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Abstract 
The solid-electrolyte interphase (SEI) enables the remarkable capacity retention of lithium-ion batteries, yet a comprehensive 

quantitative description of the SEI composition remains elusive. Using a combination of differential electrochemical mass spectrometry 
and mass spectrometry titration, we quantify graphite SEI components formed under electrolytes of varying salt concentrations. We 
find that, regardless of salt concentration, a conversion of initially deposited lithium ethylene dicarbonate to monocarbonates (likely 
lithium ethylene monocarbonate) and non-carbonate species occurs, and the extent of this conversion increases with electrolyte aging. 
We additionally demonstrate that as concentration increases (up to 2.0 M LiPF6), the SEI becomes progressively thinner with more LiF 
and less solid carbonates deposited. Finally, we reveal that less dead lithium formation and less solid carbonate deposition occurs during 
prolonged fast charging for higher concentration electrolytes. Owing to the advantages imparted by a thinner SEI, the onset state of 
charge for lithium plating for the 2.0 M electrolyte is later than that predicted by a standard electrochemical model, underscoring the 
importance of explicit SEI effects in future electrochemical models. 

The solid-electrolyte interphase (SEI), a nanometer-scale layer comprised of electrolyte salt and solvent 
degradation products, plays a pivotal role in lithium-ion battery (LIB) operation. A well-formed SEI must 
be both ionically conductive and electronically insulating to allow Li+ transport to the electrode surface 
while preventing continual solvent reduction. As such, significant research effort has focused on tuning 
electrolyte composition to impart optimal SEI properties. However, despite its recognized importance, 
characterization of the SEI is often limited to qualitative techniques, such as X-ray photoelectron spec-
troscopy (XPS, which can provide the atomic ratios of various elements in the SEI layer) and Fourier 
transform infrared spectroscopy (FTIR, which can provide information about functional groups present in 
the SEI). There remains a pressing need for quantitative studies of SEI composition, especially because 
such studies can elucidate the extent of specific capacity loss mechanisms during cycling. 

In this work, we develop a quantitative understanding of the SEI composition —both during initial 
formation cycling and after fast charge cycling —through the use of operando differential electrochemical 
mass spectrometry (DEMS) and ex-situ mass spectrometry titration (MST) measurements (detailed in 
Supporting Information Section S1). Noting that both the electrolyte solvent and the Li+ counteranion 
are known to degrade to form the SEI, [1] varying the salt concentration in an electrolyte will ultimately 
impact the SEI composition. We therefore studied electrolytes with a range of salt concentrations, from 
0.35 M LiPF6 to 2.0 M LiPF6, always in a solvent blend of 3:7w ethylene carbonate (EC) to ethyl methyl 
carbonate (EMC). We quantified gas evolution, specifically H2, C2H4, and CO2, during the first formation 
cycle of a graphite electrode using DEMS. Given trends observed when aging an electrolyte prior to 
cell preparation (see Supporting Information Section S2), we argue that H2 evolution is a proxy for LiF 
formation, allowing us to approximate the LiF content in the SEI. C2H4 evolution results from EC reduction 
to form lithium ethylene dicarbonate (LiEDC), and CO2 likely evolves from a slow chemical process 
that converts LiEDC, a dicarbonate, to lithium ethylene monocarbonate (LiEMC), a monocarbonate. 
Additionally, we perform MST to quantify the total amount of solid carbonate species present in the SEI, 
as well as total Li metal plated during fast charge to various states of charge and cycle numbers. By 
comparing C2H4 evolution in operando DEMS analysis to the total solid carbonates in the SEI measured 
by MST, we argue that a mixture of LiEDC and LiEMC is present in the SEI, and the ratio of LiEDC 
to LiEMC changes as a function of electrolyte aging time. As anticipated, we found that varying the 
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electrolyte salt concentration significantly altered the formed graphite SEI composition, with higher salt 
concentration electrolytes resulting in a more LiF-rich and solid carbonate-poor SEI compared to lower 
concentration electrolytes. This change in SEI composition also affected the fast charge behavior, with 
the 2.0 M electrolyte showing a delayed onset for Li plating compared to that predicted by a standard 
electrochemical model. With this in mind, we highlight the need for more advanced electrochemical models 
with explicit SEI effects. Finally, higher concentration electrolytes resulted in less dead Li (defined here as 
plated Li and lithiated graphite which are not electrochemically active) and less solid carbonate deposition 
during prolonged fast charge cycling, albeit with increased capacity fade (likely due to LiF deposition 
during fast charge) compared to the lower concentration electrolytes. Our findings can guide the design of 
emerging electrolyte compositions tailored for fast charge-capable LIBs. 

Differential Electrochemical Mass Spectrometry and Mass Spectrometry Titration. Differential electro-
chemical mass spectrometry (DEMS) allows one to quantify gas evolution in operando during electrochem-
ical cycling. The measurements in this work were performed using a custom built DEMS instrument and 
custom cells that have been described in depth elsewhere. [2] Electrolytes of 0.35 M, 0.70 M, 1.2 M, and 2.0 
M LiPF6 concentration were cycled in Li-graphite DEMS cells with a single C/10 (based on 350 mAh/g 
reversible graphite capacity) formation cycle with lower and upper cutoff potentials of 0.010 V and 1.5 
V. The evolution rates of three gases (H2, C2H4, and CO2) were measured and quantified by comparison 
to calibration curves generated using various analyte gas/argon mixtures. Besides H2, C2H4, and CO2, 
no other gases were observed in measurable quantities (noting a gas detection sensitivity of our DEMS to 
be roughly 0.05 nmol/min). Prior studies have reported other gases (e.g., CH4 and C2H6) evolved in full 
cells with NMC cathodes, [3] but prior studies of graphite half cells typically report only H2, C2H4, and 
CO2. [4–7] We suspect that crosstalk between the electrodes may influence the gassing behavior of full 
cells compared to half cells. Further details regarding DEMS measurements can be found in Supporting 
Information Section S1. 

