 

these molecules should be insensitive to the amount of salt in the electrolyte. 

In parallel, the accuracy of the functional and basis set used in this work is supported by 

previous studies showing good agreements of calculated reduction potentials with 

experiments. Tables S1 and S2 also show good agreement (~0.3-0.4 eV) with 

experimental ionization energy and electron affinity for a multitude of molecules, 

supporting its accuracy for the present work. 53,56,57 

Table 2 shows that the reduction potentials of ethylene carbonate and vinylene 

carbonate change upon the presence of a lithium-ion, with ethylene carbonate shifting 

from -0.51 V vs. Li/Li+ to 0.4 V vs. Li/Li+ and vinylene carbonate from 0.3 V vs. Li/Li+ to 

0.65 V vs. Li/Li+ upon lithiation. In contrast, ethylene sulfate shows minimal change 

upon lithiation, with reduction potentials of 1.74 V vs. Li/Li+ and 1.89 V vs. Li/Li+ for the 

non-lithiated and lithiated states, respectively. This suggests that lithium ions stabilize 

the reduced states of ethylene carbonate and vinylene carbonate, while ethylene sulfate 

doesn’t need to be stabilized by the ion to reduce. Consequently, ethylene carbonate is 

unable to reduce in a low salt environment, vinylene carbonate reduction is slowed, and 

ethylene sulfate reduction is almost unaffected. This is consistent with the results shown 

in Figures 1a, 2a, and 2b. While this is an interesting hypothesis, alternative 
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mechanisms could also explain these results. The optimized geometries related to 

these calculations can be found in Figure S5. 

 

Table 2: Reductions potentials of lithiated and non-lithiated ethylene carbonate, vinylene 

carbonate, and ethylene sulfate.  

Molecule of interest Non-lithiated reduction potentials 
(V vs. Li/Li+)  

Lithiated reduction potentials (V 
vs. Li/Li+)  

Ethylene carbonate -0.51 0.4 

Vinylene carbonate 0.3 0.65 

Ethylene sulfate 1.74 1.89 

 

To further test the passivation ability of different electrolytes, further formation 

experiments were performed at 20°C. Figure 3. c) shows the results of these 

experiments for electrolytes that contained 0.4 M LiPF6. Low salt concentrations were 

utilized to more clearly observe the passivation properties of the different additives. 

Figure 3. c) shows that, with the exception of electrolytes containing LiDFOB or 2% VC 

+ 1% DTD, the rate of EMC reduction is correlated with the reduction potential of the 

first reduction event in the full cell; however, it is unclear if there is any causality 

between those two variables. 

 

If the differential capacity is graphed versus time (See Figure S2), it can be observed 

that the reduction duration of the first molecule in the cell is proportional to the EMC 
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reduction rate. This might reflect the smaller SEI thickness required to achieve anode 

passivation for the electrolytes that reduce faster and have a smaller EMC reduction 

rate. Figure 3. c) also shows, using the amplitude of EMC reduction at 3.1 - 3.3 V as a 

metric, that electrolytes that contain 2% VC + 1% DTD or FEC:EMC 3:7 are the best 

passivating electrolytes among the ones tested, while the EC:EMC 3:7 based electrolyte 

with no additives or with VC are among the worse tested, and this is interestingly 

consistent with the capacity fade measured during previous long-term cycling studies 

(see digitized data from those studies in Figure S3 and S4).4,56–59 The electrolyte with 

2% LiDFOB showed a similar effect as the electrolyte containing 1% DTD in terms of 

EMC reduction rate; however, LiDFOB didn’t passivate against EC reduction while DTD 

did.  

https://doi.org/10.26434/chemrxiv-2025-kb9l7 ORCID: https://orcid.org/0000-0003-4033-8578 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://www.zotero.org/google-docs/?lN9uWt
https://doi.org/10.26434/chemrxiv-2025-kb9l7
https://orcid.org/0000-0003-4033-8578
https://creativecommons.org/licenses/by-nc/4.0/


 

 

Figure 3: Differential capacity versus voltage plots that were obtained by performing cell 

formation at 20 °C for different electrolytes. Subfigures a) and b) show the effect of 

different salt concentrations (0.4 M, 0.8 M, 1.2 M) on EC:EMC 3:7-based electrolytes 

that contain 2% VC or 1% DTD, respectively. Subfigure c) shows the differential 

capacity versus voltage that was obtained by performing cell formation at 20°C for 

different electrolyte formulations and a constant salt concentration of 0.4 M LiPF6. All 

experiments were performed at a constant current of C/20 after wetting until their 

maximum voltages, except cells containing LiDFOB, as mentioned in the method 

section.  
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Following the study of the effect of different additives on passivation, the effect of 

