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 A B S T R A C T

Silicon-based anodes promise an increase in energy density for Li-ion batteries, yet they suffer from a poor 
calendar life. Researchers have posited that fluorinated lithium salt forms reactive side products that destroy 
the solid electrolyte interphase (SEI), even without cycling. HF is one such reactive side product formed 
from trace water contamination in the electrolyte. Some electrolytes, such as localized high concentration 
electrolytes (LHCEs) may improve cell stability in highly reactive systems, such as Li metal and Si. In the 
present study, LHCEs containing 200–300 ppm of water retained up to 8% greater capacity (1200–1300 mAh/g 
Si) in calendar life tests over 200 days compared to dried electrolytes (< 20 ppm water). Calendar aging took 
place at 100% state of charge. Cells with 200–300 ppm water performed comparably to cells with 20 ppm 
water in cycle life tests (900–1000 mAh/g Si) . Even adding 1000 ppm water did not lead to rapid capacity fade 
in cells undergoing cycle life tests. Nano-FTIR spectroscopy revealed chemical and structural differences in the 
SEI for cells with 1000 ppm water compared to 200–300 ppm water. The SEI differences, including increased 
Li2O concentration, may have contributed to improved calendar life. This research reveals the capabilities of 
LHCEs to improve the calendar and cycle life of Si-based Li-ion batteries, despite the presence of a highly 
reactive contaminant.
1. Introduction

Silicon-based anodes promise greatly increased specific capacity 
compared to traditional graphite anodes, but they suffer from increased 
reactivity and capacity fade [1–5]. Although researchers have identified 
several interrelated causes of capacity fade, solid electrolyte interphase 
(SEI) dissolution due to HF formation of the electrolyte has been 
hypothesized as a degradation mechanism by the U.S Department of 
Energy Silicon Consortium Project [6,7]. Specifically, the PF6 –  anion 
of the LiPF6 salt reacts with small amounts of water in the electrolyte to 
form HF, which could degrade the SEI and cause etching of the silicon 
active material [7–10]. Generally, LiPF6 and water have long been asso-
ciated with SEI degradation and cell capacity fade outside of Si-based 
cells [11–15]. Additionally, commercial Li-ion battery manufacturing 
requires a dry room for cell assembly and electrolyte filling [16].
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LiPF6 has been a standard choice of lithium salt for its low cost, 
effective transport properties in carbonate-based solvents, thermal sta-
bility, its passivation of aluminum at high potentials, and its ability to 
form a highly fluorinated SEI, which may contribute to SEI durability 
and anode passivation [17–24]. Some research indicates that not all 
water LiPF6 interactions harm cell performance. Researchers from Dal-
housie University intentionally doped water into electrolytes with LiPF6
and showed improvements in performance metrics for cells with both 
graphite and lithium titanate oxide (LTO) anodes [25,26]. They found 
that adding even 1000 ppm of water to graphite/lithium cobalt oxide 
(LCO) cells did not harm pouch cell performance by considering several 
metrics, including charge transfer resistance, voltage drop, Coulombic 
efficiency, and charge slippage. They did, however, observe signifi-
cantly more gassing in cells with high water concentrations, though the 
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gassing did not appear to be related to cell performance. Some studies 
also indicate that high water concentrations (up to 2000 ppm) in the 
cell did not harm cell performance, even when combined with LiPF6
salt [27,28]. Cells with other lithium salts also remain unaffected by 
water in the electrolyte [12,29]. Another common salt, Li bis(fluorosul-
fonyl)imide (LiFSI) can still undergo a hydrolysis reaction at elevated 
temperatures; however, hydrolysis has not been reported in a battery 
system under normal operating conditions [30].

These results indicate that the relationship between water, LiPF6, 
and SEI is potentially more complex than previously understood [31,
32]. The SEI chemical composition on a graphite anode and a Si-based 
anode, given the same electrolyte and formation protocol, contain 
many similar species, so an intrinsic chemical incompatibility with 
LiPF6, water, and a Si-based SEI is unlikely [33–38]. Water has been 
associated with the formation of harmful hydrogen gas, though there 
is debate in the literature whether it is the primary source of hydrogen 
gas [39]. Water can also function both as a proton source and an 
oxygen donor, which could be highly detrimental or advantageous, 
respectively. Protons in battery electrolyte have been found to cause 
cathode-electrolyte interface (CEI) destruction, and H+ can also par-
ticipate in unwanted side reactions [40]. Oxygen donation from water 
may result in the formation of Li2O as an SEI product. While teasing 
apart the relative contributions of any one SEI product is non-trivial, 
Li2O has been associated with improved performance in both liquid- 
and solid-state systems [41–43].

Although removing water from the electrolyte components is feasi-
ble, it can be costly and time-consuming. Researchers remove water 
from electrolyte salts and solvents with many different techniques, 
including drying under vacuum, molecular sieves, activated alumina, 
etc. [44–46] These techniques may require specialized equipment, 
additional mixing and filtration steps, and several days of downtime 
as drying occurs. Researchers also add water scavenging additives and 
separator materials, though utilizing these materials may require long-
term study to determine performance and lifetime impacts and could 
increase the cost of the cell [47–50].

While limiting water in the electrolyte could eliminate some cell 
health concerns, choosing a less reactive electrolyte may be a bet-
ter solution. Recent electrolyte research has targeted localized high 
concentration (LHCEs) for improved stability against more reactive 
electrodes. The design principle of LHCEs is to exploit the benefits of a 
highly concentrated electrolyte (HCE), while retaining some properties 
of a dilute carbonate-based electrolyte [51]. The advantages of an 
HCE include a thin, anion-derived SEI that is durable over the course 
of many cycles. This is because the highly concentrated salt/solvent 
mixture yields solvation structures, including contact ion pairs (CIPs) 
and aggregates (AGGs), that include the anion in the solvation shell of 
Li-ions in higher proportions, compared to a dilute electrolyte. Instead 
of solvating lithium distantly, the anion participates more readily in 
solvation and thus SEI formation. The anion derived SEI has been 
associated with long-duration cycling stability [51–53]. The increased 
lithium salt concentration in an HCE, however, adds considerable cost, 
viscosity, and density. The LHCE is made by adding a non-participating 
solvent, a diluent, to the HCE. This improves the transport and other 
physical properties of the electrolyte while retaining HCE benefits for 
SEI [54–58].

LHCEs have shown significant improvements over more traditional 
electrolytes, particularly in Li-metal batteries [59–64]. The use of 
LHCEs in Li-metal battery chemistry has resulted in more stable cycling 
performance, improved battery lifetime, and an anion-derived SEI. Re-
searchers have shown that the anion-derived SEI is more stable against 
the highly reactive Li metal anode and other anode materials [65–67]. 
While many forms of Si-based anodes utilize polymer and/or carbon 
coatings that should improve surface passivation, Si-based anodes still 
have a highly reactive active material versus electrolyte at high poten-
tials, compared to more common anodes like graphite or LTO [68,69]. 
Furthermore, the large volume expansion and contraction of Si-based 
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anodes likely results in continuous new exposure of reactive Si surfaces 
to electrolyte regardless of initial coating quality [70,71]. Si-based 
batteries with LHCEs have exhibited improved performance in terms of 
interphase stability [72] and capacity retention during calendar aging, 
though the exact mechanisms are not well understood [73].

Recent studies showing improvement of Si anode calendar life 
utilize LHCEs containing LiFSI, rather than LiPF6 [72,73]. Previous 
research hypothesized LiPF6 hydrolysis as the underlying calendar 
aging mechanism [6,7]. While LiFSI has not been reported to undergo 
hydrolysis in a battery, it can hydrolyze under specific conditions, but 
the literature on this topic contains competing findings [30,74,75]. 
The causal linkage between Si-based anode calendar life, electrolyte 
formulation, and contaminants has not been strongly established. Con-
tinued development of LHCEs for Si-based anodes necessitates further 
investigation into what exactly improves performance. The most clear 
distinction based on the literature is different effects of contaminants 
across electrolyte systems.