Mass spectrometry titration (MST) was used to quantify SEI species on cycled graphite electrodes 
ex-situ. A detailed description of the technique can be found in a previous publication. [8] Electrodes from 
both coin cells and DEMS cells were extracted from cells and titrated after proper rinsing in dimethyl 
carbonate (see Supporting Information Section S1). After rinsing, the electrode sample was placed in a 
titration vessel, the vessel was connected to an in-line mass spectrometer (all the while remaining air-free), 
and 3.5 M H2SO4 (which was previously found to provide sufficient acid strength to fully react with all 
solid carbonate species) [2] was injected into the vessel. The acid reacted with SEI species, including dead 
Li, solid carbonates, and Li2C2, present on the electrode to evolve H2, CO2, and C2H2 gas, respectively. 
With appropriate calibration of each gas as described previously, [8] the amount of gas and therefore the 
amount of each SEI species was quantified. Chemical reactions involving each class of species with the acid 
titrant can be found in Supporting Information Section S1. The amount of Li2C2 formed was generally 
small in all samples tested, and further information about a possible formation mechanism for this species 
along with the full set of Li2C2 quantification data can be found in Supporting Information Section S3. 

Origins of Hydrogen Evolution. Figure 1a shows the formation cycle voltage profile for a DEMS cell 
(a Li metal electrode and porous graphite electrode with 1.2 M LiPF6 electrolyte) cycled at C/10. The 
inset of Figure 1a reveals that H2 begins to evolve slightly before C2H4, and the magnitude of H2 evolution 
is significantly less than that of C2H4. This implies that the product of the H2-forming reaction (which 
we will soon argue is predominantly LiF) deposits first on the graphite surface. Additionally, the C2H4 

evolution rate surpasses the H2 evolution rate only after H2 evolution begins to attenuate. We propose that 
the deposited LiF layer covers much of the graphite surface at early stages of formation cycling, and EC 
reduction (resulting in C2H4 evolution and solid carbonate deposition) occurs on any remaining exposed 
graphite surface area slightly later in the formation cycle. This results in a thin layer of LiF (confined 
to the inner-SEI) and a thicker layer of solid carbonate species (which are interspersed with LiF in the 
inner-SEI and are the major constituents of the outer-SEI). 

Hydrogen evolution can occur from the reduction of HF (to form LiF, see Reaction R1) and H2O (to 
form LiOH and Li2O, see Reactions R2 and R3) at the lithium metal counter electrode or at the partially 
lithiated graphite electrode. 
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2 Li+ + 2HF + 2e 2LiF↓ + H 
2 
↑ (R1) 

2 Li+ + 2H 
2 
O + 2 e 2LiOH↓ + H 

2 
↑ (R2) 

2 Li+ + 2LiOH + 2 e 2Li 
2 
O↓ + H 

2 
↑ (R3) 

However, the hydrogen evolution peak observed in Figure 1a and b is entirely related to processes 
occurring at the graphite electrode, as prior work confirms that no gas evolution occurs when stripping 
Li metal from the counter electrode. [9] The SEI on Li is formed upon initial cell construction (and thus 
any resultant gas formation would not be captured by DEMS), whereas the SEI on graphite is formed 
during formation cycling. To understand the chemical origin of H2, it is important to consider the effect 
of electrolyte aging prior to placing it in a cell, which affects the speciation of components within the 
electrolyte. Trace water impurities (which are inevitably present in battery electrolytes) can react with 
both electrolyte salt and solvent species over the course of weeks to months after the salt and solvent are 
mixed in a glovebox, and the new species formed in solution can change the gassing behavior. [10–12] For 
example, water reacts in the presence of LiPF6 to form HF according to Reactions R4 and R5. 

LiPF 
6 

LiF + PF 
5 
↑ (R4) 

PF 
5 
+ H 

2 
O 2HF + POF 

3 
↑ (R5) 

The molecular dissociation of LiPF6 (Reaction R4) is reasonably sluggish in typical battery electrolytes, 
but the presence of water quickly consumes any PF5 that forms, driving Reaction R4 further forward. [13] 
One study found that even after the intentional addition of 1000 ppm H2O (battery electrolytes typically 
contain less than 50 ppm H2O) to a 1.0 M LiPF6 in 1:1v EC to diethyl carbonate (DEC) electrolyte, 
~65% conversion of LiPF6 to HF occurred only after about one week. [10] This suggests that the calendar 
age of the electrolyte plays an important role in the speciation of electrolyte components. We also found, 
using DEMS, that gas evolution was significantly impacted by the age of the electrolyte, as is shown in 
Supporting Information Section S2 and discussed below. We note that no distinguishable POF3 signature 
was observed (via Reaction R5) during DEMS experiments, indicating that the impact of electrolyte aging 
over the course of a single DEMS experiment (~1 day) was negligible. 

The inset of Figure 1a shows that H2 is the first gas to evolve after cycling commences, and Figure 
1b shows that H2 evolution primarily occurs in the first ~3 hours of C/10 formation. The electrolyte 
used in Figure 1 was aged for one week in a vial with electrical tape around the cap and stored in an Ar 
glovebox (such that no further water contamination was possible) prior to cell preparation. Interestingly, 
we found that after the same electrolyte had been aged for about three months, it exhibited about four 
times more H2 evolution compared to Figure 1 (see Supporting Information Section S2). Karl Fischer 
titration measurements on freshly-made and aged electrolytes indicated that the initial water content in 
tested electrolytes was ~10 ppm (~33 nmol H2O in 60 µL of electrolyte), and the water content decreased 
to ≤5 ppm (~17 nmol H2O in 60 µL of electrolyte) after about a week (presumably due to consumption 
of H2O via Reactions R4 and R5), after which it remained stable at <5 ppm for the next several weeks 
(see Supporting Information Section S2). We note that 5 ppm was the lower end of the reliable detection 
range for the Karl Fischer apparatus used (Metrohm Titrando with oven), so the true water content may 
actually have been below this value. 

