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Abstract:

The solid electrolyte interphase (SEI) in sodium ion batteries is known to have significant concentrations of NaF, which provides excellent electrochemical
stability to the cell. However, the formation mechanism of NaF is unclear. Similarly, the electrical double layer (EDL) is known to have a substantial impact
on all electrochemical interfacial processes, but is challenging to model. We employ first principles calculations and kinetic Monte Carlo (kMC) modeling to
determine the complex electrochemical phenomena behind the formation of NaF and elucidate the role of the EDL in SEI growth. Novel reaction mechanisms
and kinetic parameters for NaPFg decomposition are determined, where hydrolysis is shown to be unfavorable and a NaF-self catalyzed mechanism is the
dominant pathway. KMC simulations reveal the formation of SEls consisting of an inner layer of Na,CO; and an outer layer of NaF. Higher concentrations
of the conductive salt NaPFs lead to the formation of thinner SEls with high fractions of NaF. Higher charging rates also generate thinner SEls, but with
higher porosity. An initial molecular-scale model of the EDL and its potential gradient is developed and integrated into the kMC framework, enabling unique
insights into the role of the EDL in SEI formation and elucidating its complex relationship with salt concentration and charging rate.

1. Introduction

Sodium-ion batteries (SIBs) have emerged as a promising alternative to lithium ion batteries, offering a potentially more sustainable and cost-
effective approach to energy storage.'? SIBs typically exhibit lower energy densities than lithium ion systems, but are still powerful enough to be
effective for electric vehicles and grid-scale storage.® The primary advantage of SIBs lies in the abundance and widespread availability of sodium,
which alleviates concerns related to resource scarcity and supply chain instability. Furthermore, sodium-based battery chemistries are compatible
with aluminum current collectors and have the potential to reduce future manufacturing costs and improve the environmental footprint of energy
storage technologies.*® Recent advancements in SIB research have accelerated their commercialization, marking a significant step toward their
practical implementation.” However, several technical challenges must still be addressed to enable the large-scale deployment of SIB technology.

One of the primary challenges faced by SIBs is poor cycle-life stability, largely due to the instability of the solid electrolyte interphase (SEI).8° The
SEl is a protective film that forms from the decomposition of the electrolyte on the anode surface, mainly during the first charge, and ideally functions
as a stable barrier that facilitates ion transport while preventing electron leakage and further electrolyte breakdown.®! Excessive growth of the SEI
is one of the largest sources of capacity loss in many modern batteries. A stable and effective SEI is vital for battery performance and durability;
however, its growth behavior and physicochemical properties remain poorly understood because they are influenced by a complex array of nanoscale
phenomena.

Many prior experimental works have investigated the structure and composition of the SEI in SIBs, and have reported heterogeneous, and
polycrystalline'?® morphologies, with formation mechanisms including both layer-by-layer and cluster growth modes.'**6 Other works have
observed a significantly inorganic inner SEI, composed primarily of Na2COz and NaF in varied ratios, and an outer layer containing organic sodium
salts.1-20

Studies have shown that the SEI components in SIBs exhibit relatively high solubility, indicating that dissolution is likely to be a major driving force
of SEI degradation.?*?? Additionally, Na2COs, one of the primary SEI components, is known to be significantly electron leaking.?*?* This increased
electronic conductivity causes the SEI to be less effective at blocking reactions, leading to greater consumption of the active material and excessive
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growth of the layer. NaF, another major SEI component, has been shown to be more electronically insulating than Na2COs. The effect of this
increased electrical resistivity is visible in the improved performance of cells containing SEls with high-NaF content compared to cells with a lower
presence of NaF.'® This implies that maximizing the NaF content in the SEI is necessary for effective cells. However, the mechanisms of NaF
formation are not yet well understood and may involve other species, such as water contamination.?>? Further study is needed in order to elucidate
the underlying reaction mechanisms in order to guide the design of robust SEls.

The electrolyte salt concentration and cell charging rate are known to have a substantial effect on SEI composition and cell performance. Studies
have shown that low concentrations of NaPFg are effective only at low C-rates, and high concentrations are effective at medium C-rates, but begin
to cause diminished capacity at high C-rates.?” The underlying mechanisms of this behavior are complex, as they involve the material properties of
the SEI, the reactivity of the electrolyte species towards SEI formation, and the ionic transport behavior of the electrolyte. Similarly, different solvent
compositions have been shown to influence SEI behavior, but the exact mechanisms are unclear. This could be due to an electrochemical mechanism,
such as reactivity or modification of the electrical double layer (EDL) via altered dielectric constant, or physical in nature, relating to ion solvation
and intercalation.?®-%° Salt concentration, C-rate, and solvent composition can also substantially impact the distribution of the EDL, which is known
to have a significant effect on all interfacial electrochemical processes, including SEI formation and ion intercalation behavior.3!33

