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Abstract

The increasing need for electrochemical energy storage drives the development
of post-lithium battery systems. Among the most promising new battery types are
sodium-based battery systems. However, like its lithium predecessor, sodium batteries
suffer from various issues like parasitic side reactions, which lead to a loss of active
sodium inventory, thus reducing the capacity over time. Some problems in sodium
batteries arise from an unstable solid electrolyte interphase (SEI) reducing its pro-
tective power e.g., due to increased solubility of SEI components in sodium battery

systems. While it is known that the electrolyte affects the SEI structure, the exact



formation mechanism of the SEI is not yet fully understood. In this study, we follow
the initial SEI formation on a piece of sodium metal submerged in propylene carbonate
with and without the electrolyte salt sodium perchlorate. We combine X-ray photo-
electron spectroscopy, gas chromatography, and density functional theory to unravel
the sudden emergence of propylene oxide after adding sodium perchlorate to the elec-
trolyte solvent. We identify the formation of a sodium chloride layer as a crucial step
in forming propylene oxide by enabling precursors formed from propylene carbonate on
the sodium metal surface to undergo a ring-closing reaction. Based on our combined
theoretical and experimental approach, we identify changes in the electrolyte decom-
position process, propose a reaction mechanism to form propylene oxide and discuss

alternatives based on known synthesis routes.

Introduction

Electrochemical energy storage in batteries is crucial for successfully transitioning from fossil
fuel usage to a sustainable energy economy.! Lithium-ion batteries (LIBs) exhibit a high
energy density and operating voltage while maintaining a sufficiently long cycle life. Thus,
LIBs have established themselves as the prime non-stationary energy storage solution.?
However, LIBs cannot store the inexorably increasing energy needed for today’s society
for various reasons. Not the least of these reasons is the relative scarcity of lithium in
the earth’s crust and its uneven global distribution, combined with the environmentally
unfriendly mining process.? It is, therefore, essential to diversify energy storage beyond
lithium. One of the most promising alternatives to lithium batteries are sodium batteries 4
which, unlike lithium, do not suffer from scarcity issues due to sodium’s relative abundance.
Based on sodium’s chemically similar behavior to lithium, many concepts developed through
the study of lithium batteries can be applied to sodium batteries .>°

One such aspect lies in understanding the solid electrolyte interphase (SEI) formation.

Although there are differences due to different kinds of anode materials used between lithium



and sodium-based batteries (graphite versus hard carbon), the SEI is a crucial component for
the functionality and safety of alkali batteries and has been studied extensively using experi-
mental and theoretical methods.” It has been demonstrated that the electrolyte composition
significantly impacts SEI formation. Numerous studies have shown the importance of the
solvent mixture”” 10, as well as the used electrolyte salt'" . Further, the beneficial effects of
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additives like FEC or VC on the stability of the SEI have been established . Therefore,
all electrolyte components contribute to the formation of the SEI, the salt, the charge car-
rier, the solvent, and the additives' . However, the mechanisms through which the different
components influence the growth of the SEI still need to be fully understood. Resolving said
mechanisms has been the focus of many studies, ranging from atomistic simulations to exper-
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imental post-mortem analysis ®. The complexity of the SEI poses a challenge for both,
experimentalists and theoreticians alike. Combining the different sizes and timescales often
complicates any direct comparison between the atomistic view of theoretical simulations,
which typically operate on the picosecond timescale, and the macroscopic scale of experi-
ments, which frequently operate on timescales spanning days or weeks. Here, we attempt to
unravel one piece of the puzzle: the influence of sodium perchlorate on the SEI formation in
sodium (metal) batteries using propylene carbonate as the electrolyte solvent. We combine
atomistic scale density functional theory (DFT) and ab initio molecular dynamics (AIMD)
simulations with X-ray photoelectron spectroscopy (XPS) and gas chromatography (GC)

measurements to develop a detailed understanding of the initial SEI formation steps in this

system.

Methods

Computational details

All reactions were modeled using ab initio DFT calculations within the plane-wave-based

Vienna ab initio simulation package (VASP)? framework. The exchange-correlation was cal-



culated using the revised Perdew-Burke-Ernzerhof functional (RPBE)?* to better account
for chemisorption. The electron-core interactions were described via a projector augmented
wave (PAW) method.??6 A T centered 5 x 5 x 1 k-point grid was used to calculate the
adsorption energies. The electronic self-consistent-field (SCF) was converged up to 107¢ eV
using the Gaussian smearing scheme with a width of 0.05 eV, with the ionic geometry being
converged to energetic differences below 107° eV. The DFT-D3 Van-der-Waals (vdW) cor-

rection of Grimme?"28

was applied to include dispersion effects during molecular adsorption.
The molecular dynamics simulations simulated a canonical ensemble using the Nose algo-
rithm with a Nose-frequency of 104 Hz at a temperature of 300K. The frequency calculations
were computed using a finite differences approach with a displacement width of 0.015 A to
stay within the harmonic approximation. The surfaces were modeled using the slab model
with (4x4) unit cells topped by a vacuum region with a height larger than 15 A. The slab

thickness varied between 4 to 6 layers, dependent on the specific surface. The minimum slab

thickness was 9 A.

