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Abstract

By preventing water decomposition on the electrode surface, the solid-electrolyte interphase (SEI)
plays a crucial role in enhancing the electrochemical stability of water-in-salt electrolytes, thereby
facilitating their commercialization. In this study, we employ density functional theory calculations
to explore the initial stages of SEI formation within a sodium triflate water-in-salt electrolyte on
two types of electrodes: graphite, known for its inert characteristics, and a highly reactive sodium
metal surface, both commonly used in sodium-ion batteries. The insights gained from our
calculations offer predictive information on the potential composition of the interfacial layer
forming on these surface models, shedding light on the electrochemical performance of the system

as a battery feature.

1. Introduction

While Li-ion batteries offer high performance in terms of energy density, operating voltage,
and cycle life -2, they cannot meet the growing demand for energy storage alone, primarily

due to the relative scarcity of lithium resources 3. Additionally, concerns exist regarding their

4 5

physicochemical performance *, safety °, sustainability of the materials used 6, and
environmental impact both during lithium mining > 7 and after battery disposal 8. Therefore, it

is essential to explore alternative energy storage systems to address these limitations and
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concerns. Recently, Na-ion batteries have emerged as one of the most promising alternatives *-
15 primarily due to the abundance and widespread distribution of their raw materials and their
relatively low production costs '®. Additionally, since sodium exhibits similar chemical
behavior to lithium, many mechanisms and components developed for Li-ion batteries can be
adapted for Na-ion batteries !7, facilitating initial progress toward their commercialization.
However, serious challenges remain for this type of battery, including limited energy densities,
power rates, and cycle lives compared to Li-ion batteries '8, as well as potential safety concerns

similar to those associated with Li-ion batteries.

Addressing the challenges of Li-ion and post-Li-ion batteries, including Na-ion variants,
requires improvements in both electrolyte and electrode materials. This necessitates detailed
studies of the system behavior in both the bulk liquid and solid phases, as well as the solid-
electrolyte interphase (SEI). In Na-ion batteries, the solid phase typically features hard carbon
as the anode material, while the cathode is commonly made from Prussian blue/white and their
analogues, layered transition metal oxides, or vanadium phosphate 1% 1922, Regarding the liquid
phase, carbonate-based organic electrolytes have been proposed, often with small amounts of
additives that help stabilize the SEI on anode and cathode during cycling 2*27. However, these
electrolytes share similar safety concerns with Li-ion batteries due to the presence of highly
flammable organic carbonates 2%. Non-flammable ionic liquids 2° address this safety risk while
also offering a sufficiently wide electrochemical stability window, excellent thermal stability,
and low vapor pressure 337, However, they are typically constrained by high production costs
38 and relatively low ionic conductivity 3°. As an alternative, water-in-salt (WiS) electrolytes

have recently gained attention -4

. Although these electrolytes may provide lower
electrochemical stability compared to ionic liquids, they benefit from reduced production costs

by using water, the most abundant solvent in nature, and excellent transport properties that

often surpass those of ionic liquids . Additionally, their nonflammable nature ensures high
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safety, similar to ionic liquids, making them promising candidates for advanced energy storage

systems with enhanced safety requirements.

While many experimental and computational studies have elucidated the main electrochemical
processes occurring in bulk electrodes % #* and bulk electrolytes > #°, the complex reactive
behavior at the interface remains unclear. In particular, the formation mechanism and structural
properties of the SEI, a crucial component that significantly impacts electrochemical stability
46 and charge/discharge processes %7, are not yet fully understood. Although early studies have
provided insights into SEI quality through performance measurements *®, they lack detailed
molecular-scale information on the SEI characteristics. Subsequent research utilized various
ex situ techniques, such as vibrational and photoelectron spectroscopy and microscopy
methods, alongside computational approaches like molecular dynamics (MD) simulations, to
further investigate SEI structure in various electrolytes, with a particular focus on ionic liquids
49-51 'While these studies offer insights into the SEI composition, they lack information on the
SEI formation process, particularly in its initial stages. To address this gap, Forster-Tonigold et
al. > combined their experimental measurements with density functional theory (DFT)
calculations to investigate the interactions between the 1-butyl-1-methylpyrrolidinium
bis(trifluoromethane-sulfonyl)imide (BMP-TFSI) ionic liquid and bulk-like sodium and
magnesium films. This approach provided an atomic-scale perspective on the reactive
interactions between the examined ionic liquid and the anode models, elucidating the initial
stage of SEI formation. Similarly, Stottmeister and GroB 3 employed ab initio molecular
dynamics simulations based on DFT calculations to study the early stages of SEI formation
during the decomposition of typical solvent molecules on alkaline metal anodes. Building on
these insights, further research is needed to investigate SEI composition and formation
processes across various electrolyte/electrode systems, including promising variants of WiS

electrolytes, to optimize the performance of Na-ion batteries.
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In a previous study **, we employed first-principles-based MD simulations to demonstrate the
potential of sodium triflate (NaOTF) WiS electrolyte for use in Na-ion batteries. This study
highlighted how NaOTF provides a balance between bulk transport properties and ion-ion
correlations in the bulk liquid, with the latter playing a crucial role in enhancing
electrochemical stability through the formation of a stable SEI. In the present study, we extend
our research to investigate the initial stages of SEI formation in the same electrolyte. To this
end, we apply the DFT approach proposed by Forster-Tonigold et al. 32 to examine the
interfacial interactions between the electrolyte and two distinct types of electrodes: graphite,
typical of conventional carbon-based electrodes in sodium-ion batteries, and a reactive sodium
metal electrode, representing either a bulk electrode or a thin film grown on the electrode
surface. The primary objective of this study is to elucidate the potential mechanisms underlying
the onset of SEI formation and the composition of the resulting interfacial layer covering the
electrode surface. By separately analyzing aggregated and solvated ion structures, our results

and conclusions can also be extended to similar ionic liquids.