The study of the SEI and the influence of the EDL is inherently challenging because it is controlled by a complex interplay of molecular-scale
electrochemical formation and degradation processes that take place over hours, days, or even longer timescales. Most experimental methods that
can achieve nanoscale resolution are limited to post-mortem and ex-situ analysis. Similarly, in-situ methods are typically limited in temporal or
spatial resolution. This gap can be overcome by employing a combination of complex methods, but this is practically challenging.®*

Many computational modeling methods are employed to examine the dynamic behavior of SEI growth, but these also face challenges in scale and
resolution®-". Density functional theory (DFT) methods have been used to determine the complex reaction Kinetics at the electrolyte/electrode
interface®, and Ab initio molecular dynamics has been employed to determine reaction mechanisms and interfacial behavior.®® However, these
methods are limited to studying a few hundred atoms at picosecond timescales, and thus are unable to capture the larger scale phenomena that guide
SEI behavior. These scales are also too small to fully study the EDL, and they cannot include the influence of charging.® Classical molecular
dynamics has been used to study electrolyte and ion solvation behavior,* but is unable to capture the complex electrochemical reaction processes
behind SEI formation and the EDL properties.*? Continuum models are able to capture larger scale homogeneous phenomena over longer timescales
and during charging, but are too coarse to observe the underlying heterogeneous atomistic- and molecular-scale phenomena.*3-46

Kinetic Monte Carlo (kMC) modeling is a promising alternative to overcome this discrepancy in scales, as it can provide molecular scale resolution
of electrochemical phenomena at extended timescales.*” Our group has previously employed kMC modeling and coupled kMC-continuum modeling
to study SEI growth on lithium metal electrodes at open circuit,*® as well as on lithium ion batteries and SIBs during formation,?>*° including the
impact of C-rate and electrolyte composition.” The kMC model presented in this work has been updated to include more precise electrochemical
reactivity and ion migration, which enables a physically driven representation of the EDL. This lays the foundation for the unique analysis of many
interfacial electrochemical applications, including batteries, electrocatalysts, and corrosion.

Herein, we perform rigorous DFT calculations to uncover novel reaction pathways of NaPFs decomposition and quantify their Kinetics. These Kinetic
parameters are then used to power a kMC model of the hard carbon electrode/electrolyte interface with temporally and spatially dependent electrical
potential. This study focuses on the role of NaF in the formation and properties of the SEI in SIBs. Additionally, the influence of charging rate, salt
concentration, solvent ratio, and water contamination on the SEI and EDL are revealed.

2. Results and Discussion
2.1 Reaction Network and Kinetic Parameters

The DFT and kMC calculations in our prior work® revealed that the direct reductive decomposition of NaPFe is thermodynamically and kinetically
unfavorable. Thus, the presence of NaF observed experimentally*®® suggests that NaPFs decomposition occurs via a more complex mechanism,
such as reactions with water contamination.?® In order to investigate other possible mechanisms of NaF generation, and to determine the Kinetic
parameters required for KMC simulations, DFT calculations were performed. We begin by analyzing the formation of NaF from NaPFsand Na*. The
reaction is started with the highly reversible reduction of NaPFs with a Na* ion at a standard electrochemical potential (A®o) of -0.36 V vs. Na/Na*,
resulting in the formation of NazPFe.

NaPFg + Nat + e~ & Na,PFq (1a)
The further reaction of NazPFes to form NaPFs and NaF (Eq. 1b)

Na,PF¢ & NaPFs + NaF (1b)
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has an activation barrier of 17.71 kcal/mol and a reaction energy of 2.79 kcal/mol, and is thus kinetically and thermodynamically unfavorable.
Therefore, we then explored the effect of additional Na* addition to the complex. We found that a more intricate mechanism occurs; Naz2PFes
coordinates with an additional Na* and reorganizes to form a NaF-containing complex NaPFsNaFNa* (Eqg. 1c, Fig. S1a),

Na,PF¢ + Na* & NaPFgNaFNa* (1c)

with a reaction energy of -2.01 kcal/mol and a relatively low activation energy barrier of 5.26 kcal/mol. That is, further decomposition is possible
when a NaF forms and remains complexed with the parent salt molecule.

This complex then undergoes a very favorable second reduction at a potential below 3.21 V vs. Na/Na* to form PF3 and two additional NaF molecules
(Eq. 1d),

NaPF;NaFNat + e~ & PF; + 3NaF (1d)

with a reaction free energy of -19.05 kcal/mol and an activation barrier of 7.76 kcal/mol. It is interesting to note that the three NaF produced in this
reaction remain in a cluster (Fig. S1b), and could establish a possible site for additional nucleation.