In this research, Si-based batteries containing two different LHCEs 
demonstrated high capacity retention in both calendar and cycle life 
testing. Cells containing LHCEs with moderate water concentration 
even showed improved capacity in calendar life testing over cells with 
low water concentrations. Water also had limited deleterious effects on 
cycle life, even up to 1000 ppm in some cases. Three causal mechanisms 
were investigated: (1) electrolyte oxidation temporarily increasing ca-
pacity before causing ultimate cell failure, (2) beneficial effects on SEI 
chemistry, and (3) advantageous coordination environment changes. 
This research highlights the importance of mechanistic investigation 
into novel electrolyte chemistries and contaminants for Si-based battery 
development.

2. Methods

2.1. Electrolyte preparation

Electrolytes with three different amounts of water were prepared 
for this study, < 20 ppm (low concentration), ≈ 200-300 ppm (mod-
erate concentration), and 1000 ppm (high concentration). Electrolytes 
with 200-300 ppm water were made using salt and solvents without 
any drying procedures. The water concentrations of the solvents were 
measured using Karl Fischer titration. The solvents and respective water 
concentrations used in this study include 1,1,2,2-tetrafluoro-3-(1,1,2,2-
tetrafluoroethoxy)propane (TTE) (Synquest Laboratories, battery grade, 
269 ppm), 1,2-dimethoxyethane (DME) (Sigma Aldrich, anhydrous, 
29 ppm), and sulfolane (TMS) (Sigma Aldrich, 98%, 333 ppm). Solvents 
were dried over activated alumina (Thermo Scientific) for five days. 
The activated alumina was dried previously in a vacuum oven at 200 ◦C 
for three days. The activated alumina was filtered out of the solvent 
using syringe filters (0.45 μm, Fisher Scientific). The Li salt used in 
this research was lithium bis(fluorosulfonyl)imide (LiFSI) (Solvionic). 
The LiFSI was dried under vacuum for three days in an oven internal 
to an argon-filled glovebox at 80 ◦C. The electrolytes with 1000 ppm 
water were formulated by first mixing the as received solvents and 
salt, then removing the solution from the glovebox. The weight of the 
electrolyte was measured and 0.1% water by mass was added to the 
electrolyte. The electrolyte was then replaced inside the glovebox for 
coin cell building.

The electrolytes studied in this research were prepared using molar 
ratios [76] of lithium salt and solvent components. The electrolytes 
studied include 1 (mole) LiFSI/1.2 DME/3 TTE and 1 LiFSI/3 TMS/3 
TTE. All electrolytes were prepared in an argon-filled glovebox. The 
DME-based electrolyte was prepared by first adding 1.2 mole equiva-
lents of DME to one mole equivalent of LiFSI and stirring for 30 min or 
until the LiFSI was dissolved. Then, three mole equivalents of TTE were 
added to the DME/TTE mixutre, and the solution was mixed for another 
30 min. The TMS-based electrolyte was prepared by first melting the 
TMS at 70 ◦C for 20 min. One mole equivalent of LiFSI was mixed with 
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Fig. 1. Water concentrations of electrolyte solvents were measured before and 
after drying over activated alumina.

three mole equivalents of TMS. The LiFSI/TMS mixture was stirred at 
70 ◦C for 30 min or until the LiFSI was completely dissolved. Three 
mole equivalents of TTE were then added to the LiFSI/TMS mixture, 
and the solution was stirred at ambient temperature for 30 min.

2.2. Karl Fischer titration

The water concentration of the solvents was measured using a Karl 
Fischer titrator (Mettler Toledo) and Hydranal NEXTGEN Coulomat 
(Honeywell) inside an argon-filled glovebox. The measurements were 
completed in triplicate before and after drying over activated alumina. 
The triplcate measurements were averaged for each solvent. Fig.  1 
shows water concentrations measured before and after solvent drying. 
Karl Fischer titration was conducted for both the individual reagents 
(DME, TMS, TTE) and the electrolytes (DME- and TMS-based). The 
concentration of water in the LiFSI salt was calculated according to the 
equation 

𝐶𝑘 =
𝐶𝑡𝑜𝑡𝑎𝑙 ⋅

∑

𝑖(𝑛𝑖𝑀𝑖) −
∑

𝑖≠𝑘 𝑛𝑖𝑀𝑖𝐶𝑖

𝑛𝑘𝑀𝑘
(1)

where 𝐶𝑘 is the water concentration in the LiFSI salt, 𝐶𝑡𝑜𝑡𝑎𝑙 is the 
water concentration in the electrolyte, 𝑛 is the number of moles of 
each component, and 𝑀 is the molar mass of each component. For the 
TMS-based electrolyte, this resulted in a LiFSI water concentration of 
17 ppm. For the DME-based electrolyte, the LiFSI water concentration 
was 30 ppm. The discrepancy could be due to (1) measurement-to-
measurement differences or (2) differences in reactivity between the 
two electrolytes. Initial measurements of the water standard (Supelco 
Aquastar 0.01%), used for instrument calibration, varied up to 20 ppm 
between measurements, so the accuracy within 20 ppm may be lim-
ited. Alternatively, the TMS-based electrolyte may be more reactive, 
so some of the initial water contribution from the LiFSI salt may 
have reacted and formed a different product. Because of the small 
relative contribution of water to the electrolyte, water concentrations 
of the electrolyte are based primarily on the solvent water concentra-
tions: ≈200 ppm for the DME-based electrolyte and ≈250 ppm for the 
TMS-based electrolyte.

2.3. Coin cells for calendar life measurements

Coin cells were prepared to test the calendar life of cells with 
both low and moderate water concentrations in LHCEs. Cells were 
fabricated in duplicate for electrolytes with low water concentration 
and in quadruplicate for electrolytes with moderate water concentra-
tion. The 2032 coin cells for calendar life testing were fabricated in 
an argon-filled glovebox with stainless steel hardware (UMC Corp). 
3 
The anodes were manufactured with silicon synthesized in a plasma-
enhanced chemical vapor deposition process (PECVD) using a non-
thermal RF-enhanced plasma reactor. This manufacturing process has 
been described in previous research [36,77–79]. The anode (d=14 mm) 
was polyethylene oxide (PEO) coated Si nanoparticles (d=6 nm) with a 
copper current collector (t=15 μm). The PEO coating aids in process-
ing the Si nanoparticles into a slurry for electrode coating, but the 
electrodes are annealed at 550 ◦C, so the PEO decomposes prior to 
cell fabrication [77]. The anode was coated with a wet gap of 50 μm
and had a capacity of about 1 mAh cm−2. The anodes were coated by 
hand, which resulted in some heterogeneity in mass loading between 
electrode punches. The separator used in the cells was Celgard 2325 
(d=19 mm).

For calendar life testing, the cathode was lithium iron phosphate 
(LFP) (1.88 mAh cm−2) made by the Cell Analysis, Modeling, and Pro-
totyping (CAMP) facility at Argonne National Laboratory. The negative-
to-positive (N/P) capacity ratio was approximately 0.53. This N/P ratio 
was used to compensate for large irreversible losses of lithium when 
using non-prelithiated Si anodes. During formation cycling, a signifi-
cant portion of the cathode Li supply is lost to SEI formation. With 
a more typical N/P ratio (1–1.2), the cathode would be Li deficient, 
and it would be difficult to isolate the performance of the Si anode 
itself. Previous investigation by Rodrigues showed that a Li reservoir 
in a Si-based anode resulted in misrepresentation of aging due to loss 
of lithium inventory (LLI) [80]. Because the lithium inventory remains 
in excess after formation in the cells used in this study, capacity fade 
in these cells only represents loss of active material (LAM).