2. Computational methodology

As mentioned earlier, the present study aims to analyze the solid-electrolyte interactions at the
early stages of SEI formation. Our analysis focuses on the NaOTF WiS solution, a promising
electrolyte for Na-ion battery applications, and models the adsorption of various electrolyte
components on either graphite or sodium metal electrodes. To this end, we examine the possible
ion-ion and ion-water structures present at the high salt concentrations associated with a WiS
regime. As detailed in our previous study #*, at these concentrations, the NaOTF WiS electrolyte
consists of two distinct domains: an ion-rich domain, primarily composed of aggregated ions,
and a water-rich domain containing either partly or fully solvated ion pairs. To explore the
adsorption behavior of potential aggregated ion structures, we separately model adsorption

complexes containing a single NaOTF ion pair, a single Na;OTF structure, and a single
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NaOTF: structure, each in the absence of water. Although this approach neglects some details
of mutual interactions in real-world large aggregates, configurations examined effectively
represent the major sub-structures within the ion-rich domain. For the water-rich domain, we
model both a contact ion pair, where the partly solvated cation and anion are in direct contact,
and a solvent-separated ion pair, where both ions are fully solvated but share a portion of their
solvation shells. These two structures are modeled as single ion pairs surrounded by an

adequate number of water molecules, as discussed in section 4.3.

Since the geometry optimization may converge to various local energy minima based on the
initial ion orientation, we repeat the optimization process for each system while varying the
initial configuration of the OTF" anion(s) relative to both the sodium cation(s) and the electrode
surface. Subsequently, we identify the geometry with the lowest overall energy as the optimal

configuration and calculate the adsorption energy based on this configuration as
Ead = Etot - Esurf - Eions (1)

where Ey,, is the total energy of the adsorption complex, E,, s is the energy of the bare surface

modeled in the same simulation cell as for the entire adsorption complex, and Ej,,s is the
energy of the respective electrolyte component simulated in the gas phase within a large

simulation box of 32 X 32 x 32 A3,

To understand the decomposition behavior of triflate anions during the adsorption process, we
follow the procedure outlined in Refs. 3% 34, For this purpose, we selectively break interatomic
bonds and model the resulting decomposition products on top of the electrode surface for each

of the examined systems. Subsequently, we calculate the decomposition reaction energy as

AEdec = Edecomposed - Eintact (2)

where Egecomposea @nd Eineqce TEpresent the energies of the adsorption complexes with
decomposed and intact anions, respectively. It is important to note that our analysis exclusively
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focuses on the driving force for potential decomposition reactions, neglecting kinetic barriers.
Nevertheless, following the Bronsted—Evans—Polanyi principle, a linear correlation between
activation energies and reaction enthalpies can be approximated > >°. Therefore, when
comparing different reactions of similar types, the calculated reaction energies offer initial

insights into their relative probabilities.

We also apply the approach described above to approximate the energy change during the
partial desolvation of contact ion pairs and solvent-separated ion pairs upon their adsorption.
To achieve this, we initially simulate the fully solvated structures of either contact or solvent-
separated ion pairs close to the electrode surface to model their proximity to the surface.
Subsequently, in the resulting optimal structure, we adjust the positions of the water molecules
situated between the ions and the surface atoms to enable direct ion-surface contact. Using
these modified configurations as input, we then repeat our DFT calculations to approximate
the energy of the partially desolvated species adsorbed on the surface. Finally, we compare the

energies of the adsorption complexes with and without partial loss of ion solvation shells

AEdes = Esolvated — Edesolvated (3)

where Egypatea aNd Egesowatea are the energies of the fully and partially solvated ion pairs,

respectively.

As a critical factor influencing the electrochemical stability of the system, we also explore the
probability of water decomposition upon adsorption on the surfaces. This involves selectively
breaking two O-H bonds from two adjacent water molecules and examining the energetic

favorability of the corresponding water reduction reaction:
2H,0(l) + 2e~ —» 20H (aq) + H,(g) 4)

where (1), (aq), and (g) represent the liquid, aqueous, and gas phases, respectively. To

determine the corresponding water decomposition energy, we use Eq. 2 and reference the

6

https://doi.org/10.26434/chemrxiv-2024-nbggp ORCID: https://orcid.org/0000-0003-2844-2313 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-nbqqp
https://orcid.org/0000-0003-2844-2313
https://creativecommons.org/licenses/by/4.0/

respective adsorption complexes containing intact water molecules.