These findings suggest that the overall self-catalyzed reductive decomposition of NaPFs to form PFs and NaF formation is kinetically and
thermodynamically favorable.

We then investigated the influence of water contamination on NaPFs reactivity by placing an H20 molecule near the salt. In addition to the implicit
solvation field, one molecule each of both ethylene carbonate (EC) and propylene carbonate (PC) were explicitly included in order to better represent
for the local solvation environment around NaPFe. The reaction initiates with the reduction of NaPFs and a Na* ion below a standard electrochemical
potential (Ado) of -0.72 V vs. Na/Na* (Eq. 2a).

H,0
NaPFg + Nat 4+ e~ <> Na,PF, (2a)

This is followed by the formation of NaPFs and NaF, with a reaction free energy of -8.2 kcal/mol and an activation energy barrier of 7.19 kcal/mol
(Eq. 2b).

H,0
Na,PF¢ «<— NaPF5 + NaF (2b)

Subsequently, NaPFs undergoes a second reduction with another Na* ion below a potential A®o of 2.19 V vs. Na/Na*. Then, the process is followed
by the formation of PFs and two NaF molecules, with a reaction free energy of 0.94 kcal/mol and an activation barrier of 14.09 kcal/mol (Eg. 2c).

H,0
NaPFs + Na* + e~ <> PF; + 2NaF (2¢)

The high potential barrier of step 2a, as well as the high activation and positive reaction energy of step 2c, indicate that the H.0O-catalyzed reductive
decomposition of NaPFs is unfavorable. The direct hydrolysis of PFs was also investigated (Fig. S4) and was shown to be significantly unfavorable.
Overall, these findings indicate that the H.O-based decomposition of NaPFs is Kkinetically unfavorable, which is in agreement with recent
experimental work.5

The DFT results reveal that the self-catalyzed decomposition of NaPFs leading to NaF formation is both kinetically and thermodynamically favored,
emerging as the dominant mechanism. In contrast, the contribution of water-based pathway is minimal due to higher activation barriers. These results
serve as the foundational input for constructing a chemically realistic KMC model that captures the competing interfacial reaction pathways. In
particular, the dominance of the self-catalyzed NaF formation pathway, as revealed by DFT, is reflected in the reaction network formulation.

These mechanistic insights from DFT calculations were subsequently combined with an EC and PC reduction reaction network established in prior
work?. The overall network consists of EC and PC degradation to form NaCOs as well as the pathway to form the organic glycolate species. Several
dimerization reactions are also included. Additionally, both the self-catalyzed and water-catalyzed pathways of NaPFs decomposition to form PFs
and NaF are included. The overall reactions are detailed below:

NaPFg + 2Na* + 2e~ & PF; + 3NaF 1)
H,0

NaPFg + 2Na* + 2e~ «— PF3; + 3NaF )
EC + 2Nat + 2e~ & Na,CO; + C,H, 3)

EC + 2Na* + 2e~ © NaO(CH,),ONa + CO @)

PC + 2Na* 4+ 2e~ < Na,CO; + CH,CHCH; (5)

PC + 2Na* + 2e~ < NaOCH,CH(CH;)ONa+ CO (6)
2EC + 2Na* + 2e~ o NaCO,(CH,),CO;Na + C,H, @
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EC + PC + 2Na* + 2e~ & NaCO;(CH,),CO;Na + CH,CHCH; (8)
EC + PC + 2Na* + 2e~ & NaCO,CH,CH(CH;)CO;Na + C,H, )
2PC + 2Na* + 2e~ © NaCO,CH,CH(CH;)CO;Na + CH,CHCH;  (10)

These reactions consist of many intermediate steps that are outlined in detail in Table S1. The intermediate steps are implemented in the kMC model,
but are not detailed here in order to improve clarity.

2.2 SEIl Evolution

We incorporated the reaction network and kinetic parameters into the KMC framework and modeled the time-resolved evolution of the SEI over hard
carbon during the first charge. The first system studied, defined as the ‘Baseline’, consisted of a 1:1 EC:PC mass ratio / IM NaPFs electrolyte with
500ppm water contamination and a charging rate of 0.25. The relatively high H20O concentration was chosen as a starting point to explore NaPFes
reactivity. The initial stages of SEI growth consisted primarily of solvent decomposition to form Na2COs. For lower electrical potentials, NaF
formation became the dominant process, leading to the formation of a thin inner layer of Na2COz and thicker outer layer of NaF, as shown in Figure
1. All NaF was generated from the autocatalytic pathway (Eq. 1); formation via the water-catalyzed pathway (Eq. 2) did not occur at all in the
simulations.

