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Abstract: Most commercially available lithium ion battery systems and some of their possible
successors, such as lithium (metal)-sulfur batteries, rely on liquid organic electrolytes. Since the
electrolyte is in contact with both the negative and the positive electrode, its electrochemical stability
window is of high interest. Monitoring the electrolyte decomposition occurring at these electrodes is
key to understand the influence of chemical and electrochemical reactions on cell performance and to
evaluate aging mechanisms. In the context of lithium-sulfur batteries, information about the analysis
of soluble species in the electrolytes—besides the well-known lithium polysulfides—is scarcely
available. Here, the irreversible decomposition reactions of typically ether-based electrolytes will be
addressed. Gas chromatography in combination with mass spectrometric detection is able to deliver
information about volatile organic compounds. Furthermore, it is already used to investigate similar
samples, such as electrolytes from other battery types, including lithium ion batteries. The method
transfer from these reports and from model experiments with non-target analyses are promising
tools to generate knowledge about the system and to build up suitable strategies for lithium-sulfur
cell analyses. In the presented work, the aim is to identify aging products emerging in electrolytes
regained from cells with sulfur-based cathodes. Higher-molecular polymerization products of ether-
based electrolytes used in lithium-sulfur batteries are identified. Furthermore, the reactivity of the
lithium polysulfides with carbonate-based solvents is investigated in a worst-case scenario and
carbonate sulfur cross-compounds identified for target analyses. None of the target molecules are
found in carbonate-based electrolytes regained from operative lithium-titanium sulfide cells, thus
hinting at a new aging mechanism in these systems.

Keywords: batteries; lithium-sulfur batteries; LiS; lithium-metal batteries; lithium-metal sulfide
batteries; electrolyte decomposition; gas chromatography; mass spectrometry; structural elucidation

1. Introduction

The lithium-sulfur (LiS) chemistry represents a promising alternative to state-of-the-art
lithium ion battery (LIB) technology. Especially for applications demanding a high gravi-
metric energy density, such as aviation and space programs, LiS cells provide lightweight
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energy storage [1–3]. Furthermore, the utilization of sulfur as a cathode active material
(CAM) is beneficial as it is an abundant, low-cost material in comparison to more expensive
transition metals used in state-of-the-art LIB cathodes [4–7].

The LiS chemistry has a variety of challenges yet to overcome. The most prominent
challenge reported in the community is the prevention of the polysulfide shuttle effect
leading to self-discharge and loss of active material. Moreover, standard LiS cells are not
compatible with carbonate-based electrolyte systems—typically used in LIBs [8]—due to
their reactivity in combination with soluble lithium polysulfides emerging during cell
discharge [9]. Therefore, the majority of research reported from academia regarding LiS
cells is based on electrolyte solvents containing ethers or respective derivates [1]. Despite
the well-known degradation in carbonate electrolyte-based LIB systems [10,11] and the
reversible conversion of sulfur to lithium polysulfides [12–15], reports on the decompo-
sition products emerging in electrolytes of LiS cells are rare. Schneider et al. analyzed
the compositional changes of the electrolyte in LiS cells upon cycling and the evolution
of H2, N2, CH4 and C2H6 by means of gas chromatography (GC) with flame ionization
and thermal conductivity detectors [16]. However, this study did not include any degra-
dation products besides the mentioned permanent gases. In the LIB context, electrolyte
analyses by gas chromatography [10,16] and ion chromatography–conductivity detection
(IC-CD) [17] have proven to be valuable tools to elucidate these phenomena. GC systems
are suitable to separate volatile organic compounds such as ethers and carbonates; thus,
the application of a combination with mass spectrometric (MS) systems is a promising
technique to directly identify emerging compounds. Moreover, solid phase microextraction
(SPME) can be used as a sampling technique for GC systems if there is not enough liquid
electrolyte to be extracted from the cells without the use of extraction solvents. The method
additionally benefits from the elimination of corrosive conductive salts such as LiPF6 [18].
In order to adapt the developed methods for ether-based LiS electrolytes and their potential
aging products, model experiments might be helpful. From the LIB context, different
model aging experiments, such as thermal aging of single components and electrolyte
formulations [17] or the introduction of reactive species [19], are well known. Besides
the method development, which benefits from the abundancy of larger sample amounts
(milli-liter vs. micro-liter range), it is often possible to identify groups of aging products
potentially formed in the cells. Thereby, the optimization of measurement parameters with
regard to the detection of formerly identified groups is often possible.