While the methodology described above provides valuable insights into the relative stability of
different adsorption configurations by approximating adsorption or decomposition energies, it
is important to acknowledge the inherent limitations of the DFT model used in our simulations
(the model is outlined in section 3). Firstly, we derive only the total energies, neglecting
temperature-dependent entropic contributions to the energy calculations. Secondly, the high
computational cost of DFT calculations restricts the number of atoms that can be modeled and
thus the complexity of the configurations that can be explored. Thirdly, this study does not
explore any dynamic processes. To address these limitations, future studies could utilize MD
simulations to provide further insights into the formation process and structure of the SEI.
Lastly, we neglect any electrode potential effects in the adsorption. However, grand-canonical
calculations have shown that these effects can often be disregarded at metal electrodes due to

the good screening properties of metals 3-8,

3. Simulation setup

We conduct DFT electronic structure calculations combined with a geometry optimization
scheme to obtain the optimal adsorption structures and their respective energies. Our
calculations are performed using the periodic DFT package VASP °°, employing a conjugate
gradient algorithm  to relax the geometry. For this purpose, the wave functions are expanded
up to a cutoff energy of 520 eV using a plane wave basis set, and the electronic cores are
described by the projector augmented wave (PAW) method ®'. The electronic structure
calculations are considered converged within 10 eV, and the geometry optimizations are
conducted until the forces on atoms are less than 0.01 eV/A. The exchange-correlation energies
are treated within the generalized gradient approximation, employing a revised version of the
Perdew-Burke-Ernzerhof (RPBE) functional, as proposed by Hammer and Nerskov 2. To

account for dispersion effects, we employ the semi-empirical D3 dispersion correction scheme
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of Grimme with the zero damping function 6363

, which is effective for modeling a broad range
of relevant systems . In our analysis, this D3 dispersion correction combined with the RPBE
exchange-correlation functional yields accurate predictions for a bulk graphite system

concerning both the interlayer distance in the stacking direction and the interlayer binding

energy, as indicated in Table S1.

To optimize computational efficiency while ensuring accuracy, we conduct an initial test
analysis by increasing the number of k-points for integration over the first Brillouin zone and
the number of surface layers. Additionally, we test different PAW potentials for sodium with
varying valence configurations. The respective results are provided in Table S2. Based on this
analysis, we adopt a (2x2x1) k-point mesh in all our subsequent calculations, as it offers
sufficient accuracy for both the adsorption energy and the resulting structural properties.
Moreover, in all our subsequent simulations, the graphite surface is modeled by three atomic
layers, and the sodium surface is modeled by four atomic layers. For the sodium cation
adsorbing on the graphite surface, we utilize the PAW potential including 9 valence electrons
(2S%2P%3S!). This choice offers better convergence in the electronic structure calculations,
leading to reduced runtime. For simulations involving the sodium metal surface, we employ
the PAW potential with 1 valence electron (3S!) for sodium, which provides sufficient accuracy

and a significantly lower computational expense.

We utilize the AB stacking configuration for graphite, recognized as the most stable graphite
configuration®’, while representing the sodium surface in both bee (100) and hep (0001)
lattices. For all the examined surface models, a vacuum region of approximately 29 A is
included between the surface and its periodic image in the direction perpendicular to the
surface. The atoms in the lowest layer of each surface are fixed to their initial positions to
mimic bulk-like behavior, while the other surface layers are allowed to relax during the

geometry optimization process. To investigate the adsorption of various electrolyte components
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on the sodium metal surfaces and different aggregated ion structures on the graphite surface,
we employ (5 X 5) supercells of surface unit cells. To accommodate the adsorption of contact
ion pairs and solvent-separated ion pairs on graphite without undesirable periodic effects, a
(6 X 6) supercell of the surface unit cell is utilized. For systems containing the graphite surface,
we employ Gaussian smearing with a narrow width of 0.03 eV, while the first-order Methfessel-

Paxton scheme °® with a width of 0.2 eV is utilized for the cases with metal sodium surfaces.

4. Results and discussions

4.1. Adsorption characteristics of a NaOTF ion pair

We initiate our analysis by examining the adsorption characteristics of aggregated ions, the
predominant ionic configuration in the NaOTF WiS electrolyte **. To this end, we start with a
single NaOTF ion pair, which approximates 1:1 ion aggregation structures. According to Fig.
1, the examined ion pair demonstrates a tendency to adsorb onto both graphite and sodium
surfaces, with the triflate anion adsorbing via its oxygen atoms. The calculated adsorption
energies (see Fig. 1) reveal a stronger and more favorable adsorption of the ion pair on the
sodium surface compared to graphite. This higher adsorption propensity on sodium likely arises
from chemical interactions facilitated by the inherently high reactivity of sodium metal, a topic
further elaborated in subsequent discussions. Consequently, while on graphite, the adsorbed
ions maintain a distance of about 3 A from the topmost layer (Fig. la), they approach the
sodium surface closely (Fig. 1b and 1c). Specifically, on the bee (100) sodium lattice, the
NaOTF ion pair demonstrates a strong tendency for adsorption, characterized by a high
adsorption energy of -2 eV, resulting in a short vertical distance of approximately 0.8 A between

the triflate oxygen and the topmost surface layer.

