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The formation of a stable solid electrolyte interphase (SEl) in sodium-ion batteries is a challenge which is usually solved by introducing film-forming
electrolyte additives. The functions and decomposition of common additives like vinylene carbonate (VC) and flouroethylene carbonate (FEC) are not fully
understood and yield different results in full- and half-cells. This study reveals that the electrochemical reduction of an electrolyte solution based on 1 M NaPFg
dissolved in ethylene carbonate and diethyl carbonate (EC:DEC) with no additive yields a lower charge loss, while electrolytes containing 2 wt.% VC or FEC
additives suffer from higher charge consumption for the formation and reformation of SEIl due to higher solubility. To solely investigate stability and dissolution
of the SEl in the absence of other ageing mechanisms, a model cell consisting of a carbon-coated aluminium foil working electrode and Prussian white counter
and reference electrodes was used. Additionally, the experiments show a detrimental effect from using sodium metal counter electrodes. This work sheds
light on the insufficiency of VC and FEC electrolyte additives in forming a perfect SEIl. However, further investigations are required to account for additional
ageing mechanisms to provide a comprehensive understanding of the role of VC and FEC in practical sodium-ion batteries.

Introduction

Sodium-ion batteries (SIBs) are strong alternatives to lithium-ion batteries (LIBs) and have been suggested as a drop-in
replacement for LIBs in many applications. A key advantage over LIBs is that SIBs can be produced from more abundant materials.
For example, Prussian blue analogue cathodes and bio-based hard carbon anodes could enable local production of battery active
materials, strengthening supply resilience. LIBs are today the dominating battery technology due to superior energy density and
stability. However, this is changing as more commercial SIBs are introduced to the market because of the high interest in lowering
the cost while improving the sustainability of battery cells. In certain applications like stationary energy storage, it is possible to
compromise on the energy density, but the stability and longevity of the SIBs are essential and should not be compromised.?

Carbonate-based electrolytes containing additives for the formation of an efficient solid electrolyte interphase (SEl) can achieve
good cycling performance in full-cells.2 Most reports focus on these carbonate-based electrolyte systems due to their favourable
properties, particularly their high ionic conductivity and ability to form an efficient SEI, but also because they enable direct
comparison with LIBs that use the same solvents. A “standard” electrolyte is based on a mixture of cyclic and linear carbonates. In
many cases, ethylene carbonate ( 1,3-Dioxolan-2-one) and diethyl carbonate (EC:DEC) are mixed with 1 M NaPFg and film-forming
additives like vinylene carbonate (VC) (1,3-Dioxol-2-one) and fluoroethyl carbonate (FEC) (4-Fluoro-1,3-dioxolan-2-one), which are
employed to improve SEI efficiency and cycling performance. Nevertheless, forming a stable SEl in SIBs remains a critical issue, as
there are conflicting results in the literature regarding how SEI stability can be improved.

In several hard carbon-based full-cell systems, the inclusion of FEC has increased the long-term cycling performance and
improved SEI passivation compared to VC and additive-free baseline carbonate electrolytes, which suffer from gas evolution and
higher irreversible capacity loss.3~> However, FEC is also known to cause voltage anomalies in Na-half cells, as well as causing
performance loss with certain hard carbon electrodes compared to additive-free electrolytes.® Another issue is that the benefits
provided by FEC are highly concentration-dependent and can either be beneficial or detrimental.>

Understanding all the SEI features is complex since it is difficult to investigate how the interplay between the electrodes and
electrolyte affects SEI formation and the stability of the SEI layer under different conditions.” There is thus a great need for
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electrochemical systems that can avoid complex and costly investigations of the electrode/electrolyte interphase in larger-scale
battery testing, and preferably also allow separate investigations of different ageing mechanisms. The SEl is msre trtlalnojlfst a
passive layer formed on the surface of the negative electrode. The formation and composition of the SEI [5%?1[8_%@’9‘%@%5}&%@}\'
the electrolyte composition, cycling protocol, the electrode chemistry and morphology. As discussed in several reviews about
battery ageing, it is quite difficult to gain a good understanding of all ageing mechanisms based only on cycling data of full-cells.®-
10