Gas chromatography

Gas formation was investigated in an EL-CELL (PAT-Cell-Press) with a cup (polypropylene)
containing the electrolyte mixture and sodium pieces. The cell was handled in an argon filled
glove box and a PEEK sealing was used to close the cell tightly. The pressure was observed
over a period of time and afterward the gases were extracted with a gas-tight syringe. The
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procedure is described in Ref*’ in more detail.

Gas analyses were carried out using a Clarus 690 gas chromatograph (Perkin Elmer,
USA), which was additionally equipped with an ARNEL 4019 system (Perkin Elmer, USA)
and a mass spectrometer (MS, SQ8S, Perkin Elmer, USA). The gas sample was injected
using a syringe into the gas injection system, which was connected to multiple separation
columns and injectors (thermal conductivity detectors (TCD) and mass spectrometer (MS)).

The gas samples were introduced at room temperature and then switched to the columns.



The setup allowed the detection and quantification of the gases CO,, CO, CHy, CoHsy, CoHy,
CsHg, O5, He and Ar from a concentration of about 150 ppm. Propylene oxide and volatile

solvents were detected with the MS detector. Evaluation and control were performed using

TurboMass software (6.1.2.2048, Perkin Elmer, USA).

X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurements were performed using a K-alpha
spectrometer (Thermo Fisher Scientific, East Grinstead, UK), applying a micro-focused,
monochromatized Al Ka X-ray source (hry = 1486.6 eV) with 400 pum spot size. The metal
electrodes (supported by the spacer) were placed on a sample holder using copper tape and
transferred without exposure to air or moisture to an Ar-filled glovebox connected to the
spectrometer. In case of localized surface charging, the binding energy shifts were minimized
using the K-Alpha charge compensation system during analysis, using a electron flood gun
as charge compensation with low energy-electrons of 8 eV kinetic energy and Ar ions with
low energy. Data acquisition and processing was carried out using the Thermo Avantage
software (Version 5.9922, Thermo Scientific). All spectra were referenced to the hydrocar-
bon C 1s peak (C-C, C-H) at 285.0 eV while the overall binding energy scale was controlled
by means of the well-known photoelectron peaks of metallic Cu, Ag, and Au, respectively.
On each sample surface, a full set of spectra was aquired from at least two different spots,
using a step size of 0.1 eV and a pass energy of 50 eV for the detailed spectra. For intense
peaks and/or peaks clearly evidenced by the peak shape, the binding energy uncertainty
was set around 4+ 0.1 eV during curve fitting. In case of weak peaks and no direct justi-
fication by the peak shape, the uncertainty was set to + 0.2 eV. Spectral changes due to
X-ray radiation exposure was checked via repeated measurements but was not observed.
The analyzer transmission function, Scofield’s sensitivity factors, and effective attenuation
lengths for photoelectrons were applied for quantification. Effective attenuation lengths

were calculated using the standard TPP-2M formalism. Core peaks were analyzed using the



“smart background” (nonlinear Shirley-type background with an additional constraint that
the background function is not greater than any datapoint in the measured region). For peak
fitting, Voigt profiles were used with a 70 % Gaussian and 30 % Lorentzian contribution.
To provide a clear presentation and more comparable spectra, the intensity was normalized

setting the maximum peak height to 1.

Electrolyte preparation

0.75 M NaClO4 (Alfa Aesar, anhydrous, ACS, 98.0-102.0 %) was dissolved in 1) DEC:EC
(Sigma-Aldrich, anhydrous > 99 %; Sigma-Aldrich, anhydrous 99 %) 50:50 by volume and
2) PC (Sigma-Aldrich, anhydrous 99.7 %) and stirred in high-density polyethylene vials
overnight at room temperature. A third electrolyte was prepared by adding 10 % VC
(Thermo Scientific Chemicals, 98 %) by volume to the 0.75 M NaClO, in PC electrolyte.

Metal submerging experiments

Samples were prepared in an Ar-filled glovebox (Os <0.1 ppm, HyO <0.1 ppm). The Na
metal (Sigma-Aldrich, 99.9 % trace metals basis) which was delivered in mineral oil was first
washed in hexane and then placed and rolled out using a protective PE (polyethylene) sheet
to reduce sticking to the rolling pin and contamination’s on a stainless-steel spacer. The
samples were placed in high-density polyethylene vials with 1 mL of the three electrolytes
mention above and stored in the electrolytes for 2 minutes, 4 minutes and 2 hours, respec-
tively. After storage, the Na electrodes were washed twice by immersion for 2 minutes in
a glass vial containing 3 mL of DEC or PC and dried under vacuum. These conditions are
based on a pre-study investigating the washing conditions and it was found that this pro-
cedure removes almost all residual conductive salt.Furthermore, reference samples of NaCl

and pristine Na were measured, where NaCl powder was mounted to the sample holder by



pressing the powder into conductive double sided carbon tape.

Results and Discussion

Electrolyte decomposition products

In this study, we expand upon the previous work of Hofmann et al., where the reactiv-
ity of different electrolyte compositions on sodium metal was tested extensively. * Here, we
utilize DF'T calculations to better understand the electrolyte decomposition process by cal-
culating the thermodynamic stability of possible fragments and comparing these results to
the established experimental data. In the first step, we screened the adsorption energies
of hypothesized decomposition products on surfaces likely to exist at the metal-electrolyte
interface. A compilation of the considered decomposition products is illustrated in Fig. 1.
This step is essential when comparing theoretical results with experimental data in order to
consider the detectability of potential decomposition products to understand electrolyte de-
composition based on gas phase analysis. Any decomposition product which strongly bonds
to the electrode surface (adsorption energy >> 1 eV) will be unable to desorb into the elec-
trolyte under room temperature conditions and will, therefore, be undetectable within the
scope of gas phase analysis methods.

