
5.44.0

Deciphering Electrolyte
Degradation in Sodium-Based
Batteries: The Role of Conductive
Salt Source, Additives, and Storage
Condition

Mahir Hashimov and Andreas Hofmann

Special Issue
Electrolyte and Electrode Design for Next-Generation Rechargeable Batteries

Edited by

Dr. Shaokun Chong

Article

https://doi.org/10.3390/batteries9110530

https://www.mdpi.com/journal/batteries
https://www.scopus.com/sourceid/21100905390
https://www.mdpi.com/journal/batteries/stats
https://www.mdpi.com/journal/batteries/special_issues/4K7J54J2BV
https://www.mdpi.com
https://doi.org/10.3390/batteries9110530


Citation: Hashimov, M.; Hofmann, A.

Deciphering Electrolyte Degradation

in Sodium-Based Batteries: The Role

of Conductive Salt Source, Additives,

and Storage Condition. Batteries 2023,

9, 530. https://doi.org/10.3390/

batteries9110530

Academic Editor: Shaokun Chong

Received: 29 September 2023

Revised: 20 October 2023

Accepted: 23 October 2023

Published: 25 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

batteries

Article

Deciphering Electrolyte Degradation in Sodium-Based
Batteries: The Role of Conductive Salt Source, Additives, and
Storage Condition

Mahir Hashimov and Andreas Hofmann *

Institute for Applied Materials, Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1,

D-76344 Eggenstein-Leopoldshafen, Germany; mahir.hashimov@kit.edu

* Correspondence: andreas.hofmann2@kit.edu; Tel.: +49-(0)721-60825920

Abstract: This work investigates the stability of electrolyte systems used in sodium-ion-based batter-

ies. The electrolytes consist of a 1:1 (v:v) mixture of ethylene carbonate (EC) and propylene carbonate

(PC), a sodium-conducting salt (either NaPF6 or NaTFSI), and fluoroethylene carbonate (FEC), re-

spectively, sodium difluoro(oxalato) borate (NaDFOB), as additives. Through systematic evaluation

using gas chromatography coupled with mass spectrometry (GC-MS), we analyze the formation of

degradation products under different conditions including variations in temperature, vial material,

and the presence or absence of sodium metal. Our results reveal the significant influence of the con-

ductive salt’s source on degradation. Furthermore, we observe that FEC’s stability is affected by the

storage temperature, vial material, and presence of sodium metal, suggesting its active involvement

in the degradation process. Additionally, our results highlight the role of NaDFOB as an additive in

mitigating degradation. The study provides crucial insights into the complex network of degradation

reactions occurring within the electrolyte, thus informing strategies for improved electrolyte systems

in sodium-based batteries. Since the production, material selection and storage of electrolytes are

often insufficiently described, we provide here an insight into the different behavior of electrolytes

for Na-ion batteries.

Keywords: sodium-based batteries; electrolyte degradation; GC-MS analysis

1. Introduction

Sodium-based batteries (SIBs) have been gathering substantial attention in recent
years as potential replacements for lithium-ion batteries, taking advantage of sodium’s
abundance and low cost [1–3]. However, realizing the full potential of these batteries
requires a profound understanding of all system components, particularly the electrolyte,
which is central to high performance and cell aging [4–6]. These batteries typically employ
carbonate-based solutions as electrolytes, chosen for their high ionic conductivity, stability,
and compatibility with both, the anode and cathode materials [7–9].

However, the storage of these carbonate solutions has proven to be of particular
challenge [10–12]. These electrolyte solutions can decompose over time, producing various
degradation products that can compromise the performance and safety of the battery [13,14].
The decomposition process may accelerate depending on the storage conditions, such as
temperature and exposure to light or air, leading to the formation of volatile degradation
products [15–17].

Gas chromatography (GC) coupled with mass spectrometry (MS) has emerged as a
suitable analytical method for evaluating these decomposition products [18]. The ability
of GC-MS to separate and identify different compounds makes it ideal for characterizing
the complex mixtures arising from electrolyte degradation. This provides critical insights
into the decomposition process, facilitating the development of strategies for improving
electrolyte stability [19–21].
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The degradation of electrolytes is significantly influenced by temperature, with various
studies examining the effects within specific thermal ranges. Observations indicate that
within the moderate thermal confines of 30 ◦C to 60 ◦C, there is an observable acceleration
in the decomposition of certain electrolyte constituents, especially LiPF6 [22]. N. Gauthier
et al. demonstrated that LiPF6 salt decomposition at 60 ◦C induces the formation and
deposition of (fluoro)phosphate species in higher proportions at the LTO surface [23]. As
the thermal spectrum escalates beyond 60 ◦C, the effects become more severe. Empirical
data suggest a severe degradation of electrolyte components as temperatures approach
and exceed 80 ◦C [22,24,25]. Above 80 ◦C it is triggering the deterioration of the solid
electrolyte interphase (SEI) layer [26]. This degradation enables an exothermic reaction
involving the lithiated carbon and the electrolyte, commencing around 100 ◦C [27]. Further
thermal increases cause the electrolyte to decompose above 110 ◦C, and above 135 ◦C, the
integral separator begins to melt [28]. The maximum thermal degradation is observed at
approximately 140 ◦C, where the electrolyte evaporates and its vapors, in the presence of
oxygen, are highly combustible [27,29].

Fluoroethylene carbonate (FEC) and sodium difluoro(oxalato)borate (NaDFOB) play
important roles as additives in sodium-ion battery electrolytes, enhancing the electrochem-
ical performance and safety of these systems [30–32]. FEC is renowned for its capability
to form a stable solid electrolyte interphase (SEI) on electrode surfaces, a crucial factor in
extending the cycle life and efficiency of SIBs [33–35]. This SEI layer inhibits detrimental
reactions between the electrode and electrolyte, thus promoting stable cycling and reducing
capacity fading [36–39]. Additionally, FEC’s ability to stabilize electrode interfaces and
decrease electrode–electrolyte reactivity enhances the overall durability and reliability of
SIBs [40,41].

NaDFOB, on the other hand, stands out as a highly effective conducting salt for SIB
electrolytes due to its exceptional ionic conductivity and electrochemical stability [42–44].
Its robust nature makes it a suitable choice for achieving stable electrolyte–electrode inter-
faces, even at high voltages. This property is critical for preserving the structural integrity
of both electrodes and electrolytes, thereby enhancing the long-term performance and
safety of SIBs [45,46]. NaDFOB’s unique molecular structure contributes to its remarkable
compatibility with various electrode materials and supports efficient ion transport within
the battery system, facilitating high-rate capability and prolonged cycle life [42,43,46,47].