By integrating the total H2 evolved in Figure 1b, we find that ~65 nmol of H2 was evolved from the 12 
mm diameter graphite electrode (3.2 mAh total nominal capacity). Considering Karl Fischer measurements 
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indicated that at most 17 nmol of H2O was present in the electrolyte after one week of aging, we propose 
that H2 evolution coincides predominantly with HF reduction (as illustrated in the inset of Figure 1b and 
shown in Reaction R1) rather than H2O reduction (see Reaction R2). This conclusion is consistent with 
previous studies of graphite SEI composition, which typically report a LiF-rich inner-SEI with sporadic 
LiOH and Li2O content. [14,15] Since two moles of LiF are deposited per one mole of H2 evolved, we expect 
~130 nmol of LiF were deposited from HF reduction, corresponding to a fully compact LiF layer of about 
0.5 nm, or 1-2 monolayers of LiF, on the graphite particles (see Supporting Information Section S4). Prior 
reports suggest that LiF can also be deposited via the direct reduction of LiPF6, but this mechanism would 
result in PF5 gas evolution, which we do not observe in DEMS measurements. [16] Notably, the measured 
amount of H2 evolved (65 nmol) exceeds the amount that would be expected from H2O present even in a 
freshly made electrolyte (at most 33 nmol H2O when fresh, corresponding to 17 nmol H2 evolved). This 
implies that some portion of the LiPF6 salt may have been converted to HF via a reaction with electrolyte 
solvent, rather than via a reaction with H2O. Finally, given the drastic increase in DEMS H2 evolution 
upon aging and the relatively small water content in the electrolytes, it is likely that another unknown 
mechanism besides LiPF6 hydrolysis results in additional HF or other protic species formation during 
electrolyte aging (see Supporting Information Section S2). 
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Figure 1: DEMS measurements for the formation (first) cycle of a Li-graphite cell with 1.2 M LiPF6 in 3:7 wt:wt EC:EMC 
electrolyte. a. Voltage profile for the first C/10 cycle, with inset showing H2 (red, onset at ~0.90 V) and C2H4 (blue, onset at 
~0.70 V) gas evolution during the first 4 hours. b. H2 gas evolution rate (rH2) with inset showing LiF deposition mechanism 
(see Reaction R1). A total of 65 nmol H2 was evolved. c. C2H4 gas evolution rate (rC2H4) with inset showing LiEDC 
deposition mechanism (see Reaction R6). A total of 496 nmol C2H4 was evolved. d. CO2 gas evolution rate (rCO2) with 
inset showing LiEMC chemical formation mechanism (see Reactions R10 and R11). A total of 80 nmol CO2 was evolved 
after the 5 hour mark. 

Origins of Ethylene Evolution. Ethylene evolution has been proposed to primarily arise from the 
reduction of EC to form LiEDC, according to Reaction R6, although recent studies suggest LiEDC may 
undergo further reaction with protic species once initially deposited. [17] The onset of C2H4 evolution 
occurs slightly after the onset of H2 evolution, as shown in the inset of Figure 1a, and it persists for 
about 4 hours, as shown in Figure 1c. This C2H4 evolution coincides with the formation of the outer-SEI, 
which is rich in alkyl carbonates, such as LiEDC. By integrating the C2H4 evolution signature, we found 
a total of 496 nmol C2H4 was evolved, which would correspond to a fully compact LiEDC layer of 14 
nm (see Supporting Information Section S4). We note this is significantly thicker than the ~0.5 nm LiF 
layer calculated from the total H2 evolved. Combining the expected capacity losses resulting from both 
H2 and C2H4 evolution, we calculate ~1% capacity loss during the first formation cycle due to gassing 
reactions, compared to the observed ~6% capacity loss during the first cycle. We suspect the remaining 
~5% capacity loss is due to further reduction of the LiEDC once deposited (e.g., to lithium oxalate or 
Li2C2) [18, 19] and the presence of dead lithiated graphite particles due to the volumetric expansion and 
subsequent dislodgement of graphite particles during initial cycling. 
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2 Li+ + 2 (CH O) CO (EC) + 2 e (CH OCO Li) ↓ (LiEDC) + C H ↑ (R6)
2 2 2 2 2 2 4 

We note that another mechanism (Reaction R7) by which C2H4 is evolved has been previously proposed, 
where Li2CO3 forms from EC reduction instead of LiEDC. [20] However, the abundance of alkyl carbonates 
in multiple characterized SEI films suggests that Reaction R6 occurs to a far greater extent than Reaction 
R7. [1, 15, 21, 22] Battery aging and cycling conditions may affect the speciation of SEI components as 
well, as more ’inorganic’ SEI components (including Li2CO3) are often reported after higher temperature 
cycling and prolonged battery aging. [23, 24] 

2 Li+ + (CH O) CO (EC) + 2e Li CO ↓ + C H ↑ (R7)
2 2 2 3 2 4 

Origins of Carbon Dioxide Evolution. Figure 1d shows that some CO2 is evolved during the initial rest 
period, and after about five hours, a steady (albeit small) rate of CO2 evolution is again observed. This CO2 

evolution is likely chemical, rather than electrochemical, in nature, as it remains relatively constant when 
the current is switched between reduction and oxidation at ~9 hrs, as well as during the final open circuit 
voltage stage starting at ~17 hrs. As will be described below, the initial CO2 evolution likely arises from 
the reaction of EC with water or OH- (which can be produced via the reduction of electrolyte components 
at the Li counter electrode during rest), while the steady evolution of CO2 later in cycling likely arises due 
to the reaction of LiEDC with H2O and HF to form LiEMC, which is illustrated in the inset of Figure 1d. 
This observation also suggests that not all H2O and HF initially present in the electrolyte are consumed 
during inner-SEI formation, implying that the formation of the inner-SEI self-passivates. The Figure 1d 
inset depicts the LiEDC-to-LiEMC reaction front beginning from the outermost portion of the LiEDC 
layer and gradually moving inwards. We will further justify this mechanism using a combination of DEMS 
and MST results later in this manuscript. 