For LIBs, model cells have been extensively employed. Martins et al. 11, for example, used model cells that employ a very
representative surface layer of different graphite surfaces to model the chemical bonding environment that is found on top of the
negative electrodes. These surfaces give very accurate insight into the SEl formation on the active material and allow investigation
of certain mechanismes, like the interaction of water with the electrolyte. However, they struggle to provide a full picture of the SEI
formation process because an applied composite electrode includes a current collector, multiple different carbon environments,
as well as other functional groups that are not easily reproduced in the model cell. Additionally, these surfaces are difficult to
prepare and must be handled with great care.!!

For SIBs, previous studies using model cells have shown that a particular issue in SIBs is the dissolution of SEl species.?13 A few
computational and experimental works have supported these finding showing that common SEI molecules like NaF and Na,COs3
are more soluble in carbonates than their lithium counterparts.1#-18 To study the stability and dissolution of SEI, we have developed
different model systems.1220 The first effort aimed to investigate the effect of electrolyte additives on the SEI formation.?! The
results showed that the addition of even a small amount of a simple inorganic additive like NaF affects the SEI formation and its
stability. For that work, a model cell using sodium metal as the counter electrode, a sodium conductive beta alumina as the
separator, and platinum or gold as the working electrodes was employed.?! The beta-alumina separator was used to eliminate the
cross-talk between the electrodes, and metallic gold or platinum substrate allowed investigation of electrolyte reduction and
stability of SEIl in the absence of intercalation reactions. However, there are some downsides to this approach: (i) the low ionic
conductivity of beta-alumina at room temperature limits the current that can be applied; otherwise, a significant overpotential
would be observed; (ii) there is no additional reference electrode besides the sodium metal counter electrode which introduces
spontaneous electrolyte reactions; (iii) the metallic substrate is chemically dissimilar from the actual substrates used in the battery
cells which are mostly carbon-based.

Following this work, the model system was modified by replacing the beta alumina with a standard polymer-based separator
and the use of a carbon black coated aluminium foil as the working electrode.?® However, carbon black has some small reversible
ion storage capacity, so diffusion-controlled ion trapping in addition to SEl formation and dissolution were investigated. However,
the counter electrode was sodium metal, which is known to introduce electrolyte decomposition products into the electrolyte
solution, thereby affecting the composition and properties of the SEI on the working electrode due to the cross-talk effects.”-2223

Based on previous studies, we aimed to develop a model system that is easy to build from commercially available materials,
enabling reproducible and reliable results without requiring significant time or financial investment. Here, we used a Prussian
white (PW) electrode as the counter electrode, a partially desodiated PW as the reference electrode, and a carbon-coated
aluminium foil as the working electrode. A carbonate-based electrolyte with and without electrolyte additives of VC or FEC was
evaluated using three different cycling protocols of cyclic voltammetry (CV), galvanostatic cycling, and chronoamperometry.

Methods

All cells were built using custom pouch cells made of polymer-coated aluminium foil (Schematic seen in Figure 1a and S1). The
polymer layer on the inside of the pouch insulated the current collectors cut from aluminium foil. All measurements were carried
out in a three-electrode model cells schematically presented in Figure 1a and S1. Carbon-coated aluminium foil with 1 um carbon
coating and 15 um substrate (MTI) was used as the working electrode. The counter electrodes used were PW double-sided coated
(one side removed with deionised water, with the resultant single-sided electrode dried under vacuum at 140 °C for 14 hours)
with an active mass loading of 9.8 mg/cm? coated on aluminium foil (12 um) (Altris), or sodium metal chips (Xiamen AOT Electronics
Technology). The reference electrodes were prepared by partially desodiating a PW electrode to the second plateau (66% of the
theoretical capacity based on the active mass loading 9.8 mg cm2, assuming 150 mAh g1), providing reference electrodes with the
potential of 3.3 V vs. Na*/Na. The partially desodiated PW electrode was cut with a scissor in smaller pieces in a glovebox and
introduced to the three-electrode cells. This means all replicas of a certain experiment were measured with similar reference
electrodes. The counter electrode and the reference electrode were placed on the same side of the separator to simulate the
increased resistance measured across the separator. Two layers of 19 mm diameter 2500 Celgard polypropylene were used as the
separator (as seen in Figure 1a and Figure S1).