The instability of carbonate-based electrolytes in LiS systems has been considered in a
variety of studies in academia. As an outcome, different approaches resulting in operational
cells, such as the introduction of sulfur into microporous carbon materials [20–22] or the
utilization of metal sulfides, have been reported in literature [23–25]. The reactivity of
the polysulfide species and their depletion in carbonate-based systems is known to be the
reason for the rapid cell aging. In the case of cell setups employing metal sulfide CAMs not
forming soluble polysulfides, cell aging should be caused by other detrimental reactions.
The presented work reports on the identification of soluble and volatile aging products in
ether- as well as carbonate-containing electrolytes from lithium-sulfur and lithium-metal
sulfide batteries.

2. Materials and Methods
2.1. Chemicals and Materials

Dimethyl carbonate (DMC; 99.9%) and ethylene carbonate (EC; 99.9%) were pur-
chased from Merck (Darmstadt, Germany). LiPF6 (99.89%) was obtained from BASF
(Ludwigshafen, Germany). Furthermore, 1,3-dioxolane (DOL) (99.8%), 1,2-dimethoxy
ethane (DME; 99.5%), LiNO3 (99.99%) and sulfur (99.98%) were bought from Sigma
Aldrich (St. Louis, MO, USA). LiTFSI was obtained from TOB New Energy Technology
(Xiamen, China). Helium (6.0) was purchased from Westfalen+ (Münster, Germany).
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2.2. Model Aging Experiments

First, 2 mL of the single components and the different mixtures of ethers and conduct-
ing salt (1,3-dioxolane (DOL) and dimethoxyethane (DME)), a mixture of both ethers, and
the electrolyte of interest—1 mol L−1 lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
in DOL/DME (1:1)—were stored in stainless steel cylinders at elevated temperatures
(60 ◦C). Furthermore, the electrolyte formulation was stored in the same setup with the
addition of elemental sulfur to mimic the environment in the cells and introduce the ac-
tive material. The containers were tightly closed and stored at 60 ◦C in an oven (Binder;
Tuttlingen, Germany) for one month. Sampling was done once per week by opening the
container in a dryroom and removing 10 µL of the liquid electrolyte.

2.3. LiS Cells

Three layered pouch cells with sulfurized poly(acrylonitrile) (SPAN)-based cathode
active material (CAM) [26] versus lithium metal were investigated. The cathodes consisted
of SPAN, vapor-grown carbon nanofibers (VGCF) or Ketjen black as a conductive additive
(CA) and a mixture of carboxymethyl cellulose (CMC)/styrene–butadiene rubber (SBR)
(2/1) used as a binder. The ratio of the components was CAM:CA:binder; 97.3:30:3 coated
on aluminum foam current collectors (see Nara et. al. [2]) The cells were shipped to MEET
Battery Research Center after electrochemical aging (20 cycles at ~0.45 mA cm−2 between
1.0 V and 3.0 V) performed by the authors from Waseda University. The applied electrolyte
was 1 mol L−1 LiTFSI in DOL/DME (1:1; v:v).

For all following cells with standard LiS CAM, the lithium foil was roll-pressed from
500 µm to 350 µm according to Becking et al. [27]. Afterwards, disks of 12 mm diameter
were punched and combined with Celgard2500 separators (Celgard; Charlotte, NC, USA)
for the coin cell assembly. The cathode active material consisted of sulfur melt infiltrated
into Ketjen black (C/S) mixed with multi-walled carbon nanotubes (Nanocyl MWCNT) and
poly(tetrafluoroethylene) (PTFE) in a weight ratio of 90:7:3 (C/S:MWCNT:PTFE) to result in
a sulfur content of 60 wt% in the final electrode (similar to Weller et al. [28]). Lithium–sulfur
cells with 60 µL of ether-based electrolyte (0.25 mol L−1 LiNO3 and 1 mol L−1 LiTFSI
in DOL/DME; 1:1; w:w) or carbonate-based electrolyte (1 mol L−1 LiPF6 in EC/DMC;
1:1; w:w) were built with 14 mm disks of standard LiS cathodes The cells were cycled at
0.66 mA cm−2 for the first three cycles and at 0.2 mA cm−2 in a voltage window of 1.8 V to
2.6 V until 100 cycles were reached.

