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Abstract

A protocol was recently developed to compare calendar life using a constant potential while monitoring the
electrical current required to maintain the potential. Here, this calendar life protocol is used with electrolyte
formulations containing various mole fractions of ethylene carbonate (EC), ethyl methyl carbonate (EMC),
and LiPFg to elucidate the role each component plays in passivation for high silicon anodes. Together, EC
and LiPFs lead to higher currents, and thus poorer passivation, whereas EMC acts as a spectator. The
variation of the components’ mole fraction also changes the solid-electrolyte interphase (SEI) composition,
as measured by x-ray photoelectron spectroscopy. Importantly, higher LiPFs content leads to increased LiF
as well as increased current, indicating that higher LiF content does not enhance the passivation of the
silicon surface. Finding that EC did not yield a passivating SEI, instead ethylene sulfite, sulfolane, and
propylene carbonate (PC) were used in place of EC. Using ethylene sulfite and sulfolane resulted in poorer
passivation compared to EC, whereas PC resulted in superior passivation. The superior passivation may be

related to more stable lithium-solvent complexes.
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1. Introduction

Silicon is a potential anode material for next generation lithium-based batteries owing to its relatively low
potential (<0.4 V vs. Li/Li") and a very high theoretical specific capacity (~3,600 mAh/g). However, several
roadblocks remain for the widespread use of silicon as an anode. One particularly vexing challenge is the
poor calendar life at high states of charge.! Composite silicon anodes show reduced cycle life and calendar
life when compared to graphite, with the silicon continuing to consume electrolyte via solid-electrolyte

interphase (SEI) formation and electrical isolation of active material, which suggests silicon anodes are not
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effectively passivated.!® Silicon passivation might be poor compared to graphite for several reasons: higher
electrical conductivity or increased electron tunneling through the SEI via a thinner SEI (or shorter
tunneling distance) or a lower barrier energy for electron transport; increased solvent diffusion through the
SEI where it reacts at the electrode surface; or increased neutral lithium diffusion through the SEI, thereby

allowing self-discharge.”®

A protocol was recently developed to assess long-term electrolyte reactivity trends at the anode surface.’ In
this protocol, the cell is cycled to form the SEI and then held at a constant potential while the electrical
current required to maintain the cell voltage is monitored over several hundred hours. In these tests,
LiFePOyis used as a counter electrode primarily because of its flat potential profile, which reduces potential
drift as the cathode is delithiated, thus maintaining the anode potential close to the target potential. Fitting
the current decay profile provides a metric with which one can estimate the extent of reduction reactions
occurring at the anode/electrolyte interface; ultimately, the behavior can be correlated with the calendar life
achieved with the system. This protocol helps separate instances of SEI chemical instability (i.e. the SEI
dissolves away or is permeable to some reacting species) from SEI that is unstable due to the large
volumetric changes from lithiation/delithiation.” By maintaining a constant potential at the electrodes, the
lithium content of the electrodes remains (nearly) constant, thus removing any mechanical strain or cracking

that would normally result from lithiation/delithiation.

In this work, we used the above calendar life evaluation protocol to understand the role of the electrolyte
components in the formation of a SEI. Classic reaction kinetics measurements estimate rate constants and
mechanisms of chemical reactions by monitoring the concentration of products or reactants through many
methods, including ultraviolet/visible light absorption, infrared spectroscopy, NMR, and mass
spectrometry.'!? By varying the ratio (and thus the activity) of reagents, one can estimate the reaction
orders and the mechanistic importance of various constituents. Although many of the spectroscopic
methods mentioned above cannot be applied easily to assembled electrochemical devices, current
techniques provide a direct measure of electron transfer rates. We varied the ratios of constituents in the
electrolyte and monitored the current required to maintain a constant voltage (henceforth referred to as the
residual current) as a measure of the parasitic reactions occurring within the SEI to explore which

electrolyte species is responsible for the SEI’s non-passivating behavior.

A general electrochemical reaction might proceed as A + e~ = B~ , where A is some reactant and B~ is
the product. Because every A converted to B~ consumes an electron, the current flowing to the reaction
zone can be used as a measure of the reaction rate. However, the flowing current will ultimately be the sum
of any electrochemical reactions occurring in parallel as well as the electronic current (current caused by

the finite electronic conductivity of the medium). Although the identity of the product is lost, measurement
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of the current over time at a constant voltage will yield the total reaction rate, and its integral will yield the
total reacted charge, assuming the electronic current through the electrolyte is negligible. Using this method,
the LiPF¢ + ethyl methyl carbonate (EMC) + co-solvent (ethylene carbonate [EC], propylene carbonate
[PC], ethylene sulfite [ES], or sulfolane) electrolyte system with a lithium iron phosphate (LFP) cathode
and silicon anode was studied in a full cell configuration. By fitting the decay rate of the residual current,
we were able to extract phenomenological information, identify the unstable chemical components, and