During the initial open circuit voltage, CO2 evolution can occur when EC is directly hydrolyzed by 
water or reacts with hydroxide (OH-), which may be present due to trace water or electrolyte reduction at 
the Li metal counter electrode. [4,11,25,26] Both EC reaction pathways evolve CO2, as shown in Reactions 
R8 and R9. 

(CH O) CO (EC) + H O (CH OH) (EG) + CO ↑ (R8)
2 2 2 2 2 2 

(CH O) CO (EC) + OH HOCH CH O (EG ) + CO ↑ (R9)
2 2 2 2 2 

Another source of CO2 evolution is the chemical reaction of existing graphite SEI components with H2O 
and HF once the SEI has been formed (i.e., after the initial few hours in Figure 1). [26] As discussed earlier, a 
common graphite SEI component formed under EC-containing electrolytes is LiEDC. This species, despite 
its frequent mention in the SEI literature over decades, [21,27] was only successfully chemically synthesized 
in 2019, [17] although LiEDC was correctly identified on a nickel substrate after electrochemical reduction 
of EC many years prior. [27] Previous attempts at chemically synthesizing LiEDC had actually synthesized 
LiEMC, [28–30] and this called into question the true chemical composition of the graphite SEI. Wang et 
al. posited that LiEDC forms initially but is converted to LiEMC via an unknown mechanism. [17] A key 
finding of our work is that LiEDC is prone to react with both H2O and HF via the proposed Reactions 
R10 and R11 to form LiEMC and in the process evolve CO2. We attribute the steady evolution of CO2 

starting at ~5 hrs in Figure 1d to this process. A total of 80 nmol of CO2 is evolved after the 5 hr mark, 
which corresponds to a ~8% reduction in the amount of solid carbonates due to the conversion of LiEDC 
to LiEMC if the CO2 were entirely attributed to Reactions R10 and R11. Our proposed mechanism 
of LiEDC-to-LiEMC conversion is further supported by the three-month aged electrolyte discussed in 
Supporting Information Section S2, which exhibited a fourfold increase in CO2 evolution (excluding the 
initial rest period) compared to the one-week aged electrolyte portrayed in Figure 1. 
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(CH OCO Li) (LiEDC) + H O LiOH↓ + HOCH CH OCO Li↓ (LiEMC) + CO ↑ (R10)
2 2 2 2 2 2 2 2 

(CH OCO Li) (LiEDC) + HF LiF↓ + HOCH CH OCO Li↓ (LiEMC) + CO ↑ (R11)
2 2 2 2 2 2 2 

LiEMC may also undergo an additional protonation with H2O or HF to form EG and evolve yet another 
CO2 as shown in Reactions R12 and R13. 

HOCH CH 
2 
OCO Li (LiEMC) + H 

2 
O LiOH↓ + (CH

2
OH)

2 
(EG) + CO ↑ (R12)

2 2 2 

HOCH CH OCO Li (LiEMC) + HF LiF↓ + (CH OH) (EG) + CO ↑ (R13)
2 2 2 2 2 2 

However, there remains debate about the exact reaction mechanism involving SEI components and H2O 
or HF. Reaction R14, for example, shows a previously proposed double protonation of LiEDC reaction 
mechanism which results in Li2CO3. [26] Since Li2CO3 is typically reported to be either not present at 
all [22,31,32] or confined to the inner-SEI, [14,33] and the reaction of LiEDC with H2O or HF would occur 
starting from the outermost-SEI and proceed inwards (as discussed earlier), we propose that sequential 
protonation from LiEDC to LiEMC to EG (as described in Reactions R10-R13) is more likely. 

(CH OCO Li) (LiEDC) + H O Li CO ↓ + (CH OH) (EG) + CO ↑ (R14)
2 2 2 2 2 3 2 2 2 

It should also be noted that full cells with transition metal oxide cathodes may further exacerbate these 
effects, as EC can be deprotonated at high oxidative potentials to form H+ , which could lead to further 
reaction of LiEDC and additional CO2 evolution. [34, 35] 

Inner-SEI: Quantification of Hydrogen Evolution. As shown in Reaction R1, we propose that H2 

evolution coincides primarily with LiF deposition, with minor amounts of LiOH and Li2O also being 
concomitantly deposited (see Reactions R2 and R3). These three components together make up the LiF-
rich inner-SEI. We find in Figure 2a-d that LiPF6 concentration has a significant impact on the amount of 
H2 evolution. From 0.35 M to 1.2 M LiPF6, the H2 evolution peak increases in height yet remains consistent 
in duration (~3.5 hrs). In contrast, the H2 evolution signature for the 2.0 M LiPF6 electrolyte is broader 
and persists for over five hours. The anomalous gassing behavior for the 2.0 M electrolyte is likely caused 
by the high viscosity of the 2.0 M electrolyte leading to slow wetting of the electrode pores or slow diffusion 
of H2 through the electrolyte. Alternatively, the high concentration of Li+ could alter the distribution of 
solvated species in solution (e.g., solvent separated ion pairs, contact ion pairs, aggregates, etc.), causing 
the reactive solvent (in this case, H2O or HF) surrounding these different species to be reduced over a 
broad range of potentials. 

The total H2 evolved during cycling for each electrolyte is shown Figure 2e, revealing that the total 
H2 evolved (and therefore the total thickness of the inner-SEI layer) increases with increasing LiPF6 

concentration. This trend can be rationalized by assuming the rate of HF formation in the electrolyte is 
first order with respect to LiPF6 concentration, and we therefore observe a linear increase in H2 evolution 
with increasing LiPF6 concentration. This could occur if LiPF6 reacts with either solvent species or 
residual H2O over time to produce HF or other protic species. We also attempted to quantify LiF directly 
by extracting electrodes, rinsing them in D2O, and performing 19F nuclear magnetic resonance (NMR) 
on the rinsate with an external standard. While we observed a similar trend between the amount of LiF 
quantified using NMR and H2 evolution, the NMR results were artificially high due to challenges with 
rinsing remnant LiPF6 from the electrode prior to the D2O rinse (PF6

- would react with D2O to form 
additional F- in solution). The NMR results and method are described in Supporting Information Section 
S5, but not considered further here. 
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Figure 2: DEMS H2 evolution in Li-graphite half cells cycled at C/10 with a. 0.35 M LiPF6, b. 0.70 M LiPF6, c. 1.2 M 
LiPF6, and d. 2.0 M LiPF6 electrolytes. e. Total H2 evolved as a function of LiPF6 concentration. Graphite electrodes were 

212 mm in diameter with a graphite particle surface area of ~30 cm (calculated based on 2.84 mAh/cm2 lithiation capacity 
and an average graphite particle radius of 4 µm), and measurement error arising from integration of DEMS data is shown as 
±10% in panel e. 