Electrolytes were prepared inside an argon-filled glovebox (O and H,0 < 1 ppm) by first mixing EC and DEC in a 1:1 volume
ratio and drying them over molecular sieves for at least 48 hours. Solvents, salts, and additives were acquired, if possible, in the
battery grade quality: ethylene carbonate (Gotion), diethyl carbonate (Gotion), fluoroethylene carbonate (Sigma Aldrich), vinylene
carbonate (Sigma Aldrich), and sodium hexafluorophosphate (Solvionic, used as received).

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Dried solvents were mixed with NaPFg salt inside a glass volumetric bottle, yielding 1 molar solutions. The salt was dissolved
before adding enough solvent to reach the demarcation line for the final total volume. The base electrolyte was then transferred
for storage to stainless steel bottles with silicone rubber seals and plastic caps. 2 wt.% FEC or 2 wt.% VC wege ?(51. v%gggl %mglgse
electrolyte to prepare additional electrolyte solutions.

Three different cycling protocols were tested: (i) CV for two cycles (scan rate 0.1 mV s'! from OCV to 0.3 V to 2.2 V vs. Na*/Na)
to test initial SEI formation followed by a 50-hour pause to evaluate whether the SEI dissolves, followed by two subsequent CV
cycles (Figure 1b); (ii) galvanostatic cycling with 3 pA (2.25 pA cm2) applied for six cycles followed by 50-hour pause and six more
cycles to see if SEl formed under current controlled conditions is similar to the CV case (Figure 1c); and (iii) chronoamperometry
at a potential hold of 300 mV vs. Na*/Na for 40 hours to investigate if low voltage storage would yield to different dissolution and
reformation rates with subsequent CV scanning to evaluate the passivation (Figure 1d). After demonstrating the ability of this
system to mirror the SEl formation, we investigated the impact of VC and FEC on the passivation and ageing of the SEl in this model
system.

GC-MS and XPS measurements were carried out on 4 additional cells using 1 M NaPF¢ EC:DEC with and without 2 wt.% VC
electrolytes with PW or Na-metal counter electrodes. The methodology and results are discussed in detail in the supporting
information. In brief, after one CV cycling as shown in Figure S2a, the cells were cut open inside an argon-filled glovebox, and the
working electrodes and separators were immersed in 1 mL dimethyl carbonate (DMC) to dissolve remaining salt. The obtained
DMC solution was then diluted with dichloromethane, centrifuged, and analysed by GC-MS to separate and identify the electrolyte
components and possible degradation products.
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Figure 1: a) Schematic of the model cells using a carbon-coated aluminium foil as the working electrode, a pristine Prussian white electrode as the counter electrode,
and a partially desodiated Prussian white electrode (at 3.3 V vs. Na*/Na) as the reference electrode. The working electrode is carbon-coated on a metal substrate on
which the SEl is formed. Cells were tested with three different protocols, and here the schematic cycling protocols are shown without detailed axis and data labelling,
b) CV for two scans followed by a 50-hour pause and two more scans, c) Galvanostatic cycling for six cycles followed also by a 50-hour pause and six more cycles. d)
Chronoamperometry (at 300 mV vs. Na*/Na for 40 hours) followed by subsequent CV.
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Results