25

—— lonic Charge

Potential
5 120
Na,CO, @
NaF @ 4
X

g 0 115

Height (nm)

0.5
Fraction in Layer

Figure 1. SEI growth during charging of HC electrode (baseline system, 1:1 EC:PC, 1M NaPFs, 500ppm H,0, 0.25C) at a) 10% SOC, b) 50% SOC, and c)
100% SOC. d) Fractional composition of each SEI layer in the KMC box at 100% SOC. Pink and yellow lines correspond to the qualitative behaviors of the
net ionic charge (e) and electrical potential (V) of a given z-layer, respectively. Green and blue lines correspond the fraction of Na,CO; and NaF, the dashed
line is the total solid fraction.

The SEI is significantly porous, with an average fractional occupancy of solid species of ~0.75 in the Na.COz layer and ~0.8 in the NaF layer. This
porosity leads to increased electron leakage and will likely also contribute to mechanical instability. There is also a notable minimum of ~0.7 in the
fractional occupancy at the Na.COs/NaF interface, indicating poor adhesion, visible at the NaF/Na2COs interface in Figure 1, and an additional
source of possible mechanical instability.5-53

The porosity of the Na.COs layer and the minimum at the NaF-Na2COs interface is primarily due to the shift to NaF formation; as soon as the local
potential becomes low enough to make NaF formation electrochemically favorable, available electrons preferentially reduce NaP Fs rather than the
solvent molecules near the surface. The close proximity of the NaF produced by the autocatalytic reaction leads to self-agglomeration and a lower
diffusive driving force toward the Na2CQs, which is responsible for the higher porosity and reduced adhesion at the interface between the Na2COs
and NaF layers.



Journal Pre-proof

The underlying mechanism of the continued porosity throughout the SEI is the electrostatic potential gradient within the EDL, which is visible in
the net ionic charge of each layer, shown in the pink lines of Figure 1. The strong separation of Na* and PFe" at these layers impedes their coordination
to form NaPFe, which prevents Reaction 1 from occurring inside the SEI. Excess electrons instead travel to decompose NaPFs at or above the SEI
surface, leading to SEI growth, which raises the height of the EDL, and the process repeats.

The thin and thus poorly-insulating SEI at the beginning of formation more readily leaks electrons, which causes an increased electrostatic potential
gradient at the SEl/electrolyte interface, shown in the yellow lines of Figure 1. This increased potential gradient induces a more pronounced EDL,
which contributes to the increased porosity at lower layers. As the SEI becomes thicker, the potential gradient decreases, leading to a less pronounced
EDL and enabling the growth of a less porous SEI.

This system establishes a baseline for comparison to other systems with modified operating conditions, enabling the determination of the underlying
mechanisms behind the various SEI properties and behavior observed in literature and informing the design of more robust SIBs.

2.2.1 Impact of System Design and Operating Conditions

We then investigated how NaF formation, SEI properties, and the EDL are influenced by system conditions. Specifically, we investigate the influence
of water contamination, solvent ratio, salt concentration, and charging rate. These parameters are chosen because they have been suggested to
influence the properties of the SEI and are relatively simple to modify experimentally. The specific systems and conditions are listed in Table 1.
Consistent results were observed for simulations of the same systems with different random seeds, and are included in the SI (Fig S13-16).

Table 1. Varied formulations of the NaPFs EC:PC electrolyte systems over hard carbon studied with the kMC model. System names are
based on the altered properties of the given system, i.e. Ms has a 0.5M salt concentration, and CiMs, has a C-rate of 1 and a 1M salt
concentration. The baseline can also be described as C.2sM1

System C-rate EC:PC Mass Ratio Salt Conc. (M) ppm H,O
Baseline 0.25 1:1 1 500
Ms 0.25 11 N 05 500
M, 0.25 IR 2 500
Ms 0.25 11 3 500
M, 1 11 1 500
C:iM; 1 e 2 500
CsMs 05 R 05 500
CsM; 05 B 1:1 1 500
CsM; 05 111 2 500
S0z 025 . 1:4 1 500
S0 0.25 41 1 500
Wik 025 11 1 1000
|
Wosk 025 11 1 2500

Across all system conditions, only trace (less than 1%) amounts of organic species are formed, which is in agreement with prior work?®. This is
because the reduction of the solvent molecules to form Na.COs (Eq. 3 & 5) is more favorable than the pathway to form the glycolate species (Eq. 4
& 6, Table S1). The formation of dimer species (Eqg. 7-10) is similarly unlikely due to the low availability of the necessary intermediate reactants
ECNa or PCNa (Eqg. 7a).

2ECNa — NaCO,(CH,),CO;Na+ C,H,  (7a)

The low availability of these intermediate species is due to the high reversibility of their formation reactions (Eq 3a & 5a), and the low barrier for
their further reduction to form Na-COs (Eq 3b & 5h).

