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Abstract

LiNOj is a commonly used electrolyte additive in Li-S batteries, but the intricacies of its stabilizing
effect on these batteries are not well-understood due to the complex chemical nature of Li-S
electrolytes. This complexity often hampers clear characterization and interpretation of data. In
this study, we explore the reactivity of LiNOs3 in Li-S batteries through in operando sulfur K-edge
spectroscopy. To remove ambiguities, a sulfur-free electrolyte with LiNOs as the sole salt is used.
This allows a precise elucidation of the reaction mechanism between LiNO; and polysulfides. We
observe that the reaction is chemical in nature and progresses spatially, influenced by the
polysulfide concentration gradient across the electrolyte. Polysulfides are electrochemically
generated in situ on the cathode side, leading to high local concentration. As a result, they cannot
be fully oxidized by LiNOs and forms sulfites initially which are gradually further oxidized into
sulfonates and sulfates. Conversely, polysulfides on the anode side have lower local concentration
as they are not generated in situ but diffused from the cathode side. Their reaction with LiNO3
leads to highly oxidized species like sulfonates and sulfates. These reaction products are not
reduced during electrochemically cycling, suggesting their capabilities of passivating the
electrodes and contributing to the cycle stabilities of Li-S batteries.



Introduction

Li-S batteries have garnered renewed attention owing to the high capacity and energy density that
can be achieved by simply utilizing cheap and abundant elemental S cathodes!. However, a
significant challenge faced by Li-S batteries, particularly those with elemental S cathodes, is the
issue of polysulfide dissolution* °. As the battery operates, long chain polysulfides are formed as
intermediates on the S cathodes®. These polysulfides have high solubility in ether-based
electrolytes which are commonly used in Li-S batteries due to their compatibility with the Li metal
anode®’. The dissolved polysulfides then migrate through the electrolyte to the anode side, where
they react with the Li metal to form Li>S and Li»S,%. This interaction known as polysulfide
shuttling is irreversible, which leads to the consumption of active material from the S cathode and
shortens the cycle life of Li-S batteries® '°.

LiNOs is widely utilized as an additive in electrolytes for Li-S batteries to prevent polysulfide
shuttling'"> 12, However, the working mechanism of LiNO3 remains a topic of intense debate!>!°.
One popular mechanism is that LiNO; forms a protection layer on the surface of the Li metal anode
and prevents irreversible interaction of polysulfide with the Li metal'®. LiNOs is suggested to make
a robust electrical double layer on the interface of the Li metal prior to the solid-electrolyte
interphase formation'’. Such an electrical double layer allows the formation of a passivating
interphase rich in LiNO3; decomposition products that can modulate Li metal reactivity. It is also
believed that LiNOs3 participates in the formation of the solid-electrolyte interphase by oxidizing
polysulfide into LixSOy like species, while itself undergoing reduction to LixNOy (y<3)'*. Both the
oxidized sulfur species and the reduced LixNOy become part of the SEI, which minimizes direct
interaction of dissolved polysulfide with the Li-metal anode and thus, prevents polysulfide
shuttling. Another proposed mechanism suggests that LiNOs is first electrochemically reduced and
then the reduced products react with polysulfide to form a passivating layer. This prevents the
direct irreversible interaction between polysulfides and lithium, leading to better cyclability!>. The
synergistic effect of LiNO3 and polysulfides has been shown by Cui and coworkers'®. They utilized
polysulfides and LiNO; as dual additives and that leads to more reversible Li metal
plating/stripping'®. Compared with the well-known protection functionality of LiNOs3, either alone
or together with polysulfides, the working mechanism of such protection is not clear yet. One of
the main reasons is the typical Li-S battery electrolyte has complicated formulation'®, defying
accurate characterization and data interpretation.

In this study, we apply in operando sulfur x-ray absorption spectroscopy (XAS) to a model system
to elucidate the LiNOs protection mechanism. The electrolyte is designed to be sulfur-free such
that sulfur XAS can faithfully track the evolution of polysulfide and their derived species during
charge-discharge. By probing the electrolyte on both cathode side and anode side, we can obtain a
more accurate understanding of the reactivity of LiNO3 and its role in stabilizing Li-S batteries.