Here, we present results regarding the formation and stability of the SEl in 1 M NaPFs EC:DEC (1:1 v:v) electrolyteiwithiand
without VC or FEC additive using a model cell (Figure 1a). Three different electrochemical cycling methodsQléFe sl (5@ Figlire
1b-d), and each experiment was repeated to discuss the reliability of the model cell data. The CVs of the cells using the electrolyte
with no additives show small features between 0.9 and 0.3 V (all the potential values are hereafter presented vs. Na*/Na), see
Figure 2a. However, there are significant reduction peaks observed at around 1 V for both VC and FEC containing electrolytes. The
reduction of VC and FEC are the dominant electrochemical reactions; thus, the small reduction features observed for the additive-
free electrolyte are not detectable in the additive-containing electrolytes. The integrated reduction capacities show that
passivation is present as the capacities are decreased from the first to the second cycle, see Figure 2b. However, the reduction
capacity is again increased after the 50-hour pause. This reveals that part of the SEI formed during the reduction is consequently
dissolved into the electrolyte solutions or detached from the substrate during the pause. The oxidation capacity is almost zero,
indicating that no significant oxidation of SEl occurs. The observed potentials for FEC reduction are similar to reported values in
the literature, stating that the onset for degradation is around 1 V.24 The reduction potential of VC is similarly very close to the
expected value.
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Figure 2: a) CVs of model cells using carbon-coated aluminium working electrode and a Prussian white counter electrode in 1 M NaPFg EC:DEC (1:1 v:v) with and without
2 wt.% of either VC or FEC cycled between 0.3 V and 2.2 V vs. Na*/Na. The initial cycles (in light blue and dark blue) were followed by a 50-hour pause and two subsequent
cycles (third cycle in orange and fourth in red). b) Integrated reduction capacity in pAh cm2 shown as bars in the same colours as in a). Each bar of the same colour
represents one replica (three replicas per electrolyte) with the average shown as a dotted line.

A similar experiment was performed using sodium metal instead of PW as the counter electrode, see Figure 3. The CVs show
no distinct reduction peak for VC, indicating that the sodium metal counter electrode consumed all or part of VC during the 10-
hour resting period before cycling. To gain further understanding of the degradation behaviour of VC and the influence of the
sodium metal counter electrode, further experiments were made (see supporting information methods, results sections, as well
as Figure S2a). In short, 4 cells with the same configurations as shown in Figure 3 (a) were run for one formation cycle. The

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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electrodes were immersed in DMC, after which the washing liquid was analysed using GC-MS, and the electrode surfaces were
analysed by XPS. Based on the GC-MS analysis, VC remained present in both the VC-containing cells (with PW or Na-metal counter
. . . . . . . iew Article Online
electrodes, see Figure S2c), indicating that it was only partially, rather than fully, consumed by the sodlunbg?:elt(ﬂofgﬁ gasgin
the concentration of VC and thus changes in the solvation structure likely explain why no VC reduction peak was observed in CV
results. An additional measurement was done increasing the VC concentration to 10% wt.% (Figure S3). These results showed a
clear VC decomposition peak, revealing that consumption of VC by sodium metal is limited, hence higher concertation of VC results
in a clear reduction peak of VC on the working electrode.

It is evident that the counter electrode has a significant impact on the SEI formation. The presence of a reactive counter
electrode such sodium metal can alter the electrolyte composition, as shown here by the partial consumption of VC. In addition,
species generated from electrolyte decomposition due to reaction with sodium metal may migrate to the surface of the working
electrode, thereby modifying the SEI composition, as evidenced by the XPS results in Figure S2b.

Also, the sodium metal-containing cells show higher variation in the reduction capacity compared to the cells with PW counter
electrode, see Figure 2b. This suggests that the reaction between the electrolyte and sodium metal results, and the resulting
species formed, are not necessarily reproducible.
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Figure 3: a) CVs of model cells using a carbon-coated aluminium working electrode and a Prussian white counter electrode in 1 M NaPFg EC:DEC (1:1 v:v) with and
without 2 wt.% VC with Prussian white and sodium metal counter electrodes cycled between 0.3 V and 2.2 V. The initial cycles (in light blue and dark blue) are followed
by a 50-hour pause and two subsequent cycles (3rd cycle in orange and 4th in red). b) The reduction capacity in pgAh cm™ shown as bars in the same colours as in a).
The bars with the same colour represent replicas (three replicas per electrolyte) with the average capacity shown as a dotted line. The data shown for the PW counter
are also shown in Figure 1 and displayed for comparison.