Several decomposition products are known that form during the storage of carbon-
ate solutions. Commonly, these include alcohols such as ethylene glycol and propylene
glycol, formed from the reduction in the corresponding carbonate solvents [48,49]. Other
degradation products such as ethers, esters, and various organic carbonates have also been
reported [49–53].

The degradation of electrolytes in sodium-ion batteries (SIBs) has significant con-
sequences, impacting the sustainability and longevity of these energy storage systems.
One of the primary concerns is based on the instability of carbonate-based electrolytes
within SIBs, leading to a problematic solid electrolyte interface (SEI) due to the reactivity
of the electrolyte solution, which directly contributes to capacity fading [54,55] and the
inevitable generation of hydrofluoric acid (HF) during battery cycling [56–58]. This issue is
exacerbated by the presence of water, which may be introduced during manufacturing or
generated within the battery, particularly during instances of overcharging [59,60]. Degra-
dation products also have a pronounced impact on the cathode side, where dissolution
of transition metals can occur, especially under high voltage and elevated temperature
conditions (see also above) [61,62] as well as on cell cycling [63,64]. Moreover, the presence
of these degradation products raises significant concerns regarding the recyclability and
environmental sustainability of SIBs, as the extraction and treatment of these materials are
energy-intensive and potentially environmentally hazardous [65,66].

In addition to the previously mentioned aspects, the cathode material, respectively, the
state of charge (SOC) of the cathode material, has an important impact on the electrolyte
degradation behavior of batteries. In sodium-ion batteries, cycling aging effects show both
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SOC-independent and SOC-dependent behaviors [67]. In addition, a changed SOC affects
the electrochemical and thermal dynamics within the cell. At higher SOCs, irreversible
heat generation increases, which can accelerate electrolyte degradation [68]. These findings
underscore the importance of understanding and managing SOC to optimize battery
performance, longevity, and safety.

The primary aim of our experiment (Scheme 1) is to investigate the effect of storage
conditions and how the purity of sodium hexafluorophosphate (NaPF6) salts affects the
formation of degradation products in carbonate-based electrolytes. Two different NaPF6

salts of varying purities are used to evaluate their impact on electrolyte stability and
degradation. We hypothesize that the level of impurities in these salts is a significant factor
in the rate and extent of electrolyte decomposition. Identifying any links between salt
purity and electrolyte stability could offer new pathways to improve cell aging and the
operational lifetime of alkali metal batteries.
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ff

tt
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tt
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tt
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Scheme 1. Experimental design overview.

Furthermore, we compare sodium bis(trifluoromethanesulfonyl)imide (NaTFSI) as
an alternative conducting salt with NaPF6. NaTFSI has been proposed as a promising
substitute for NaPF6 in some battery systems, owing to its exceptional thermal stability
and compatibility with various electrode materials, despite its corrosive tendency [69]. By
comparing the performance and degradation patterns of electrolytes based on NaTFSI and
NaPF6, we aim to evaluate whether NaTFSI can offer any advantages in terms of electrolyte
stability and battery performance.

2. Materials and Methods

2.1. Chemicals and Sample Preparation

The electrolytes were prepared using 1 M NaPF6, sourced from Alfa Aesar (99.5%,
Ward Hill, MA, USA) and ChemFish Tokyo Co., Ltd. (99.9%, Tokyo, Japan) or 1 M NaTFSI
(TCI Europe, 98%, Zwijndrecht, Belgium) dissolved in a 1:1 volume-to-volume (v:v) ratio
of ethylene carbonate (EC) and propylene carbonate (PC), with or without the addition of
2 wt% FEC (Gotion, Fremont, CA, USA) or 2 wt% NaDFOB (ChemFish Tokyo Co., Ltd.)
additives. The chemical and physico-electrochemical properties of the carbonates and salts
are presented in Tables 1 and 2, respectively. High purity sodium metal (Sigma-Aldrich,
Taufkirchen, Germany, contains mineral oil, 99.9% trace metals basis) was manually cut into
discs approximately half a centimeter in diameter and then submerged in the corresponding
electrolytes. Each plastic vial was filled with 0.5 mL of the prepared electrolyte solution,
whereas aluminum vials contained 1 mL.
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Table 1. Chemical and physico-electrochemical properties of the carbonates used in this study. Mw

is the molar weight, ρ the density, ε the dielectric constant at 1 kHz, Tb the boiling point and η

the viscosity.

Solvent
Mw

[g·mol−1]
ρ at 25 ◦C
[g·cm−3]

Tb [◦C] ε at 40 ◦C
η at 40 ◦C
[mPa·s]

Refs.

EC 88.06 1.321 a 248 89.78 1.93 [70]
PC 102.09 1.205 b 242 66.14 b 2.53 c [70]

FEC 106.05 1.454 212 78.4 4.10 [71,72]
a at 39 ◦C. b at 20 ◦C. c at 25 ◦C.

Table 2. Chemical and physico-electrochemical properties of the salts used in this study. Mw is the

molar weight, Tm is the melting point and σ is the conductivity.

Salt
Structure
of Anion

Mw

[g·mol−1]
Tm [◦C]

σ in 1 M PC
Solution

[mS·cm−1]

Anodic Stability/V vs.
Na+/Na0 Refs.

NaPF6

−

ρ
−

ε
η

−

σ

−

tt

ff

ff

167.95 dec. 300 7.98 5 a [41,73]

NaTFSI

−

ρ
−

ε
η

−

σ

−

 

tt

ff

ff

303.13 257 6.20 3.4/5 a,b [41,73]

NaDFOB

−

ρ
−

ε
η

−

σ

−

 

tt

ff

ff

159.82 - 4.27 5.51 c [30,41]

a Sodium metal cube slice as counter and reference electrodes, and an aluminum plunger as the working electrode.
b limited to 3.4 V by Al dissolution, but up to 5 V with 5% NaPF6. c stainless steel as the working electrode and
Na as the counter and reference electrodes.

It should be mentioned that the purity of the sodium metal, its precise dimensions,
and the method used for cutting the metal impact the results. Therefore, care was taken to
maintain consistency and accuracy during this process.