The cells were filled with 40 μL of electrolyte and rested for four 
hours after assembly. The volume-to-pore (V/p) ratio for these cells 
is difficult to pinpoint because the nanostructure of the silicon likely 
makes the pores very small. The V/p ratio was likely between 6–7. The 
cells were cycled in a temperature controlled chamber (Maccor). The 
cells were formed over three C/10 cycles (2.7–3.44), a 48-hour voltage 
hold at 3.44 V, and 10 C/3 cycles at 45 ◦C. The higher temperature 
was used in the calendar aging to intentionally accelerate all types 
of aging modes, including potential salt hydrolysis so that the perfor-
mance of the different LHCEs and water contents could be sufficiently 
distinguished in a shorter time. The cells underwent a protocol that 
repeats open-circuit-voltage (OCV) calendar aging in between reference 
performance tests (RPTs). This calendar aging protocol is an adaption of 
a calendar aging United States Advanced Battery Consortium (USABC) 
protocol [81]. The RPTs comprise three C/10 cycles followed by one 
hybrid pulse power characterization (HPPC) cycle. The HPPC cycle 
consisted of a series of charge and discharge pulses over a 10% depth-
of-discharge interval. The discharge pulse lasts 30 s at 1C and is 
followed by a rest for 40 s and a 0.75C charge pulse for 10 s [82,83]. In 
between the RPTs, the cells aged for 30 days at OCV with daily voltage 
top-up pulses. This testing took place at 45 ◦C until 80% of the initial 
capacity was reached. This time ranged from 160–240 days.

2.4. Coin cells for cycle life measurements

Coin cells were also prepared to test the cycle life of cells with 
low (duplicate cells), moderate (duplicate cells), and high water con-
centration (triplicate cells). The cells were prepared similarly to the 
calendar life cells. The anode (d=14 mm) was a polyethylene oxide 
(PEO) coated Si anode with a copper current collector (t=15 μm). The 
anode was coated with a wet gap of 100 μm and had a capacity of 
about 1.5 mAh cm−2. The cathode used in the cycle life cells was a 
lithium nickel manganese cobalt oxide (NMC 811) (2.59 mAh cm−2) 
made by the CAMP facility. The N/P ratio was 0.58. The loadings 
differed in the calendar and cycle life tests in order to match LFP 
cathodes for the calendar life test and NMC for the cycle life test. LFP 
was used for the calendar life testing to limit the risk of a high voltage 
damaging the anode because of transition metal dissolution [84,85] and 
not provide realistic isolation of Si anode calendar life. The cycle life 
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tests do not require long periods at a high voltage, so a high-voltage 
cathode was used. The hardware on the cathode side was Al-clad (MTI). 
The cells were cycled in a temperature controlled chamber (Maccor) 
at 30 ◦C. They were formed with three C/10 cycles and were then 
cycled for 1000 cycles at C/3 (3–4.1 V). For coin cells used in both 
calendar and cycle life testing, heterogeneity of hand-coated electrode 
mass loadings resulted in substantial punch-to-punch variability. This 
variability is further exacerbated in the Si system because of Si’s sloped 
voltage profile. Slight variations in loading have a larger impact on 
capacity and performance compared to a graphite system, which has 
a flat voltage profile, which minimizes the effects on performance of 
loading variations. The trends discussed in this research are expected 
to hold when using a more consistent roll-to-roll coated electrode, and 
better uniformity would reduce cell-to-cell variability.

2.5. Cyclic voltammetry

Cyclic voltammetry (CV) tests were conducted to evaluate oxidative 
stability of each electrolyte with moderate and high water concen-
trations. Coin cells were assembled in duplicate and tested using a 
CV method. The cells were assembled with identical hardware to the 
coin cells used for cycle life measurements (UMC Corp. and MTI). 
The negative electrode was a Li disc (Sigma Aldrich, 𝑑 = 15 mm, 
𝑡 = 0.5 mm), and the positive electrode was a Al spacer (MTI, 𝑑 =
15.5 mm, 𝑡 = 0.5 mm). A Celgard 2325 separator was used in the cell 
(𝑑 = 19 mm). The cells were filled with 40 μL of electrolyte.

The CV tests were conducted with a Gamry 1010 potentiostat. The 
cells were tested at three different potential ranges, 3–4.2 V, 3–4.5 V, 
and 3-5 V. They completed three scans for each potential range with a 
scan rate of 100 mV/s.

2.6. Synchrotron infrared nanospectroscopy

Synchrotron Infrared Nanospectroscopy (SINS) was used to evaluate 
SEI formation in situ.

2.6.1. Electrochemical testing
Si thin film electrodes were evaluated electrochemically in two-

electrode pouch cells, using Li metal foil (13-mm diameter, 1.0-mm 
thickness, MTI Corporation) as the counter and reference electrode 
with a Celgard 2635 separator (20-mm diameter). The pouch cells 
were assembled in poly foil bags (Sigma Aldrich, Z183385) cut into 
5.5 cm × 6 cm sections. Nickel tabs were used to provide electronic 
wiring to the electrodes and each cell was heat sealed with adhesive 
polymer tape (MTI Corporation, EQ-PLiB-NTA4). The cells were filled 
with 10 μL of the electrolyte. All cell assembly was performed in 
an Ar-filled glove box with O2 and H2O below 0.1 ppm. After cell 
assembly, light mechanical pressure was applied to the cell with a 
clamp. Electrochemical cycling with CV or galvanostatic methods were 
performed with a Biologic VMP3 potentiostat. For characterization, 
the cells were disassembled in the glovebox and the electrodes were 
characterized without washing.

2.6.2. Synchrotron IR characterization methods
SINS and atomic force microscopy (AFM) measurements were con-

ducted with a Neaspec neaSCOPE microscope housed at the Advanced 
Light Source (ALS) at beamline 2.4 using PtIr-coated AFM probes 
from Neaspec. The microscope is housed in an environmental chamber 
continuously purged with N2 and measurements were performed at 
O2 < 20 ppm (PureAire, Trace Oxygen Analyzer 0-1000 ppm). AFM 
topography images were recorded in tapping mode using a tapping 
amplitude of 5 −60 nm. Images were processed using Gwyddion [86].

SINS spectra were taken with a tapping amplitude of 50–60 nm 
with a spectral resolution of 16 cm−1. Near-field IR nanoimages, ‘‘IR 
white-light images,’’ were collected simultaneously with the AFM to-
pography measurements by fixing the interferometer mirror position 
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to the most intense feature of the interferogram and recording the 
resulting second harmonic of the optical amplitude value at each spatial 
pixel. Reference spectra were taken on a polished Si wafer. Spectra were 
processed using neaPLOT (neaspec). All spectra were demodulated at 
the n = 2 harmonic. It is common in the literature to find either the 
phase, or imaginary part, of the complex nano-FTIR spectrum reported 
as absorption. This is because in the small angle/phase approxima-
tion, the two are mathematically proportional to one another. In this 
work, strong resonances marked by significant phase responses are 
frequently measured. The present research reports the second harmonic 
of the imaginary component of the complex valued nano-FTIR spec-
tra normalized to Si as nano-FTIR absorption. This, because in these 
strong resonant cases, the imaginary part most closely matches FTIR 
absorption data bases [87].

2.7. FTIR

FTIR measurements of electrolytes with low, moderate, and high 
water concentrations were compared to determine whether the pres-
ence of water resulted in differences in solvation behavior. The mea-
surements were conducted using a Thermo Fischer iS50 FTIR and Pike 
GladiATR with a flow-through attachment to limit air contact with the 
electrolyte samples. Approximately 0.5 mL of electrolyte was injected 
into the flow-through attachment, and the attachment was capped 
before data collection started. Each measurement took approximately 
one minute. The detector was deuterated triglycine sulfate (DTGS) with 
a resolution of 4 cm−1 and a 32-scan average.