correlate them to the passivating power of the SEI.
2. Experimental

The LFP cathodes and silicon anodes were fabricated at Argonne National Laboratory’s (Argonne’s) Cell
Analysis, Modeling, and Prototyping (CAMP) facility. The cathode was made from LFP (Johnson Matthey,
90 wt %) with 5 wt % PVDF and 5 wt % C45 carbon black. The anode was made from 80 wt % silicon
(Paraclete Energy Inc., milled silicon), 10 wt % C45 carbon black and 10 wt % LiPAA (85% neutralized).
The cast cathode and anode materials were dried under vacuum overnight (>12 hours) at 120°C and 150°C,
respectively, and were subsequently transferred to an argon-filled glovebox while still hot. Importantly, the
areal loading of the LFP (>4 mAh/cm?) was much larger than that of the anode (~1.2 mAh/cm? when
lithiated to 100 mV vs. Li/Li*) to guarantee that the quasi-constant potential of the cathode was maintained
during the voltage hold experiment despite the low initial coulombic efficiency of the silicon electrode.’
Electrolyte solutions were made in an argon-filled glovebox by weighing out the proper amount of solvent
(EC, Sigma-Aldrich 99%), PC (Sigma-Aldrich 99.7%), ES (Sigma-Aldrich >99.0%), sulfolane (Sigma-
Aldrich 99%), and diluent. In all cases, the diluent was EMC (Sigma Aldrich, 98%). The solvent and diluent
were then mixed and dried over zeolites (3A) and lithium metal. The lithium metal was reacted, and then
replaced with new lithium until the lithium had been shiny for >24 hours. Subsequently, 4 mL of EC/EMC
was measured out with a micropipette and the proper amount of LiPFs was weighed out and added to form
the final electrolyte solution. Celgard 2325 separators were then soaked in the electrolyte solution for a

minimum of 24 hours to ensure wetting before cell assembly.

Coin cells (CR2032, stainless steel parts with polypropylene gasket) were assembled in an argon-filled
glovebox. The LFP had an areal capacity of ~4.02 mAh/cm?, whereas the silicon had an areal loading
capacity of 3.96 mAh/cm?. The LFP was 15 mm in diameter, the silicon was 14 mm in diameter, and the
separator was 19 mm in diameter. Coin cell parts were first cleaned in an ultrasonic bath of hexane and then
isopropanol for 15 minutes each before drying overnight at 105°C. The parts were then transferred into the
glovebox while still hot. The coin cells were assembled by first placing a spring and spacer into the coin
cell bottom. The cathode was then placed on the spacer, and 50 uL of electrolyte was placed on top of the

cathode. A separator soaked in electrolyte was then placed on the cathode, and an additional 50 pL of
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electrolyte was placed on top of the separator. The anode was then placed in such way that the electrolyte
wetted active material, and the cell was sealed. The cell was then removed from the glovebox and connected
to a Maccor 4000 cell tester. Each cell was cycled 3 times from 2.7 to 3.35 V at C/10 and then charged up
to 3.35 V and held while the current was measured. Cell capacities were approximately 3 mAh and were

run in triplicate to ensure reproducibility.

Electrolyte conductivity was measured using a Swagelok® cell design with glassy carbon electrodes (CH
Instruments, CH104). The cell was first assembled without the electrolyte to set the ferrules in place on the
electrodes (to ensure the same distance is set each time the cell is assembled). The cells were initially
cleaned via rinsing with deionized water and isopropanol. The cells were then dried overnight at 80°C under
vacuum and then placed in an argon-filled glovebox. The electrolyte was loaded into the cells, and the cells
were sealed. Impedance spectra were taken using a Bio-Logic SP240 potentiostat in potentiostatic mode
with a 10 mV signal amplitude and current ranges of 100 pA, 1 mA, and 10 mA. The cells were cleaned
with isopropanol and allowed to air dry between electrolytes. Subsequently, a 0.01 N aqueous potassium

chloride solution was used as a conductivity standard (oxci = 1.41 mS/cm) for each cell, and the measured

.. . . . R
conductivity of each electrolyte was determined by the following equation: Ggjectrotyte = Okci w
KCl

After cycling, x-ray photoelectron spectroscopy (XPS) was performed on the anode surface. Working in an
argon-atmosphere glovebox, the cells were disassembled, and the electrodes were retrieved. Samples were
taken from the negative electrodes and cleaned by swirling twice in an excess dimethyl carbonate solution
for 1 minute. The rinsed electrode samples were analyzed in an XPS system (Physical Electronics PHI 5000
VersaProbe II) under a high vacuum and typical pressures below 5 x 10~® Torr. Because this system was
attached to the glovebox, samples could be inserted into the XPS analysis chamber without exposure to
ambient air. The sample analysis area was 100 um? For this analysis, an aluminum Ko x-ray
monochromator (hv = 1486.6 eV) operating with an anode power of 25 W was used. A charge neutralizer
compensated for any sample charging. Other conditions included the following: the sample surface was
normal oriented at 45° to the x-ray source and photoelectron spectrometer, the spectrometer pass energy
was set to 23.5 eV for high-resolution spectra collection, and spectra calibration was done with the C-C
peak at 284.8 eV. For all XPS spectra, the Multipack software from Physical Electronics was used to
perform Shirley background subtraction and curve fitting to multiple Gaussian peaks. The estimated

uncertainty in the atomic concentrations in the spectra was ~10%.
3. Data Reduction