All electrolyte solutions were divided and stored in polyethylene (PE) and aluminum
(Al) vials, then kept at varying temperatures (25 ◦C, 40 ◦C, 50 ◦C, 58 ◦C, and 65 ◦C) for
a period extending up to 18 weeks. This range of temperatures was chosen to study the
effect of heat on the stability and reactivity of the electrolytes. All vials were dried at
under vacuum 80 ◦C before sample preparation. The electrolyte preparation was carried
out inside a glovebox under an inert argon gas atmosphere to prevent any oxidation
or moisture-induced reactions, as these could significantly influence the results of the
experiment. Glass vials were not used in the study because the glass surface can easily
react with HF, which is typically formed in PF6-containing electrolytes by traces of water
over time or at higher temperatures.

For GC-MS measurements, aliquots of 15 µL of each electrolyte were extracted and
diluted in 1.5 mL of dichloromethane (DCM) solvent inside of the glove box. This solvent
was chosen due to its excellent miscibility with a variety of substances and its relatively
low boiling point, facilitating subsequent analysis. Afterwards, centrifugation at a rate of
8000 rpm for 5 min was conducted to separate the salt layer in order to protect the capillary
column of the GC. The speed and duration of the centrifugation were carefully optimized to
ensure effective separation without causing degradation or alterations to the samples. After
centrifugation, 1 mL of the supernatant solution from each sample was transferred into
glass vials. These vials were then immediately sealed to prevent the loss or contamination
of the sample and used for GC-MS analysis to identify degradable products. The entire
process, from sample preparation to the final GC-MS analysis, was repeated twice to ensure
the reliability and reproducibility of the data.
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In Tables 3–5, a comprehensive overview of the electrolyte compositions is presented,
encompassing the respective salt names, solvent names, types of additives used, as well as
the specific conditions under which the electrolytes were stored, namely the temperature
and type of vial used. In addition, the unique identifiers assigned to each sample are also
specified in these tables for reference throughout the study. This detailed organization
allows for a streamlined comparison and assessment of the electrolyte properties and their
behavior under varying conditions.

Table 3. Summary of electrolyte compositions and conditions (NaPF6 from Alfa Aesar).

Solvent EC/PC

Salt NaPF6; 99.5%

Additive - NaDFOB FEC

T [◦C] 40 65 40 65 40 65

Vial PE PE Al PE PE Al PE PE Al PE PE Al PE PE Al PE PE Al

Na + - - + - - + - - + - - + - - + - -

name/code a1 a2 a3 a4 a5 a6 b1 b2 b3 b4 b5 b6 c1 c2 c3 c4 c5 c6

Table 4. Summary of electrolyte compositions and conditions (NaPF6 from ChemFish Tokyo Co., Ltd.).

Solvent EC/PC

Salt NaPF6; 99.9%

Additive - NaDFOB FEC

T [◦C] 25 40 50 58 65 40 65 40 65

Vial PE Al Al PE Al PE Al Al Al Al Al Al

Na + + + + + + + + + + + +

name/code a7 a8 a9 a10 a11 a12 a13 a14 b7 b8 c7 c8

Table 5. Summary of electrolyte compositions and conditions (NaTFSI from TCI Europe).

Solvent EC/PC

Salt NaTFSI

Additive - NaDFOB FEC

T [◦C] 65 65 40 65

Vial PE Al PE Al PE Al PE Al PE Al PE Al

Na + + + + + + - - + + - -

name/code d1 d2 e1 e2 f1 f2 f5 f6 f3 f4 f7 f8

2.2. Instrumentation

GC experiments were conducted using established procedures as detailed in literature
reference [74]. Specifically, a Clarus 690 GC instrument from PerkinElmer Inc. (Waltham,
MA, USA) was employed, which was equipped with an autosampler, a flame ionization
detector (FID) and a mass detector (SQ 8T). Turbomass (version 6.1.2) and TotalChrom
(version 6.3.4) were utilized for both, data acquisition and subsequent data analysis.

The setup during the measurements included the following parameters: the gases
employed were He 6.0 (Air Liquide, Düsseldorf, Germany), H2 from a PG+160 hydrogen
generator (Vici DBS, Schenkon, Switzerland), and Air (Air Liquide). The GC column
utilized was an Optima 5MS with a length of 30 m, an interior diameter of 0.25 mm, and
a film thickness of 0.5 µm. Injection parameters involved a split flow of 20 mL/min, an
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inlet temperature of 250 ◦C, an injection volume of 0.5 µL, an initial pressure of 175 kPa,
and a pressure-controlled mode. The oven temperature was maintained at 40 ◦C. Oven
and pressure parameters were set as follows: an initial temperature of 40 ◦C for 1.5 min,
followed by heating at a rate of 20 ◦C/min up to a final temperature of 320 ◦C. The initial
pressure was maintained at 175 kPa for 2 min, then increased at a rate of 7.8 kPa/min up to
a final pressure of 300 kPa. For the MS setup, the filament voltage was set at 70 kV, with an
ion source temperature of 200 ◦C and a transfer line temperature of 200 ◦C. For the FID
setup, the flow rates were 450 mL/min for synthetic air, and 45 mL/min for hydrogen gas,
with a detector temperature of 280 ◦C. Post-separation, the gas flow was divided using a
SilFlow™ (Crownhill, UK) GC Capillary Column 3-port Splitter to allow signal detection in
both the MS and the FID. The FID was utilized for quantification, while the MS was used
for compound identification. Thus, the MS was operated in scan mode, scanning a range
from 33 u to 350 u with an event time of 0.3 s and an interscan delay of 0.02 s. The FID
signals were used to calculate peak areas.

All samples, including electrolytes and mixtures, were compared and corrected against
pure dilution solvent as well as pure electrolyte solvent. Whenever possible, impurities in
the electrolyte solvents were identified based on NIST searches (using electron ionization
fragmentation match), and by measuring the pure substance separately. Chromatograms
of pure solvents can be found at https://zenodo.org/, accessed on 28 September 2023
(see below).

3. Results and Discussion

In this study, the effect of storage conditions and conducting salt source is investigated
in terms of the formation of volatile degradation products in liquid electrolytes. The choice
of appropriate storage conditions and conducting salt sources is crucial for maintaining
the stability and performance of liquid electrolytes, especially in energy storage systems
such as batteries. In order to make a comparison, two NaPF6 salts were selected for the
study, one with purity of 99.5% and the other with purity of 99.9%. In addition, NaTFSI
was directly compared with the corresponding NaPF6 conducting salt. As indicated in the
introduction, an increased degradation of PF6

− occurs above about 60 ◦C. Although this
has been shown so far, especially for LiPF6, such a degradation is also plausible for NaPF6.
For this reason, the maximum test temperature was limited to 65 ◦C.