EC+ Na* + e~ o ECNa (3a)
PC + Na* + e~ o PCNa (5a)
ECNa + Na*t + e~ & Na,CO3; + C,H, (3b)
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PCNa + Na* + e~ © Na,CO; + CH,CHCH; (5b)

Because of the relatively high concentration of Na* (~0.24mol/L), it is much more likely for ECNa to encounter a Na* than another ECNa (or
PCNa), which only exist in mmol/L concentrations. Even if two ECNa do encounter each other, the relatively low reduction potential and reaction
energy (-0.46V, -8.66 kcal/mol, Table S1) for the reverse of Reaction 3a means it is much more likely for one ECNa to oxidize back to EC, producing
a Na* that can then react with the second ECNa (Eq. 3b). All of this indicates that the organic species observed experimentally are likely to form via
a more complex mechanism, such as surface-catalyzed reactions, or via a HF cycle®.

A further common outcome for all investigated conditions is that an inner layer of Na2COs is formed initially, followed by an outer layer of NaF.
This occurs because the reduction potential for Na2COs formation is higher, allowing it to react more favorably. As the SEI becomes thicker and
more insulating, the local electrical potential becomes lower, which increases the decomposition rate of NaPFs and triggers a dramatic shift in the
composition of the SEI. We can conclude that without additional additives, EC/PC/ electrolyte systems will yield a porous layered system of a thin
Na2COs layer followed by a broader NaF layer. The high porosity, as well as the significant presence of Na2COs, is suboptimal; electrolyte
composition and operating conditions should be modified in order to reduce porosity and increase NaF content. In the following, we elucidate the
impact of salt, solvent and water concentration and C-rate on the forming SEI, respectively, to see possible handles to tailor SEI growth.

2.2.2 Water Content and Solvent Ratio

We studied systems with 2x and 5x higher water contamination (W1, 1000ppm and W2, 2500ppm) in order to further investigate its potential catalytic
influence on SEI properties and determine if the absence of the water-catalyzed mechanism (Eg. 2) in the baseline scenario (500ppm H20) was only
due to an insufficient presence of H20. Lower H20 concentrations were not explored since there was no reactivity at 500ppm.

The water-catalyzed reaction also did not occur in either of the systems with elevated water content, further confirming that the pathway is limited
by kinetic and thermodynamic barriers, rather than reactant availability. This is consistent with recent experimental findings, which observed minimal
NaPFs decomposition even with direct addition of H20 over very long timescales, or when heating the systems.5%% We expect that observations of
HF that have been reported experimentally elsewhere Because of this, both systems exhibited similar behavior to the baseline system in terms of SEI
thickness, coulombic efficiency, and NaF content (Figure 2a-c). Higher amounts of NaPFs hydrolysis have been reported in cells with FEC and Na-
metal electrodes, indicating that these may play a substantial role in the hydrolysis process, and should be investigated further.5

We varied the mass ratio of EC and PC in the solvent (So.2s 1:4 and Sos 4:1), including their corresponding dielectric constants (baseline scenario =
1:1), in order to understand the cause of the different behaviors observed experimentally.?®2® Our prior work?® determined that varied solvent ratios
had minimal effect on SEI properties, but the novel incorporation of the EDL into the kMC model here may reveal that they influence the system by
modifying EDL behavior via their different dielectric constants.

The systems with varied solvent ratio, So.2s and Sos, also formed SEIs similar to the baseline. There were only minimal differences in Coulombic
efficiency and SEI thickness (Fig. 2a,c) and in the SEI porosity and structure of the EDL (Fig. S6). So4, the system with a 4:1 EC:PC mass ratio, had
a minor decrease of ~3% of NaF content in the SEI (Fig. 2b). These minor differences are in contrast to the large difference in the amount of each
solvent consumed (Figure 2d) and in the dielectric constants, 67.9 for So.2s and 86.4 for Sos. Within the scope of the current KMC model, these
results suggest that variations in solvent ratio and dielectric constant alone do not fully account for the improved behavior observed in literature®®
for higher PC contents. Instead, more compiex effects, such as changes in ion solvation phenomena, may contribute to the observed behavior. Further
investigation of the ion solvation shell is therefore needed.®
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Figure 2: SEI evolution and properties during first charge at 0.25 C in systems with varied solvent ratios (So.s 1:4 and Sos 4:1) and amounts of water
contamination (W;, 1000ppm and W,, 2500ppm, details in Table 1). a) Efficiency, b) molar fraction of Na,COj in the SEI, c) SEI thickness, and d) EC:PC
consumed.