Cell capacity data were measured via the formation cycles from 2.7 to 3.35 V. The data from the voltage-

hold period were normalized to the total charge capacity immediately before the hold (i.e., the charge



capacity of the last formation cycle) to correct for cell-to-cell variation. Both the constant-current and
constant-voltage capacity values were included in the total charge capacity value. Complex kinetic
interactions will dominate the current behavior initially, which makes developing a reasonable model
intractable that early in the test. Thus, we chose to analyze the data under the assumption of diffusion-
limited growth, which would only be valid as equilibrium is approached. The justification for the
mathematical model, in which the current-limiting mechanism is diffusion through the SEI, is illustrated in
Figure 1. The SEI is assumed to increase in thickness linearly with the charge passed through it, thus leading
to a t1/? dependence. To meet the requirement of a diffusion-limited growth regime, the data for the fitting

exercise started at # = 80 hours and ended at the termination of the aging period.
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Figure 1. Schematic of model used to fit the total charge (integration of residual current), where i is the current, p is the chemical
potential of lithium, D is the diffusivity of lithium, and Q is the total charge passed. The bottom shows the variation of the lithium
chemical potential across the boundary between the silicon anode (left) and the bulk electrolyte (right). The current across the SEI
(middle) is assumed to be diffusion limited and thus would have a linear gradient across the SEI.

The normalized capacity, Q = at'/? + b, was fit using robust regression methods. Tukey’s biweight

function, with a tuning constant of 6, was used to iteratively reweight the data, thereby minimizing the



effect of data scatter on the fit.!*!® The regression coefficient, 72, was calculated using Eq. 1, where 7SS is
the total sum of squares, Q is the experimental observation, { is the estimate from the fit, Q is the arithmetic
average of the values, and RSS is the residual sum of squares. The fitting process was implemented in a

Visual Basic for Applications (VBA) macro in Microsoft Excel.

1SS = > (@ -7
RSS = %(Q - @)? (1)
, TSS—RSS
;2 TS —RSS
TSS

The two most similar values of a (and the corresponding values of b) were then correlated with the
electrolyte composition using Scheffé’s statistics-of-mixtures methods.!”'® The complete, 10-term equation
for a 3-component system is given in Eq. 2 for @ and b. Here, x; was the mole fraction of EC; x,, the mole
fraction of EMC; and x3, the mole fraction of LiPF¢ in the bulk electrolyte. Eq. 2 assumes that

x1 + X2+ x3 = 1. The coefficients from the fit are @, and A,, for @ and f3,, and B,, for b.

A= 01X + QX5 + A3X3 + X201 X5 + 13X, X3 + Ap3XX3 + A%, (X1 — X3)
+ A13x1x3(x%1 — x3) + Agzxpx3(X — X3) + qq23%1 X3

2

b = B1x1 + B2x; + f3x3 + P12X1X; + P13X1X3 + Ba3XaXs + Biaxxp(xg — x3)
+ B13x1x3(x; — x3) + Bagxox3(xy — x3) + Br23X1X2X3

A VBA macro was written in Microsoft Excel to use robust regression to search for all combinations of
terms that would meet the following criteria: the value of 7 was >0.95; the fewest number of fitting terms
were used so that the fit was overdetermined; and most of the fitting parameters satisfied Eq. 3. The last
criterion ensured that the value of the fitting parameter was significantly different from zero at the 95%

confidence level.

uncertainty in a parameter 0.5 (3)
| value of the parameter|

The uncertainty in each fitting coefficient was computed as follows. The mean square residual (M) was
calculated from M = RSS/n, where n is the number of observations. The experimental x-values were

arranged as the columns of a matrix, D, and Eq. 4 was used:
V=(D'w)wD))" “
where w is the weight matrix from the robust regression. The uncertainties, Uk, were calculated from Eq. 5:
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Uk =1/MXVk,k (5)
where Vi are the values on the main diagonal of matrix V.

The results from the selected polynomials were calculated using Microsoft Excel and plotted as contours

using OriginLab Origin.