Cathodes with titanium sulfide as the active material (see Sakuda et al. [23]) were used
in two-electrode coin cells with Celgard2500 separator (Celgard, Charlotte, NC, USA) and
60 µL of electrolyte (1 mol L−1 LiPF6 in DMC/EC; 1:1; w:w). The weight ratio of TiS4, Ketjen
Black (KB) and binder was 79:8:13. The cells were cycled in a voltage window of 1.9 V to
3.0 V, with 0.02 mA cm−2 for the first three cycles and at 0.06 mA cm−2 until 100 cycles
were reached.

2.4. Cell Opening Procedure

All cells were opened in the fully charged state to minimize possible influences
of remaining reactive polysulfide species. The cells were cut open in a glovebox, and
separators and/or cathodes were transferred to Eppendorf vials and centrifuged with
17,000 rpm at 20 ◦C in a cooled MEGA STAR 600R (VWR; Radnor, PA, USA) equipped with
a fixed-angle HIGHConic rotor (Thermo Fisher Scientific; Waltham, MA, USA) to regain
liquid electrolyte. For SPME measurements, a piece of the separator was transferred to
a 20 mL headspace vial.
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2.5. Analytical Measurements

The electrolyte was diluted by a factor of 1:100 in dichloromethane for GC measure-
ments with liquid injection. For these measurements, 1 µL of the diluted sample was
injected into the GC system using a 10 µL syringe.

All extractions by SPME were executed at room temperature to prevent further aging of
the electrolytes by thermal decomposition during the sampling procedure. The SPME setup
from CTC Analytics (Zwingen, Switzerland) controlled by the cycle composer software of the
AOC 5000 autosampler (Shimadzu; Kyoto, Japan) was used. Acrylate with 85 µm coatings
were bought from Axel Semrau (Sprockhövel, Germany) and exposed to the headspace vial
for an extraction time of 1 min or 10 min. After the measurement, the fiber was conditioned
for 5 min at 260 ◦C under argon atmosphere (+50 kPa) in a needle heater unit.

The GC-MS measurements were done with a GCMS-QP2010 Ultra equipped with
an AOC 5000 Plus autosampler (both Shimadzu, Kyoto, Japan). A nonpolar Supelco
SLBTM-5ms (30 m × 0.25 mm × 0.25 µm, Sigma Aldrich; St. Louis, MO, USA) column was
used. The system was controlled by the GCMS Real Time Analysis with implemented Cycle
Composer for the AOC 5000 Plus autosampler (all Shimadzu; Kyoto, Japan). The obtained
chromatograms were analyzed with GCMS Postrun Analysis (Shimadzu; Kyoto, Japan).
Compounds were validated with the National Institute of Standards and Technology
(Gaithersburg, MD, USA) NIST 11 library. DMC, EC, DOL, DME were additionally con-
firmed by the comparison of their retention times and fragment patterns with commercially
available standards. Helium (6.0 purity) was used as a carrier gas with 1.16 mL min−1

column flow and 3 mL min−1 purge flow. The temperature program started at 40 ◦C, which
was held for 1 min. Afterwards, temperature ramps with 3 ◦C min−1 until 60 ◦C and
30 ◦C min−1 until 260 ◦C followed. The final temperature was held for 2 min. The overall
measurement time was 16.33 min, with a mass range of 20–350 m/z and an event time of
0.2 s in scan mode. The mass spectrometer was run in electron ionization (EI) mode with
the following parameters: the temperature of the ion source was set to 200 ◦C; the interface
was held at 250 ◦C and the filament was operated at a voltage of 70 V; the detector voltage
was set relative to the respective tuning results.