3.1. NaPF6 with 99.5% Purity

A purity of 98.5–99.5% is the purity typically available commercially, so this provides
a basis for the study.

3.1.1. Degradation Product Formation

Initially, the storage of electrolytes without sodium was studied in polyethylene and
aluminum vials. The chromatograms after a storage time of 18 weeks at T = 65 ◦C are de-
picted in Figure 1. Within the study, a number of components were found to be present in
the electrolyte mixtures. The chemical structures of all compounds are depicted in Figure 2.
In addition to the solvents and additives EC (5), PC (6) and FEC (10), decomposition prod-
ucts are in particular 1,2-ethanediol (ED, 1), 1,2-propanediol (PD, 2), 2-ethyl-1,3-dioxolane
(3), 2-ethyl-4-methyl-1,3-dioxolane (4), amylene hydrate (7), 1.4-dioxane (8), ethanediol
monoformate (9), diethylene glycol (11) and triethylene glycol (12). An overview of all
compounds is presented in Table 6. Identification of these compounds was achieved by
comparing both, retention time and specific mass fragmentation patterns with known
reference standards, underscoring the multifaceted nature of the degradation process. The
numbering was chosen according to the sequential position in the chromatograms. It was
observed that some more very weak peaks were present in the chromatogram, indicating
the formation of additional compounds. However, it was not possible to identify them
confidently, so these peaks will not be discussed in this work.

https://zenodo.org/
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Figure 1. Chromatographic separation of degradation products (EC/PC + 1 M NaPF6; a5: plastic

vial, a6: aluminum vial; T = 65 ◦C; without sodium): 1,2-ethanediol (ED, 1), 1,2-propanediol (PD,

2), 2-ethyl-1,3-dioxolane (3), 2-ethyl-4-methyl-1,3-dioxolane (4 and 4′), ethylene carbonate (EC, 5),

propylene carbonate (PC, 6), 2-methyl-2-butanol (7). Due to the higher concentration of sample a6,

the EC and PC peak exhibit higher signal intensity.

′

 

′

′ ′ ′
′ ′ ′ ′

′ ′ ′

Figure 2. Chemical structures of compounds discussed in the manuscript.

The elution order, as a consequence of the respective volatilities and interactions with
the GC column, commenced with amylene hydrate (2-methyl-2-butanol (7)), followed
by 1,2-ethanediol (1), 1,2-propanediol (2), 2-ethyl-1,3-dioxolane (3), and finally 2-ethyl-
4-methyl-1,3-dioxolane (4). This order is significant as it can provide insights into the
physicochemical characteristics of these compounds, particularly their volatility and polar-
ity, which are fundamental in their interaction with the column and thus their separation.
(1) and (2) could be formed from the reduction in EC and PC, respectively.

Interestingly, the chromatogram showed that 2-ethyl-4-methyl-1,3-dioxolane (4) was
characterized by two distinct peaks (4 and 4′). This result implies the presence of two
separate species, possibly due to structural isomers or different conformations. It is critical
to note this aspect as it highlights the complexity of the degradation process and suggests
the existence of multiple pathways or mechanisms. 2-Methyl-2-butanol (7), for instance,
suggests the occurrence of reduction reactions involving alkyl carbonate solvents.

It was observed that in aluminum vials no formation of the diols (1) and (2) took place
(see also Tables 7 and 8). In addition, both components (3) and (4/4′), which were also
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formed in lower concentration relative to EC and PC than in the plastic vials, only (7) was
found. This was also confirmed at a storage temperature of T = 40 ◦C (Tables 7 and 8).

Table 6. Overview of electrolyte components and degradation products.

№ Compound CAS
Ret. Time a

[min]
RI b RI c

NIST
Mass Frag.

m/z
Confirmed d

1 1,2-ethanediol 107-21-1 4.90 692 702 ± 10 43, 33, 42, 62, 61 yes
2 1,2-propanediol 57-55-6 5.35 739 740 ± 18 45, 43, 61, 75, 76 yes
3 2-ethyl-1,3-dioxolane 2568-96-9 5.54 753 780 ± 7 73, 45, 57, 72, 101 yes
4 2-ethyl-4-methyl-1,3-dioxolane 4359-46-0 5.86, 5.95 790, 799 NA 87, 59, 41, 57, 72, 115 yes
5 EC 96-49-1 7.70 978 NA 43, 88, 44, 58, 42 yes
6 PC 108-32-7 7.91 1000 NA 57, 43, 87, 58, 42 yes
7 amylene hydrate 75-85-4 4.37 637 615 ± 16 59, 73, 55, 43, 41 yes
8 1,4-dioxane 123-91-9 5.08 710 675 ± 19 88, 58, 57, 87, 89 yes
9 ethanediol monoformate 628-35-3 5.63 764 NA 60, 44, 43, 45, 61 yes
10 FEC 1144335-02-8 6.55 859 NA 62, 44, 58, 106, 73 yes
11 diethylene glycol 111-46-6 7.65 978 980 45, 75, 76, 43, 44 yes
12 triethylene glycol 112-27-6 9.77 1256 1255 45, 89, 58, 75, 43 yes
13 1,3-dioxolane-2-methanol 5694-68-8 6.72 883 881 73, 45, 43, 44, 74 yes

a retention time at peak maximum; b RI values are provided based on n-alkanes; RI values are determined at peak
onset; c experimental, semi-standard non-polar and estimated non-polar retention index (n-alkane scale) were

used; d confirmed by the retention time of the pure compound.

Table 7. Identification and formation of degradation products in electrolytes without additives.

Values in brackets account for very low signal intensities (e.g., seen by mass extraction only).

Sample
Weeks

3 6 9 18

a1 --- (1), (2) 1, 2 1, 2, (8)
a2 --- --- 7 3, 4/4′, 7
a3 --- --- (7) 7
a4 1, 2 1, 2, (3), (4/4′) 1, 2, (3), (4/4′) 1, 2, 3, 4/4′, (8)
a5 3, 4/4′ 1, 2, 3, 4/4′ 1, 2, 3, 4/4′ 1, 2, 3, 4/4′, (8)
a6 --- (4/4′), (7) (3), (4/4′), 7 3, 4/4′, 7

Figure 3 compares the electrolyte after storage for 18 weeks with sodium metal at
T = 40 ◦C and T = 65 ◦C. It was observed that in the case of T = 40 ◦C the diol formation
is significantly lower (compound (1) and (2)) and the dioxolane adducts (3) and (4/4′)
do not occur at all. Compared to the electrolytes without sodium, the formation of the
diol components (1) and (2) is enhanced. This is indicative of Na-induced decomposition,
whereas the formation of the dioxolane components (3) and (4/4′) is rather inhibited in the
case when sodium is present.