The composition data from the XPS (in atom %) was modeled using the same techniques. Here,
relationships between LiF, LiP,OF,, C-C, C=0, O-C=0, and C-O and the electrolyte compositions were
found. It should be noted that the notation D-E-F is used to indicate the element of interest, E, in a chemical
environment defined by D and, if present, F. An example of this is LiF, which indicates fluorine in a lithium

fluoride environment.
4. Results
4.1 EC/EMC/LiPFs

Using the principles from kinetic analysis of reactions, a variety of electrolyte mixtures were prepared to
form a composition matrix. A composition map of the various tested electrolytes is shown in Figure 2. A
range of electrolyte compositions was chosen to allow the deconvolution of the impact of the various
electrolyte components. The concentration of LiPFs, EC, and EMC were varied to determine the effect of
each component on parasitic reactions. In the ideal case, the electrolyte components would not interact, and
the leakage current, i, could be expressed as a sum of individual reactions, i = kgc[EC]* + kgyc[EMC]P +
kpipr, [LiPFg]?, where k, is the reaction rate constant for component x. However, in an operating cell, the
components may interact, thereby yielding cross-product terms (e.g., kpc_ripre [EC]*1[LiPF4]"1). As will
be discussed, this was indeed the case, and a more sophisticated analysis method was required to

deconvolute the results into individual components.



0.00
1.00

Constant EMC, increasing EC
0.00 0.25 0.50 0.75 1.00

Mole fraction EC

Figure 2. Composition map of various electrolyte compositions in mole fraction. Lines parallel to the EMC axis indicate constant
LiPFs mole fraction, lines parallel to the LiPF¢ axis are constant EC mole fraction, and lines parallel to the EC axis are constant

EMC mole fraction.

Figure 3. For all electrolytes, the
residual current started at the charging rate (0.3 mA) and decayed by ~2 orders of magnitude within the
first 200 hours at the potential hold. For higher LiPF¢ concentrations, the decay rate was slower, leading to
higher currents at shorter timescales. For example, for an EMC mole fraction of 0.62, the electrolyte with
0.01 mole fraction LiPF¢ had currents 41%, 46%, and 31% smaller than the electrolyte with 0.05 mole
fraction LiPF¢ at 50, 100, and 500 hours.

The residual current increased with increasing EC mole fraction for all LiPFs concentrations. For the
majority of LiPFs concentrations (except for 0.01 mole fraction LiPFs), the residual current at long times
(>400 hours) remains higher with higher EC concentration. However, at 0.01 mole fraction LiPFs, the
currents converge to a similar value. As the LiPFs concentration increases, the residual current also
increases, which indicates that both EC and LiPFs contribute to the residual current. Very high
concentrations of LiPF give rise to unsteady current decay (see Figure 3¢), which possibly indicates uneven

current distribution or, more likely, precipitation.
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Figure 3. Time at constant voltage vs. residual current for electrolytes with LiPFs mole fraction of (a) 0.01, (b) 0.05, and (c) 0.10
and (d) the composition map for the currents shown. The composition map is of the electrolytes in the EC/EMC/LiPFs system
studied here. Note that darker colors on a single plot indicate reduced EC mole fraction. The colored data points in panel (d)

correspond to the electrolyte compositions of the corresponding colored currents shown in panels (a—c).

To explore this further, the integration of the residual current was also analyzed to elucidate any correlations
with electrolyte components. The results from fitting § = at'/? + b to the cell capacity data are shown in

Table S1; the data was fit such that t = 0 corresponds to 80 hours after the start of the voltage hold, thus



t = time at voltage hold — 80 hours. The value of 7* for all fits was 0.99 or greater, which indicates that all

fits were very good.

The statistics-of-mixtures method, described in the Experimental section, was used to find relationships
between the residual currents and the compositions of the electrolytes. Over 1,000 polynomials were
evaluated for both @ and b. The selected polynomial for @ was @ = a;x; + a3x3. The values of a; and a3
were 7.15 x 10 (1.69 x 10%) and 6.77 x 107 (6.95 x 10*), respectively, with the value in parentheses
representing the uncertainty in the value. The value of 72 was 0.95. The selected polynomial for b was more
complex: it contained eight terms, b = B1x; + foXy + f3X3 + B12X1Xy + r3X1X3 + BazXaXs +

By3x;x3(x; — X3) + B123%1X2X3. The coefficients and their uncertainties for b are given Table S2.

Estimates of @ and b were calculated using Eq. 4 and the values above. The results are shown in Table S1
for the electrolyte compositions used in this study. Overall, the calculated and experimental values have
good agreement. The polynomial and coefficients for @ indicate that EC and LiPFs contribute to d. Based
on the coefficients a; and a3, the contribution to the residual current from LiPF¢ is about 10x more than

the contribution from EC.

Examining the values in Table S2 shows that the linear terms, xi, x2, and x3 have negative coefficients,
which implies that EC, EMC, and LiPFg, acting alone, tend to decrease b. The three positive coefficients
are in the second-order terms, x1x2, x1x3, and x,x3, which indicates that the pairwise interaction of EC, EMC,
and LiPFs tend to increase b. Indeed, the coefficients of x1x3 and x,x; are larger than the pairwise coefficient
of x1x2. This may indicate that much of the increase tends to come from the interaction of the organics with
LiPFe, with the interaction of EC with LiPF¢ contributing the most. This is consistent with the results

discussed above.