Measurements with GC-HRMS were done on a GC QExactive (Thermo Fisher Scientific;
Waltham, MA, USA) with the same nonpolar Supelco SLBTM-5ms (30 m × 0.25 mm × 0.25 µm,
Sigma Aldrich; St. Louis, MO, USA) column. All other parameters were applied as described
by Peschel et al. [29].

3. Results and Discussion
3.1. Ether-Based Systems

Model aging experiments by applying thermal stress or by the addition of trace water
have proven to give viable information about possible aging mechanisms in lithium ion
battery (LIB) electrolytes [10,17]. Furthermore, the transfer of analytical methods to new
sample types—in this case, to LiS electrolytes—typically needs large sample amounts, as
this is beneficial for both the method development and first insights into possible aging
routes. To gain initial information about the behavior of ether-based formulations, the
individual components’ thermally induced aging phenomena were investigated. The chro-
matograms achieved by gas chromatography-mass spectrometry (GC-MS) are summarized
in Figure 1. In general, the samples taken after the longest aging period (one month)
showed the strongest signals of all the contained analytes; therefore, the results shown in
the following paragraphs are all based on this sampling period.
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Figure 1. Overlay of the GC-MS chromatograms obtained from ethers and ether-based elec-
trolytes stored at elevated temperatures. Excerpt from 2–4 min extracted from measurements with
1:100 split ratio. Chromatograms from 4 min were obtained with a lower split ratio of 1:10.

Both ether solvents are accessible by GC-MS and are the main components in all cases.
However, several additional signals assigned to aging products that emerged during the
storage time are present in the chromatograms. The samples of the single components show
signals of small molecules identified by the NIST11 database. These compounds, which
are connected, e.g., to the ring opening of DOL or the loss of a methyl group in the case of
DME, show significantly lower responses in the mixture and are almost absent in the case
of the complete electrolyte. Nevertheless, the chromatograms of the electrolyte samples
show additional signals at later retention times. A direct identification was only possible
for the compound eluting at 5.2 min (compound 1). In this case, the library comparison
suggested an ether-based ring structure where a CH2O group is added to the DOL. This
suggestion is supported by experiments with chemical ionization (CI) and high-resolution
mass spectrometry (HRMS). In the case of compound 2 eluting at 11 min, the library
suggests an ether-based ring structure as well.

In this case, the fragment pattern shown in Figure 2 does not have a sufficient pen-
dant in the NIST. Therefore, the samples were investigated thoroughly by GC-CI-MS
and GC-HRMS. GC-CI-MS in positive mode revealed the molecular masses summarized
in Table 1.
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Table 1. Summary of the MS data from compounds of interest in DOL/DME-based systems. Parental frag-
ments of compound 1 were too small to provide significant daughter ions in fragmentation experiments.

Compound

1
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Ret. Time 5.25 min 10.95 min 7.60 min

PCI 105 [M + H]+

122 [M + NH4]+
149 [M + H]+

166 [M + NH4]+
119 [M + H]+

136 [M + NH4]+

NCI 73; 61 117 87

HRMS 105.0557
C4H9O3 (5.0 ppm)

149.0814
C6H13O4 (0.1 ppm)

119.0718
C5H11O3 (8.2 ppm)

(HR)MS2 - 75.0446 (C3H7O2)
45.0340 (C2H5O)

87.0456 (C4H7O2)
71.0503 (C4H7O)
59.0497 (C3H7O)
45.0339 (C2H5O)

The molecular mass of 148 u hints at a molecule containing two DOL moieties. This
conclusion is supported by the HRMS experiments, which show a perfect fit for the sug-
gested molecular formula and include one double bond equivalent. The fragmentation
experiments cannot clarify the location of the CH2O vs. C2H4O groups, leading to two
possible structural formulas, as summarized in Figure 2 and Table 1.