Table 7 shows an overview about the degradation product formation identified in the
analysis, specifying the particular electrolytes in which they were formed, along with the
corresponding week of detection. This information sheds further light on the temporal and
compositional complexity of the degradation process, illustrating the dynamic nature of
the electrolyte system.

These findings offer a deeper understanding of the stability and degradation behavior
of the electrolyte system, with the presence and identification of these degradation products
signifying key information on the possible reactions or pathways taking place in the system.
This can be further used to optimize and improve the stability and performance of sodium-
based batteries in future studies. The time evolution of the diol and dioxolane formation can
be seen clearly, which is considerably accelerated at higher temperature and already shows
significant decomposition in the electrolyte after 3 weeks. The results are also important
for half-cell experiments with sodium, which are carried out at higher temperatures, since
they show that electrolyte degradation already occurs without cell potential in the presence
of sodium metal.
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Table 8. Identification and formation timeline of degradation products in electrolytes including addi-

tives. Values in brackets account for very low signal intensities (e.g., seen by mass extraction only).

Sample
Weeks

3 6 9 18

b1 --- --- (1), (2) 1, 2
b2 (7) (7) 7, (9) 1, 2, 3, 4/4′, 7, 9
b3 --- (7) (7) 7
b4 --- (1), 2, (3), (4/4′), 9 1, 2, 3, 4/4′, 9 1, 2, 3, 4/4′, 9
b5 (3) 1, 2, 3, 4/4′, 9 1, 2, 3, 4/4′, 9 1, 2, 3, 4/4′, 9
b6 --- --- 7 7
c1 --- (1), (2) 1, 2 1, 2
c2 10 10 7, 10 3, 4/4′, 7, 10
c3 10 10 (7), 10 7, 10
c4 1, 2 1, 2 1, 2, 3, 4/4′ 1, 2, 3, 4/4′

c5 10 1, 2, 3, 4/4′, (10) 1, 2, 3, 4/4′ 1, 2, 3, 4/4′

c6 10 10 7, 10 3, (4/4′), 7, 10
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Figure 3. Chromatographic separation of degradation products (EC/PC + 1 M NaPF6 + Na metal;

a1: plastic vial, T = 40 ◦C, a4: plastic vial; T = 65 ◦C): 1,2-ethanediol (ED, 1), 1,2-propanediol (PD,

2), 2-ethyl-1,3-dioxolane (3), 2-ethyl-4-methyl-1,3-dioxolane (4 and 4′), ethylene carbonate (EC, 5),

propylene carbonate (PC, 6), 1,4-dioxane (8). Due to the higher concentration of sample a1, the EC

and PC peak exhibit higher signal intensity.

3.1.2. Degradation Product Formation in the Presence of NaDFOB and FEC

In the next step, the electrolytes were investigated with both additives, NaDFOB and
FEC. These additives are suitable for cycling sodium half cells and were selected for this
reason. An overview about all detected decomposition products as well as the additive
FEC is presented in Table 8. Corresponding chromatograms are shown in Figure 4 for
NaDFOB and in Figure 5 for the FEC additive. It is obvious that the storage in aluminum
vials reduces the formation of diols as well as dioxolanes significantly (Figures 4 and 5).
Table 8 shows the time-dependent formation of degradation products. In the case of
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NaDFOB when stored in PE vials, the product (9) is detected, which is formed first at higher
temperature (65 ◦C), but then at 40 ◦C when the reaction time is longer. The detection of (9)
implies partial degradation of ethylene carbonate (EC), one of the primary components of
the electrolyte.

 

′

Figure 4. Chromatographic separation of degradation products (EC/PC + 1 M NaPF6 + NaDFOB; b5:

plastic vial, b6: aluminum vial; T = 65 ◦C): 1,2-ethanediol (ED, 1), 1,2-propanediol (PD, 2), 2-ethyl-

1,3-dioxolane (3), 2-ethyl-4-methyl-1,3-dioxolane (4 and 4′), ethylene carbonate (EC, 5), propylene

carbonate (PC, 6), 2-methyl-2-butanol (7) and ethandiol monoformate (9).

The storage tests containing FEC as an additive show that FEC is consumed and no
longer detectable when the electrolyte is brought into contact with sodium metal (c1, c4),
even after 3 weeks at T = 40 ◦C. This means that FEC reacts readily with Na metal. This
highlights the suitability as an additive because FEC forms a boundary phase which
then enables cell cycling. However, this also means that FEC is continuously consumed
and explains the well-known rapid deterioration that occurs in the case of cell tests as
soon as FEC is no longer present, since the newly forming Na surface is then no longer
protected. Surprisingly, it was also found that FEC decomposes over time, especially at
higher temperatures when stored in PE vials, and is no longer detectable in the electrolyte
(Figure 5, sample c5). In this case, storage in Al vials is strongly recommended.

Storage in Al vials is confirmed by the results shown in Tables 7 and 8 where the
resilience of electrolytes stored in aluminum vials is clearly visible. The reason for the
superior characteristics of aluminum vials vs. PE or PP vials could not be clarified by the
study. It is plausible that there is a difference in the sealing properties, especially at higher
temperatures (even if the containers were stored again in sealed glass containers under
argon), or that plastic components were released, which then accelerated the degradation
reactions. In essence, the experiments show that PE vials should not be used for storage of
the electrolytes.
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ff
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Figure 5. Chromatographic separation of degradation products (EC/PC + 1 M NaPF6 + FEC; c5: plas-

tic vial, c6: aluminum vial; T = 65 ◦C): 1,2-ethanediol (ED, 1), 1,2-propanediol (PD, 2), 2-ethyl-

1,3-dioxolane (3), 2-ethyl-4-methyl-1,3-dioxolane (4 and 4′), ethylene carbonate (EC, 5), propylene

carbonate (PC, 6), 2-methyl-2-butanol (7) and FEC (10).

3.1.3. Analysis of Diol Formation

The GC-MS analysis, conducted on the samples stored in plastic vials to identify
degradation products, showed that 1,2-ethanediol (1, ED) and 1,2-propanediol (2, PD)
demonstrated higher relative intensities. Therefore, these both compounds were selected
for further evaluation. To accomplish this, mass area ratios of both ED and PD relative to
propylene carbonate (PC) were calculated. Figure 6 illustrates the formation of ED and PD
in electrolytes, both with and without additives (NaDFOB and FEC) over time, specifically
at temperatures of 40 ◦C and 65 ◦C. A clear observation from Figure 6 is that the formation
of both diol degradation products is significantly higher at 65 ◦C than at 40 ◦C. This
phenomenon is consistent with chemical reactions, where elevated temperatures increase
reaction rates and, consequently, expedite the degradation of the electrolyte.