The equation and values of the coefficients were used to calculate the estimated response in the
compositional space of interest. These results are shown as contour diagrams in Figure 4. The interaction
terms in the time-capacity analysis here highlight the necessity for a composition series with new electrolyte

chemistries.
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The difference in residual current behavior could be caused by changes in the SEI, thus XPS was performed
to investigate further. The primary SEI components observed were Li»COs, LiF, Li\POyF,, carboxylate
groups, alkoxide groups, and alkane groups. Contour maps of the SEI components are shown in Figure 5.
All SEI components showed a dependence on the electrolyte composition, which indicates that the SEI can
be modified by adjusting the electrolyte composition without the addition of additives. High concentrations
of LiPFs and EC lead to increased LiF in the SEI, whereas the alkane content has a minimum mole fraction
between 0.6 and 0.7 EMC. At low LiPFs concentration, Li,POyF, content has a local maximum at an
EC:EMC ratio of 1:1; however, at much higher LiPFs concentrations, the Li,PO,F, content again increases.
Carboxylate content tends to decrease with increasing LiPFs, whereas the alkoxide content increases with
higher EC content and decreases with higher LiPFs content. Li>CO; was not detected in all samples but has
a maximum with higher EC content, see Figure 5a. Correlating these patterns with the residual currents
indicates that none of the SEI components observed can be directly connected to a reduced residual current.
Higher current is observed in higher LiPFs electrolyte compositions, in which higher LiF is observed in the
SEI, whereas similarly higher EC electrolyte composition leads to higher alkane content in the SEI; neither
LiF nor the alkane groups show any evidence of reducing the residual current. Figure 6 shows the time vs.
residual current as well as LiF (Figure 6a) and alkane (Figure 6b) composition of the SEI; the data shows
that neither component suppressed the residual current. This indicates that, within the EC/EMC/LiPFs
system, there is a tradeoff between conductivity (via LiPFs concentration) and stability; increasing the LiPFs

content always increases the residual current. For stability, LiPFg, EC, or both must be removed.

11



a) Lithium carbonate b) Lithium fluoride g) Lithium fluorophosphate
Li,CO, atomic % LiE atomic % LixPOyFz atomic %
9.600 36.90 25,00
8.400 32.29 2188
7.200 27.68 18.75
6.000 23.06 15.63
4.800 18.45 12.50
3.600 13.84 9.375
2.400 9.225 6.250
1.200 4.613 3125
0.000 0.000 0.000
0.00 0.25 0.50 0.75 100 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 100
Mole fraction EC Mole fraction EC Mole fraction EC
d) Carboxylate e) Alkoxide f) Alkane
0-C=0 atomic % C-0 atomic % C-C atomic %
4.100 9.750 24.95
3.588 8.588 22,63
3.075 7.425 20.30
2.563 6.263 17.98
2.050 5.100 15.65
1.538 3.938 13.33
1.025 2.775 11.00
0.5125 1.613 8.675
0.000 - 0.4500 6.350
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 100
Mole fraction EC Mole fraction EC Mole fraction EC

Figure 5. Contour maps of SEI composition overlayed on electrolyte composition maps. Color scales indicate the atomic % of the SEI composed of the given chemical species. Red
dots indicate the compositions of the various electrolytes tested. The colormap is derived from fits to the XPS data. Note that none of the SEI components follow the same trend as

the decay currents, which indicates no direct correlation between the SEI composition and the residual current.
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Figure 6. Comparison of time vs. residual current (left) to the electrolyte compositions (right). Note that neither LiF nor the alkane

groups show any evidence of reducing the residual current.

The statistics-of-mixtures model was used to elucidate the relationship between electrolyte composition
and the concentration of the chemical environments indicated in Table S3. Using the selection criteria given
in the Experimental section, a polynomial fit was calculated for each chemical environment. The
polynomial form and coefficients are listed in Table S4 along with the values of 2. The complexity of the
fitted polynomials indicates that the SEI composition strongly depends on the interaction between all
electrolyte components. For example, the Li\POyF, content has negative coefficients for EC and high-order
interactions between EC, EMC, and LiPFe, which indicates that these impede the formation of Li,POF,,
whereas the interaction of EC + EMC and EC + LiPFg are positive, which indicates that these interactions
assist in the formation of LixPOyF,. The formation of LiF arises primarily from the interaction of
EMC + LiPFs, denoted as the c23x2x3 term. A smaller amount comes from the interaction of EC and LiPFe.
Chemically, these results are reasonable because both LiF and Li,POyF, are formed by the decomposition
of LiPF¢. However, as mentioned before, none of the chemical environments appear to reduce the residual