DEMS was also performed on a cell using the same 1.2 M electrolyte in Figure 2c after it had been aged 
for about three months. As discussed previously, the extensive aging spurred additional HF formation in 
the electrolyte, which resulted in an almost fourfold increase in DEMS H2 evolution over that observed in 
Figure 2c (see Supporting Information Section S2). 

The implications of the inner-SEI thickness on battery operation are also important to consider. A 
thinner overall SEI may be advantageous for charge transfer, as Li+ must transport through the SEI layer 
to ultimately insert into graphite. The inner-SEI layer is generally thought to be compact, while the outer-
SEI is thicker and more porous, [36] making the overall SEI thickness governed primarily by the outer-SEI. 
However, it is unclear exactly how Li+ transports through the SEI layer. It is likely that the Li+ remains 
at least partially solvated as it enters the outermost portion of the SEI, and it eventually strips the entirety 
of its solvation shell by the time it reaches the graphite surface. It is possible that the interface between 
the inner-SEI and outer-SEI is the point at which Li+ strips the last of its solvation shell, and Li+ migrates 
through the inner-SEI layer by hopping between F-, given that this inner-SEI is compact and likely would 
not accommodate a bulky solvated Li+ . Depending on which mode of transport is slower (i.e., transport 
of partially solvated Li+ through the outer-SEI or Li+ hopping through the inner-SEI), SEI composition 
should be tailored accordingly. 

Outer-SEI: Quantification of Solid Carbonates via DEMS and MST. The outer-SEI is comprised 
primarily of solid carbonates (such as LiEDC and LiEMC), and its initial formation coincides with C2H4 

evolution from the reaction of EC to deposit LiEDC (see Reaction R6). As described previously, although 
LiEDC is thought to form initially, LiEDC can be further converted via an undetermined mechanism to 
LiEMC. [17] In light of this, the conversion of LiEDC to LiEMC and the outer-SEI composition generally 
warrant further investigation. 

Our study reveals that LiPF6 concentration plays a pivotal role in the formation of the outer-SEI layer, 
and we probe the formation of LiEDC via the evolution of C2H4 in DEMS. Figure 3a-d shows the C2H4 

evolution signatures for all four tested electrolyte compositions. We find that the C2H4 evolution peak 
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height gradually decreases with increasing LiPF6 concentration from 0.35 M to 1.2 M, but the peak duration 
remains similar. For the 2.0 M electrolyte, the peak is much broader and spans about six hours, which 
is similar to the H2 evolution behavior for the 2.0 M electrolyte. We can thus apply similar reasoning 
to explain the broadness of both the H2 and C2H4 evolution signatures for the 2.0 M electrolyte (i.e., 
electrolyte viscosity or Li+ solvation effects). 

Summing the total C2H4 evolved, we find in Figure 3e (blue squares) that C2H4 evolution monotonically 
decreases with increasing LiPF6 concentration. This decrease in solid carbonate layer thickness may be 
attributed in part to the passivating effect of a thicker LiF-rich inner-SEI imparted by higher concentration 
electrolytes, which may inhibit some solid carbonate deposition. However, we find that after the 1.2 
M electrolyte used in Figure 3c was aged three months, the H2 evolution (and therefore the inner-SEI 
thickness) increased almost fourfold, yet the C2H4 evolution remained similar (within ~2%, see Supporting 
Information Section S2), indicating the passivating effect of the inner-SEI is minor. Instead, the outer-SEI 
thickness appears to be related to an electrolyte property governed by the ratio of Li+ to EC, presumably 
Li+ solvation. 

The ratios of EC to Li+ in 0.35 M, 0.70 M, 1.2 M, and 2.0 M LiPF6 in 3:7w EC:EMC electrolytes 
are 10.5, 5.3, 3.1, and 1.8, respectively. Since the inner solvation shell of Li+ contains ~4 EC in solvent-
separate ion pairs (SSIPs) when sufficient EC is present, [37] the 1.2 M and especially the 2.0 M electrolyte 
may contain a significant amount of contact ion pairs (CIPs) and aggregates (AGGs) with lower EC 
coordination numbers. It thus follows that, in both the 0.35 M and 0.70 M electrolytes, SSIPS with an 
inner solvation shell of ~4 EC reach the graphite surface. However, substantially more EC may be present 
in the outer solvation shell of the SSIPs in the 0.35 M electrolyte compared to the 0.70 M electrolyte, 
resulting in a larger amount of EC reduction and a thicker solid carbonate layer for the 0.35 M electrolyte. 
The difference between the 1.2 M and 2.0 M electrolytes is a bit more subtle, as in both cases there is not 
sufficient EC to fully coordinate each Li+ in a ratio of 4 EC:Li+ . We hypothesize that, in both the 1.2 M 
and 2.0 M cases, predominantly SSIPs with fourfold EC coordination migrate to the graphite surface, but 

-slightly more AGGs (e.g., 2 Li+ , 1 PF6 , and <4 EC) migrate to the graphite surface in the 2.0 M case 
compared to the 1.2 M case. This results in a modest decrease in the amount of EC reduction and solid 
carbonate layer thickness for the 2.0 M electrolyte compared to the 1.2 M electrolyte. CIPs (e.g., 1 Li+ , 1 
PF6