Figure 1 shows that the orientation of the anion in the adsorption complex is notably sensitive

to the electrode material. On graphite, the S-C bond of the triflate anion tends to orient nearly
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perpendicular to the electrode surface (Fig. 1a), suggesting the potential formation of a strongly
ordered brush-like interfacial layer in direct contact with the surface. In contrast, the adsorbed
anion adopts a tilted orientation on the sodium surface (Fig. 1, panels b and c). Furthermore,
surface characteristics exhibit the potential to alter the anion-cation coordination configuration
in the adsorption complex. Fig. 1b demonstrates a monodentate ion pair configuration on the
hep (0001) sodium surface, where the cation interacts with only one triflate oxygen. However,
the coordination configuration shifts to a bidentate arrangement in the presence of both graphite
and the bee (100) sodium surface (Fig. 1, panels a and c), with the cation coordinating with two
triflate oxygens. Considering the prevalent occurrence of monodentate configurations in bulk
NaOTF WiS electrolyte (see Ref. #%), this observation suggests that ion pairs involved in the
aggregates may require less rearrangement to achieve their most stable configuration when
adsorbed on the hcp (0001) sodium surface. However, we note that the resulting adsorption
configuration may still be less stable than achievable on a bce (100) sodium surface (see the

adsorption energies presented in Fig. 1, panels b and c).

To capture the restructuring of surface atoms in the presence of adsorbed ions, we calculate the
displacements of relaxing atoms in each surface model from their respective positions in the
bare surface. This includes the topmost layer for all surface models, as well as the layer directly
below it for graphite and the two layers below it for the sodium surfaces. The maximum
displacements obtained for each layer are presented in Fig. 1, denoted by §; for the topmost
layer, and &, and &5 for the subsequent layers. These results suggest a restructuring of the
topmost layer atoms in the sodium metal surfaces, especially for the bee (100) lattice, likely
due to their strong chemical interactions with the adsorbate atoms. The positions of graphite
atoms, however, remain almost unchanged after adsorption, indicating their weaker

interactions with the ion pair, which are likely purely electrostatic, as discussed next.
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Figure 1. Top and side views of the adsorption structure of a NaOTF ion pair on the examined
surface models: a) 3 layers of graphite, b) 4 layers of an hcp (0001) sodium lattice, and ¢) 4 layers

of a bece (100) sodium lattice. Each panel displays the corresponding adsorption energy, E, 4,
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obtained from Eq. 1, alongside key structural properties, including the vertical distance between
the cation and the average position of atoms in the topmost surface layer, 7yq_¢, O Tyg_yq,, the
vertical distance between the closest anion oxygen to the surface and the average position of atoms

in the topmost surface layer, 7o_¢_or ry_p,,, the angle between the S-C bond in the triflate anion
and the surface plane, a,rp, and the maximum atomic displacements in surface layers relative to

the bare surface (§; for the topmost layer, §, for the second layer, and &5 for the third layer).

To gain deeper insights into the interfacial interactions, contour plots of charge rearrangement
upon adsorption are presented in Fig. 2, illustrating the difference between the electron density
of the adsorption complex and that of the isolated NaOTF ion pair and the bare surface. These
plots demonstrate a region of enhanced charge density between the sodium cation and the
surface atoms, suggesting some form of covalent interaction, alongside a region of reduced
charge density between the triflate anion and the surface atoms. This implies the induction of
a horizontal dipole moment in the interfacial region, opposite to that of the ion pair. The
observed charge rearrangement is particularly pronounced on sodium surfaces, where regions
of charge accumulation and depletion envelop the adsorbed ions (see Fig. 2, panels b and c).
This suggests a notable charge transfer between the sodium surface and the adsorbed ions,
potentially weakening the electrostatic attraction between cations and anions in the interfacial
region. This could effectively reduce the interfacial resistance against cation diffusion, thereby
enhancing ion conductivity within the resulting SEI. The contour plots also demonstrate small
regions of enhanced charge density surrounding the oxygen atoms of the triflate anion,
particularly for the anions adsorbed on the sodium metal surfaces (see Fig. 2, panels b and c).
This suggests the formation of polar covalent bonds between these oxygen atoms and the highly
electropositive sodium atoms at the electrode surface, giving rise to robust interactions between
the electrode surface and the adsorbed anions. These interactions could play a pivotal role in
promoting a stable SEI, a key factor in mitigating water decomposition on the electrode surface

(see section 4.3 for more details).
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Figure 2. Charge rearrangements induced by the adsorption of a NaOTF ion pair on the examined
surfaces: a) 3 layers of graphite, b) a 4-layer hcp (0001) sodium surface, and c) a 4-layer bee (100)
sodium surface. The figure displays the electron density difference using two isosurfaces
(red:+0.001 e/A3? and green:—00.001 e/A3), showing the difference between the electron density

of the adsorption complex and that of the isolated ion pair and the bare surface.