different solvent blends on passivation was investigated.  Zhang et al. showed that 

replacing EMC with DMC or decreasing the amount of EC resulted in full graphite 

passivation in 1.2 M LiPF6-based electrolyte at 20°C.54 Figure 4a shows that when the 

salt concentration is low (0.4 M), the DMC-based electrolyte (0.4 M LiPF6 EC:DMC 3:7) 

no longer passivates against the reduction of the linear carbonate DMC like it was 

shown to be the case for 1.2 M LiPF6.54 This is very clear when compared to the very 

passivating FEC:EMC 3:7 based electrolyte. However, Figure 4b shows that low 

EC-based electrolytes (0.4 M EC:EMC 1:9) still passivate well at low salt 

concentrations. It is known that electrolytes that contain less EC are less viscous.14 As 

such, it was investigated if low viscosity could be a major contributing factor to 

passivation. To study this effect, 30% of the EMC in EC:EMC 3:7 was substituted with 

the low-viscosity solvent methyl acetate (MA).13,60 Methyl acetate has a viscosity of η = 

0.365 cp at 25°C, which is half the viscosity of EMC (η = 0.65 cp at 25°C).61,62 Figure 4b 

shows that this substitution results in drastic improvement in the passivation against 

EMC reduction without decreasing the relative amount of EC in the electrolyte. This 

result is also observed when the relative amount of EC is not adjusted after the addition 

of MA (0.4 M LiPF6 EC:EMC 3:7 + 30% MA), as expected. Additionally, DMC has a 

lower viscosity when compared to EMC (η = 0.59 cp at 25°C for DMC and η = 0.65 cp at 

25°C for EMC), and DEC has a larger viscosity (η = 0.75 at 25°C) consistent with the 

passivation result shown in Figure 4a and the passivation results from Zhang et al.54 
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Advanced Electrolyte Model (AEM) calculations were performed to compare electrolyte 

properties to the performances shown in Figure 4b. The results are shown in Figure 5. 

From those calculations, we can observe that reducing the relative amount of EC or 

substituting some of the EMC with MA decreases the viscosity of the electrolyte, as 

expected. However, those changes had minimal impact on the transference number, 

surface tension, and desolvation time. This shows that lithium transport and surface 

energy of the electrolyte had minimal impact on the anode passivation and the degree 

of exfoliation of the cells shown here. This suggests that viscosity and stoichiometry (the 

salt concentrations) have important roles in passivation. Previous research has shown 

that high-viscosity solvents and those with surface energies similar to graphite (53.6 ± 

2.1 mN/m) can facilitate its exfoliation by reducing the shear rate required for the 

process.63–66 Graphite exfoliation can then cause SEI cracking, an increase of the active 

surface area, and more reduction of the electrolyte as a result. In a lithium-ion battery, 

shear can be caused by lithium intercalation into graphite or gas production, for 

example. Furthermore, previous research found a correlation between graphite 

exfoliation, as supported by X-ray diffraction and pressure measurements, and the first 

cycle coulombic efficiency. Specifically,  a cell that contained 1.2 M LiPF6 EC:EMC 3:7 

consumed ~ 20 % more lithium than a cell that contained 1.2 M LiPF6 EC:DMC 3:7 

during their first cycle, showing a significant impact on SEI growth.   

 

To add more evidence that viscosity plays a role in graphite exfoliation and passivation, 

three nitriles with increasing viscosity were investigated: Acetonitrile (ACN; η = 0.324 - 

0.37 cp at 25°C), Propionitrile (PN; 0.414 cp at 25°C) and Valeronitrile (VN,  η = 0.779 
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cp at 25°C).61,67 Similar to the case of methyl acetate, each nitrile was mixed with 

EC:EMC 3:4 to get EC:EMC:X 3:4:3 by mass, where X is a nitrile. Then, LiPF6 was 

added until a 0.4 M concentration was achieved.  

 

Figure 4c shows the differential capacity of cells containing those three electrolytes and 

the results are compared to the electrolyte with no nitrile. Interestingly, the reduction 

peaks with an offset of 3.1 - 3.2 V increase as the number of carbon atoms and the 

viscosity of the nitrile increases. This peak could be attributed to the reduction of EMC 

or the nitriles, as both ACN and PN have reduction potentials similar to EMC.61 Figure 5 

also shows AEM calculations for the electrolytes containing ACN or PN. Those 

calculations further reveal that the overall viscosity of the electrolyte increases as the 

viscosity of the nitrile rises, while others don’t vary significantly, except EC concentration 

in the solvation shell versus in the bulk. Additional AEM calculations showed that in 0.4 

M LiPF6 EC:EMC:ACN 3:4:3, acetonitrile represents 64.4 % of the Li+ solvation shell by 

mole, while ethylene carbonate represents only 13.8 %. When ACN is replaced with PN, 

we get 44.3% PN and 22.1 % EC, while for 0.4 M LiPF6 EC:EMC 3:7 we get 27.4 % EC. 