-, and 3 EC) may also play a secondary role in SEI formation, but given that CIPs are overall charge 
neutral, these species are transported only via diffusion (rather than via diffusion and migration), and thus 
are not expected to be as prevalent as SSIPs and AGGs near the graphite surface. Similar logic about 
solvation and ion aggregation effects has been applied to explain the thin SEI layers formed on graphite 
with superconcentrated (greater than ~3 M) electrolytes. [38] 

While C2H4 evolution provides a measure of the amount of LiEDC initially deposited, some LiEDC may 
be converted to other species. MST was therefore used to quantify the total amount of solid carbonate 
species that remained on each of the electrodes cycled in DEMS after the completion of a full formation 
cycle. As described in Supporting Information Section S1, under our definition of solid carbonates, LiEDC 
is counted as two solid carbonates, as there are two carbonate groups per LiEDC and two CO2 are 
evolved from one LiEDC upon acid titration. LiEMC and Li2CO3 are likewise each counted as a single 
solid carbonate. The total amount of solid carbonates measured via CO2 evolution during MST (green 
triangles) for each electrode cycled in DEMS is overlaid with the total C2H4 evolved during DEMS (blue 
circles) in Figure 3e. We find that the total amount of solid carbonates is greater than the amount of C2H4 

evolved for each electrolyte composition, indicating that at least a portion of the SEI species remaining on 
the electrode after cycling are dicarbonates. 

Further, we quantified the loss of initially deposited solid carbonates via the conversion of LiEDC 
to LiEMC by measuring the amount of CO2 evolved in DEMS, as explained in Supporting Information 
Section S6. We plot the combined amount of CO2 evolved in DEMS (which measures the extent of the 
LiEDC to LiEMC solid carbonate consumption mechanism) and the CO2 evolved in MST (which measures 
the amount of solid carbonates remaining on the electrode after the formation cycle) for each electrolyte 
composition in Figure 3e (green circles). We find that the CO2 evolved in DEMS is generally about one-
tenth the amount of CO2 evolved in MST, indicating the conversion of LiEDC to LiEMC represents a 
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small yet non-trivial contribution to the solid carbonate mass balance. 
We now note that, if all initially deposited LiEDC remained intact on the electrode after the formation 

cycle, we would expect the ratio of CO2 (MST) to C2H4 (DEMS) to be 2.0 (following the stoichiometry 
shown in Reactions R6 and S1.3 in Supporting Information Section S1). However, as shown in Figure 3f 
(black triangles), this ratio is ~1.5 for all electrolyte compositions tested, implying a ~25% reduction in 
the amount of solid carbonates after initial LiEDC deposition. If we assume LiEMC and Li2CO3 (both 
monocarbonates) are the sole products that LiEDC is converted to, this would imply monocarbonates 
comprise roughly 50% of the carbonates formed. 

We know, however, that the conversion of LiEDC to LiEMC alone cannot fully explain the consumption 
of initially deposited LiEDC. We confirm this by combining the DEMS CO2 evolution (which we propose 
coincides with conversion of LiEDC to LiEMC) with the CO2 evolution during MST (which describes 
the solid carbonates remaining on the graphite surface after cycling) to arrive at a new ratio of CO2 

(MST+DEMS) to C2H4 (DEMS). This new ratio, which accounts for both solid carbonates remaining on 
the surface and LiEDC-to-LiEMC conversion, is ~1.65 for all electrolyte compositions. The fact that the 
ideal ratio of 2.0 CO2 (MST+DEMS) to C2H4 (DEMS) is not reached implies that some amount of non-
carbonate LiEDC reduction products (e.g., Li2C2 or lithium oxalate) are present, which is in agreement 
with previous studies. [8, 18] Comparing our measured CO2 (MST+DEMS) to C2H4 (DEMS) ratio of 
~1.65 to a theoretical ratio of 2.0 if all solid carbonates were accounted for, we calculate that ~18% of 
the initially deposited LiEDC is converted to non-carbonate species for all electrolyte compositions. The 
proposed Li2C2 and lithium oxalate non-carbonate species are highly reduced and therefore likely reside 
in close proximity to the reducing graphite surface, where they are interspersed with predominantly LiF 
in the inner-SEI layer. 

Electrolyte aging was also found to significantly impact these results. The CO2 (MST) to C2H4 (DEMS) 
ratio for the three-month aged 1.2 M electrolyte was ~0.94 (indicating the predominant presence of a 
monocarbonate — likely LiEMC — rather than a bicarbonate), and about four times more CO2 was 
evolved during DEMS (indicating greater conversion of LiEDC to LiEMC) compared to the one-week aged 
electrolyte. The CO2 (MST+DEMS) to C2H4 (DEMS) ratio for the three-month aged 1.2 M electrolyte 
was ~1.60, which in reasonable agreement with the one-week aged electrolytes (see Supporting Information 
Section S2). This implies that ~20% of the initially deposited LiEDC was converted to a non-carbonate 
species for the three-month aged electrolyte. 

The insights gleaned from our measurements can help inform the next generation of the ’mosaic model’ 
of the graphite SEI, [39] which originally posited that the SEI is composed of a LiF and Li2O inner layer 
with a semicarbonate and Li2CO3 outer layer. Starting from the outermost layer and working inwards, our 
measurements indicate that LiEMC is likely the outermost constituent of the SEI, as the chemical reaction 
of LiEDC to LiEMC is expected to begin at the SEI-electrolyte interface and proceed inward (as shown in 
the inset to Figure 1d). Moving further inward, we then expect a layer predominantly comprised of LiEDC 
which has not been converted to other species, followed by LiEDC reduction products (such as Li2C2, 
oxalates, and alkoxides), which must be in contact with the reducing graphite surface and are therefore 
likely intertwined with the inner-SEI. The major constituent of the inner-SEI, whose deposition coincides 
with H2 evolution, is LiF. Some LiOH and Li2O may be interspersed in the inner-SEI as well, especially 
when using an electrolyte with high water content in the electrolyte. Although Li2CO3 was hypothesized 
to be abundant in the original mosaic SEI model, many studies since have found minimal [14, 33] or 
no Li2CO3. [22, 31, 32] Reactions R7 and R14 are potential pathways for Li2CO3 formation, but they 
are unlikely to occur to a great extent as discussed earlier. Possible origins of Li2CO3 are discussed in 
Supporting Information Section S7. Other previously reported SEI species, such as lithium alkoxides, could 
not be identified by our employed techniques but should be the subject of future work. [40] 