2.2.3 Salt Concentration

Since the self-catalyzed mechanism was determined to be the driving mechanism for NaF growth in the SEI, the next set of simulations focused on
determining the influence of the conductive salt concentration on SEI formation. The results for systems with a C-rate of 0.25, water content of
500ppm, EC:PC ratio of 1:1, and 0.5 M, 2 M, and 3 M NaPFs (Mo, M2, M3) are shown in comparison with the baseline system in Figure 3.

a) 1 1% = c) [Naco, @
- ¢ £ 4§ NaF @
0.8 20
e = @ ¥ c @
o o o X
O 2> |
E 06 : : 10 %
L — Efficiency e ‘
‘ ===Thij =
04" Thickness | 0
0 0.5 1
b) SOC __Na,co,
— 1 - - -Solid
LU
(2]
5=
= 5nm
S
ot
O
@©
—
L
SOC
‘ Base M2 M3 M5

Figure 3: SEI evolution and properties during first charge at 0.25C in systems in systems with varied NaPFg concentration. a) Coulombic efficiency and SEI
thickness, b) Fraction of Na,COj; and solid species in SEI, for systems with varied salt concentration. c) The SEI formed at 100% SOC in the 3 molar NaPFe
system. Subscripts correspond to molar concentration of NaPFs in the electrolyte. Additional system information is available in Table 1. Solvent, salt, and
intermediate species are removed for ease of visualization.

Systems with higher salt concentrations exhibited higher coulombic efficiency and formed thinner SEls with higher NaF content (Fig. 3a,b). However,
this effect is diminished when the concentration becomes very high, as indicated in Figure 3a, where the efficiency of the systems with 2 and 3 molar
salt concentrations are almost identical. This is also illustrated in the trend of SEI thickness, where the SEI thickness and rate of growth is similar
for the two systems at 100% SOC. The SEI exhibits an increasing fractional occupation of solid species, and thus a decrease in porosity, with
increasing salt content, shown in Figure 3b, which corresponds to improved passivation and mechanical stability. This effect is inhibited at higher
salt concentrations, where the formation of clusters at the surface leads to a lower density. This finding corresponds with literature results,?” and its
implications will be further explored in the next section (2.2.4) in combination with charging rate variation.

The predominant SEI formation mechanism for all systems in this study is via reaction at the surface, leading to layer-by-layer growth. However,
for some systems, additional growth occurs via secondary particle nucleation in the electrolyte. This effect is most pronounced for the 3 molar salt
concentration (Figure 3c). This particle growth occurs due to the higher salt concentration leading to a higher formation rate of NaF, which catalyzes
further NaF formation, lowering the barrier for salt decomposition in solution, away from the interface. This additional SEI growth mechanism is
one of the primary reasons for the diminishing benefits shown in Figure 3a and 3b, and also likely contributes to the worsened behavior observed
experimentally at high concentrations and charge rates, which will be explored further in the next section (2.2.4).2” This detrimental growth
mechanism could possibly be mitigated by controlling the nucleation behavior of the system,%”58 and should be investigated further in future studies.

2.2.4 Interaction of Salt Concentration and Charging Rate

The formation of the SEI was studied under different C-rates and with varied salt concentrations in order to better understand how their interplay
influences SEI properties?’. The results are shown in Figure 4.

Systems with an elevated C-rate of 1, C1M1 and C1Mz, exhibited the thinnest SEIs and highest first cycle coulombic efficiency. The systems with a
C-rate of 0.5, CsMs, CsMy, and CsMz, were less efficient than their corresponding 1C systems, but more efficient than the 0.25C baseline,
establishing a clear trend of improved performance with higher C-rate (Figs. 4d, S7, and S8). Higher C-rates also correlated to how quickly the SEI
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was formed and approached a stable state, as evidenced by the leftward shift of the efficiency curves in Figures 4d and S9. This is because higher C-
rates generate a more rapid drop in potential and increase the porosity of the SEI, which induces a higher rate of Na* migration to the electrode
surface where it can be intercalated. The SEI exhibited a decrease in the relative amount of NaF and increased porosity (decreased solid fraction)
with increasing C-rate (Figure 4e), which corresponds to reduced passivation and lower mechanical stability, and thus likely contributes to decreased
long-term stability of the cell.

a) CM, b) C4M, c) C4M, d) 1

Na,co, @ 09
NaF @

o
®

Efficiency
o
=

05 |[}% =" | —Efficiency | 15 —Na,Co,
iz = = ~Thickness - - -Solid
0.4 0 0
0 05 1 0 0.5 1
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Base M, C,M, CsM, CsMp ——CsMs

Figure 4: SEI properties in systems with varied C-rate and salt concentration. a-c) morphology of the SEls formed in systems C sM, CsM;, CsM,. Na,COs
is shown in green and NaF in blue. Solvent, salt, and intermediate species are removed for ease of visualization. d) Coulombic efficiency and SEI thickness.
e) Fraction of Na,COs and solid species in the SEI. C subscripts correspond to the C-rate, and M subscripts correspond to the molar concentration of NaPFg
in the electrolyte. Additional system information is available in Table 1.