This predominance of nitrile in the solvation shell could explain the absence of EC 

reduction in Figure 4c for the electrolytes containing these nitriles. Despite lower SEI 

passivation, electrolyte reduction might appear smaller for lower-viscosity electrolytes 

due to decreased exfoliation.   
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Figure 4: Differential capacity versus voltage plots that were obtained by performing cell 

formations at 20°C for electrolytes containing different baseline solvents. Charging was 

done at a constant C-rate of C/20. The corresponding electrolyte formulations are 

indicated in the legend.  
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Figure 5: a) Viscosity (η), b) surface tension (γ), c) lithium-ion transport number (t+), d) 

lithium-ion desolvation time, and e) relative EC concentration per mol in the solvation 

shell versus bulk EC concentration at 20°C for five different electrolyte mixtures 

calculated using the Advanced Electrolyte Model (AEM). All electrolytes contain 0.4 M 

LiPF6 and the solvents ratios are by mass.  

 

To further investigate the effect of these different electrolytes on graphite exfoliation, 

thickness measurements of the encased jelly roll were measured after degassing the 
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cells by cutting the seal and resealing the cells in a glovebox.54 Figure 6 shows the 

result of these experiments. More specifically, Figure 6. a) shows the normalized 

thickness change, with respect to the initial thickness before the first charging, after 

formation at C/20 to 3.4 V, while Figure 6. b) shows the thickness change after full 

formation at C/20 to 4.3 V followed by a discharge to 3.8 V. It is surprising and 

interesting that the thickness of those cells correlates with the EMC or nitrile reduction 

rate shown before. For example, the nonlinearity of 2% VC + 1% DTD-based 

electrolytes is captured in the thickness increase in Figure 6. b). Furthermore, the 

thickness increase is also observed to be larger when the formation is done at low 

temperatures and low salt concentrations for electrolytes without additives. It is also 

observed that the EMC-based electrolyte has a larger thickness increase than the 

DMC-based electrolyte at 20°C and 3.4 V. Those results suggest that the EMC or 

nitriles reduction rate is correlated with exfoliation and expansion of the graphite. As a 

comparison, thickness measurements were also measured for cells containing 1.2 M 

LiPF6 PC:EMC 3:7 that were charged at 20°C to 4.3 V and then discharged to 3.8 V, 

where PC corresponds to propylene carbonate. Results show a 1.31 ± 0.06 normalized 

thickness increase after degassing those cells, which is 7 times as much as cells 

containing 1.2 M LiPF6 EC:EMC 3:7 that were formed at 20°C. This shows that 

thickness measurements are able to measure graphite exfoliation since PC is well 

known to cause the exfoliation of graphite in lithium-ion cells.54,68,69 This also shows that 

even if the EC:EMC 3:7 electrolytes result in graphite exfoliation, they are drastically 

less detrimental than PC:EMC 3:7 electrolytes when the cells containing those 

electrolytes are formed at 20°C and low salt concentration. 
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Figure 6: Normalized thickness increases of the encased jelly roll, with respect to the 

thickness before the first charge,  for cells that were formed at 20°C or 40°C. Cells 

related to the data shown in Subfigure a) were charged to only 3.4 V at 20°C before 
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measurement, while the data shown in Subfigure b) correspond to cells that were 

charged to 4.3 V, then discharged to 3.8 V. Cells were charged at a constant C-rate of 

C/20. The x-axis label uses an abbreviation system. In this abbreviation system, “0.4M 

Control 20°C” means 0.4 M LiPF6 EC:EMC 3:7 charged at 20°C and “0.8M VC+DTD 

20°C” means 0.8 M LiPF6 EC:EMC 3:7 2% VC + 1% DTD charged at 20°C.  

 

To study if the degree of passivation at 20°C and 0.4 M of salt concentration can predict 

the long-term cycling performance of cells with the same electrolyte at 1.2 M LiPF6, 

some electrolytes from Figure 3c were selected for cycling. Poor graphite passivation is 

linked to the growth of the solid electrolyte interphase (SEI), which results in lithium 

inventory loss. Knowing that SEI growth accelerates at high temperatures, cycling at 

55°C and C/2 was undertaken. Figure 7a shows the result of this long-term cycling as 

discharge capacity versus cycle number for cells containing 1.2 M LiPF6 EC:EMC 3:7 + 

2% VC + 1% DTD (in green), 1.2 M LiPF6 EC:EMC 3:7 + 2% VC (in blue), and 1.2 M 

LiPF6 FEC:EMC 3:7 (in red). Figure 7b also shows ΔV versus cycle number for the 

same cells, where ΔV corresponds to the average charge voltage minus the average 

discharge voltage for a specific cycle number.  