SEI Evolution During a Single Fast Charge Cycle. With the SEI formed under each electrolyte 
composition characterized, we then explored how the initial SEI affects fast charge operation and how 
the SEI changes as a result of fast charge. Generally, a thinner initial SEI is preferred for fast charge 
applications, as overpotentials which arise from Li+ transport through the SEI layer can lead to Li plating 
and rapid capacity fade. We classify plated Li as yet another SEI component which is intertwined with the 
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Figure 3: DEMS C2H4 evolution in Li-graphite half cells cycled at C/10 with a. 0.35 M LiPF6, b. 0.70 M LiPF6, c. 1.2 
M LiPF6, and d. 2.0 M LiPF6 electrolytes. e. Total C2H4 evolved from DEMS (blue squares) overlaid with total CO2 

evolved from MST (green triangles) and combined CO2 evolved from MST and DEMS (green circles) as a function of LiPF6 

concentration. Measurement error arising from integration of both DEMS and MST data is shown as ±10%. f. Ratio of 
CO2 evolved from MST to C2H4 evolved from DEMS (triangles) overlaid with ratio of combined CO2 evolved from MST 
and DEMS to C2H4 evolved from DEMS (circles), with error propagated from panel e. 

LiF, solid carbonates, and other species present in the initial SEI. Once plated, Li can undergo a number 
of processes: 

1. It can be reversibly stripped from the graphite surface upon deintercalation. 

2. It can chemically insert into graphite. [41, 42] 

3. It can become electronically isolated from the graphite, resulting in dead Li. [8] 

4. It can react with other SEI components or with electrolyte to form additional SEI species. [8] 

While processes 1 and 2 are reversible, processes 3 and 4 are irreversible and directly lead to capacity 
fade during fast charge cycling. Using MST, we quantify the amounts of dead Li and additional SEI 
formed after fast charge, and we compare the results against Li plating/stripping behavior predicted 
by an electrochemical model (see Supporting Information Section S1), [43, 44] assuming a constant Li 
stripping efficiency of 70% as determined by previous work. [8] The cycling procedure outlined in Supporting 
Information Section S1, which allowed us to precisely identify the onset of Li plating, was used to collect 
the forthcoming electrochemical data. 

The irreversible capacity of a single fast charge cycle to a given SOC (obtained from cycling data) is 
overlaid with the dead Li measured via MST and the model-predicted dead Li for the 0.35 M, 0.70 M, 
1.2 M, and 2.0 M electrolytes in Figure 4a-d. It is clear from these data that the majority of capacity 
loss during a single fast charge cycle is due to dead Li formation, but some of the remaining capacity 
loss can be attributed to a slight increase in solid carbonates above the baseline amount observed after 
formation cycling, especially for the lower concentration electrolytes (see Supporting Information Section 
S8). As mentioned in Supporting Information Section S1, there is a baseline amount of ~300 nmol/cm2 

dead lithiated graphite present even after formation cycling due to the physical dislodgement of graphite 
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Figure 4: Experimental irreversible capacity (red markers, right y-axis) measured for a single fast charge cycle (4C rate) to 
a given SOC overlaid with dead Li measured via MST (black markers, left y-axis) and model predicted dead Li (blue dashed 
line) for a. 0.35 M LiPF6, b. 0.70 M LiPF6, c. 1.2 M LiPF6, and d. 2.0 M LiPF6 electrolytes. Measurement error arising 
from integration of MST data is shown as ±10%, and irreversible capacity error bars are within the size of the data point (~1 
µAh/cm2). The left and right y-axes are scaled equivalently (i.e., 1 µmol/cm2 Li = 26.8 µAh/cm2). Square markers denote 
data points collected with no replicates (n=1), and triangle markers denote the average of replicate data points (n=2). 

particles from lithiation-induced volumetric changes of the particles during cycling. An increase in the 
amount of dead Li above this baseline amount is attributed to dead Li metal from fast charging. 

The model fits the experimental dead Li data well for the 1.2 M electrolyte (as model parameters had 
been previously developed for this concentration), but generally underpredicts the amount of dead Li at a 
given SOC for the 0.35 M and 0.70 M electrolyte and overpredicts the amount of dead Li for the 2.0 M elec-
trolyte. This discrepancy between model and experiment can be ascribed to changes in SEI impedance for 
cells formed with the electrolytes above and below 1.2 M, which the model as formulated does not capture. 
In Supporting Information Section S9, the SEI impedance is measured for each electrolyte composition 
using impedance spectroscopy in a three electrode configuration, [45] revealing that the SEI impedance 
generally decreases with increasing electrolyte salt content. Incorporating these SEI resistances into previ-
ously developed models which incorporate a graphite film resistance resulted in counterintuitive predicted 
Li plating behavior which did not match experimental results (as described in Supporting Information Sec-
tion S1). This highlights the need for next generation models that more accurately and explicitly capture 
SEI effects as novel electrolyte formulations which impart beneficial SEI properties to enable fast charging 
are developed. 

SEI Evolution During Multiple Fast Charge Cycles. We also measured the amount of dead Li, solid 
carbonates, and Li2C2 (see Supporting Information Section S3) on graphite electrodes that underwent 
multiple fast charge cycles. Following an analogous cycling procedure to that used in Figure 4, Li-graphite 
coin cells were cycled with three C/10 formation cycles followed by a 4C charge to 100% theoretical graphite 
SOC and a C/10 discharge to 1.5 V. This 4C fast charge cycle was then repeated up to a maximum of 
ten cycles. Representative voltage profiles during XFC are shown in Supporting Information Section S10, 
and plots of the Coulombic efficiencies (CEs) over the course of 10 cycles for each electrolyte composition 
are shown in Figure 5a. The amounts of dead Li and solid carbonates were quantified using MST for all 
tested electrolyte compositions and are shown in Figure 5b and 5c, respectively. 