The GC-CI-MS and GC-HRMS experiments show an additional signal at 7.65 min
(compound 3), which cannot be assigned from the GC-MS chromatogram. The experiments
suggest a ring structure as with compound 1 with one additional CH2 moiety. The analysis of
the electrolyte regained from cycled standard LiS cells built with cathodes from TU Dresden
and SPAN-based cells provided by Waseda University is shown in Figure 3. The correspond-
ing cycling behavior is summarized in the supporting information (Figures S1 and S2). The
overlay of the chromatograms shows that compounds 1 and 2 are present in the case of the
SPAN cells, while the standard LiS cells show a matching signal of compound 2 with much
higher intensity. This confirms the comparability of the model aging experiments and the
aging of electrolytes in cells with sulfur-based CAM. The chromatogram from the SPAN
cell contains additional small peaks. Since these peaks show only low intensities and the
respective compounds are not formed in the model experiment, a structural elucidation
could not be performed. The peak at 11.3 min in the LiS cell chromatogram is caused by
column bleeding and does not originate from the sample.

A complementary investigation of the conductive salt by ion chromatography–conductivity
detection (IC-CD) showed no additional signals; thus, the significant accumulation of ionic
decomposition products can be excluded.

Model aging experiments showed the accumulation of higher-molecular circular
ethers in DOL/DME-based electrolytes stored at high temperatures. The same aging
products were identified in electrolytes regained from cells with different sulfur-based
cathodes. Therefore, the developed analytical method as well as the model aging at elevated
temperatures have proven to be valuable tools to investigate the aging behavior of LiS and
related battery systems.
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3.2. Carbonate-Based Systems

Since the general aging behavior of carbonate-based electrolytes is known from LIB
research, the analytical method development is already reported. However, the presence of
sulfur-based redox active species might introduce a new group of decomposition products,
which would indicate a detrimental reaction of the electrolyte. After the determination of
such species, it is possible to realize a target analysis of electrochemically aged electrolytes.
Thus, the first experiments were done in expectation of high amounts of aging products
(as a worst-case scenario) in combination with a non-target analysis. Therefore, a standard
LiS cathode was cycled in a cell with an electrolyte comprising 1 mol L−1 LiPF6 in DMC/EC
(1:1; w/w). These cells were not able to complete one full cycle and broke down immediately,
as depicted in Figure S3. The electrolyte was investigated by GC-MS with liquid injection
and SPME. The chromatogram (Figure 4) shows a mixture of decomposition products
known from the LIB context and additional signals that are linked to the presence of sulfur.

The decomposition product with the highest signal intensity is the dimethyl-2,5-
dioxahexane dicarboxylate (DMDOHC), which is reported to be the main product in
EC/DMC-based electrolytes in LIBs [16]. However, there is a variety of signals present,
which are not reported in the LIB context. The sulfur isotopes 32S (95%) 34S (4.3%) show typ-
ical mass shifts in the fragment patterns depending on the sulfur content of the respective
molecular formula. Therefore, it is possible to distinguish between solely carbonate-based
aging products and sulfur-containing derivates even without the need of an HRMS sys-
tem. Three of the most prominent sulfur-containing aging products were identified by the
NIST11 database (Figure 4). The fragment pattern of the signal assigned to 1,2,3-trithiolane
(compound B) is exemplarily shown in Figure 5.
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The signal at m/z 124, which represents the M+ ion, shows the typical fragment
at m/z 125, which is connected to the 13C isotope. Moreover, the signal at m/z 126, which
is connected to the 34S isotope, is present at around 14.5% of the intensity of the main
fragment. Since the intensity of the isotope fragment is proportional to the respective
number of sulfur atoms in the ion, the presence of three sulfur atoms could be verified.
Further HRMS experiments supported this assumption by adding the impact of the negative
mass defect of the sulfur isotopes, providing distinct molecular formulas and daughter ions
in MS2 experiments. A summary of the different compounds and corresponding fragments
is shown in Table 2.

Table 2. Summary of the MS data from compounds of interest in carbonate-based systems.