current, which leads one to conclude that either EC or LiPF¢ must be removed from the system to improve
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stability. Furthermore, the formation of excess LiF does not enhance electrode passivation in the charged

state.
4.2 Co-solvent/EMC/LiPF

It is clear from the residual currents in the EC/EMC/LiPFs system that, although an optimal composition
may exist, the residual current still consumes too much capacity to be practical in a battery system. The
variation in decay current with both LiPF¢ and EC suggests that replacing either component could lead to a
reduction in residual current. Thus, other co-solvents (replacing EC) were explored by keeping the co-
solvent:EMC mole ratio at 1:2 with 1 M LiPFe. Figure 7 shows the time vs. residual current for EC, PC,
ES, and sulfolane. Except for ES, all co-solvents showed a smooth decay in the residual current over time.
The ES electrolyte did cycle, but the potential hold showed erratic currents that indicate the ES/EMC/LiPFs
electrolyte does not passivate the silicon anode. As shown in Figure 7, the co-solvent can dramatically alter
the residual current. Both sulfur-containing co-solvents (ES, sulfolane) show much higher residual currents
(up to 2x%) than either PC or EC. Sulfolane shows high currents of around 70 pA at 500 hours, whereas EC
shows around 40 pA. Interestingly, PC shows a reduced current of ~35 pA (~12% lower than EC) at 500
hours. Clearly, the substitution of other cyclic compounds for EC significantly impacts the residual current,
which proves that EC does not fully passivate silicon surfaces and suggests that other co-solvents may

enhance stability.
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Figure 7. Time after starting potential hold vs. residual current for various co-solvents with a 1:2 co-solvent:EMC mole ratio with

co-solvent structures shown below. Note that the erratic current of the ES implies the solvent is highly unstable.

The methodology employed here was used to map out the relationship between SEI stability and the
electrolyte composition for silicon anodes. By design, the method accounts for interaction between
components, which leads to a deeper understanding of the impact of each component on the stability of the
system. For example, the analysis of the interaction between components (represented by Ss in b) shows
strong coupling between LiPF¢ + EC (813 = 1451.34) and LiPFs + EMC (.3 = 801.66), whereas
EC + EMC (B, = 60.58) has almost no impact. This agrees well with the contributions to @, to which
only LiPFs and EC contribute. Given the weak contributions of EMC to @ or b, the combination of EC and
LiPFs appears to drive the reactions throughout the voltage hold. Klein et al. observed similar behavior
while studying cells and comparing a 3:7 ratio of EC:EMC (by weight) to EMC with 1 M LiPFs; they found
that for high-voltage cells, the EMC cell had an SEI that was richer in Li\POyF, and LiF than the EC:EMC
cell.” If EMC equally participated in SEI formation, then the EMC cell should have similar organic content
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in the SEI compared to the EC:EMC cell. Importantly, with higher LiPFs concentration, higher LiF is
present in the SEIL. The LiPFs concentration affected the LiF detected by XPS, as seen in Figure 5, which
shows higher LiF as the LiPF¢ fraction increases; however, this also led to an increase in residual current.
Therefore, LiF could potentially passivate the silicon surface, but its presence alone is not sufficient.?
Similarly, an increase in the alkane groups was found in the SEI with increased EC concentration, and an
increased EC concentration leads to increased residual current. Although modulation of the SEI is possible
by changing the ratio of the electrolyte components, the interactions of LiPFs and EC indicate that one or
both components must be removed from the system to increase stability. Given the negative correlation of
LiPFs + EC with stability, it is possible that the alkane and LiF growth interfere with one another, which

may result in a porous and non-passivating SEI.

Finding that both EC and LiPFs were poorly passivating and EMC was a spectator spurred the exploration
of non-EC co-solvents. Replacing EC with PC is especially interesting because it led to a reduction of the
residual current. Following the long-term SEI growth models suggested by Single et al., several hypotheses
for the reduced residual current emerged.” (1) The PC SEI is more electronically insulating. In this case,
the rate-limiting step of the reaction is the electron transfer to the electrolyte component that is being
reduced, and a lower electronic conductivity reduces the electronic current. (2) The PC decomposition
reaction’s kinetics are slower than EC. In this case, there could be multiple causes, including a reduced
electron transfer rate to the PC or a PC radical lifetime that is longer than the lifetime of the formed EC
radical. A difference in radical lifetime could lead to alkane crosslinking, thereby decreasing pore size or
changing the stability of the SEI alkane component. (3) The diffusion of reacting species that leads to self-
discharge through the SEI is slower in the PC SEI than in the EC SEL. In this case, the reacting species must
diffuse through the SEI, and—Iike in the electronic case—the diffusion through the SEI is reduced. This
could be the case if solvent diffuses through the SEI to react at the anode surface or if Li° diffuses through
the SEI to react at the SEl/electrolyte interface. (4) The coordination of PC is different from EC, and a shift
in the reaction potential occurs. In this case, the PC-Li" complex is simply more thermodynamically stable
than the EC-Li" complex, and thus it decomposes at a lower rate. Hypotheses 1-3 are kinetic in origin, and
the reduction in current is due to a limiting rate, whereas hypothesis 4 is thermodynamic. A more insulating
SEI would qualitatively explain the data because the residual current of PC is lower than the residual current
for EC for essentially all times (the exception being when the potential hold begins, and the currents are the
same). However, whether the PC SEI has lower electronic conductivity or reduced movement of reacting
species through the SEI is not resolvable from this data. It is also possible that multiple hypotheses are true.
For example, if PFs is part of the solvation shell for Li’, then the total Li*-PF¢-EC complex is neutrally
charged and may diffuse more readily through the SEI than a charged Li*-PC complex.
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Importantly, the first 100 hours of the potential hold does not show parabolic behavior (where the current
L
\/?9