2.8. Advanced Electrolyte Model (AEM)

An advanced electrolyte model (AEM) was used to compare elec-
trolyte properties with moderate (300 ppm in this case) and high 
(1000 ppm) water. The AEM utilizes molecular-scale chemical physics 
and is based on the mean spherical approximation. This allows for a 
range of population densities, species-level associations, and analysis of 
solvent and solution permittivity. The AEM can account for wide ranges 
of salt concentration and temperature, as well as mixtures of up to ten 
solvents and two salts. The model yields 20 output reports that cover 
thermodynamic and transport properties, as well as solvation behavior, 
microstructure, rheology, and thermo-physical properties [73,88].

2.9. Molecular dynamics

Classical molecular dynamics (MD) simulations were conducted to 
evaluate the effects of water on electrolyte solvation behavior. MD 
simulations were carried out using optimized geometries and partial 
charges derived from density functional theory (DFT) calculations. MD 
simulations . The geometries of the TMS, DME, and TTE solvents, as 
well as the FSI− anion, were optimized using Q-Chem version 6 [89] 
at 𝜔B97X-V/ cc-pVTZ level of theory. Partial atomic charges obtained 
from the geometry-optimized molecules using RESP method and sub-
sequently assigned to each molecule for use in the MD simulations. 
All MD simulations were performed through OpenMM [90] using the 
atomate2 [91] workflow. Initial simulation boxes were generated with 
Packmol [92] to pack solvent molecules and ions according to the 
desired stoichiometry. Each dry electrolyte system contained a total of 
3000 molecules. For the wet electrolyte systems, 1000 ppm water was 
added to the corresponding dry composition. The non-polarizable Sage 
force field [93] was employed for all simulations. To account for the 
lack of explicit electronic polarization in such force fields, the partial 
charges of Li+ and FSI− were uniformly scaled by a factor of 0.8, a 
common correction used to mitigate the overestimation of electrostatic 
interactions [94,95]. Energy minimization was first performed with a 
force cutoff of 10 kJ mol−1 nml−1. This was followed by equilibration 
in the isothermal–isobaric (NPT) ensemble for 10 ns at 298 K and 1 atm 
using a Monte Carlo barostat. Subsequently, the systems were subjected 
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to a 45 ns annealing protocol, starting with a 15 ns ramp up from 298 K 
to 400 K, followed by 15 ns hold at 400 K, and 15 ns ramp down to 
298 K. Production trajectories were then generated under the canonical 
(NVT) ensemble for 80 ns at 298 K, employing a Langevin Integrator 
thermostat. Periodic boundary conditions were applied in all directions. 
Solvation structure analyses were carried out on the equilibrated NVT 
production trajectories. This was done using the SolvationAnalysis [96] 
package, which is built on the MDAnalysis Python library [97]. A 
simulation timestep of 1 fs was used.

2.10. NMR

NMR data were collected to measure solvation and degradation 
products of electrolytes with moderate and high water concentrations. 
The electrolyte with high water concentration was aged for six months. 
Samples were prepared by adding 800 μL of the each prepared elec-
trolyte (LiFSI 3TMS/3TTE and LiFSI 1.2DME/3 TTE) to an NMR tube 
with an insert containing 100 μL of DMSO-d6 and para-fluorotolulene. 
The aged electrolyte measurement was made by taking an aliquot from 
the aging electrolyte container. All samples were measured by a Avance 
Bruker 300 MHz NMR with 8 scans.

3. Results

3.1. Calendar life

Calendar life tests revealed that cells containing LHCEs with moder-
ate water concentration exhibited about 8% higher capacity retention 
(1200–1300 mAh/g Si) than cells containing LHCEs with water re-
moved (Fig.  2, S1, S2). While cells with both high and low water 
concentration had similar trajectories after two to four RPTs, the cells 
with high water content diverged between 50–100 days of calendar 
life testing. The cells with low water content began a downward 
sloping path and exhibited a reduction in capacity retention below 80% 
between 160 and 200 days. The cells with moderate water content 
retained greater than 80% beyond 200 days of calendar life testing, 
though they did begin a sharper downward capacity curve around 
150–160 days. The moderate concentrations of water in the electrolyte 
did not result in catastrophic degradation, instead improving capacity 
retention or at least delaying capacity fade. To understand the role 
of water in this system of Si anodes paired with LHCEs, this research 
considers how the presence of water may exacerbate electrolyte oxida-
tion, modify the SEI composition, or change the electrolyte’s solvation 
structure or composition.

Water could exacerbate electrolyte oxidation by behaving as a 
sacrificial oxidant, where it could bolster the Li inventory of a cell by 
converting Li-ions in the electrolyte into Li-ions in the cyclable lithium 
inventory. While masquerading as shorter term capacity retention, elec-
trolyte oxidation results in long-term cell degradation due to electrolyte 
degradation and loss [98,99]. Endpoint slippage analysis and CV testing 
were used to assess water’s role in electrolyte oxidation.

Water or a product formed from a reaction with water could be-
have similarly to other electrolyte additives and alter the chemical or 
mechanical stability of the SEI to affect performance. Many electrolyte 
additives alter the SEI through a variety of mechanisms, including 
increasing the proportion of inorganic species, promoting polymeric 
cross-linking, and improving mechanical flexibility among other path-
ways [100–104]. Synchrotron Infrared Nanospectroscopy (SINS) was 
used to understand the effects of water on the SEI.

Finally, because of its highly polar nature, water could also favor-
ably change the solvation structure of the electrolyte. Water’s role in 
lithium ion solvation and resulting effects on cell performance have 
been studied particularly for electrolytes in which water is native to 
their design, such as water-in-salt and hybrid aqueous/non-aqueous 
electrolytes [105–108]. FTIR spectroscopy, an Advanced Electrolyte 
Model (AEM), molecular dynamics simulations, and NMR spectroscopy 
were utilized to evaluate water’s influence on solvation structure in the 
electrolyte
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Fig. 2. Calendar life tests were conducted with 2032 coin cells containing 
a Si-based anode (1 mAh cm−2) and an LFP cathode (1.88 mAh cm−2). 
The shaded regions represent the standard deviation of specific capacity 
for each cell group. Cells underwent a calendar aging cycling protocol at 
45 ◦C. LHCEs with water concentrations around 200-300 ppm demonstrated 
improved specific capacity, areal capacity, and capacity retention over LHCEs 
with dried electrolytes.

Fig. 3. Cycle life tests were conducted with 2032 coin cells containing a Si-
based anode (1.5 mAh cm−2) and a NMC cathode (2.59 mAh cm−2). Cells 
underwent a cycle life testing protocol (C/3 charge and discharge) at 30 ◦C. 
The shaded regions represent the standard deviation of specific capacity for 
each cell group. The DME-based LHCE with water concentrations around 
200-300 ppm demonstrated improved specific capacity, areal capacity, and 
capacity retention over the LHCE containing dried solvents.

3.2. Cycle life

Cycle life tests indicated general water tolerance up to 1000 ppm 
for both DME and TMS based LHCEs with subtle difference depending 
on the system. Figs.  3, S3 and S4 show the impact of water on the 
cycle life performance of the DME-based electrolyte. Moderate water 
concentration does not appear to have major negative impacts on cycle 
life performance in metrics of specific, relative, and areal capacities, as 
well as Coulombic efficiency. Cells with low water and moderate water 
concentration maintained a linear downward trajectory in capacity 
after the first 50 cycles and maintained > 80% of initial capacity over 
600 cycles. Cells with high water concentration lost greater capacity 
compared to cells with low and moderate and maintained a steady 
capacity decline during the test. These cells reached 80% capacity 
within only 400 cycles.