The constant current experiments (Figure 4) show a slightly different outcome compared to the CVs. Here, the electrolyte with
no additives showed the lowest capacity, which is in line with the results from the CV. After the 50-hour pause, the VC-containing
cells showed a slight increase in reduction capacity (Figure 4 b VC containing cells average reduction capacity is higher after 50 h
pause (orange and red bars)), which indicates that the SEI formed in the VC-containing electrolyte largely diminished during the
pause time. The FEC-containing cells had the highest initial reduction capacity and showed increased reduction capacity after a 50-
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hour pause. However, opposite to the VC containing electrolyte, the capacity decreased with each cycle. In the VC case, the
reduction capacities before and after the pause remained the same.
. . . . . . . View Article Qnlin
There is very little oxidative current in the voltage range of the constant current experiments; this caB&I-SRJ ?&émb%%ﬁglv
scans (Figure 2). This is a strong indication that the SEI formed is stable under oxidative conditions and that there is no reversible
sodium intercalation or other reversible reactions.
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Figure 4: a) Potential vs. areal capacity (LAh cm2) of model cells using 1 M NaPFg EC:DEC (1:1 v:v) electrolyte with and without 2 wt.% of either VC or FEC cycled between
0.3V and 2.4 V. All models cells have a carbon coated aluminium working- and a Prussian white counter-electrode. The first cycle (in light blue) is followed by cycles 2
to 6 (dark blue), a 50-hour pause and subsequent cycles (7th in orange and 8th-13th in red). b) Reductive areal capacity in pAh cm2 shown as bars in the same colours
as in a). Each bar of the same colour represents one replica (four or six replicas per electrolyte) with the average shown as a dotted line. Reduction capacities for cycles
2-6 and 8-13 are shown on top of the initial formation and reformation capacity.

To investigate whether SEI dissolution would stop at some point and thus if the carbon-coated aluminium would reach a fully
passivated state, continuous CV scans were performed for 45 cycles (see Figure 5). The results show that the additive-free
electrolyte reached a “stable” state after the first few cycles, whereas it took more cycles for the VC-containing electrolyte to reach
significantly lower reduction capacity. The issue was more severe for the FEC-containing electrolytes, as it exhibited relatively large
reduction capacities for more than 30 cycles (Figure 5b).
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Figure 5: a) Continuous CV scanning of the carbon-coated aluminium working electrode (Prussian white counter electrode) in 1 M NaPFg EC:DEC (1:1 v:v) electrolyte
with and without 2 wt.% of either VC or FEC. Initial CV scans are shown in dark blue and gradually shift to red as the cycle number increases. b) Areal reduction capacity
(from the CV cycling) as a function of the cycle number.

In a chronoamperometry experiment, the working electrode was kept at a constant potential of 300 mV for around 50 hours
to see if there was a change in the current. The cells with the additive-free electrolyte showed no significant differences except for
one outlier cell (Figure 6 and replicas shown in Figure S5). The noise level was about 1 pA cm? which is the same magnitude as
one would expect based on the previous CV and galvanostatic cycling experiments. There was also a large signal in the middle of
the potential step hold, which is attributed to a potentiostat error. To test the SEI stability after the 40-hour constant potential
step, the cells underwent subsequent CV cycling. It is apparent that the additive-free electrolyte did not undergo further
passivation, and the CV behaviour remained consistent over 40 subsequent cycles. The VC- and FEC-containing cells showed similar
potential step responses, but the CV revealed that additional reactions took place after the potential step (Figure 6b and c). The
initial CV cycles following the potential step (blue) showed a similar behaviour to the voltammograms seen in the continuous CV
experiments after 10 cycles for the VC and more than 40 cycles for the FEC. This indicates that the potential step indeed formed a
passivating SEl, but in the FEC- and VC-containing cells, the current increased and the typical decomposition peak reappeared in
the FEC system, as well as to a minor extent in the VC system.
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Figure 6: a) Areal current density of a potential step of 300 mV for more than 40 hours recorded on a carbon-coated working electrode in 1 M NaPFg EC:DEC (1:1 v:v)
with and without 2 wt.% of either VC or FEC. b) Subsequent testing of the SEl stability by continuous CV cycling. c) Areal reduction capacity versus cycle number (cycle
numbers shown as a gradient from dark blue (cycle 1) to red (cycle 40))