All electrolyte decomposition products were derived from dimethyl carbonate (DMC),
ethylene carbonate (EC), or propylene carbonate (PC) as a base. We considered the surface
terminations with the three lowest surface energies of pure sodium and the (100) and the
(111) surfaces of sodium chloride. We considered both the NaCl(100) and the NaCl(111)
surfaces since whereas the NaCl(100) surface is known to be the most stable NaCl surface ,3°
the NaCl(111) surface has been observed in several instances.?"3? We specifically consider
the Na-rich NaCl(111) due to its resemblance to Na-metal. These surface terminations should
be stabilized at high Na electrochemical potentials 3 or rather low Cl potentials, as the sum

of these two potentials is fixed by the chemical potential of NaCl salt. We calculated the
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Figure 1: Illustration of the investigated possible electrolyte decomposition products.

adsorption energy using

Eads - Eadsorbed - Eadsorbate - Esurf . (1)

To make our study fully comprehensible to both experimentalists and theoreticians alike,
we like to briefly address the topic of semantics concerning the adsorbates used within this
work. All calculations were performed in charge-neutral systems as the electrodes act as
electron reservoirs ensuring charge neutrality, as should be true for any electrochemical
interface in equilibrium .3* Therefore we describe the carbonate adsorbate as COs since no
additional charges are introduced into the system. This does, however, not imply that the
carbonate moiety is charge neutral after adsorption on the respective surface. All calculated
adsorption energies are listed in the table 1.

Propylene oxide (PO) and both CO and CO, exhibit low adsorption energies on both the
metal and the chloride surface, leading to a significant amount of these molecules that do
not stay at the surface, thus enabling gas phase analysis methods to detect their presence.
Similarly, unreacted DMC, as well as any formed propene, should also be detectable. Many

of the investigated decomposition products, such as [CO3]~2 and propandiolate are found to



chemisorb on the sodium and the (111) sodium chloride surfaces, likely causing them to be
invisible for the experimental gas phase analysis. Therefore, gas phase analysis methods will
be ill-suited to detect many of these “first step” products.

In the following, we will take a closer look into how the compounds adsorb on the consid-
ered surfaces, focusing on adsorbates that show a substantial variation in their adsorption
behavior on these surfaces. First, we look at carbon monoxide, which offers little difference
in adsorption energy between sodium metal and sodium chloride. Despite this slight differ-
ence in energetics, the adsorption of CO on sodium chloride occurs via a Na-O binding, in
contrast to the Na-C binding on metallic sodium, which is well established for other metal
surfaces.®® The different adsorption structures for CO and CO, are depicted in Fig. 2.

While from a strictly energetical perspective, there is little difference between the chloride
and the metal surface for CO adsorption, for CO, we notice a significant increase in the
adsorption energy on the NaCl(111) surface. Its stronger adsorption on NaCl(111) is further
reflected in its modified adsorption structure (see Fig. 2d), in which the CO2 molecule is no

Table 1: Calculated adsorption energies for proposed decomposition products and educts on
different surface cuts of Na and NaCl.

Na(100) Na(110) Na(111) NaCl(100) NaCl(111)

CO -0.25eV -026eV  -023eV  -0.17 eV -0.42 eV
COq -0.25eV  -0.19eV  -0.19eV  -0.35eV -2.02 eV
COs4 -8.24 eV -798eV  -790eV  -0.88 eV -8.96 eV
DMC -0.57 eV -0.56 eV -048 eV -0.47 eV -1.22 eV

CH30 (methanolate) - -3.59 eV - -0.42 eV -4.06 eV
CoH404 (1,2-ethandiolate) -4.00 eV -3.74eV  -394eV  -0.60 eV -4.66 eV
CoH303 (methyl carbonate) -4.65 eV -453eV -461eV  -050eV  -530eV
CyH3045 (methoxymethanolate) -2.46 eV -2.59 eV -2.38 eV -0.48 eV -3.49 eV
C3HgO4 (1,2-propandiolate) -390 eV -3.74eV  -394eV  -0.60 eV -0.46 eV

C4HgO4 (1) -8.14 eV -792eV  -781eV  -0.69 eV -9.24 eV
C4HgOy4 (2) -7.28 eV -7.10 eV -3.46% eV -0.65eV  -9.19 eV
C3Hg (propene) -0.11eV -0.24eV  -027eV  -037eV  -0.50 eV

C3HgO; (1) (1-propanolate-2-yl) -0.76 eV -0.66 eV -1.00eV ~ -049eV  -0.87 eV
C3HgO; (2) (2-propanolate-1-yl) -1.86 eV -1.94eV -2.02eV  -051eV  -284eV
PO (propylene oxide) -0.42 eV -043eV  -0.14eV  -0.51 eV -0.93 eV




Figure 2: Comparison of adsorption positions for (a) CO on Na(100), (b) CO on NaCl(100),
(c) COz on Na(100) and (d) COg on NaCl(111). Oxygen is depicted in red, carbon in grey
and chlorine in yellow.