This result may indicate a moderate ‘‘water tolerance’’ of the DME-
based LHCE. While cells containing dilute carbonate-based electrolytes 
may exhibit rapid capacity fade due to a small amount of water [12,15], 
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Fig. 4. Cycle life tests were conducted with 2032 coin cells containing a Si-
based anode (1.5 mAh cm−2) and a NMC cathode (2.59 mAh cm−2). Cells 
underwent a cycle life testing protocol (C/3 charge and discharge) at 30 ◦C. 
The shaded regions represent the standard deviation of specific capacity for 
each cell group. The TMS-based LHCE with water concentrations around 
200-300 ppm demonstrated improved specific capacity, areal capacity, and 
capacity retention over LHCEs with dried electrolytes during 600 cycles at 
C/3. The cells in these tests were graphite versus NMC and cycled at 30 ◦C.

the DME-based LHCE can perform well even with moderate amounts 
of water. The LHCE may be tolerant not only of water itself but also 
of reaction byproducts from water reacting with the Li salt, electrolyte 
solvent, or SEI components. In the cycle life testing compared to the 
calendar life testing, the cell experienced far more movement of Li-
ions and solvation structure changes, as well as their interaction with 
the Helmholtz layer that could result in more continual byproduct 
speciation.

Cycle life tests of the TMS-based electrolyte showed a different 
result. Figs.  4, S5 and S6 indicate that water up to 200–300 ppm has 
relatively little effect on cycle life performance. While the capacity 
trajectory of the DME-based electrolyte with high water concentra-
tion sharply declined, the capacity fade of the TMS-based electrolyte 
with high water concentration was only somewhat steeper than the 
TMS-based electrolytes with low and moderate water up to 600 cy-
cles. Generally, the DME-based electrolyte performed better overall, 
however, than the TMS-based electrolyte in cycle life tests. The TMS-
based electrolyte with low water concentration reached 80% of initial 
capacity around 500 cycles, while the TMS-based electrolyte with 
moderate water concentration reached 80% of initial capacity around 
600 cycles. The TMS-based electrolyte with high water concentration 
reached 80% of initial capacity within about 200 cycles. Examining the 
oxidative stability, SEI composition, and solvation structures of each 
LHCE system helps to reveal why there are subtle differences in water 
tolerance between the DME-based and TMS-based LHCEs.

3.3. Electrolyte oxidation

Electrolyte oxidation could temporarily hide long-term cell degrada-
tion. For example, oxidation of water in the electrolyte on the cathode 
surface leads to the conversion of dissolved Li+ in the electrolyte to Li+
in the cell’s cyclable inventory (Eq. (2), (3)): 
2H2O⟶ 4H+ + O2 + 4e− (2)
2e− + 2Li+ + Si⟶ Li2Si (3)

In the short-term, cell capacity would appear unchanged or even 
increasing, but over time, electrolyte species will decompose, which 
will result ultimately in worsening cell health [109,110]. For exam-
ple, Rinkel et al. [110] propose a hydrolysis reaction of DMC to 
form lithium methyl carbonate and methanol. The effect of water on 
electrolyte oxidation was investigated with two approaches: endpoint 
slippage and CV measurements.
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Fig. 5. Cycle life testing from one cell containing a TMS-based electrolyte with 
moderate water concentration is shown in this plot. Identical testing protocols 
are shown in Fig.  3 and 4. Endpoint slippage is visible at the top (4.1 V) and 
bottom (3 V) of charge as cycles proceed.

3.3.1. Endpoint slippage
Endpoint slippage refers to an approach developed by Jeff Dahn’s 

group to measure the contribution of parasitic side reactions to cell 
capacity fade [80,109,111–113]. Fig.  5 shows a voltage versus capacity 
plot to illustrate endpoint slippage analysis. During cycling, parasitic 
reactions will occur at both the anode and cathode sides in the form of 
SEI growth and oxidation reactions, respectively. To visualize the con-
tribution of these parasitic reactions to the cell capacity, the cumulative 
capacity can be plotted on the 𝑋-axis and the cell potential on the Y-
axis. Parasitic reactions at the anode are denoted as discharge endpoint 
slippage and can be visualized as rightward shift in the capacity at low 
potentials. These reactions remove electrons and their corresponding 
Li-ions from the cyclable lithium inventory by forming SEI species, 
which will then result in a smaller reversible capacity between the 
cutoff potentials. Parasitic reactions at the cathode are denoted as 
charge endpoint slippage and are associated with a rightward shift in 
capacity at high potentials. On the cathode side, water or products 
formed from reactions with water could oxidize at high potentials. Wa-
ter oxidation, as shown in Eq. (2) results in extraction of electrons from 
water and the subsequent conversion of Li-ions in the electrolyte to Li 
in the cell’s cyclable inventory (Eq. (3)). This shifts the upper cutoff 
potential rightward, resulting in a larger reversible capacity between 
the cutoff potentials. Thus, endpoint slippage analysis should reveal 
whether water oxidation is masquerading as cell capacity. Endpoint 
slippage analysis does have limitations, particularly related to cells with 
Si-based anodes [80] due to their highly sloped voltage profile.

For the present study, endpoint slippage was determined by sub-
tracting the charge or discharge endpoint at cycle four (first cycle after 
the 3x C/10 formation cycles) from the charge or discharge endpoint 
at cycle 580. These values were divided over the cathode loading. Figs. 
6 and 7 show the charge and discharge endpoint slippage for each cell 
replicate. Charge endpoint slippage does not appear to be significantly 
greater in the DME-based electrolyte with high water concentration. An 
increase in charge endpoint slippage is correlated with increased water 
concentration in the TMS-based electrolyte, though the cells with low 
water concentration did have significant variability in charge endpoint 
slippage. This may explain the better cycle life performance of the 
TMS-based electrolyte with high water concentration compared to the 
DME-based electrolyte with high water concentration. Because both 
charge and discharge endpoint slippage were observed, another expla-
nation could be a reversible redox shuttle. However, greater endpoint 
slippage occurred at high potential, so there are likely other factors 
affecting capacity changes.

Discharge endpoint slippage does show a trend related to water 
concentration. Although the discharge endpoint slippage is similar 
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Fig. 6. Endpoint slippage analysis was conducted on cycle life testing data 
shown in Figs.  3 and 4. Error bars represent the standard error of the mean. 
Charge endpoint slippage appears to increase when the water concentration 
of the TMS-based electrolyte is increased from 200-300 ppm to 1000 ppm.

Fig. 7. Endpoint slippage analysis was conducted on cycle life testing data 
shown in Figs.  3 and 4. Error bars represent the standard error of the mean. 
Discharge endpoint slippage does appear to correlate with water concentration 
for both electrolytes.

between low and moderate concentrations for both LHCE systems, 
electrolytes with high water concentration have slightly higher dis-
charge endpoint slippage. This indicates that greater SEI growth may 
be occurring in cells with high water concentration. Greater SEI growth 
may result from continual damage to the SEI and subsequent regrowth 
that ultimately results in capacity fade. While continual SEI growth is 
a concern more broadly, SEI growth would not temporarily bolster Li 
inventory, so it is not a possible mechanism to explain the better calen-
dar life performance of cells with moderate water concentration. The 
trend of discharge endpoint slippage does matter for cell performance 
but not in the present comparison of electrolytes with varying water 
concentrations.

3.3.2. Cyclic voltammetry
CV tests were conducted to compare oxidative stability of elec-

trolytes with different water concentrations. Water in the electrolyte 
had mixed effects on the oxidative stability. Cycling and calendar 
life tests were conducted with an upper voltage cutoff of 4.1 V, but 
oxidative stability was measured up to 5 V to find a realistic upper 
limit. Fig.  8 shows the average maximum current measured during the 
three scans conducted at each voltage limit.