At 40 ◦C, both graphs in Figure 6 depicted a trend of increasing ED and PD formation
over time with the FEC additive (c1). However, in the electrolyte a1 without any additive,
PD formation began to plateau after nine weeks. At 65 ◦C, both products exhibited a
similar trend in formation, but the electrolyte a4 without any additive demonstrated a more
substantial increase in both, ED (1) and PD (2) over time. This significant increase could be
due to an enhanced reaction rate at elevated temperatures, leading to faster degradation of
the electrolyte.

Interestingly, the formation of ED in the presence of the FEC additive (c4) was less
pronounced at the higher temperature, suggesting that the FEC additive may have a
stabilizing effect at elevated temperatures (Figure 6). Meanwhile, for PD formation at 65 ◦C,
the electrolyte c4 with the FEC additive exhibited an equal amount of PD after 9 weeks
compared to the electrolyte a4 without any additives. However, after 18 weeks, the effect
of the FEC additive became more pronounced, leading to a reduced amount of PD. This
suggests that the FEC additive might exert its stabilizing effect over a longer time frame,
demonstrating its potential in enhancing the long-term stability of electrolytes.
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Figure 6. Time-dependent formation of ED (1) and PD (2) at T = 40 ◦C (a,b) and T = 65 ◦C (c,d). All

samples were consistently stored in PE vials and contain sodium metal. Please note that the scale in

(d) is ten times higher than in (c) for a better visualization.

Remarkably, in both temperature conditions, the formation of ED and PD was minimal
in the electrolytes b1 and b4 with the NaDFOB additive. This suggests that NaDFOB could
be interacting with potential reactants or intermediates, mitigating the reaction pathways
leading to ED and PD. In addition, the electrolytes b1 and b4 (Figure 6) containing the
NaDFOB additive outperform the other electrolyte formulations across all conditions. With
significantly lower levels of ED and PD formation, this additive shows strong potential as
a stabilizing agent in the electrolyte system. The NaDFOB additive’s efficacy aligns with
earlier observations, reinforcing the hypothesis that it might mitigate degradation reactions,
thereby enhancing electrolyte stability [75].

The impact of sodium metal immersed in the electrolytes was also evaluated more
carefully. In Figure 7, a direct comparison with and without sodium metal is depicted for
T = 65 ◦C. The electrolytes without additives showed tendentially slightly lower formation
of ED and PD when Na metal was absent, suggesting that the presence of sodium metal
may catalyze the electrolyte degradation process to some extent. However, such an effect
cannot be observed in case of both additives. In case of FEC, the formation of (1) and
(2) is almost identical with and without Na which further supports the readily surface
reaction of FEC with Na metal. In this case the promotion of the Na metal regarding the
diol formation is inhibited. It is quite interesting that in case of NaDFOB the formation of
the diol derivatives is reduced. It is assumed that the NaDFOB additive directly influence
the mechanism of the diol formation in the electrolyte. Nevertheless, NaDFOB is not able
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to fully inhibit the formation of diols. When subjected to a temperature of 40 ◦C (not
shown here), the samples (a2, b2, and c2) that did not undergo immersion in Na metal
exhibited negligible EO or PO formation after both, 9-week and 18-week intervals. This
observation underscores the role of Na metal immersion in facilitating the EO and PO
formation processes within the designated time frames.

  

(a) (b) 

  

(c) (d) 

ff

Figure 7. Comparison of electrolytes with and without sodium metal after 9 weeks and 18 weeks

of storage. (a,b): 1,2-ethanediol, (c,d): 1,2-propanediol. Sample “a” denote electrolytes without

additives, “b” denotes NaDFOB as additive, and “c” denotes FEC as additive.

3.2. NaPF6 with 99.9% Purity

The electrolytes incorporating NaPF6 conductive salt with a purity of 99.9% demon-
strated significantly different degradation behaviors compared to those using the less-pure
salt (see above). Remarkably, the electrolytes with the high-pure salt showed considerably
lower amounts of degradation product formation. Specifically, the degradation product PD
(2) only started forming after an extended duration of 15 weeks, with the lone exception
being sample a12, where PD (2) formation was observed after 9 weeks. In terms of ED (1)
formation, it was detected only in the samples of a10 and a12, after a prolonged storage
duration of 15 weeks. It is important to note that these samples were stored even at rela-
tively higher temperatures of 50 and 58 ◦C, respectively. Figure 7 illustrates the influence
of storage materials on the PD formation. It can be observed that in PE vials, the amount
of PD increased with temperature significantly, highlighting the temperature dependence
of the degradation process (Figure 8). In contrast, the PD formation in aluminum vials
remained constant over the temperature range between 25 ◦C and 65 ◦C, suggesting an
enhanced thermal stability offered by these vials.
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Figure 8. Comparison of temperature dependence and thermal stability of PD formation in PE and

aluminum vials for sodium metal immersed electrolytes after 18 weeks of storage. The smaller

measurement interval in the case of Al vials is based on the fact that it should be checked whether no

PD/PC increase can actually be observed.

The observations with NaPF6 source point to a notable influence of the source of the
conductive salt on electrolyte stability. This difference could be attributed to variations in
impurity profiles or minute differences in physical properties of the NaPF6 salt quality. The
results underscore the importance of raw material quality in determining the performance
and stability of the electrolytes. Moreover, the distinct behaviors of PE and aluminum vials
further emphasize the role of storage material in electrolyte stability. Despite the same
electrolyte composition, the material of the vial plays a significant role, potentially due to
its thermal properties or its interaction with the electrolyte components.

Figure 9 offers a comparative analysis of the degradation products formed in elec-
trolytes of samples a4, a12, and a14, all stored at T = 65 ◦C. The reduced intensity of
degradable components in sample a12, which uses NaPF6 with 99.9% purity, compared to
sample a4 (NaPF6 purity of 99.5%), is a confirmation to the positive impact of higher purity
on electrolyte stability. This observation reinforces the earlier discussion on the importance
of raw material purity in determining the performance and stability of the electrolytes.
The absence of component 4 (2-ethyl-4-methyl-1,3-dioxolane) in sample a12 is noteworthy.
This could be attributed to the absence or reduced concentration of specific impurities in
the higher purity NaPF6 that might catalyze or initiate the formation of this compound.
The detection of diethylene glycol (11) and triethylene glycol (12) in sample a12 only af-
ter 18 weeks suggests a slow degradation process. These compounds might be formed
through secondary reactions or the further breakdown of primary degradation products.
Their delayed appearance underscores the enhanced stability offered by the higher purity
NaPF6. The observation that only 1,2-propanediol (2) was formed in sample a14, stored in
aluminum, further emphasizes the protective role of aluminum vials. The metal’s thermal
properties and chemical inertness likely contribute to this observed stability.