(a)

Figure 3: Comparison of adsorption positions for (a) CO3 on Na(100), (b) CO3 on NaCl(100)
and (¢) CO3 on NaCI(111).

longer linear. This indicates a significant change in the bonding structure of the molecule,
with the C atom bound to the top layer sodium atoms. This bend CO4 structure is similar
to the adsorption of CO, on stepped transition metal surfaces.?%3” A Bader charge analysis
further proves the reduction of the carbon atom where in the CO5 molecule on the sodium

surfaces, the carbon atom has a charge of +4, and the carbon on the NaCl(111) surface has a
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Figure 4: Comparison of adsorption positions for (a) Propanolate on Na(100), (b)
Propanolate on NaCl(100).

reduced charge of +1.8. According to our calculations, the sodium-rich NaCl surface is more
reactive than the Na metal surfaces, leading to several tightly bonded adsorbates on this
specific surface. When comparing the adsorption of carbon monoxide and carbon dioxide
with carbonate adsorption, we found that carbonate adsorbs significantly stronger on both
metallic sodium and sodium chloride. The only surface on which carbonate adsorbs reversibly
was the NaCl(100) surface. A direct structural comparison between the [CO3)~2 adsorption
between the sodium metal and sodium chloride surfaces is shown in Fig. 3. Carbonate is
firmly bound on the metal and the NaCl(111) surface, with all oxygen atoms coordinating
Na atoms. However, in the case of the NaCl(100) surface, the [CO3]~? fragment stands
upright with only two oxygen atoms coordinating with Na surface atoms. The much lower
adsorption energy for the NaCl(100) surface can be explained by the carbonate’s reluctance
to bind to chloride atoms, which comprise a significant portion of the NaCl(100) top surface
layer.

Finally, we observed the strong chemisorption of propandiolate, a decomposition product
of PC, originating from the CO forming reaction”, on all surfaces except the NaCl(100)
surface. The diolate was unstable on the NaCl(100) surface instead and decomposed into
formaldehyde and acetaldehyde, as depicted in Fig. 4. After establishing the thermodynamic

stability and adsorption behavior of a selection of potential decomposition products, we now
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gas formation

pressure sensor

solvent
sodium pieces

Figure 5: Photograph (left hand side) as well as schematic drawing (right hand side) of the
gas formation setup including the description of the individual parts.

focus on one specific system consisting of PC, either with or without sodium perchlorate
salt as the electrolyte mixture in contact with a sodium metal surface. We first report the

experimental findings using GC measurements.

Gas Chromatography

We analyzed the gases according to the previously described procedure. ” Shortly, the liquid
electrolyte and sodium metal pieces were placed in a sealed cell container where pressure
as well as gas could be determined/extracted. A photograph of the cell and a schematic
drawing of the setup are shown in Fig. 5 for a better illustration of the measurement.

We could confirm in repeated measurements that a pressure increase within 800 h only
takes place when NaClOy is present. The pressure inside the cell remains almost constant
when propylene carbonate and Na metal are available. Additionally, it was observed that
the propylene carbonate becomes a yellowish high-viscous compound over time. This effect
results from polymerization reactions that take place between Na metal and PC. Such re-
actions were seen with and without NaClO, as conducting salt. When NaClO, is present,
propylene oxide, as well as hydrogen and carbon monoxide, were detected in significant
amounts (see also Figure 24 in Reference®). Additionally, we could see propene as well as
propylene oxide in the MS gas measurement (Fig. 6). The formation of propene, which was

assigned by NIST data evaluation with high data match (940/1000), is proposed analogously

for ethylene in EC-based electrolyte mixtures” and could be confirmed in this study in case
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Figure 6: GC-MS chromatogram from the gas measurement of PC+NaClO4+Na mixture
after 1 week. Compound 1: air/Ar/CO, 2: propene, 3: propylene oxide.

of PC based electrolyte experimentally.

PO Formation Mechanism

To understand the sudden formation of PO in the perchlorate-containing setup, we must
first investigate the [ClO4]~ interaction with sodium metal. Analogous to previous results
for the perchlorate decomposition on lithium metal, we observed the reaction of [C1O4]~ with
sodium metal during an AIMD simulation run in which, similar to the lithium simulations,
the chloride atoms stayed in the top layer of the sodium metal, while the oxygen atoms
sunk deeper into the surface.®® This formation of a chloride-rich surface layer represents a
significant difference between the perchlorate-free and perchlorate-containing systems. We
hypothesize that this formation of a sodium-chloride layer can explain the sudden emergence
of PO in the gas phase. To test this hypothesis, we investigated three atomistic properties
necessary for detecting PO in our GC measurements, the thermodynamic stability of PO
on the respective surfaces, the adsorption energy of PO on a NaCl surface, and the reaction
pathway for the formation of PO. We performed AIMD simulations to determine the stability
of PO on the sodium-metal / sodium-chloride surface and found that PO follows a ring-
opening reaction only on the sodium surface.

In contrast, the PO molecule on the NaCl surface remained intact. Structure optimiza-
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Figure 7: Comparison of adsorption positions for (a) PO on Na(100), (b) PO on NaCl(100)
and (c) PO on NaCl(111).

tion calculations for PO and the ring-opening product on Na and the NaCl surfaces yield
that the ring-opening reaction is exothermic on sodium metal, while it is endothermic on
the NaCl surface. Hence, the NaCl surface stabilizes the PO molecule. Apart from the
thermodynamic stability, PO must not bind strongly to the NaCl surface to be detectable
by GC measurements. We compared the adsorption energies of PO on the NaCl surfaces
with the adsorption energy on the sodium metal surfaces and found PO to bind with energies
below 1eV on all tested surfaces consistently; the optimized structures are depicted in Fig. 7.
The low adsorption energy implies that if PO is formed on the NaCl surface, it should be
detectable via GC, assuming it is not trapped within the liquid electrolyte mixture.