decays as —, where t is time). Single et al. noted that for all of the models they discuss in long-term SEI

=
NG

tunneling, which has a In t dependence.” The long-term residual current does flatten out, which indicates a

growth, the time dependence is v/t for capacity (and thus — for current) with the exception of electron

change in the current-limiting mechanism. It is impossible to know for certain based only on the residual
current, but the change is likely due to a convolution of continued lithiation or self-discharge of the silicon

along with electrolyte decomposition.

The stabilization of the solvated lithium complex with PC has been studied previously and supports the
possibility of a more stable PC-Li* complex compared to an EC-Li* complex; computational modeling has
also found PC to be more stable against reduction than EC for one- and two-electron processes.?!*?
Furthermore, our finding that the EC + LiPF¢ interaction drives the residual current supports a LiPFs:EC
complex contributing to the residual current. Using density functional theory, Xing et al. compared the
inner solvation sphere energy and structure of LiPFs solvated by EC and PC. They found that although both
carbonates solvate Li*, close contact ion pairs between PF¢ and Li" form more readily in EC; in other
words, PFs can replace an EC molecule in the inner solvation sphere, whereas it cannot replace PC.?! Xing
et al. note that the difference in the inner solvation shell may offer a different SEI, but it also implies that
the PC-Li* complex is more stable, and thus a shift in the reaction equilibrium will be observed. This would
support hypothesis 4 above (and possibly hypotheses 1 and 3, in which the SEI would be chemically altered
by the presence of the PC), which indicates that at least part of the reduced residual current with PC is due
to the presence of a more stable complex. If this is the case, the stabilization of the SEI may also be

supported by the presence of other, more strongly coordinating solvents.

Using the dielectric constant as a metric for strength of coordination, we calculate the average dielectric

co—solventV co—solventt€EMcVEMC

constant of the solvent using & = £ , where &, is the dielectric constant of

Vco-solventtVEMC

component x, and V. is the molar volume of component x.?**¢ The dielectric constant vs. residual current at
150 hours of potential hold for the co-solvents/EMC series is shown in Figure 8a; for the different co-
solvents, the residual current decreases almost linearly as the dielectric constant increases. It may be
tempting to assume that the same convention would apply for increasing the dielectric constant by
increasing the EC concentration, but Figure 8b shows a plot of the dielectric constant vs. a 150 hour residual
current for a constant LiPF¢ mole fraction of 0.05. Although the change is much smaller in absolute current,
increasing the dielectric constant almost linearly increases the residual current. When increasing the
dielectric constant via changing the co-solvent, the bond strength between the coordinating solvent is

increased, whereas increasing the EC concentration should not significantly change the bond strength but
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will increase the average polarizability of the total medium. This suggests that highly polarizable molecules
could help stabilize the lithium complexes and reduce parasitic reactions, and in the absence of known
bonding energies, the dielectric strength normalized to the molar volume may act as a practical guide for

complex stability.
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Figure 8. Dielectric constant vs. residual current after 150 hours at potential hold for (a) 1 M LiPF¢ (LiPFs mole fraction = 0.09) in
various co-solvents/EMC and (b) constant 0.05 mole fraction LiPF¢ in EC/EMC. Note that the current scales are different. The

lines are simply guides and do not indicate a specific quantity.
6. Conclusion

Here, we correlate electrolyte composition with the residual current from a potential hold to characterize
the stability of electrolytes at the surface of silicon anodes. In this test, LiFePO4 is used as a counter-
electrode to maintain a constant state of charge at the anode, thereby causing the measured current to be
proportional to the extent of parasitic reduction reactions at the SEI. When varying the ratios of all
electrolyte components, we found that the combination of EC and LiPFs is non-passivating and contributes
to higher residual current. Different co-solvents were then used in place of EC, and PC was found to reduce
the residual current. The methodology used here suggests that for any new electrolyte system, a map of
composition vs. electrolyte stability should be produced to determine whether a single component or the
interaction of components dictates the instability of the electrolyte. This work also demonstrates that, for
silicon anodes, substitution of EC can decrease the residual current, and substitution of other salts for LiPF¢
might lead to a similar behavior. The lack of correlation between electrolyte bulk transport properties and
their ability to passivate silicon, as observed in this work, shows that optimization of electrolytes can
involve nontrivial considerations for the balance of cycle and calendar lives. Given large data sets of

electrolyte compositions and the resulting SEI and its passivating ability, this experimental methodology
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could assist in the application of machine learning to accelerate development of next-generation

electrolytes.
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Supplemental Information