Figure 10 provides a detailed comparison of the degradation products formed in
electrolytes of samples a14, b8, and c8, all stored at T = 65 ◦C in aluminum vials over
sodium metal. These samples utilized the higher purity NaPF6, and the study aimed
to understand the influence of different additives, namely NADFOB and FEC, on the
degradation behavior of the electrolytes. A striking observation from the figure is the
consistent formation of only 1,2-propanediol (2) across all three samples, irrespective of
the presence or absence of additives. This consistency suggests that the formation of
1,2-propanediol is a dominant degradation pathway under these conditions and is not
significantly influenced by the additives in question.



Batteries 2023, 9, 530 15 of 23ff

 

ff

Figure 9. Chromatographic separation of degradation products from electrolyte EC/PC + 1 M NaPF6

at T = 65 ◦C.
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Figure 10. Chromatographic separation of degradation products from electrolyte EC/PC + 1 M

NaPF6 at T = 65 ◦C with selected additives in Al vials stored over sodium metal.
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The use of aluminum vials, known for their thermal properties and chemical inertness,
might also play a role in this consistent observation. The vials could be limiting the
degradation pathways by offering a more stable environment, further narrowing down the
degradation products to just 1,2-propanediol.

When the temperature is reduced to 40 ◦C (not shown here), a notable observation is
the significantly reduced intensity of 1,2-propanediol (2). This suggests that the degradation
process, leading to the formation of this compound, is notably subdued at this lower
temperature. Another intriguing observation is the persistent presence of FEC in the
electrolyte of sample c7. This contrasts with the behavior observed in sample c8 from
Figure 10, where FEC, despite being used as an additive, had disappeared when the
electrolyte was stored at 65 ◦C. This difference underscores the temperature-dependent
reactivity of FEC. At the elevated temperature of 65 ◦C, FEC seems to undergo rapid
degradation or consumption, leading to its absence in the electrolyte. However, at the
milder temperature of 40 ◦C, FEC remains stable and does not degrade as quickly, allowing
for its detection in the electrolyte even after the storage period.

3.3. NaTFSI with 99.9% Purity

The results obtained from the analysis of electrolytes using NaTFSI as the conductive
salt illustrate a similar behavior to that observed with high-pure 99.9% NaPF6. Across most
samples, the formation of PD is detected after a lengthy storage duration of 15 weeks, with
the exceptions being samples d1, e1, f1, and f3. These samples were stored in PE vials, and
notably, they had sodium metal immersed in them.

Figure 11 illustrates the formation of ED and PD over 18 weeks in PE vials with
different additives, and the superior performance of the NaDFOB additive becomes evident.
Both PD and ED formation were the least in electrolytes with this additive, suggesting that
NaDFOB can effectively mitigate degradation processes in these electrolytes. The graphical
representation (Figure 12) of the area ratio of ED/PC and PD/PC against time provides
a comprehensive view of the degradation behavior of the electrolytes f1 and f3 over an
18-week period. Both these electrolytes were stored in PE vials and contained the FEC
additive, but they were subjected to different temperature conditions: f1 at 40 ◦C and f3 at
65 ◦C.

  

(a) (b) 

ff

ff

ffi

ff ff

ff

Figure 11. Time-Dependent Formation of ED (a) and PD (b) at 65 ◦C with additive-free electrolyte

(d1), with NaDFOB additive (e1) and with FEC in the electrolyte (f3). All samples contain sodium

metal and are stored in PE vials.

From the Figure 12a, which plots the formation of ED against time, a clear trend
emerges. The amount of ED in both electrolytes increases over time, but the rate of increase
is markedly different between the two. The electrolyte f3, stored at the higher temperature
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of 65 ◦C, exhibits a significantly accelerated formation of ED compared to its counterpart,
f1, stored at 40 ◦C. This observation aligns with the fundamental understanding of chemical
kinetics, where reaction rates, and consequently degradation rates, are known to increase
with temperature. The elevated temperature likely provides the necessary energy to
overcome activation barriers more readily, leading to faster degradation.

ff

ff

ffi

ff ff

  

(a) (b) 

ff
Figure 12. Comparative Analysis of ED (a) and PD (b) Formation in Electrolytes f1 and f3 over

18 Weeks at Different Temperatures.

The Figure 12b, focusing on PD formation, mirrors the trend observed for ED. The
temporal increase in PD is evident for both electrolytes, but once again, the electrolyte
f3 demonstrates a more pronounced increase. The significant difference in PD formation
between both temperature conditions further underscores the temperature’s pivotal role in
influencing the degradation behavior of these electrolytes.

The presence of the FEC additive in both electrolytes was expected to offer some level
of stabilization. While the additive does play a role, as evidenced by the formation of
degradation products over an extended period rather than immediately, its efficacy seems
to be compromised at higher temperatures. The significantly higher formation of ED and
PD in the f3 electrolyte suggests that while FEC might offer protection, its stabilizing effect
is temperature-dependent and diminishes at elevated temperatures.

The degradation behavior of the electrolytes listed in Table 5 is consistent in terms of
the formation of PD. The majority of these electrolytes began to show the presence of PD
after an extended storage duration of 15 weeks. This consistent observation across multiple
samples underscores the stability of these electrolytes, especially when considering the
relatively long-time frame required for the onset of degradation. The low intensity of PD,
even when it does form, further emphasizes the resilience of these electrolytes against
degradation.

However, a unique observation was made with sample f4 (Figure 13). This sample,
stored in an aluminum vial at 65 ◦C with the FEC additive, exhibited the formation of a
new degradation product: 1,3-dioxolane-2-methanol. While the presence of this compound
was detected, its intensity was notably low, suggesting that its formation is not a dominant
degradation pathway under the given conditions.
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Figure 13. Chromatographic separation of degradation products from electrolyte EC/PC + 1 M

NaTFSI at T = 65 ◦C with selected additives in Al vials stored over sodium metal.