After verifying PO’s stability and detectability, its formation mechanism still needs to
be clarified. With PC as the educt, one could imagine several possible reaction pathways
leading to the formation of PO. Figure 8 shows a comparison between the assumed most
relevant decomposition products for the PO formation. [CO3]~% and propandiolate are found
to chemisorb on all sodium and the (111) sodium chloride surface, which is probably the cause
that they are invisible for the experimental gas phase analysis. Based on the experimental GC
results, in which we did not detect any CO,, and our adsorption calculations, which suggest
that any COs that is formed should be detectable, we can assume that no CO, is involved
in the PO reaction, while CO is abundant. Our previous computational study identified a
CO-producing decomposition reaction in which PC would decompose into propandiolate and

CO.3® CO was readily detected within the GC experiments while propandiolate chemisorbs
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Figure 8: Comparison between the adsorption energies of molecules suspected to be involved
in PO formation on sodium and sodium chloride surfaces.

on the Na surface, likely making it undetectable within our measurement. Assuming a CO-
induced ring-opening of propylene carbonate is the first step, we start with the C4HgO4
molecule. This reaction has been observed in our AIMD simulations for ethylene carbonate
on lithium as depicted in Fig. 9, where the readily formed CO performs a nucleophilic attack
on the carbonate carbon of an EC molecule resulting in a ring-opening reaction,*! leading
to the formation of C3H30, and carbon.

The dissociation of CO into oxygen and elemental carbon has been previously observed =
The formation of ethylene oxide, the EC analogous to our PO, has previously been detected

for perchlorate-containing lithium systems, although a different reaction mechanism was
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Figure 9: Observed formation reaction of C3H3O4 on a Li(100) surface. a) CO, the product
of the EC decomposition, initiates a nucleophilic attack on the carbonate carbon of EC b)
CO,4 Reaction intermediate ¢) Ring-opening and C3H30,4 formation.

Figure 10: Illustration of the two different C4H604 molecules on the Na(100) surface a)
C4H604 with the methyl group next to the carbonate group adsorbs strongly (-8.1 eV)) on
the Na(100) surface b) C4H604 with the methyl group further away from the carbonate
group adsorbs less strongly (-7.3 ¢V) on the Na(100) surface.

proposed - Notably, the C3H30,4 molecule might also function as a precursor to the well-
established common SEI component ethylene dicarbonate™. While we did not observe the
CO-induced ring opening reaction for PC directly due to the chemical similarities between
EC and PC and the carbonate group being the active part in this reaction, we suggest this
reaction should occur with PC as well as EC. Figure 10 shows the two different isomers of
the C4HgO4 molecule on the Na(100) surface. While both isomers have almost the same
heat of formation (difference <0.02 eV), due to the position of the methyl group, one isomer
adsorbs significantly stronger on the sodium surface.

These molecules can easily be cleaved along a C-O bond to allow for the formation of

16
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Figure 11: Two proposed reaction pathways for the formation of propylene oxide.

sodium carbonate, as well as the proposed precursor to PO. We chose this reaction as the
initial step of the PO formation because the formation of sodium carbonate was previously
found to be favorable ™", While we did not detect any CO5 within the GC measurements,
Fig. 8 shows that any formed carbonate would bind tightly to the metal surface, making it
undetectable. At this point, the position of the methyl group, while irrelevant to the final
product, may strongly influence the intermediate products. We, therefore, investigated the
two possible methyl group placements in reactions a) and b), as visualized in Fig. 11.

To test our hypothesis of PO forming on the NaCl surface, we calculated the thermo-
dynamics of both reaction pathways under vacuum conditions, on the sodium and on the

sodium chloride surfaces. We determined the reaction energies according to

Ereaction = Lproducts — Eeduct (2)

where Epoducts and Eequer refer to the energies of the educts and products in vacuum or the
adsorbed molecules on the surface.

Under vacuum conditions, we find no single step in either reaction pathway to be exother-
mic. The initial [CO3]~? formation step, while endothermic for both paths, required signif-
icantly more energy in the case of pathway a) (1.2 eV) compared to b) (0.3 eV). However,

the second reaction step almost completely offsets this difference in energetic cost, with a)
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requiring 0 eV and b) needing 0.8 eV for the epoxide formation reaction. These results so
far appear to be rather obvious, as in the absence of any surface for the carbonate to bind to
or the reactants to adsorb on, we can expect neither the assumed driving force (the NayCOs3
formation) nor any overall energetic difference between the two reaction pathways, due to
both educts having almost the same heat of formation. One aspect that we have neglected
within our calculations so far is the influence of the zero-point-energy. While the influence of
the zero-point-energy is often neglected because it is comparatively small, it can significantly
impact chemical reactions, particularly in which multiple bonds are broken/ created. We
performed frequency calculations for the vacuum reaction and were able to confirm that for
the reactions in question, the change in zero-point-energy is relatively low, with the most
significant change of any reaction step being 0.13 eV and the zero-point-energy influence over
the complete PO formation reactions being no higher than 0.03 eV, which is far below the
zero-point-energy of a typical C-H bond of 0.2-0.3 eV". Progressing to the surface reactions,
we find both exothermic and endothermic reaction steps. A list of all reaction energies is
compiled in table 2. According to our calculations, the carbonate-producing reaction (Step
1) is exothermic on all tested surfaces except the NaCl(100) surface. However, the PO
formation step (Step 2) was endothermic on all surfaces except the NaCl(100) surface. In
particular, most surfaces did not exhibit a reaction path without at least one step energy
over 1 eV.