Discussion

Based on the results presented above, we report that there is constant dissolution and SEl reformation in all of the electrolytes
tested. Furthermore, there is no improvement using VC and FEC. This means that the mainly organic SEl derived from VC or the
hybrid inorganic/organic SEI associated with FEC is not enough to stop the further degradation of EC and DEC. The VC
decomposition peak disappears after five cycles, but there is still a higher reformation capacity in every following cycle (Figures 5
and 6). After that, the CV current profile is similar to that for EC:DEC, which indicates that the VC SEl is not enough to stop EC:DEC
decomposition. In the case of FEC, we can verify previous work showing that the SEI, formed with low concentrations (2 wt.%), is
not passivating, and the FEC is continuously being reduced over 40 CV scans.

The continuous SEI formation and dissolution (Figures 2, 3 and 4) in the baseline electrolyte can be explained by the constant
reduction of DEC and EC, yielding mainly organic species. These organic SEI components have high solubilities, as should be
expected since the degradation products of EC and DEC should include dimers and organic molecules very similar to the
solvents.?®27 These degradation products were observed by XPS and GC-MS in EC:DEC electrolyte with Na-metal counter electrode
and indicated that chemical reactions happen, forming SEl and also dissolution products (see Figure S2 b and c). Continuous solvent
reactions were also shown by Hu et al.?%, indicating that the formation of oligomers through solution-phase chemical chain
reactions poses a massive challenge in sodium and potassium systems. These chain reactions are initiated by nucleophilic
ethoxides, which are generated during the degradation of DEC. The ethoxide intermediates in sodium systems exhibit higher
nucleophilicity compared to lithium analogues and continuously attack intact solvent molecules (EC and DEC), producing large
amounts of soluble oligomers and alkali metal alkyl carbonates.?® Our model system indicates that these ethoxide-induced side
reactions are not inhibited by the presence of traditional film-forming additives like VC or FEC. These solvent-consuming organic
chain reactions appear to be the primary driver for the continuous SEI dissolution and reformation observed at the anode. One
can note that VC also passivates the Na-metal surface, based on XPS and GC-MS results. The surface of the working electrode and
the GC-MS analysis show now additional degradation products (Figure S2). If added in sufficient amounts (10 wt.%) VC shows a
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reduction peak in the presence of sodium metal (Figure S3). This shows that the metal counter will change the electrochemical
results, but it also shows that the concentration of the additive is critical. Further experiments should be conde‘gaeAcrlmiESOimiel}ar
behaviour can be seen with other additives. DOI: 10.1039/D6FD00038]

The inorganic SEl should contribute very little to the dissolution process. Most reports*'® name NaF and Na>COs as the major
inorganic constituents of the SEI, and those have very low solubilities in EC:DEC (3.057 and 3.648 mg L%)2%. If NaF and Na,COs take
part in one and two-electron degradation reactions, one would expect a capacity of 0.195 and 0.184 pAh to saturate a 100 pL
solution of EC:DEC. This is a fraction of the capacity observed in the first cycle of the SEI formation in all the cells and protocols
tested. So even if the inorganic SEl is formed during the first cycle, it does not decrease the constant degradation of solvents and
the dissolution of the organic SEl parts. If the inorganic SEl is contributing to the constant reformation capacity, another mechanism
might be at play. This work only tested two substrates (CC-Al and CC-Cu, Figure S4), and even between these two substrates, there
are large differences. This does not imply that the results are not valid for the main work (CC-Al), but it makes clear how specific
the SEl formation is and that a different current collector metal can influence the reduction current and reversible current observed
in such a model system. For example, copper oxide will undergo redox reactions in the presence of sodium (see Sl for more detailed
discussion and Figure S5). This fact makes it difficult to compare lithium and sodium SEI formation because it is hard to find a
system that does not have additional reactions besides the SEl formation and still allows comparison between the two alkali metals.