Results and discussion

The commonly wused electrolyte formulation for Li-S batteries is lithium
bis(trufluoromethanesulfonyl)imide (LiTFSI) dissolved in 1,4-dioxolane (DOL) and 1,2-
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dimethoxyethane (DME) with LiNO3 added as the additive. LiNO3 is understood to react with
polysulfide (PS) to form products that stabilize the battery from polysulfide shuttling. However,
precisely determining the LiNOs3 reactivity is nontrivial because the salt and PS both contain S. To
simplify the electrolyte formulation and to accurately determine the working mechanism of LiNO3
additive, we formulated an electrolyte using LiNO3 as the only salt dissolved in DOL and DME in
1:1 volume ratio (0.5 M solution) (Figure 1a). Hence, any S species that will get into the electrolyte
and form different products because of reaction with LiNO3 must be from the dissolved polysulfide
or its reactants. The measured ionic conductivity (Figure S1) and Coulombic efficiency (Figure
S2) are typical for LiNOs-containing electrolyte. Li-S batteries assembled with this electrolyte
deliver good electrochemical performance, maintaining more than 80% of initial capacity even
after 100 cycles (Figure 1b). While it is tempting to attribute such good performance to the
presence of LiNOs3 only, comparison studies in Figure 1c¢ suggest otherwise. It shows that when
there is no sulfur source in the system as in the case of Li||Li symmetric cell, LiNO3 alone cannot
lead to a stable interphase. Only after introducing sulfur source can a stable interphase be
generated, and long-term reversible lithium stripping/plating be promised. This suggests the key
is to have the combination of LiNO3z and sulfur source to protect lithium metal anode. To
understand the reason behind this, we performed in operando S K-edge spectroscopy to determine
the reaction mechanism between LiNO; and sulfur source.
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Figure 1. Model S-free electrolyte design and electrochemical performance in Li-S batteries.
(a) S-free electrolyte formulation to study the evolution of dissolved polysulfide in the electrolyte,
(b) cycling stability of Li-S battery with elemental S cathode and Li metal anode cycled with the



designed S-free electrolyte (0.5 M LiNOsz in DOL:DME in 1:1 ratio) at C/10 rate, (c) Li||Li
symmetric cell performance with 0.5 M LiNO3z DOL:DME (1:1) and the same electrolyte
containing dissolved polysulfide.

In operando S K-edge spectroscopy was performed in the S-free electrolyte with two different coin
cell configurations. Holes were cut in the electrodes so that electrolyte can be directly probed
during cycling. In the first configuration, the S cathode side was facing the beam. A hole was cut
in the S cathode so that the beam can pass through the S cathode and probe the electrolyte on the
separator near the cathode side (Figure 2a). In the second configuration, the Li metal side of the
coin cell was facing the beam. A hole was cut in the Li metal anode so that beam can pass through
the Li metal and probe the electrolyte on the separator near the Li metal anode side (Figure 2b).
The reason to probe the electrolyte on two different sides of the cell is to capture the spatial
progression of the PS reactivity with LiNOs; across the cell. Since the only way PS can reach the
Li metal anode side is through shuttling, there might exist a concentration gradient of PS across
the cell from the point of origin which is the S cathode to the destination Li metal anode. Hence, a
PS concentration dependent reactivity with LiNO3; may be observed. The two in operando coin
cell set up discussed was designed to test this hypothesis.

The in operando cells were charged and discharged at a rate of C/10. Spectrum acquisition started
one hour after the start of the cycling. S derived species were detected from the beginning of the
data acquisition. The S K-edge spectra have several features. Peaks marked by 1, 2, 3,4, 5, and 6
originate from polysulfides, elemental sulfur, Li,S, sulfites, sulfonates, and sulfates respectively?’.
The top panel shows the in operando XAS of the cell in which S cathode side of the separator is
probed. The intensity of the polysulfides peak increases during discharge as expected (top panel
of Figure 2c¢). This is due to the electrochemical generation of polysulfide species on the S cathode
and their subsequent dissolution. At the late stage of the first discharge, PS converts into Li>S as
indicated by the broadening of the peak at around 2471 eV. In addition to PS and Li>S, other species
like sulfites and sulfonates (peaks 4 and 5) are also observed. The fact that these oxidized forms
of sulfur appear during discharge when the S electrode is electrochemical reduced suggests that
their formation is chemical in nature. On the Li metal side where the anode is free of sulfur, sulfur-
derived species are also observed on the separator (bottom panel of Figure 2c). The presence of
PS and Li>S should be due to the shuttling of PS from the cathode side. No oxidized S species is
observed in the beginning of discharge. However, as the cell is more deeply discharged, oxidized
S species such as sulfonate and sulfate begin to appear (peak 5 and 6). The key distinction from
the observation on the cathode side is the lack of sulfite. As sulfur in sulfonate and sulfate is more
oxidized than that in sulfite, such difference indicates PS near the Li metal anode is reacted more
completely than that near the S cathode.