Consequently, it is unlikely that the whole reaction occurs on any one surface. How-
ever, a possible reaction path is found if one considers the non-static nature of the forming
SEI. Assuming that reaction step 1 occurs on newly exposed sodium metal or a sodium-rich
surface, the intermediate propanolates should readily form. During the decomposition of
the perchlorate-containing electrolyte, the initial sodium metal surfaces transform into in-
creasingly chloride-rich surface structures, eventually forming sodium chloride. During the
chlorination of the sodium surfaces, the adsorbed propanolate is destabilized, resulting in the

ring-closing reaction leading to the formation of propylene oxide. Figure 12 depicts the pro-
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Figure 12: Reaction scheme for the proposed PO formation pathway, perchlorate decompo-
sition leads to increasingly chloride-rich surfaces, which enable the ring-closing reaction for
decomposition products of PC previously formed on the metal surface.

posed reaction pathway for the formation of PO in a PC and NaClO,4 containing electrolyte.
This ongoing SEI formation reaction and Na-metal exposure to the electrolyte is supported
by the consistently increasing pressure during long-term storage experiments, demonstrating
constant CO formation™. It is important to note that within this work, we focus on the
thermodynamics of the proposed reaction pathway. One would also have to consider the ki-
netics to understand the reaction completely. A proper study including nudged elastic band
(NEB) calculations was deemed beyond the scope of this work, however. In the following
section, we employed XPS measurements to investigate the interphase between sodium metal

and our electrolyte mixtures to confirm or disprove the presence of NaCl in the interphase.
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Table 2: Calculated reaction energies for the proposed PO formation reaction on all consid-
ered sodium and sodium chloride surfaces.

Na(111) a) -524eV +189eV -335eV

Step 1 Step 2 Total

Na(100) a)  -1.62eV  + 143V - 0.10 eV

Na(100) b)  -0.53eV 4+ 1.18 eV 4+ 0.65 eV

Na(110) a) -0.31eV 4+ 1.10eV 4+ 0.79 eV

Na(110) b) - 0.39 eV  + 1.86 eV + 147 eV

(111)

Na(111) b) -0.74 eV +1.72eV  + 0.98 eV
NaCl(100) a) + 3.02eV  -2.56eV 4+ 0.46 eV
NaCl(100) b) -0.35eV  +0.83eV + 0.48 eV
NaCl(111) a) -1.38eV 4 1.92eV + 0.54 eV
NaCl(111) b) -0.94eV + 1.50eV + 0.56 eV

XPS Measurements

To better understand the correlation between theoretical DFT calculations and experimen-
tal GC measurements, surface characterization to detect solid decomposition products was
performed using XPS. Here, we investigate the effect of storage time and liquid composition
on the surface passivization layer of sodium metal. PC was used as a pure solvent and as an
electrolyte with NaClO,4 as salt without and with VC. To provide a clear presentation and
more comparable spectra, the intensity was normalized, setting the maximum peak height

to 1.

Cl1s peaks

The C 1s spectrum for Na submerged in pure PC solvent (Fig. 13a) shows three large peaks
at binding energies of 285.0 eV (C-C,C-H), 286.4 ¢V (C-O) and 290.4 eV (CO3) in relative
intensities of 1.5:2:1 (for 2min). These binding energies and relative intensity ratios are close
to the observed values for liquid PC measured using near ambient pressure XPS indicating
either adsorbed PC or initial reactions that do not significantly change carbon nearest neigh-

bor configurations.*” In addition, a peak at 287.7 eV is observed. This binding energy may
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Figure 13: Cls, Ols and Cl2p spectra of the sodium surfaces after storage in different
electrolytes: pure PC solvent for 2 min (a) and 2 h (b), 0.75M PC NaClO, for 2 min (c)
and 2 h (d), 0.75M PC-VC NaClO, for 2 min (e) and 2 h (f). The binding energy scale is
calibrated versus the hydrocarbon peak at 285 eV.

be expected for carbon in a carbonyl group (C=0). A possible assumption for the appear-
ance of this peak may be the effect of the delocalized charge of the COj3 species. In the case
of pure PC, there are two carbonate species found, one from the PC solvent itself at 290.4 eV
and one from NayCO3 at 289.3 eV. After storing a Na metal electrode in PC for 2 h, the same
PC-attributed peaks can still be observed (Fig.13b). However, the intensity ratio between
the three main peaks (C-C,C-H/C-O/COj3) changes from 1.5:2:1 for the 2 min. to 2.8:1.6:1
for 2h indicating further reactions between the Na surface and PC. Compared to the pure
metal this amount of COj3 is not found (less than 1 atom-%). Also, the pristine metal has a
significantly higher proportion of C-C,C-H (47 atom-%). This indicates that the COj3 species
is formed on the surface after the addition of PC. The data presented in Fig. 13 corresponds