In the next step, we investigate the decomposition behavior of the triflate anion during the
adsorption process. It is important to note that our analysis will now focus exclusively on
graphite and the bce (100) sodium surface. This decision is based on the observation that both
the examined sodium surface models yield almost similar outcomes concerning the adsorption
complex, with the bee (100) lattice showing a higher adsorption energy. Our investigation
considers potential decomposition products resulting from the breaking of the S-C bond (Fig.
3a), a single S-O bond (Fig. 3b), or a single C-F bond (Fig. 3c), as the initial decomposition
reactions (see section 2 for technical details). Additionally, we explore scenarios involving
breaking of multiple bonds, resulting in the decomposition of the anion into smaller products
or its constituent atoms (see Fig. 3, panels d-h). The positive reaction energies obtained on the
graphite surface (AE3,C = 2.46 eV, AES. P = 3.13 eV, AES;F = 2.64 eV) suggest that anion
decomposition on this surface is not feasible, highlighting the inert nature of graphite. In
contrast, during the adsorption process on the sodium metal surface, all considered
decomposition scenarios are energetically favorable, as indicated by their negative reaction
energies (Fig. 3). In this case, the breaking of the C-F bond exhibits the greatest energetic

favorability as an initial decomposition reaction (Fig. 3¢), followed by the breaking of the C-S
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bond (Fig. 3a). The stability of the adsorption complex further increases with the simultaneous
breaking of both the C-F and C-S bonds, yielding CF> and SO; products, as well as an
individual fluorine atom that may closely associate with the sodium cation to form NaF (Fig.
3e). Subsequent decomposition of these products into atomic constituents provides the most

stable adsorption structures, as illustrated in Fig. 3, panels g and h.

Comparing the decomposition behavior of the triflate anion on sodium versus graphite, we
anticipate structural deviations in the interfacial layers directly forming on these electrodes.
While the layer forming on the graphite surface is expected to primarily consist of sodium
cations and intact triflate anions, with the triflate anions adsorbed in a perpendicular
arrangement relative to the surface (as discussed in relation to Fig. 1), adsorption on the sodium
metal surface is likely to yield a more disordered and heterogeneous layer, characterized by a
notable presence of decomposed fluorine atoms and other potential anion decomposition
products. Such characteristics could effectively contribute to the formation of a smooth layer
covering the sodium surface, potentially mitigating dendrite growth, a critical challenge in
sodium metal electrodes ®. Although the disordered nature of the resulting interfacial layer
may hinder ion transport within this region, potentially affecting the sodium intercalation
process, the weakened cation-anion electrostatic attractions within this region (as discussed in
relation to Fig. 2) can effectively contribute to reducing overall interfacial resistance, thereby

facilitating sodium conductivity.

To monitor the restructuring of the sodium surface atoms in the presence of decomposition
products, we calculate §,, §,, and &5 as outlined earlier in this section. Results indicate that
anion decomposition extends lattice distortion to the inner layers of the surface, as evidenced
by the increased §, and 6; compared to when the adsorbed anion remains intact (see Figs. 1c
and 3). This could be primarily attributed to the high affinity of decomposition products to

approach the surface layer or penetrate the atomic structure of the electrode. Fig. 3 indicates
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that unlike individual fluorine atoms and larger decomposition products such as SO3, SO, CF3,
and CF,, which predominantly adsorb at the surface or within the hollow positions at the
topmost atomic layer (panels a and c-g), individual oxygen atoms may migrate into the bulk
electrode and occupy interstitial sites within the lattice (panels b and h). This could potentially
compromise the mechanical integrity of the electrode material and hinder ion diffusion within
the electrode, thus affecting capacity and cycling stability of the battery. However, the potential
association of detached oxygen atoms with the sodium cation, as suggested in Fig. 3, panels d
and f, may prevent their unfavorable migration into the bulk electrode. To assess the likelihood

of this scenario, additional ab initio molecular dynamics simulations are necessary.
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Figure 3. Potential adsorption structures of a NaOTF ion pair on a 4-layer bee (100) sodium metal
surface considering different anion decomposition scenarios. The decomposition products
correspond to the breaking of: a) the S-C bond, b) one S-O bond, ¢) one C-F bond, d) the S-C plus
one S-O bond, e) the S-C plus one C-F bond, f) the S-C plus one S-O plus one C-F bond, g) the S-
C plus three C-F bonds, and h) the S-C plus three S-O plus three C-F bonds. Each panel displays
the corresponding decomposition reaction energy (AE ,.) obtained from Eq. 2, and the maximum
atomic displacements in surface layers relative to the bare surface (8, for the topmost layer, &, for

the second layer, and &5 for the third layer).