Compound

A
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MS 120; 60; 61 124; 96; 64; 60; 59 152; 124; 87; 64; 60; 59
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HRMS 120.0062
C4H8S2 (4.5 ppm)

123.9470
C2H4S3 (4.1 ppm)

151.9783
C4H8S3 (3.4 ppm)

(HR)MS2 61.0106 (C2H5S)
60.0027 (C2H4S)

95.9157 (S3)
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The investigation of the electrolyte from electrochemically aged cells with titanium
sulfide (Figure S4) as CAM reveals that the soluble electrolyte species are solely carbonate-
based. No trace of sulfur-containing aging products was found, with DMDOHC being
the main aging product. To exclude a similar but much slower aging behavior of the
titanium sulfide cells in comparison to the standard LiS cells, characteristic fragments of the
compounds of interest were defined (m/z 60 (C2H4S), m/z 64 (S2)). Thereby, it was possible
to realize a target analysis besides the discussion of the total ion chromatogram (TIC).

Figure 6 shows the comparison of the TIC and the extracted ion chromatograms (EICs)
of the characteristic fragments. Either both or at least one of the EICs shows a response
for all signals of interest in the electrolyte cycled with standard LiS cathodes. This leads
to the conclusion that the majority of sulfur-containing aging products can be targeted
by using the two described fragments. However, the electrolyte from titanium sulfide
cells shows no respective signals, although the EICs are strongly factorized. The sole
signal for m/z 60 at a retention time of 11.6 min corresponds to a fragment of DMDOHC
including one 13C isotope. Therefore, the developed tailored electrolyte analysis was able
to prove that the dissolution of sulfur-based species into the electrolyte and following
side reactions with carbonates do not progress during cycling. Nevertheless, the cycle
properties of the respective TiS4 cells (Figure S4) and especially the connected discharge
capacity worsened with increasing cycle number. This means that there are deterioration
factors other than the dissolution of sulfur, and the whole picture of the reaction mechanism
of TiS4 would be clarified by analyzing the electrode surface as well. However, the aging
products identified in the electrolyte are all known from analyses of LIBs, hinting at similar
decomposition routes.
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4. Conclusions

The combination of model aging of ether-based electrolytes for LiS cells and a method
transfer for GC-(HR)MS analyses of LIB electrolytes enabled the identification of ther-
mally induced decomposition products. A subsequent analysis of electrolytes regained
from LiS cells of different formats showed the applicability of the methods. Moreover,
the identified, thermally induced ether polymerization was found in electrochemically
aged cells as well, underlining the applicability of the respective model experiments for
non-target analyses. The identified aging products showed that the reaction of DOL results
in larger ring structures, representing an important aging mechanism.

In the context of carbonate-based electrolytes for model—worst-case—experiments
with cells using standard LiS cathode materials, the results exhibited a variety of sulfur-
containing compounds. The determination of characteristic fragments for these organosul-
fur compounds enabled target analyses for further samples. The electrolyte regained from
operative cells with titanium sulfide as CAM did not show any signs of organosulfur
compounds, while polymerization products of carbonates known from LIB research were
present in typical amounts. In contrast to elemental sulfur as a cathode material that
potentially leads to the severe formation of sulfur-containing species within the electrolyte,
titanium sulfide does not cause any pronounced formation of soluble electrolyte degra-
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dation products beyond the ones already known from LIB chemistries. Therefore, the
presented method is fit for the purpose of investigating carbonate-based electrolytes from
other cell chemistries. Within this context, the determination of the main reaction mech-
anisms of cathodes using sulfur encapsulation in microporous structures and carbonate
electrolytes is of special interest. The determination of decomposition routes can then be
used to backtrack important reactivities and suggest improvements for the next generation
of cathode materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations9030057/s1, Figure S1: Cell voltage versus capacity
plots of different charge/discharge cycles from a standard LiS cell with ether-based electrolyte;
Figure S2: Cell voltage versus specific capacity (mass of sulfur) plots of different charge/discharge
cycles of a cell with SPAN as active material on an aluminum foam current collector. VGCF was used
as conductive additive and the electrolyte was ether-based. Figure S3: Cell voltage versus capacity
plot of a cell built with standard LiS cathodes and carbonate-based electrolyte. Figure S4: Cell
voltage versus capacity plots of charge/discharge cycles of a cell with TiS4 as active material and
carbonate-based electrolyte.
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