Low salt concentrations had the worst performance for each of the charging rates tested. System C.sM s outperforms the baseline (C.2sM1) initially,
but the rate of SEI growth remains relatively constant, and the rate of efficiency increase begins to slow down. This leads to a relatively constant
ratio between Na* consumed for SEI formation vs. intercalation, indicating that the SEI is far from being stabilized and will continue to grow. This
instability is further exemplified in the highly porous and nonuniform SEI shown in Figure 4a. We attempted to simulate a system with 0.5 M NaPFe
at 1C, but the calculations quickly became unstable because the low availability of cations for charge transfer led to huge spikes in local potential
and rapid system instability. This is the first theoretical explanation of the probable underlying mechanism of experimentally observed behavior
where increased C-rates with low salt concentrations lead to battery failure.?”

The influence of salt concentration established in the previous section (2.2.3) for 0.25C systems was confirmed for different C-rates here, where for
a given charging rate, systems with higher concentrations of the conductive salt NaPFe in the electrolyte also exhibited higher efficiency and thinner
SEls. However, this improved behavior occurs via a different mechanism compared to what occurs with increased C-rates. This is visible in the
behavior of the systems with a C-rate of 0.5 in Figures 4d and S9a, where the higher salt concentration in CsM2 leads to a significantly lower rate of
SEI growth by the end of the first charge compared to C.sMu. This improved stability is due to the higher content of NaF and lower porosity in the
SEI, which leads to lower electron leakage and reduced reactivity. This corresponds to increased long-term stability, which is also evidenced in the
upward shift of the efficiency curves in Figures 4d and S9a. The diminishing returns to the effect of increased salt concentration observed in the
previous section (2.2.3) are also further evidenced at higher C-rates, as shown by Figures 4d and S8, where the rate of change in SEI thickness,
Coulombic efficiency, and NaF concentration between the 0.5M and 1M systems is significantly higher than between the 1M and 2M systems.

These effects are further revealed in the changes to the porosity and thickness of the SEI, as shown in Figures 4a-c and S7. It is clear that C-rate has
a stronger effect on SEI thickness and increasing porosity, and salt concentration has a larger effect on NaF content and decreasing porosity. The
cause of the increased porosity in these systems is the same as discussed previously; higher C-rates lead to higher potential gradients, which leads to
a more pronounced EDL, which then impedes the formation of a uniform SEI. The excess salt in the high-concentration systems overcomes this
issue by simply providing more opportunities for association to form NaPFs and subsequent decomposition.

High C-rates can offset the efficiency loss of low salt concentrations and, similarly, high salt concentrations can offset the loss from low C-rates, as
evidenced by the similar efficiency and SEI thickness of systems CsMz, and C:Mq in Figure 4d. Higher salt concentrations can also negate the
increased porosity and decreased NaF content in the SEI from high C-rates. These findings indicate that an optimum can be found between high C-
rate and high salt concentration that minimizes SEI thickness and formation time (first cycle efficiency) while maximizing NaF content and SEI
density (long term stability).

2.2.5 The Electrical Double Layer

Prior studies have speculated on the influence of the EDL on the SEI, but until now, models have not been able to clearly grasp its effect at this
resolution and scale.5®¢! The novel implementation of ion migration based on the coupling of spatially and temporally dependent electronic and
coulombic potentials in our model allows for the electrostatic potential gradient of the EDL to be approximated at the molecular scale during charging.
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The previous sections have revealed that properties of the EDL play a significant, but complex role in the behavior of the SEI. In this section, we
seek to better understand this relationship.

The EDL is clearly visible in the ionic charge distribution (number of Na* - number of PFg’) at 100% SOC in the selected systems in Figure 5. Figure
5 also displays the morphology of the SEI on each z-layer. It is interesting to note that the cluster nucleation in the electrolyte in system Ms discussed
in the prior section (2.2.3) and Figure 3c is also visible in Figure 5g. It is also notable that the EDL in this system resides in a z-layer near the middle
of the cluster instead of above it or at the SEI surface. This is because the cluster is not sufficiently electronically insulating to create an electronic
potential driving force to push the EDL to its top surface, but it does partially block ion transport to the surface, which creates an electrostatic driving
force to pull the EDL away from the SEI surface.

The EDL was significantly influenced by salt concentration and C-rate, with salt concentration having a larger effect. Higher C-rates and higher salt
concentrations both caused the formation of a stronger and more pronounced EDL (Figure 5c¢,d,f,g), and lower C-rates and salt concentrations
corresponded to a smaller and more diffuse layer (Figure 5a,e).

Increased C-rate only has a moderate effect on the EDL at 100% SOC, as evidenced by the relatively small differences between the Baseline (C.2sMz),
CsMy, and C:M: (Figure 5a-c). This is not the case for salt concentration, where there is a notable increase in the magnitude of the EDL for each
increase in concentration (Figure 5a,e-g).