3.4. FEC Reactivity and Color Changes

The influence of various conditions—storage temperature, type of vial material, pres-
ence or absence of sodium metal, and the conductive salt used—on the reactivity of FEC
was carefully examined over a period of 18 weeks using GC-MS analysis.

For the samples containing NaPF6 as the conductive salt, the following trends are as
follows (refer to Tables 2 and 3 for detailed data):

1. In PE vials at 40 ◦C, FEC disappears after 3 weeks when sodium metal is present (c1)
but remains stable over 18 weeks when sodium metal is absent (c2).

2. In aluminum vials at 40 ◦C, regardless of the presence (c7) or absence (c3) of sodium
metal, FEC remains stable over the 18 weeks duration.

3. At 65 ◦C in PE vials, FEC disappears after 3 weeks when sodium metal is present (c4),
and after 6 weeks when sodium metal is absent (c5).

4. In aluminum vials at 65 ◦C, FEC remains stable over 18 weeks when sodium metal is
absent (c6), but it disappears after 12 weeks when sodium metal is present (c8).

For the samples containing NaTFSI as the conductive salt, similar patterns emerge
(see also Table 4 for detailed data):

1. In PE vials at 40 ◦C, FEC disappears after 9 weeks when sodium metal is present (f1)
but remains stable over 18 weeks when sodium metal is absent (f5).

2. In aluminum vials at 40 ◦C, regardless of the presence (f2) or absence (f6) of sodium
metal, FEC remains stable over the 18 weeks duration.

3. At 65 ◦C in PE vials, FEC disappears after 3 weeks when sodium metal is present (f3),
and after 12 weeks when sodium metal is absent (f4).

4. In aluminum vials at 65 ◦C, FEC remains stable over 18 weeks, irrespective of the
presence (f8) or absence (f7) of sodium metal.

The color change in electrolytes over time offers additional evidence for FEC reactivity
and possible degradation pathways in various conditions. The electrolyte sample c1, stored
at 40 ◦C in a PE vial with NaPF6 as a conductive salt and sodium metal present, turns dark
after 6 weeks, coinciding with the disappearance of sodium metal. This suggests a reaction
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involving FEC, sodium metal, and possibly the conductive salt under these conditions.
This process seems to involve the reduction of FEC and possibly the formation of insoluble
compounds causing the darkening. According to Dugas et al., CO2 was also found in our
study when FEC in EC/PC is stored over Na [34]. Additionally, NaF was identified in our
samples. Concludingly, a reductive decomposition of FEC leading to NaF as well as CO2,
which also promotes the formation of the corresponding diols from EC and PC, respectively,
can be deduced.

In contrast, samples c2, c5, c8, f1, and f4, which change color progressively from
pale yellow to brown over weeks, might suggest slow degradation processes that produce
colored compounds. The rusting of the sodium metal in samples c8, f1, and f4 could be
attributed to the formation of insoluble sodium salts possibly due to reactions with FEC
degradation products.

It is interesting to note that samples c3, c7, f2, f5, f6, f7, and f8 showed no color change
throughout the 18 weeks. This suggests the stability of FEC in these conditions and aligns
with our previous observations about FEC’s reactivity.

For the sample f3, the dark color and precipitation formed after 3 weeks might indicate
the rapid degradation of FEC and the formation of insoluble compounds under these
specific conditions (65 ◦C, PE vial, NaTFSI, sodium metal present).

4. Conclusions

This study presents a comprehensive investigation into the stability and degrada-
tion behavior of various electrolyte systems intended for use in sodium-based batteries.
The electrolytes comprised a 1:1 (v:v) mixture of ethylene carbonate (EC) and propylene
carbonate (PC), with sodium salts (either NaPF6 or NaTFSI) and FEC additive.

The findings support the hypothesis that the type of conductive salt, presence of
sodium metal, choice of additive, and vial material all exert significant influences on the
degradation pathways of the electrolyte. NaDFOB continues to demonstrate superior
performance in minimizing the formation of degradation products, underpinning its role
as a potential stabilizer in these systems. Moreover, the results strengthen the case for the
use of aluminum as a preferred material for vials, as it appears to provide a protective
effect even in the presence of sodium metal.

Significant variations were observed in the formation of degradation products based
on the choice of the conductive salt. Notably, electrolytes utilizing very pure NaPF6 (99.9%)
showed a markedly lower amount of degradation product formation compared to those
using NaPF6 in pure quality (99.5%), underlining the influence of raw material quality on
electrolyte stability.

Further, the choice of vial material for storage was found to play a crucial role in the
degradation behavior, with aluminum vials demonstrating superior performance over
PE vials. This observation points towards the potential thermal properties or surface
interactions of aluminum impacting the stability of the electrolyte system.

The presence of sodium metal was found to accelerate degradation, particularly at
higher temperatures, indicating its participation in degradation reactions. However, the
NaDFOB additive exhibited a mitigating effect on this degradation, suggesting its potential
utility in enhancing the stability of these electrolytes.

The trend in the reactivity of the FEC additive under various conditions observed in
this study provides valuable insights into its role in the electrolyte system and the factors
influencing its stability. The following effects can be summarized:

1. Temperature effects: In both sets of samples, FEC appears to degrade faster at higher
temperatures. This behavior aligns with the general principle of chemical kinetics
that reaction rates typically increase with temperature. This is usually explained by
the Arrhenius equation, which states that a higher temperature increases the fraction
of molecules possessing energy greater than the activation energy, leading to an
increased rate of reaction. In the context of our study, higher temperatures could
facilitate degradation reactions involving FEC, thereby causing its faster consumption.
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2. Effects of sodium metal presence: The presence of sodium metal seems to acceler-
ate the disappearance of FEC. This suggests that FEC reacts with sodium, possibly
through a reductive decomposition mechanism. The resulting products could con-
tribute to the formation of a stable SEI layer, which could help improve the overall
stability of the electrolyte system.

3. Effects of vial material: FEC tends to last longer in aluminum vials than in PE vials,
indicating that the material of the storage vial can impact the stability of the addi-
tive. The reason behind this observation could be the better thermal conductivity of
aluminum compared to PE, which could help dissipate heat more efficiently, thereby
reducing the rate of degradation reactions.

4. Effects of conductive salt: Although both types of salts studied (NaPF6 and NaTFSI)
are sodium salts, differences in the reactivity of FEC were observed between them.
This suggests that the anion part of the salt might play a role in the reactions involving
FEC. Some reports in the literature suggest that TFSI− is less reactive and more
thermally stable than PF−

6 , which could explain the observed behavior [76,77].
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