Table S1. Values of the fitting parameters, a and b, for the electrolyte compositions

Composition (mole fraction) Values from experimental data Calculated values from
OMPOSIHON (MOTe racho (uncertainty, 1-c) polynomial fit
LiPFs EC EMC a, h''”? b a,h'”? b
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Table S2. Values of the fitting coefficients and their uncertainties for b.

Coefficient | Value (uncertainty, 1-c)
By —13.37 (6.66)

B —12.18 (5.20)

B3 —515.73 (204.60)
Bi2 60.58 (25.17)
B3 1451.34 (557.65)
Ba3 801.66 (316.36)
Bis —710.15 (275.12)
Bi23 —1884.47 (746.43)

Table S3. Surface concentrations of observed chemical environments.

Composition (mole fraction) LiF C-C C=0 0-C=0 | C-O | LikPOyFE, Li,COs
LiPFs EC EMC
.009 498 493 2.17 | 12.09 1.47 1.58 541 5.83 2.15
.010 .618 373 1.45 | 17.88 2.26 2.32 9.74 2.42 3.71
.009 372 .619 2.37 | 12.53 2.26 2.21 7.72 1.4 5.07
.053 464 483 3.99 | 11.04 3.69 2.22 5.44 2.94 5.78
.051 338 611 3.54 9.16 2.19 0.98 2.86 4.14 1.42
.049 203 748 7.93 | 18.72 2.19 2.36 4.15 4.8 2.51
.058 .612 330 425 | 12.26 1.94 2.05 7.78 2.13 4.81
124 428 448 8.68 | 16.12 0 1.84 3.15 3.88 2.4
116 290 .594 30.05 6.93 0.51 0.04 2.34 4.95 -—-
208 270 523 29.44 7.53 0.86 0.45 3.11 3.62 -—-




Table S4. Polynomial coefficients for fitting functions of surface chemistry.

Chemical Polynomial Values of the respective coefficients (uncertainty, 1-c) r”
environment
LixPOyF, cix1 + cixixa + —108.11 238.13 718.55 237.07 661.43 —1889.24 0.97
cravixs + @471 (93.11) (339.00) (97.08) (239.91) (850.83)
dixxixa(x1-x2) +
do3xoxs(x2-x3) +
C123X1X2X3
LiF e +epxixs + =7417.09 7715.32 14782.63 —7592.96 —7049.55 0.97
+ Copents + (329137) (344723)  (637321)  (3359.20) (3338.46)
do3xox3(x2-x3) +
C123X1X2X3
C-C coxy + craxixn + 84.22 —114.32 210.89 —374.03 0.96
dixpo(ox) + | (27.88)  (55.80) (93.47) (160.14)
d3x2x3(X2-X3)
C=0 coxa + ey + 66.29 —-1699.43 -131.56 3640.92 126.07 1221.02 —3219.76 1800.49 0.98
e+ envns | (23.79) (550.76) (50.53) (1161.73) (49.33) (385.22) (105228)  (751.10)
+ diax1x2(x1-x2)
+ dizx1x3(x1-x3)
+
do3xox3(x2-x3) +
C123X1X2X3
O-C=0 cix) + et —10.85 14.99 54.24 75.96 —88.71 0.97
doxo(xi-o) + | (4.74) (4.65) (21.88) (37.31) (23.15)
dizxixs(xi-x3) +
dr3x2x3(x2-x3)
Q-O Cz)Cz+d12X1X2(X1- 15.11 54.46 —114.64 0.96
xX2) + dovavs(e- | (1.64) (12.25) (48.62)
X3)
Li,COs coxa + ey + 72.41 —514.65 —138.89 128.72 —686.92 3071.89 0.98
crxixs + (29.96)  (246.953)  (64.03) (56.93) (320.07) (1376.72)

dixixa(x1-x2) +
do3xox3(x2-x3) +
C123X1X2X3







0.00

Conductivity
22 mS/cm
15 mS/em
10 mS/cm
5 mS/cm
Vs 7 7 . 7 7 OOD 1 mS/cm
0.00 0.25 0.50 0.75 1.00

Mole fraction EC

Figure S1. Composition vs. conductivity of the tested EC/EMC/LiPFs electrolytes. Note that decay current increases with increasing
LiPFs and EC content, but conductivity has no such correlation. The lack of a correlation between either higher or lower

conductivity with residual current shows that conductivity is not the cause of the differences in electrolyte behavior.
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