This influence of C-rate is more pronounced at the beginning of charge, when the SEI is thin and poorly insulating, as visible in Figure S10. The
increased magnitude of the EDL here is due to the increased current creating an increased electrical potential gradient at the interface, which leads
to a stronger electrical field acting on the ions. The phenomenon is the reason for the higher porosity in the lower regions of the SEI. As the SEI
becomes thicker, this effect is reduced (Figure S11) which allows the SEI to grow more uniformly.

The increased magnitude of the EDL in systems with higher salt concentration is primarily due to the increased availability of ions, and not to the
potential gradient. In fact, higher salt concentrations served to lessen the potential gradient at the interface at low SOC by generating a more insulating
SEl, as visible in Figure S10 [a vs. f], [b vs. g], and [c vs. h]. These findings provide insight on how C-rate and salt concentration could be carefully
controlled during formation in order to direct EDL behavior and, by extension, SEI properties.®? Formation protocols should consist of low C-rates
at low SOCs, followed by increased C-rates starting at medium SOCs,

The increased magnitude of the EDL caused by the higher C-rates and sait concentrations directly influences the reactivity changes observed in the
prior sections, but is also likely to impact more complex phenomena, such as ion desolvation and solvation sheath structure, that are not yet fully
captured in our model. Future work should aim to investigate the precise effect of the magnitude of the EDL in these processes.®®
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Figure 5: Visualization of EDL and SEI composition over HC surface at 100% SOC after first charge for selected systems. a-g) Fractional SEI composition
and ionic charge (number of Na* - number of PFg) of vs height. h) The ionic charges of all systems overlayed together. C subscripts correspond to C-rate, and
M subscripts correspond to molar NaPFs concentration in the electrolyte. Further system details are available in Table 1.
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In this work, we have employed first principles calculations to determine novel decomposition mechanisms for NaPFs during formation in SIBs, as
well as their corresponding kinetic parameters. These findings revealed that a self-catalytic reduction involving NaF is the dominant mechanism,
and that the hydrolysis of NaPFs is kinetically unfavorable. These parameters were then incorporated into a kMC model of SEI growth during first
charge.

The kMC simulations reveal SEls that consist of an inner Na.COs layer and an outer NaF layer, with varied ratios, depending on electrolyte
compositions and C-rate. Water contamination was found not to have any impact. The altered dielectric constant of systems with different solvent
ratios has a minimal effect on the EDL and properties of the SEI. High C-rates rapidly form thinner SEIs with higher coulombic efficiencies (due to
more rapid passivation), but with higher Na2COs content and increased porosity, which are likely to exhibit reduced long-term stability compared to
dense SEls with high NaF content. Higher salt concentrations generate thinner, denser, and more efficient SEIls, with higher fractions of NaF, but
provide diminishing returns when concentration is increased above 2M. An important relationship between salt concentration and C-rate and their
effect on the SEI was established: Low salt concentrations were shown to be incompatible with high C-rates due to low Na* availability, which
caused large spikes in local electrical potential, leading to uncontrolled reactivity and cell failure. These findings indicate that a balance of C-rate
and NaPFs concentration can be found that minimizes SEI porosity and maximizes NaF content (long-term stability) while minimizing SEI thickness
and stabilization time (first cycle efficiency).

The influence of the EDL potential gradient was approximated at the molecular scale during charge, and was determined to be the underlying cause
of the varied SEI properties associated with different C-rates and salt concentrations. This is primarily due to the ability of the EDL to control the
supply of ionic salt species made available for reaction at the electrode surface. The larger electrostatic potential gradients induced by higher C-rates
cause an increase in the magnitude of the EDL, which leads to an increase in SEI porosity by limiting ion supply to the surface. This effect is
diminished at high SOCs after the SEI becomes sufficiently insulating. Increased salt concentrations decrease SEI porosity by providing enough
excess ions to distribute the electrostatic potential and facilitate transport to the surface. However, when salt concentration becomes too high, the
EDL cannot sufficiently mediate excess ion supply to the surface, leading to increased reactivity and SEI growth. These findings can be used to
direct the tuning of C-rate and salt concentration during formation in order to control EDL behavior and SEI properties. We suggest formation
protocols consisting of low C-rates at low SOCs, then switching to higher C-rates at medium SOCs, in combination with a 1-2M NaPFs concentration.

Overall, this work clarifies the effect of the complex relationship between C-rate, salt concentration, and system properties on the structure of the
EDL and the composition of the SEI. The novel kKMC model developed here establishes the groundwork for the future study of the role of the EDL
in many electrochemical applications, including varied battery chemistries, electrocatalysis, and corrosion.
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