At all three potentials, the cell containing TMS-based electrolyte 
with high water concentration had a greater current at high poten-
tials, indicating more oxidation reactions, compared to the TMS-based 
electrolyte with moderate water. Conversely, the DME-based electrolyte 
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Fig. 8. Cyclic voltammetry (CV) tests were conducted in 2032 coin cells with 
an Al working electrode and Li counter electrode. Duplicate CV tests were 
conducted for each sample, and both results are shown. The cells underwent 
voltage sweeps from a minimum potential of 3 V and maximum potentials of 
4.2, 4.5, and 5 V. Sweeps were conducted at 100 mV/s. CV tests revealed that 
water in the electrolyte has varying effects on oxidative stability. A high water 
concentration (1000 ppm) in the DME-based electrolyte improved oxidative 
stability over a moderate water concentration (200-300 ppm), while a high 
water concentration in the TMS-based electrolyte worsened oxidative stability.

with a high water concentration showed improved oxidative stability, 
compared to the DME-based electrolyte with moderate water. The 
higher oxidation currents indicate that water oxidation may be masking 
capacity fade more than in a cell with lower oxidation current. This 
result is congruent with the better cycle life performance and greater 
charge endpoint slippage of the TMS-based electrolyte with high water 
concentration relative to the performance disparity between the DME-
based electrolytes with low, moderate, and high water concentrations. 
A caveat exists in that a Li metal counter electrode was used in the 
CV experiments. The interaction of the Li metal electrode with water 
could result in new products or products at higher concentrations than 
found in the cells with no Li metal electrode. However, because the 
results of the CV tests agree with the results of the cycle life tests, the Li 
metal electrode likely does not confound this comparative test between 
the two electrolytes. Agreement between the results of the endpoint 
slippage analysis, which used realistic electrodes, and the CV tests, 
which used Li metal electrodes, support the validity of the CV tests 
for comparing oxidative stability of the electrolytes. Additionally, in 
commercial cells where electrolyte lean conditions are used and other 
harmful effects of oxidation such as gassing must be considered, the 
DME-based electrolyte could have fewer side reactions and would likely 
exhibit better long term performance when high water concentrations 
are present.

3.4. SEI characterization

The presence of water could affect the calendar aging performance 
by altering the chemical or mechanical properties of the SEI. To assess 
the effect of water in the TMS-based electrolyte on the SEI, SINS was 
performed to characterize the nanoscale topography and chemistry of 
the SEI layer on model Si thin films. By implementing a synchrotron 
source coupled with a He-cooled detector, low frequency vibrational 
modes (600–300 cm−1) originating from Li inorganic phases (such as 
Li2O and LiF) can be observed allowing for both organic/molecular 
vibrations and inorganic modes to be detected in the SEI layer with 
20-nm scale spatial resolution [114].

IR nanospectroscopy revealed chemical and structural differences 
in SEI. The 50-nm thick a-Si thin film electrodes were first cycled 
five times between 0.05 V and 1.50 V at 0.1 mV/s and then held 
at 0.05 V for 45 h to assess their parasitic currents (Fig. S7) [115]. 
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Fig. 9. AFM topography and IR white-light image of the a-Si thin film electrode after 5 CV cycles at 0.1 mV/s from 0.05–1.50 V followed by a 45-hour voltage 
hold at 0.05 V in the (a) low water electrolyte and (b) the same electrolyte spiked with 1000 pm of H2O. (c) SINS spectra averages of the linescans shown in 
(a,b) along with references from the electrolyte with low water concentration and Li2O and LiF (from Ref. [114]).
 

Both electrodes showed the typical behavior of a-Si alloying reactions; 
however, the high-water-concentration electrolyte exhibited a higher 
cell resistance possibly related to modified SEI formation on the Si 
or Li metal electrodes. After the 45-hour hold, the electrolyte with 
high water concentration resulted in a lower parasitic current of 0.064 
μA/cm2 compared to 0.106 μA/cm2 suggesting that the additional 
water improved the passivation.

After the voltage hold, the thin film electrodes were characterized 
with AFM topography, IR white-light imaging and IR nanospectro-
copy to determine any differences in the nanoscale topography and 
chemistry of the two SEI layers. The topography (Fig.  9a, top) of the 
electrolyte with low water concentration appears relatively smooth 
with small cracks. The corresponding IR white-light image (Fig.  9a, 
bottom), which is sensitive to the nanoscale reflectivity of the near-field 
IR light, is homogenous across the surface which is an indication of 
chemical uniformity on the nanoscale. In contrast, the SEI formed with 
the high-water-concentration electrolyte, exhibited an SEI topography 
consisting of nanoparticles approximately 50–100 nm in size across the 
surface indicating the water seemed to modify the resulting topology 
of the SEI layer.

Fig.  9c shows the nano-FTIR spectra averages from the linescan in 
Fig.  9a,b along with the ATR-FTIR spectrum of the dry electrolyte along 
with reference spectrum of Li2O and LiF. Both linescans across the 
surface (Fig. S8) showed similar spectra, suggesting that both SEI layers 
are chemically homogenous on the nanoscale (consistent with the IR 
white-light images). Both nano-FTIR spectra from the surface exhibit 
broad peaks around 1436, 1182 and 500 cm−1 but with different 
ratios. The absorption at 1436 and 1182 cm−1 can be attributed to 
asymmetric and symmetric stretching modes related to SO2 groups, 
respectively [116,117] . These groups are present in the original elec-
trolyte (from the FSI and TMS) but the other vibrational modes such as 
S-N-S (567 cm−1) appear to be absent or attenuated in the SEI layer. 
The broad feature around 500 cm−1 dominate the spectrum with a 
higher ratio in the 1000-ppm-water electrolyte. This peak is typical 
of Li-ion inorganic phases as observed in previous work [114]. Based 
on comparing the peak position with the Li2O and LiF references, the 
SEI layer appears to be composed of primarily Li2O along with some 
S – O groups as evidenced by the peaks at 1435 and 1182 cm−1. The 
effect of high water in the electrolyte appears to alter the topography 
of the SEI layer along with increasing the relative ratio of Li2O to S – O
related groups. Although determining the contribution of any one SEI 
component to cell performance is challenging and beyond the scope 
of this work, water in the electrolyte did affect SEI chemistry and 
structure. Water did increase the relative amount of Li2O in the SEI, 
and Li2O has been associated with interface stability in high-energy 
electrodes [118–121]. Two caveats exist for this experiment: (1) a Li 
metal counter electrode was used instead of NMC or LFP and (2) a Si 
thin-film anode was used instead of a composite Si electrode. The Li 
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metal electrode may have influenced the type or concentration of SEI 
components measured on the Si anode. The thin-film Si anode excludes 
electrolyte interactions with the higher surface area carbon and binder. 
This measurement, however, is not intended to provide a perfectly 
representative profile of the SEI in the SI composite anode. Rather, 
this measurement is intended to determine whether substantial water 
concentration in the electrolyte generally affects SEI products that 
form. The calendar life results support a high water tolerance of these 
electrolytes, which could be caused by advantageous SEI products, such 
as Li2O, which is present in greater quantities in the SINS experiment 
with high water concentration.

3.5. Electrolyte solvation and composition

Long-term differences in electrolyte solvation and composition could
account for variability in calendar life performance. Electrolyte solva-
tion structure is critical for cell cycling and long-term stability [122]. 
FTIR, electrolyte modeling, and molecular dynamics were used to eval-
uate solvation structure. NMR was utilized to evaluate both solvation 
structure and electrolyte composition.

3.5.1. FTIR
FTIR spectra were measured from electrolytes with low, moder-

ate, and high water concentrations. TMS-based electrolytes and the 
DME-based electrolytes showed almost no differences between different 
water concentrations (Fig. S9, S10, and S11). The vibrational modes 
studied were chosen based on previous literature studies of electrolytes 
with TMS (SO2 bending and CH2 bending) [123] and DME (C-O-C 
bending) [62]. This result is consistent with computational models and 
NMR.