4.2. Adsorption of Na;OTF and Na(OTF); structures
To explore additional potential sub-structures within the ion-rich domain of a NaOTF WiS

electrolyte, we extend our analysis to the adsorption of Na,OTF and Na(OTF); aggregates on
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the examined surfaces. While the resulting adsorption complexes closely resemble the
structural properties of the adsorbed NaOTF ion pair in terms of the anion orientation relative
to the surface (see Fig. 1, panels a and c, and Fig. 4), both the distance of the ions from the
surface and the cation-anion coordination configuration exhibit dependency on the adsorbate
structure. In particular, the cation in the adsorbed Na(OTF), demonstrates a notably greater
distance from the surface compared to that in the NaOTF and Na,OTF adsorbates. Additionally,
unlike other adsorption structures where the adsorbed cation is bidentately coordinated to the
anion(s), the adsorbed NaxOTF on the sodium surface exhibits two monodentate cation-anion
configurations. Comparing the adsorption energies for the examined structures, the Na(OTF)»
structure demonstrates the highest tendency to undergo adsorption, followed by the NaOTF
and then the NaOTF structures (see Figs. 1 and 4). This suggests that larger aggregates,
comprising multiple anions or cations, may have a greater propensity for adsorption onto solid
surfaces compared to smaller aggregates or individual ions. This increased tendency could
primarily stem from the increased number of atoms interacting with the surface, particularly
when multiple anions are involved in the aggregate and come into contact with the surface.
This underscores the importance of enhanced cation-anion coordination within WiS
electrolytes for SEI formation, a concept also addressed in Refs. +>4¢_ Still, it is important to
note that our analysis neglects additional mutual interactions in larger clusters, which could

potentially influence the structure of the adsorption complexes and their adsorption energies.
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Figure 4. Top and side views of the adsorption structures of multi-ion complex models on the
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examined surfaces: a) Na;OTF on 3 layers of graphite, b) Na(OTF). on 3 layers of graphite, c)
Na,OTF on a 4-layer bee (100) sodium surface, and d) Na(OTF); on a 4-layer bee (100) sodium
surface. Each panel displays the corresponding adsorption energy, E,,, obtained from Eq. 1,
alongside key structural properties: the vertical distance between the sodium cation and the average

position of atoms in the topmost surface layer, ry,_¢_ Or Tyg_pq,, the vertical distance between the

nearest oxygen atom of the triflate anion(s) to the surface and the average position of atoms in the

topmost surface layer, 7y_¢_or 75_pq,, the angle between the S-C bond in the triflate anion and the

surface plane, a1, and the maximum atomic displacements in surface layers relative to the bare

surface (8, for the topmost layer, &, for the second layer, and §5 for the third layer).

We now investigate the impact of cation-anion interactions within complex aggregate
structures on the decomposition probability of triflate anions. To this end, following the
procedure outlined in section 2, we exclusively explore the probability of breaking the C-F and
S-C bonds, identified as the most probable initial decomposition reactions (see section 4.1).
The positive reaction energies obtained in the presence of graphite (AE5,.© = 0.78 eV and
AES;F = 0.13 eV for the Na,OTF adsorbate, and AE;, S = 1.6 eV and AES;F = 1.88 eV for
the Na(OTF), adsorbate) demonstrate a lack of propensity for anion decomposition during
adsorption on the graphite surface, irrespective of the aggregate structure. In contrast, the anion
shows a significant propensity for decomposition during adsorption onto the sodium surface,
with the anions involved in Na(OTF), and Na;OTF aggregates demonstrating a higher
tendency for decomposition compared to that observed for a NaOTF ion pair (see Fig. 3, panels
a and c, and Fig. 5, panels a-d). This underscores the pronounced tendency for anion
decomposition within the ion-rich domain of a NaOTF WiS electrolyte, where numerous anions
and cations participate in aggregate formations, resulting in the prevalent formation of

Na(OTF),, Na,OTF, and analogous substructures.

Our results also demonstrate that when two triflates are in contact with the same cation, forming

a Na(OTF); substructure, the breaking of the S-C bond in one anion enhances the probability
of a similar bond breaking in the second anion, as indicated by |AE §§ZC| > 2|AE§;CC .

Conversely, when one anion loses a fluorine atom, the second one shows a decreased, but still
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significant, tendency to undergo fluorine loss, as evidenced by |AEZS | < 2|AES.F|. This

behavior indicates that the presence of multiple anions in the aggregate substructures influences

the energetics of bond breaking in a non-linear manner.
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Figure 5. Structures of potential decomposition products of triflate anion(s) during adsorption of
Na;OTF and Na(OTF), aggregates on a bee (100) sodium surface. These structures represent the
breaking of: a) the S-C bond in Na;OTF, b) one C-F bond in Na;OTF, ¢) one S-C bond in Na(OTF)s,
d) one C-F bond in Na(OTF),, e) both S-C bonds in Na(OTF),, and f) two C-F bonds from different
anions in Na(OTF),. Each panel displays the corresponding decomposition reaction energy, AE 4.,

obtained from Eq. 2.
4.3. Approximation models for the adsorption of solvated ion pairs

To better understand the initial stages of SEI formation on the examined surface models, it is
important to consider the potential presence of water within the interfacial region, as it can
significantly affect the stability and arrangement of the adsorbed ion species. To address this,
we conduct new simulations in the presence of water molecules. In our analysis, we assume
that the salt concentration in the bulk electrolyte is sufficiently high to exclude the presence of
free water molecules and free ions, as expected in the WiS regime 4. Consequently, only water
molecules within the solvation shells of contact ion pairs and solvent-separated ion pairs can

approach the electrode surface and contribute to SEI formation. For the NaOTF WiS

20

https://doi.org/10.26434/chemrxiv-2024-nbggp ORCID: https://orcid.org/0000-0003-2844-2313 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-nbqqp
https://orcid.org/0000-0003-2844-2313
https://creativecommons.org/licenses/by/4.0/

electrolyte, this assumption corresponds to a salt concentration of approximately 9.25 m or

higher, as determined in our previous research *.