From the data presented in Figure 7a, it can be observed that the cell with 1.2 M LiPF6 

EC:EMC 3:7 + 2% VC + 1% DTD (green) has the highest initial discharge capacities. In 

contrast, the cells with 1.2 M LiPF6 EC:EMC 3:7 + 2% VC (blue) and 1.2 M LiPF6 

FEC:EMC 3:7 (red) show lower initial discharge capacities. From Figure 7b, this 

difference doesn’t seem to be caused by a different initial growth in ∆V, suggesting 
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lithium inventory loss due to initial SEI growth. However, these cells recover within the 

first 50 cycles, and after 100 cycles, all cells exhibit similar capacities, differing by no 

more than 10 mAh for the C/2 cycles. This can be due to overhang/overlap diffusion 

effects,70 SEI dissolution, or active material reactivation. It is worth noting that since 

those electrolytes are cycling in polycrystalline NMC622/graphite cells at 55°C and C/2, 

the cycling performance of the 2% VC + 1% DTD-based electrolyte would be drastically 

different from the performance of past studies.4,71 In fact, while 2% VC + 1% DTD-based 

cells can cycle for ~1000 cycles to 95% capacity retention at 40°C and C/3 when the 

cathode and anode are single crystal NMC532 and graphite, this value decreases to 

~250 cycles at 55°C and C/3 for the same electrodes and electrolyte.4 Using values 

from a previous study for 2% VC-based electrolyte as an approximation,56 this value 

would further decrease for polycrystalline NMC622/graphite cells by roughly four, 

resulting in an approximation of ~60 cycles to 95% capacity retention for 2% VC + 1% 

DTD based cells at 55°C and C/3 in NMC622/graphite. In the current study, the cells 

with 2% VC + 1% DTD achieve 95% capacity retention after 30 cycles when cycled at a 

higher C-rate of C/2. Furthermore, all cells exhibit signs of overlap/overhang diffusion 

effects during the first 20 cycles.70 Therefore, our data aligns well with previous 

studies.4,56,71 

The capacity and the ΔV values both reveal an interesting story regarding cell 

degradation. Figure 7a shows that the capacity loss after 600 cycles is worse for 1.2 M 

LiPF6 EC:EMC 3:7 2% VC and best for 1.2 M LiPF6 FEC:EMC 3:7, while 1.2 M LiPF6 

EC:EMC 3:7 2% VC + 1% DTD shows a medium performance.  Figure 7b shows that 

the rate of impedance growth is fastest for the cell with 1.2 M LiPF6 EC:EMC 3:7 2% 
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VC. Meanwhile, the cell with 1.2 M LiPF6 EC:EMC 3:7 2% VC + 1% DTD exhibits a 

slower increase in impedance, which is still slightly faster than the cell containing 1.2 M 

LiPF6 FEC:EMC 3:7. Interestingly, those trends directly follow the passivation trend 

observed in Figure 3c. Similarly, the capacity retention trend at 40°C and C/3 from 

previous studies (see digitized data from some of those studies in Figure S3 and S4) 

also follows the trend from Figure 3c.4,56,58,72 While this does not prove direct causation, 

we hope this will encourage further research in this field.  
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Figure 7: (a) Discharge capacity versus cycle number for cells containing 1.2 M LiPF6 

EC:EMC 3:7 + 2% VC + 1% DTD (green triangles), 1.2 M LiPF6 EC:EMC 3:7 + 2% VC 

(blue squares), and 1.2 M LiPF6 FEC:EMC 3:7 (red circles) at 55°C and C/2 cycling. 

C/10 checkup cycles were also performed every 50 cycles. (b) ΔV versus cycle number 

for the same cells, where ΔV corresponds to the average charge voltage minus the 

average discharge voltage. 
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Conclusion 

By systematically varying the salt concentration, electrolyte composition, and formation 

temperature, this study provides new insights into the formation and properties of the 

solid electrolyte interface in lithium-ion batteries. Our investigation reveals that low salt 

concentrations and low formation temperatures decrease the passivation of the SEI, 

allowing a rapid performance comparison of different electrolyte formulations by looking 

at the rate of reduction of linear carbonates. For example, using this method, we reveal 

that the low-viscosity electrolytes studied here resulted in improved anode passivation 

due to reduced graphite exfoliation in electrolytes. In addition, this method showed 

improved passivation for electrolytes containing fluoroethylene carbonate or containing 

both vinylene carbonate and ethylene sulfate, in agreement with long-term cycling tests. 

The present work could pave the way for high-throughput studies of new electrolyte 

formulations.  
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