3.5.2. Advanced electrolyte model
The AEM architecture determines preferential solvation for free 

(non-associated) cations and anions. That is, it calculates the proba-
bility of finding a given solvent in the primary solvation shell of a 
chosen ion, given the bulk electrolyte formulation, salt concentration, 
and temperature. The probability functions are tied to the relative 
molar proportions of solvent, the ion populations, the solvent residence 
times for all solvents in relation to the ions, and other thermodynamic 
terms. Preferential ion solvation is not a static quantity, as it can vary 
over salt concentration due to the solvent availability in bulk versus 
the competition for solvent as occupants of solvation shells. The LHCE 
system LiFSI 3TMS/3TTE was modeled with 300 versus 1000 ppm 
water at 25 ◦C. Fig.  10b shows the preferential cation solvation by 
the three solvents over salt concentration, as expressed as solvent mole 
fractions within the lithium solvation shells. First, TMS is seen to be the 
preferred solvator at a 2:1 molar proportion over TTE. This preference 
increases slowly to 2.8:1 at the higher salt concentrations. The cation 
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Fig. 10. AEM comparison of metrics for preferential lithium solvation by water, comparing cases of 300 versus 1000 ppm water in the solvent mixture. Panel 
(a) solvating water molecules per lithium ion and (b) shows the water mole fraction in lithium solvation shells.
solvation number decreases over salt concentration. The behavior for 
water shows a marked decrease over salt concentration, owing more 
to the trace amounts of water and the dilution effect caused by the 
increasing ion population. At 300 ppm water, there is 0.133 mole 
percent water in cation solvation shells at the design concentration of 
1.22M salt, while that amount increases to 1.44 mole percent for the 
1000 ppm case.

Additionally, there is an enrichment of water in the lithium sol-
vation shell volumes versus the bulk solvent. At 300 ppm water, 
the mole fractions for solvent mix of TMS:TTE:water are 0.49723: 
0.49984:0.00293 at 25 ◦C, where in Fig.  10(a) the water mole frac-
tion in the cation solvation shells exceeds 0.00293 until 0.44M. In 
comparison, at 1000 ppm water, the mole fractions for solvent mix of 
TMS:TTE:water are 0.49386:0.49646:0.00969, where in Fig.  10(a) the 
water mole fraction in the cation solvation shells exceeds 0.00969 until 
2.1M.

Since AEM also provides the solvation number for cations over salt 
concentration, the result from panel (a) can be multiplied times the 
solvation number to derive Fig.  10(b), which shows the solvating water 
molecules per lithium ion. At the design salt concentration of 1.22M, 
there is 0.0032 water molecules per lithium ion at 300 ppm water, 
which increases an order of magnitude to 0.032 for the 1000 ppm case. 
This equates to 1 in 312 lithium ions will contain one water molecule 
when 300 ppm water is present in the bulk electrolyte, but 1 in 31 
lithium ions will carry a water molecule when 1000 ppm is present. 
While 300 to 1000 ppm water is a relatively low concentration in the 
electrolyte, the AEM indicates that water disproportionally participates 
in solvation. This magnifies the electrochemical effects of water in 
the electrolyte. For example, water may be overrepresented as an SEI 
reactant because of solvation effects.

3.5.3. Lithium solvation energy comparison
Solvation energies are another metric which can indicate the rel-

ative strength of interactions between solvents and ions. Since the 
electrolytes studied have trace amounts of water (300 vs 1000 ppm), 
it is anticipated that a single cation is not likely to be fully solvated by 
water, but instead have a single water molecule in its solvation shell 
along with TMS and TTE. Thus, AEM was used to study the single-
solvent solvation energy between Li+-water1 and Li+-TMS1, since TMS 
has been shown to be a more aggressive solvator than TTE. AEM pro-
vides a rigorous chemical physics platform to determine solvent-to-ion 
binding energies and related solvation numbers, covering the complete 
thermodynamic cycle necessary for describing the solvation process. At 
25 ◦C and low-to-moderate salt concentrations, the Li+-water1 binding 
energy is predicted at 151.0 kJ/mole, while that for Li+-TMS1 is 227.4 
kJ/mole. The latter value agrees well with 227.7 kJ/mole found in the 
literature [124]. Thus, for a mixed-solvent solvation shell environment, 
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water would undergo desolvation earlier than TMS. This infers that 
water could well be carried by lithium ions toward an electrode surface, 
but would become decoupled from the ions prior to the other solvators, 
and may not actually be transported all the way to the inner SEI or 
surface due to Faradaic currents. As such, water could accumulate in 
and near the Helmholtz region where it could play a role in SEI stability 
or eventually be consumed in passivation processes. This result agrees 
with the nano-FTIR results showing greater Li2O, likely a product 
originating from water consumption, in the SEI for an electrolyte with 
high water concentration.

3.5.4. Molecular dynamics
MD was used to evaluate the coordination environment for elec-

trolyte with high water concentration. Analysis of the MD trajectories 
reveals that the addition of 1000 ppm water does not substantially 
modify the local coordination structure around Li+ in either the LiFSI 
3TMS/3TTE or the LiFSI 1.2DME/3TTE electrolyte. In both systems, 
TTE acts as a non-coordinating diluent and contributes negligibly to the 
first solvation shell (<0.01). TMS and DME act as coordinating solvents, 
with TMS binding much more strongly to Li+ than DME. This is shown 
in the average composition of Li+ first solvation shell, illustrated in 
Figure S12.

In the LiFSI 3TMS/3TTE system, the coordination environment 
remains essentially constant: Li+- FSI− coordination shifts only from 
1.13 to 1.12, and Li+-TMS coordination, which dominates the solvation 
shell, remains at ∼3.90 at both 0 and 1000 ppm water. Similarly, 
in the LiFSI 1.2DME/3TTE system, the effect of 1000 ppm water is 
negligible, with Li+-FSI− coordination changing from 3.85 to 3.80, and 
Li+-DME coordination increasing slightly from 0.42 to 0.43. In both 
water-containing electrolytes, minimal Li-H2O coordination is detected 
(<0.01), due to the low absolute concentration of water. These minor 
variations fall within the statistical uncertainty of MD simulations.

To further probe the possibility of micelle-formation in these elec-
trolytes, FSI− ion-pairing states using were classified using the defi-
nitions from Efaw et al. [76] where the coordination environment is 
defined by the number of Li+ ions coordinated to FSI− anions. SSIPs 
denotes 0 Li+ coordination, CIPs denotes 1 Li+ coordination, AGG 
denotes 2 or 3 Li+ coordination, and AGG+ denotes 4 or more Li+
coordination. As shown in Figure S13, the ion-pairing distributions 
remain essentially unchanged upon the addition of 1000 ppm water 
in both electrolytes.

In the LiFSI 3TMS/3TTE system, the strong coordination affinity 
of TMS for Li+ likely stabilizes compact clusters and suppresses the 
formation of large micelles, as indicated by the minor AGG+ fraction 
of ∼ 2% in both dry and wet electrolytes. This is illustrated in the 
MD snapshot in Fig.  11a, which shows small LiFSI clusters dispersed 
throughout the simulation box.
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Fig. 11. Representative MD simulation snapshots of Li+-FSI− ion clustering 
behavior in (a) 1:3:3 LiFSI:TMS:TTE, where small clusters remain dispersed 
throughout the simulation box, and (b) 1:1.2:3 LiFSI:DME:TTE, where large 
LiFSI clusters percolate across the simulation cell.

Fig. 12. 19F NMR spectra indicate some LiFSI degradation. Integration of the 
primary LiFSI peaks and surrounding peaks indicated differential amounts of 
LiFSI degradation between the DME/TTE and TMS/TTE electrolytes, 15% and 
6%, respectively.