To ensure the inclusion of sufficient water molecules for modeling contact and solvent-
separated ion pair structures, we conduct a preliminary molecular dynamics analysis. This
involves increasing the number of water molecules surrounding a single NaOTF ion pair within
a large simulation box (45 X 45 x 45 A3) and examining ion-ion and water-ion configurations
to achieve the desired contact or solvent-separated arrangements. For this purpose, we employ
the OPLS force field 7° for ions and the SPC/E model 7! for water. Based on this analysis, we
develop contact and solvent-separated ion pair models comprising 12 and 24 water molecules,
respectively, which are then used in our DFT calculations. While our consistent use of DFT
modeling for various adsorption scenarios in the presence of water allows for comparisons of
energetic favorability among the resulting adsorption structures, it is important to acknowledge
the limitations of our DFT model. Firstly, this model does not fully capture the complexities of
ion desolvation during the adsorption process, as it neglects temperature effects, dynamic
processes, and certain aspects of mutual interactions between the solvated ions and their
neighboring electrolyte components. Secondly, the adsorption energies are determined with
respect to ion pairs and their surrounding water molecules in the gas phase, which may
introduce potential errors when applied to the liquid electrolyte environment. Therefore,
subsequent ab initio molecular dynamics simulations are necessary for a more precise analysis

of the SEI formation in the presence of solvation shells.

By yielding negative adsorption energies, our DFT calculations suggest the potential presence
of fully solvated contact and solvent-separated ion pairs in close proximity to the graphite
surface (see Fig. 6, panels a and c). However, the proximity of both these structures to the
surface will likely result in the partial loss of their solvation shells and their direct adsorption
onto the graphite surface, thus achieving higher energetic stability, as evidenced by AE;,s <

0 (see Fig. 6, panels b and d). This suggests a low probability of finding water within the first
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layer directly covering the surface, though some water molecules might be present in
subsequent layers, participating in the solvation shells of the adsorbed ions. Nevertheless, the
interfacial region is predicted to primarily consist of large aggregates, which could enhance
overall energetic stability during their adsorption onto the graphite surface, as evidenced by the

large adsorption energies of Na;OTF and NaOTF; structures (see Fig. 4).

In the presence of the sodium surface, our DFT calculations yield positive adsorption energies
for contact and solvent-separated ion pair structures (Fig. 6, panels e and g), suggesting their
minimal presence in close proximity to the surface. Although partial desolvation enhances the
stability of the adsorbed structures, as reflected in AE;.; < 0 (Fig. 6, panels f and h), the
positive adsorption energies obtained for the fully solvated structures still act as a barrier
against their approach to the surface and subsequent desolvation. Consequently, ions are
anticipated to form the vast majority of adsorbed species on the sodium surface, with water
rarely present within the interfacial region. The absence of water in this region could
significantly contribute to expanding the electrochemical stability window by inhibiting water-

surface interactions, thus preventing water reduction on the electrode surface.
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Figure 6. Structures of contact and solvent-separated ion pair models in proximity to the examined
surfaces: a-d) 3 layers of graphite, and e-h) a 4-layer bcc (100) sodium surface. The panels show
fully solvated contact (a and e) and solvent-separated (¢ and g) ion pair structures, as well as partly
desolvated contact (b and f) and solvent-separated (d and h) ion pair structures. For the fully
solvated adsorbates, the corresponding panels display the adsorption energies, E,;, obtained from
Eq. 1, and for the partly desolvated adsorbates, the panels show the desolvation energies, AE .,

approximated from Eq. 3.

While our findings suggest minimal water presence near the graphite and sodium metal
electrodes, it remains imperative to investigate the probability of water decomposition on these
electrodes, as it may significantly impact the electrochemical stability window. To achieve this,
we examine the energetic favorability of water reduction (see Eq. 4) on the electrode surface
by selectively breaking two O-H bonds from two adjacent water molecules (see section 2 for
more details). Our investigations exclusively consider the water molecules within the partly
desolvated contact and solvent-separated ion pairs directly adsorbed onto the surface, as they

represent the most stable water-containing adsorption complexes before water decomposition
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(see Fig. 6). Positive reaction energies obtained from Eq. 2 in the presence of graphite (AE ;.. =
3.6 eV) indicate the unlikelihood of water reduction at the interface between the examined WiS
electrolyte and inert graphitic electrodes, aligning with the stability objectives in WiS
electrolyte design. In contrast, calculations in the presence of the highly reactive sodium metal
surface yield relatively large negative decomposition energies (see Fig. 7), indicating a strong
tendency for water reduction. Thus, if water molecules reach the layer covering the sodium
surface, they are likely to undergo reduction, leading to the formation of sodium hydroxide and
hydrogen gas (see Fig. 7). This process can ultimately compromise the electrochemical stability
and impact battery performance. Therefore, it is crucial to achieve a water-lacking SEI on the
sodium metal electrode when using a WiS electrolyte. Based on the insights derived from our
present investigation and the findings of our previous study %3, this objective can be effectively
pursued by increasing the salt concentration to a sufficiently high level where both free water
molecules and free ions are absent in the bulk electrolyte. In such a system, water can only
access the electrode surface as part of solvation shells around contact and solvent-separated ion
pairs. However, these structures exhibit minimal tendency to approach the sodium metal
surface (see Fig. 6, panels e and g), thereby effectively reducing the probability of water

decomposition on the sodium metal electrode.