Figure Figure 5a shows that the CE is highest for the 1.2 M electrolyte over the course of 10 XFC 
cycles, and the the 0.70 M and 0.35 M electrolytes exhibit progressively lower CEs. The 2.0 M electrolyte 
begins with similar CE to the 1.2 M electrolyte, but the CE precipitously decreases after 5 XFC cycles, 
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such that the 2.0 M electrolyte exhibits the lowest CE on cycle 10 among all tested electrolytes. 
Turning to titration results to explain the trends in CE, we find in Figure 5b that the dead Li remaining 

on the graphite electrode monotonically decreases with increasing electrolyte salt concentration. This trend 
is fairly well in line with that observed in Figure 4a-d for a single fast charge cycle, but the difference in 
dead Li amounts between electrolyte compositions is exacerbated after prolonged cycling. The reduced 
amount of dead Li is in part due to the lower SEI impedance for the higher concentration electrolytes as 
discussed previously, which leads to less Li plating for the higher concentration electrolytes. Additionally, 
the larger amount of LiF deposition when using the high concentration electrolytes likely improves the 
reversibility of Li plating/stripping, as numerous studies of Li plating/stripping on Cu indicate that LiF-
depositing additives (such as fluoroethylene carbonate) impart a uniform columnar plated Li morphology 
and improve plating/stripping reversibility. [46,47] Interestingly, there is no obvious increase in the rate of 
dead Li accumulation for the 2.0 M electrolyte after 5 XFC cycles, indicating that dead Li is not the main 
cause of the precipitous CE decrease observed in Figure 5a. 

We also probed the amount of additional solid carbonate deposition during fast charge, which occurs as 
a result of the reaction of plated Li metal with electrolyte solvent. [8] For small amounts of plated Li, the 
Li is well encapsulated by the existing SEI and has minimal contact with electrolyte, so minimal additional 
solid carbonate formation is observed (see Supporting Information Section S8). However, the accumulation 
of dead Li over the course of many cycles and the increased impedance of the SEI as dead Li accumulates 
may result in mossy Li which extends beyond the SEI and contacts the bulk electrolyte, resulting in 
additional solid carbonate deposition. We find in Figure 5c that the amount of solid carbonates deposited 
monotonically decreases with increasing electrolyte salt concentration. This is again consistent with the 
trend in solid carbonate amounts observed after a single fast charge cycle, indicating that Li+ solvation 
effects may limit the amount of EC reduction for the higher concentration electrolytes. Curiously, neither 
the dead Li nor the solid carbonate measurements explain the precipitous drop in CE observed for the 2.0 
M electrolyte. We thus propose that this decrease in CE is due to LiF accumulation over XFC cycling, 
which we cannot directly measure with our titration technique. The increased amount of LiF in the SEI 
for high concentration electrolytes may also contribute to the lower amount of solid carbonate deposition. 
Since plated Li has been reported to have a more uniform, columnar morphology with a LiF-rich SEI, [46] 
higher concentration electrolytes (which impart LiF-rich SEIs) would reduce the plated Li surface area in 
contact with electrolyte and result in less solid carbonate formation. 

Overall, the 1.2 M electrolyte exhibits the best capacity retention during XFC cycling among all tested 
electrolyte compositions and should be used for practical applications going forward. However, the 2.0 M 
electrolyte does provide insights which can be used to effectively tailor future electrolyte compositions for 
fast charge applications. Efforts should be focused on maintaining the beneficial properties of the 2.0 M 
electrolyte (less dead Li and solid carbonate deposition) while minimizing additional LiF deposition during 
XFC cycling. Utilizing electrolyte additives (e.g., fluoroethylene carbonate), which can impart beneficial 
SEI properties and are consumed during formation cycling, may provide an avenue to realize this goal. 

Summary and Outlook. Using DEMS and MST, we completed a comprehensive, quantitative char-
acterization of graphite SEI formation under electrolytes of varying LiPF6 concentration. Our findings 
reveal that as LiPF6 concentration increases, a thicker inner-SEI (rich in LiF) and a thinner outer-SEI 
(rich in alkyl carbonates) is formed, resulting in a thinner overall SEI. We also find that, although LiEDC 
is initially deposited, H2O and HF convert LiEDC to LiEMC, and a host of other reactions convert LiEDC 
to non-carbonate species. The SEI resistance also plays a pivotal role in fast charge performance, as the 
thinnest, least resistive SEI formed under the 2.0 M electrolyte resulted in less dead Li than was predicted 
by an electrochemical model which did not incorporate explicit SEI effects. While some benefits of the 2.0 
M electrolyte SEI were maintained over the course of multiple fast charge cycles (e.g., a decreased rate 
of dead Li formation and solid carbonate deposition), the 1.2 M electrolyte exhibited the best long-term 
capacity retention among all electrolyte compositions. Going forward, electrolyte engineering efforts should 
be focused on maintaining the benefits of highly concentrated electrolytes (e.g., by using electrolyte addi-
tives) while minimizing the capacity fade due to LiF deposition during prolonged XFC cycling. Finally, 
this work underscores the importance of appropriately incorporating SEI effects to accurately capture Li 
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Figure 5: a. Coulombic efficiencies (CEs) over the course of ten 4C fast charge cycles for Li-graphite coin cells containing 
0.35 M, 0.70 M, 1.2 M, and 2.0 M LiPF6 in 3:7w EC:EMC electrolytes. Measurement error for the CE (~0.1%) is based on 
the time interval between data points during XFC. b. Quantification of dead Li via MST at varying stages of XFC cycling 
for each electrolyte composition. c. Quantification of solid carbonates via MST at varying stages of XFC cycling for each 
electrolyte composition. Measurement error arising from integration of MST data is shown as ±10%. One measurement 
(n=1) was conducted for each data point shown in panels b and c. 

plating behavior in next-generation electrochemical modeling frameworks. 
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