to Cls spectra for Na metals submerged in NaClOy4-containing electrolytes, either without
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(¢, d) or with VC as additive (e,f). For all these samples with the addition of salt, the spectra
show prominent peaks at approximately 285 eV and 289 eV with two less intense peaks at
around 286.3 eV and 287.5 eV. The peak with the highest binding energy at 289.3 eV peak is
assigned to NayCO3.4® The peak at 287.5 eV is assigned to C=0 and (C=0)O environments
contained for example in HCOyNa, while the peaks at lower binding energies of 286.3 eV
and 285 eV indicate C-O and C-C/C-H bonds, respectively. As no PC-carbonate peak at
290.4 eV is observed anymore, the peak at 286.3 eV could be attributed to reacted solvent
products such as carbon in -CONa indicate a alkoxide species like CH3ONa or CH3CH;ONa

while the corresponding O 1s peak was observed at 531.7 eV.

O1ls peaks

The O 1s spectra of Na metal dipped in pure PC show two main features at binding energies
531.3 eV and 532.7 eV in a relative intensity ratio of 1:1 (for 2min., Fig. 13a) and 1:2 (for
2h, Fig, 13b). Combined, the O 1s and C 1s signature peaks fit the ones expected from the
molecular structure of the PC molecule, three chemically different carbon positions and two
chemically different oxygen positions. The observed intensity ratios do not match perfectly
because, as discussed in the Cls section, some NayCO3 and other reaction products between
Na and PC have formed on the surface. Generally, the Ols region overlaps partially with
the Na Auger region when using 1486.6 eV as excitation energy in XPS. Therefore, all Ols
spectra include two characteristic Auger peaks for sodium at 524 eV and 536 eV. When
moving from the Na metal submerged in pure PC to Na metal in electrolytes based on
NaClOy, in PC without (Figure 13 ¢,d) and with VC (Figure 13 e.,f) the shape of the Ols
spectra changes significantly indicating more pronounced reactions between the metal surface
and the electrolytes than between the metal surface and the pure solvent. The prominent Ols
peaks around 531 eV could be fitted with three components. For both samples submerged
for only two minutes, a clear peak at low binding energies is observed. This peak at 530.0

eV is attributed to NaOH. The main peak centered at 531.1 eV is assigned to a carbonate

22



species such as contained in NayCOg3 and alkyl carbonates. Because the intensity of this
peak in the Ols for carbonate is too high in relation to the -COj3 peak in the C 1s, this
indicates that there is likely another species contributing to this peak. As observed in the
C 1s this could indicate alkoxide species like CH30Na, leading to an Ols peak at 531.7 eV
binding energy. After considering the alkoxide species contribution to the peak intensity at
531.1 eV, the relative amount of oxygen from the COj3 peak is in good agreement with the
C 1s peak for NayCOs.

Cl2p core peaks

Cl2p emissions were observed for the samples containing NaClO, as electrolyte salt. In the
case of Na metal soaked in 1 M NaClO4 in PC for 2 min and 2 h, the CI2p spectra show two
doublet peaks at 198.7 eV and 209.5 eV which correspond to NaCl and NaClO,.%° Thus,
even with the described washing procedure, there was a small residual amount of conductive
salt left on the surface. The atomic percentage for NaClOy, is lower than 0.1 % and therefore
not included in the following evaluation. Interestingly, in the case of the electrolytes without
VC as additive (Fig.13 c,d), a strong NaCl contribution is observed, indicating electrolyte
salt decomposition. When VC is used in the electrolyte (Fig. 13 e,f), initially, after 2 min

soaking, no clear NaCl signal is observed while after 2 h, there is a NaCl contribution.

SEI composition in different electrolyte compositions

From the obtained spectra, we extracted the qualitative and quantitative surface composi-
tion. The overall elemental composition is summarized in Tab. 3. The atomic concentrations
(atom-%; derived from the ratio between the normalized peak area and the sum of all nor-
malized peak areas) of the SEI components are presented in Figure 14.

We generally observe that the amount of reaction products on the Na electrode surfaces
increases with increasing storage time. The presented data also shows an increased reactivity

between the Na electrode surfaces and the respective liquids when the electrolyte salt is
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Figure 14: Bar plots of the atomic concentration found for the different storage conditions
forming the SEI components by XPS.

included. The elements present on the Na metal surface after soaking in NaClO4 containing
electrolyte with and without VC indicate that both electrolyte solvent and salt electrolyte
salt contribute towards SEI formation. High oxygen and carbon concentrations confirm the

assumption that solvent reduction is the major reaction pathway forming the SEI. However,

Table 3: Elemental quantification of surface layers on Na metal electrodes treated with
different electrolytes for different time periods.

Composition Cls Content Ols Content Cl2p Content Nals Content
Jatomic-%  /atomic-% Jatomic-% /atomic-%

PC 2min 49.3 37.6 - 13.0
PC 2h 57.0 32.5 - 10.5
PC/NaClO4 2min 40.0 32.1 0.65 27.2
PC/NaClOy4 2h 24.0 36.9 1.18 38
PC-VC/NaClO,4 2min 46.0 33.2 0.17 20.6
PC-VC/NaClOy4 2h 31.0 36.3 0.5 32.3
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the rise in Na species concentration when switching from pure solvent to electrolytes with
conductive salt indicates that more Na-containing organic and inorganic SEI species are
formed. The NaCl contribution clearly shows salt decomposition, and interestingly, the
initial chloride content (after 2min.) is lower when 10% VC is added to the electrolyte.
After 2 h in the electrolyte with additive, the chloride content increases but stays below the
chloride content after two hours in the additive-free electrolyte. This indicates that VC as
an additive has an inhibiting effect on the electrolyte salt decomposition and thus reduces

the amount of chloride in the SEI.