(a) AEsp, = —1.62 eV (b) AE ., = —1.87 eV
) oqfO-. *
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Figure 7. Exemplary water decomposition products resulting from the reduction of water
molecules approached a 4-layer bee (100) sodium surface as part of adsorbed contact (panel a)
and solvent-separated (panel b) ion pair structures. Each panel displays the corresponding
decomposition reaction energy, AE,;,., obtained from Eq. 2 with respect to the adsorption

complexes containing intact water molecules.
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Conclusion

Density functional theory (DFT) calculations, coupled with an ionic relaxation algorithm, are
employed to explore the initial stages of solid-electrolyte interphase (SEI) formation in a
sodium triflate (NaOTF) water-in-salt (WiS) electrolyte, a critical factor in ensuring
electrochemical stability. The study focuses on two distinct electrode materials: graphite,
commonly used as an inert electrode in sodium-ion batteries, and sodium metal, representing a
highly reactive solid phase, either as a bulk electrode or a thin film grown on the electrode
surface. In both scenarios, triflate anions are observed to adsorb onto the solid surface via their
oxygen atoms, with multi-ion aggregates exhibiting a stronger adsorption tendency. This
highlights the importance of enhanced cation-anion coordination within WiS electrolytes in
promoting a stable SEI. While both the graphite and sodium metal electrodes show potential
for forming this protective layer and ensuring sufficient electrochemical stability in the
presence of a NaOTF WiS electrolyte, the mechanism underlying SEI formation and the
structure of the adsorbed complexes covering the electrode surface are found to depend

significantly on surface characteristics.

On graphite, the adsorption process may lead to the formation of an interfacial layer comprising
intact anions, cations, and water molecules, all maintaining a vertical distance of at least 2.9 A
from the surface layer. This suggests a purely electrostatic nature for the corresponding solid-
electrolyte interactions, which could potentially compromise SEI stability in the absence of
robust chemical interactions. However, the presence of large aggregates within the WiS
electrolyte can improve the stability of the SEI by involving multiple anions in the SEI
formation. The corresponding triflate anions tend to adsorb onto the surface with their C-S
bonds nearly perpendicular to the surface, potentially forming a brush-like interfacial structure.
This configuration has the potential to reduce interfacial resistance to ion conductivity, thus
facilitating the cation intercalation process. Ultimately, it can lead to more efficient charge and

discharge processes, thereby enhancing overall battery performance. On the other hand, the
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potential presence of water molecules within the interfacial layer poses a risk of water
decomposition that can compromise the electrolyte stability and reduce battery performance.
However, we note that the inert carbon atoms within the graphite surface lack the energy
required for initiating water decomposition and subsequent reduction reactions. Therefore,
from both the electrochemical stability and ion conductivity perspectives, graphite, and likely
other carbon-based electrodes, could be considered as potential candidates for use in batteries

featuring a NaOTF WiS electrolyte.

Unlike on graphite, triflate anions adsorbed on the sodium metal exhibit a strong tendency to
approach the surface closely and form robust covalent bonds with the surface atoms via their
oxygen atoms. These strong interfacial interactions not only enhance the stability of the
resulting SEI compared to that on graphite, but also alter the arrangement of the adsorbed
anions, resulting in tilted configurations. Additionally, the inherently high reactivity of the
sodium surface provides an energetically favorable environment for anion decomposition
during the adsorption process, resulting in an extensive formation of smaller decomposition
products that strongly interact with the surface atoms. These decomposition products, which
may include SO3, CF3, and CF» groups, as well as atomic constituents like F, C, and O, tend to
preferentially adsorb in hollow positions at the surface, leading to the formation of a smooth

layer covering the electrode surface.

Despite the potential formation of a strongly stable SEI on the sodium metal surface, even
minimal penetration of water molecules into the interfacial region can pose a significant risk
of water decomposition on this highly electropositive electrode. Hence, in the absence of free
water molecules, we examined the potential presence of water within the interfacial layer as
part of ion solvation shells. Our simulations indicate that the solvated ion structures exhibit
energetic unfavorability when approaching the sodium surface. This strongly suggests an
absence of water in close proximity to the electrode surface, effectively ensuring

electrochemical stability. Additionally, our findings indicate a notable charge transfer between
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the sodium surface and the adsorbed cations and anions, leading to a weakening of the
electrostatic attraction between cations and anions in the interfacial region. This could
potentially enhance the cation intercalation process, thereby ensuring efficient charge and
discharge cycles. Consequently, despite the challenges associated with their highly reactive
nature, sodium metal electrodes hold promise for delivering desirable characteristics when

coupled with an NaOTF WiS electrolyte.
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