In contrast, in the LiFSI 1.2DME/3TTE system, AGG+ dominate, 
making up to 79% of the solvation environment. The weak coordination 
of the ether oxygen in DME encourages preferential interaction of 
Li+ and FSI−, forming large LiFSI cluster that spans the simulation 
box. This is shown in Fig.  11b. Overall, MD simulations show no 
meaningful changes in either the lithium solvation environment or the 
ion-pairing distributions upon the addition of 1000 ppm water to both 
electrolyte systems. The discrepancy with the experimental observa-
tions are likely due to the formation of new species through chemical 
reactions occurring within the electrolyte, which are not captured by 
classical MD simulations. The limited time-scale and system size of 
MD may be insufficient to capture larger length-scale effects that are 
observed experimentally. Surface effects were also not considered in 
these simulations and this could play a significant role in SEI and 
cathode/electrolyte interface dynamics.

Both the AEM and MD simulations indicate negligible effects on 
the coordination environment by water at up to 1000 ppm, which 
is consistent with the low absolute concentration of water in the 
electrolytes.

3.5.5. NMR
NMR was utilized to measure solvation and composition of elec-

trolytes with moderate and high water concentrations. The electrolyte 
with high water concentration aged for six months at ambient
temperature.1H NMR spectra were collected both samples, and no 
peak shifts were observed (Fig. S14). This indicates that no large-scale 
differences in the coordination environment exist between cases.19F 
NMR spectra do show some degradation of LiFSI (Fig.  12).

The LiFSI peak (𝛿𝐹 ≈ 52 ppm) is associated with the F – SO2 –  group 
of FSI –  [74] and is strongly visible in both the low water electrolyte and 
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the high water/aged electrolyte. For both the TMS/TTE and DME/TTE 
electrolytes, other peaks around 52-57 ppm appeared after eight weeks 
of aging at room temperature. Some discoloration and crash out was 
visible. The FSI –  peaks and surrounding peaks were integrated with the 
MestReNova software. The integrated area of peaks between 50-58 ppm 
was given an arbitrary value of 1. The FSI –  peak at 52 ppm was then 
integrated by itself, and then the remaining peaks in the 50-58 ppm 
region were integrated. The area of the FSI –  peak divided by the total 
area of all the peaks in the 50–58 region is presumed to represent 
non-degraded FSI – . Those values differed between the TMS/TTE and 
DME/TTE of electrolytes. The TMS/TTE electrolyte retained about 94% 
of non-degraded FSI – , while the DME/TTE electrolyte retained about 
85% of non-degraded FSI – . These data show that some degradation 
can occur because of chemical reactions between water and the elec-
trolyte salt and solvents. Electrochemical effects may cause further 
degradation.

In a separate set of NMR measurements, a singlet was observed 
in the 1H spectrum starting near 3.4 ppm [125] for both the TMS-
based and DME-based electrolytes (Fig. S15–S18). The singlet did shift 
downfield in both cases after one week of aging likely due to the usage 
of DMSO d-6 directly in the electrolyte, which caused some solvation 
change over time, instead of in an insert, which was used for the 
previously discussed NMR experiments. The singlet did, however, have 
the same integrated intensity for the electrolyte samples with 1000 ppm 
of water added. This result indicates that water did not completely 
react into different products while in the electrolyte itself, but possible 
degradation and solvation change due to the presence of DMSO-d6 did 
cause downfield shifting. Although water may exist in the electrolyte 
itself for extended periods, the water will likely react rapidly in a cell 
setting because of its limited electrochemical stability window [126].

The AEM, MD, and NMR results suggest no effect of water on the 
coordination environments of either the TMS/TTE or the DME/TTE 
electrolytes. The AEM results indicate, however, that water may have 
an outsized effect on electrochemical processes such as SEI formation. 
This is because it may be overrepresented in solvation spheres, com-
pared to its bulk concentration. NMR results show that some anion 
degradation is possible after several weeks of aging, though the degra-
dation is < 15% of the initial salt concentration for both electrolyte 
systems.

3.5.6. Comparison with a dilute electrolyte system
Experimental and modeling efforts suggest that both the TMS-based 

and DME-based are highly water tolerant even up to 1000 ppm water in 
some cases. The electrolytes studied have two qualities that encourage 
stability: (1) they both contain LiFSI salt, which is not known to hy-
drolyze under standard battery operating conditions [30] and (2) they 
utilize a LHCE design, which is stable versus highly reactive electrodes, 
such as Li metal [65–67]. To differentiate between the contributions 
of the LiFSI salt and the LHCE design, additional cycle life tests were 
conducted using 1M LiFSI in 3/7 EC/EMC (wt./wt.) and 1.2M LiPF6
in 3/7 EC/EMC (wt./wt.) + 3 wt% fluoroethylene carbonate (FEC) 
electrolytes. Half of the cells tested had 1000 ppm water added to 
the electrolyte. Figures S19 and S20 show that the capacity of the 
cells containing 1M LiFSI in 3/7 EC/EMC (wt./wt.) and 1.2M LiPF6
in 3/7 EC/EMC (wt./wt.) + 3 wt% FEC declined rapidly. These results 
suggest several important conclusions: (1) LiFSI is highly water tolerant 
because adding water does not affect cell performance in either the 
LHCE or dilute cases; (2) the LHCE design is critical for stabilizing 
the Si-based cell system because both dilute electrolyte systems tested 
failed rapidly.

4. Conclusion and discussion

The present study reveals that LHCEs promote capacity retention in 
cycle and calendar life testing of Si-based cells, despite the presence of 
a known impurity. Although previous research on Si anodes indicated 
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water in the electrolyte may be the root cause of cell failure [6,7], 
water had unexpected positive effects on calendar life for two different 
LHCEs. Also, water at a 200-ppm concentration had little effect on cycle 
life performance, and even 1000 ppm of water did not result in rapid 
capacity fade. In a long-term cell cycling test, however, water should 
be limited to 200 ppm or less to minimize degradation. These results 
suggest that the relationship between electrolyte chemistry, impurities, 
and cell performance is more complex than previously understood.

In this research, three causal mechanisms were investigated: (1) 
electrolyte oxidation temporarily bolstering cell capacity, (2) water 
acting as a beneficial reactant for SEI chemical stability, (3) water 
playing a role in a more favorable coordination environment. This 
study revealed water impacted both the structure and chemistry of 
the SEI. The presence of 1000 ppm water in the electrolyte increased 
the proportion of Li2O in the SEI. Although determining the exact 
effects of any one SEI component is beyond the scope of this study, 
previous research has shown beneficial effects of Li2O on cell per-
formance [41–43]. Electrolyte modeling results supported the SINS 
measurement of SEI: despite the low overall water concentration, water 
could disproportionally affect SEI reactions because of its overrepre-
sentation in the solvation structure. Electrolyte models did not support 
a large-scale change in the electrolyte coordination environment. CV 
tests and endpoint slippage analysis ruled out electrolyte oxidation 
masquerading as cell capacity. This implies that the LHCEs in this study 
have a legitimate, lasting impurity tolerance in both continuous cycling 
and high voltage hold conditions.

One caveat to these results is that these systems did have excess 
electrolyte. Excess electrolyte could have impacted cell performance 
and longevity in a few different ways. Excess electrolyte could prolong 
cell life- time by minimizing impedance rise due to electrolyte dry-
out [127]. Excess electrolyte could also dissolve the SEI and reduce cell 
life more rapidly compared to an electrolyte lean system. Although the 
present study should be extended to a lean electrolyte system for more 
commercial relevance, water in the electrolyte resulted in surprising 
cell performance when compared across electrolyte-rich systems.

These results are impactful not only for this specific system but also 
for electrolyte development broadly. The present study reveals that a 
common impurity at a relatively low concentration potentially affects 
SEI structure and chemistry while retaining cycle and calendar life. 
Even small changes to the LHCE solvent and impurity concentrations 
could have important mechanistic effects. Finally, the present study 
undergirds the promise of LHCEs in highly reactive battery systems. 
Battery systems beyond graphite/NMC offer greatly increased capacity, 
though at the cost of reactivity. Even with water present, these LHCEs 
did not react and degrade as expected. Overall, LHCEs represent a path 
forward to broadening battery chemistries to increase energy density 
and cell lifetimes.
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