An important note to make for future investigation is that sodium metal will influence the SEI formation by spontaneous SElI
formation, as shown in Figure 3, where VC is consumed before it can be reduced on the anode. One should avoid testing
electrolytes and additives in systems containing sodium metal counter electrodes if the electrolyte is to be employed in a system
where no or little sodium metal will be present. Sodium metal will influence the behaviour of the SEI formation and stability. As
seen in Figure 3, the presence of a sodium metal counter electrode changed the behaviour of the VC-containing electrolyte. The
clear decomposition peak of VC observed when using PW disappears. The assumption is that VC spontaneously reacts with the
sodium metal surface. It is a clear indication that testing electrolytes for full cell operation should be done with full cell materials
or inert materials with low or no chemical side reactions.?®

The reported results are consistent over three different electrochemical techniques with multiple replicas. As seen in Figure 3,
the initial formation measurements with a 50-hour pause were recorded for the three electrolytes with three or more replicas.
These indicate the same trends for the galvanostatic cycling and CV experiments. All the extra experiments were done with at least
one repeat (most of them with three replicas). There are some clear outliers in these measurements, which can be explained by
the very low surface area — this means that the system is highly sensitive to any surface defects or impurities introduced during
the handling and assembly of the pouch cells. It has to be noted that the FEC-containing system shows the most reproducible
behaviour among all the experiments.

Conclusions

Clear SEI formation is observed in a series of electrochemical experiments employing a model system containing a carbon-
coated aluminium foil working electrode and a stable counter and reference electrode of Prussian white. In contrast to full cell
data, we report that the best negative electrode SEI stability on carbonaceous electrodes is achieved with a simple 1 M NaPF6
EC:DEC mixture, and that adding either 2 wt.% of VC or FEC has a negative impact on the stability. We report higher initial formation
capacities and higher SEI reformation capacities in a voltage range from 2.4 to 0.3 V. This higher reformation reduction capacity
means that a lower columbic efficiency would be recorded in full cells. While a clear decomposition of these additives is observed,
the expected passivation is only achieved on short-term cycling but not during long-term testing. The chosen model system with
Prussian white counter and reference electrodes shows high reproducibility for CV, galvanostatic and chronoamperometry
experiments and the trend is observed across these different protocols for multiple replicas.

Based on the CV experiments, the SEl is continuously dissolving, so that the passivation is never completed, and a few cycles
are not enough to passivate the carbon-coated substrates. Even after long-term cycling (40 CV scans at 0.1 mV/s), a reductive
capacity is still observed, which is higher for VC and FEC-containing cells than for 1 M NaPFgs EC:DEC.

Sodium metal electrodes clearly affect the SEI formation in the tested electrolytes, altering the passivation behaviour by
reacting chemically with the electrolyte and therefore influencing the stability either through crosstalk or through consumption of
the film-forming additives. Whenever electrolytes designed for intercalation materials are tested, one should refrain from using
sodium metal.

Data availability

The data supporting this article have been included as part of the supporting Information. Supporting information, including
additional cyclic voltammetry results of different substrates, electrolytes, CVs of cells containing Sodium metal counter
electrodes, potential step results and GC-MS/XPS results.
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Data for this article, metadata of the battery cells cycled, all electrochemical, XPS and GC-MS data collected in the frame of this
project are available at Zenodo at [URL — format https://doi.org/DOl].
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