Alternative PO formation mechanisms

As mentioned, our proposed PO formation pathway (see Fig.12) is far from being the only
possible reaction pathway. We compared common synthesis methods for ethylene oxide and
propylene oxide and selected further candidate reactions for the PO formation within our
experiments. All reactions requiring an aqueous environment and specific catalysts were
dismissed, as neither were present in our experiments. We identified three further reaction
mechanisms that could be considered within our setup. First, we look at the direct oxidation

of ethene used to synthesize ethylene oxide according to equation 3.5

We can, of course, apply this reaction mechanism to the propene gas within our experiments.
The formation of propene gas during PC decomposition has been demonstrated in previous
simulations and experimental measurements as well as in our study, as shown in the GC
section®.?® While the formation of excess oxygen is far from impossible due to the presence
of oxygen-rich perchlorate, this reaction mechanism would result in carbon dioxide, which
our experiments do not detect, ruling out this reaction path. A second possibility is the

chlorination of propene gas, leading to a follow-up reaction with a sodium oxide surface. An
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equivalent reaction mechanism for ethylene oxide is

CH,=CH, + Cly — Cl—CH,CH,—Cl , (4)

While chloride ions are present in the electrolyte, the chlorination of propene is unlikely
in the absence of chlorine gas. Further, we could not detect chlorine gas or any chlorinated
intermediate. The third reaction is a surface oxidation of the propandiolate formed during

the initial decomposition of PC under CO formation,

O—CHQ—CHQ—O +2Na — (CHQCHQ)O + NaQO . (6)

This reaction cannot be dismissed, as all necessary educts and products have been detected
experimentally or theoretically. We, therefore, replicated our approach for the PO formation
mechanism on sodium with the surface oxidation process. We found the initial surface
oxidation step to be endothermic on all considered sodium surfaces (Tab.4). The reaction
schematic for the surface oxidation pathway is depicted in Fig. 15, and the PO formation
reaction along this path would require over 2 eV in total. The direct surface oxidation is
energetically unfavorable compared to our proposed carbonate formation, supporting the
initial claim that carbonate formation is the driving force behind the first step of the PO
formation mechanism. Further, a reaction of PC into PO resulting in CO, formation has been
proposed .°? Similarly to the direct oxidation reaction of propene, we dismiss this reaction

due to the absence of COs in our measurements.
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Figure 15: Reaction scheme for propylene oxide formation using the surface oxidation
reaction pathway, all reaction steps are highly endothermic.

Table 4: Calculated reaction energies for the direct surface oxidation mechanism on all
considered sodium surfaces.

Step 1 Step 2 Total
Na(100) a) + 0.81eV + 1.43eV + 224 eV
Na(100) b) + 1.06 eV + 1.18eV + 224 eV
Na(110) a) + 1.86 eV + 1.10 eV + 2.96 eV
Na(110) b) + 1.10eV + 1.86 eV + 2.96 eV
Na(111) a) +4.78 eV 4+ 1.89eV  +6.67 eV
Na(111) b) + 4.95¢eV  + 1.72eV  46.67 eV
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Conclusion

This work showcased a combined theoretical and experimental approach toward understand-
ing the initial degradation steps leading to forming the solid electrolyte interphase in sodium
batteries. We were able to link the different scales, both in terms of size and time, between
atomistic scale modeling and gas chromatography by correlating the adsorption behavior of
decomposition products with their detectability within the GC setup. We further showed
that AIMD simulations spanning just a few ps, depicting perchlorate decomposition on alkali
metal surfaces and initial stages of phase separation, could be extrapolated and confirmed
by X-ray photoelectron spectroscopy. By combining the insights gained from experimen-
tal measurements and theoretical simulations, we could not only identify changes in the
decomposition process of the electrolyte but also propose a possible mechanism by which
these changes occur. Specifically, we explain the sudden formation of propylene oxide upon
adding sodium perchlorate into an electrolyte containing propylene carbonate in contact
with a sodium metal surface. This formation was found to be linked to NaCl appearing on
the sodium metal, which in turn enables a ring-closing reaction for the readily formed pre-
cursor of PO. The precursor was found to be driven by a carbonate-forming reaction rather
than an oxide-forming reaction. The abundance of sodium carbonate and sodium chloride
within the XPS measurements supports these findings. This study provides an initial step to
understand electrolyte decomposition, it provides detailed mechanistic insights that may be
applicable beyond the scope of this electrolyte-salt combination. Further work on the effects
on performance and lifetime is needed, though. The formation of inorganic compounds, such
as fluorides or carbonates, within the SEI of alkali metal batteries and their direct impact
on the stability of the SEI through properties like solubility or elasticity is well established.
However, secondary effects of such evolving structures, like the sudden formation of epoxides,
as shown in this study, still need to be further understood. The appearance of additional
electrolyte decomposition products should not be underestimated since molecules like epox-

ides can enable polymerization reactions” and lead to significant changes in the structure
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and properties of the SEI.
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