When the voltage is switched and charging commences, PS near the cathode side keeps getting
consumed to oxidized S species (top panel of Figure 2d). Sulfite peak intensity rises, and a new
peak appears marked by 6 at higher energy due to the sulfate species because of the progressive
oxidation of PS as the cycling progresses. PS species are also observed in the electrolyte near the
Li metal anode side during charging, which can be attributed to the diffusion of PS from the
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cathode side to the anode side. Sulfonate and sulfate species continue to prevail. When the cycling
enters the 2" discharge, PS species are replenished in the electrolyte again near the S cathode (top
panel of Figure 2¢). Further oxidation of PS leads to the higher concentration of oxidized S species
(top panel of Figure 2e). Meanwhile, oxidation of PS near the anode side leads to a higher
concentration of more completely oxidized S products such as sulfate (bottom panel of Figure 2¢).
In general, the common trend of oxidation of PS is observed throughout the cell, irrespective of
the applied voltage and the vicinity of the PS to the type of electrodes. Another important point is
the persistent presence of these species near both the electrodes, especially near the Li metal anode.
This indicates these species are chemically stable within the presence of the Li metal. Eventually,
these oxidized species will become part of the cathode-electrolyte interphase (CEI) and the solid-
electrolyte interphase (SEI) since the solubility of Li sulfonate and sulfate in the ether-based
electrolyte is low'*. Indeed, the presence of oxidized S species can be found in both the CEI (Figure
S3) and SEI (Figure S4) in addition to the electrolyte (Figure 2). These species in the interphase
will lead to the formation of inorganic rich interphases, stabilizing the interphases and likely
prevent PS shuttling.
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Figure 2. In-operando study of the spatial progression of polysulfide reactivity with LiNOa.
(a-b) In-operando cell design to study the polysulfide reactivity in the electrolyte close to the S
cathode side and Li-metal anode side. (c-e¢) S K-edge spectra collected in-operando at different
stages of cycling. Top panels are S K-edge spectra collected from the electrolyte near the S cathode
side and the bottom panels are the S K-edge spectra collected from the electrolyte near the Li metal
anode side. Peaks marked by 1: charged end of polysulfide, 2: S-S 6" transition, 3: Li,S, 4: sulfite,
5: sulfonate, and 6: sulfate.



A common trend of PS oxidation across the electrolyte indicates that the reaction leading to their
formation is unaffected by the applied voltage and is more chemical in nature. Like in any chemical
redox reaction, the oxidation of PS requires an oxidizer and the NO3" is the only available oxidizer
in the electrolyte. Consequently, NO3~should be reduced to lower oxidation N species. N K-edge
spectra supports this point, as NO;™ species is observed along with the NO;3™ in the cathode-
electrolyte interphase (Figure 3a), electrolyte (Figure 3b), and the anode-electrolyte interphase
(Figure 3¢)?'. NOs™ is the reduced product formed because of the chemical oxidation of PS by NOj5"
. The chemical nature of the reaction is further supported by the consistency of the peak intensity
of NO;” and NO;™ observed in the N K-edge, irrespective of the type of battery components
investigated (Figure 3).
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Figure 3. Nitrate reactivity across the electrolyte. N K-edge spectra measured on the (a) S
cathode surface, (b) separator, and (c) the Li anode surface to probe the chemical changes of nitrate
species upon reacting with polysulfide.

The reactivity of PS across the cell can be best explained by the distribution of PS throughout the
cell. The source of PS in the electrolyte is the cathode, which produces PS during cycling. The
high solubility of the PS in ether-based electrolytes allows PS to leave the cathode and enter the
electrolyte. PS then diffuses across the electrolyte and reaches near the Li metal anode where it
can react to form Li2S on the Li metal interphase. Since the diffusion is happening from the cathode
side, the electrolyte near the cathode should always have a higher concentration of PS unless the
concentration is homogenized across the cell. However, the continued operation of the battery will
prevent homogenization since the cycling of S cathode will always produce more PS that can
dissolve in the electrolyte. The higher concentration of PS near the S cathode side can prevent their
full oxidation as there is an abundance of PS available for reaction. Hence, PS near the cathode
side undergoes partial oxidation to sulfite and sulfonate. Eventually, fully oxidized sulfate can form
but sulfite is prevalent (see the top panel of Figure 2c-2¢). Meanwhile, the concentration of PS
near the Li metal anode is lower as the only source of PS is from shuttling. Hence, the PS can
undergo more extensive oxidation to higher oxidized S species such as sulfonate and sulfate.
Hence, the concentration of PS is the limiting factor deciding the outcome of the reaction. This is
explained schematically in Scheme 1.
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Scheme 1. Schematic illustration of PS-LiNOs interaction in Li-S batteries. PS undergoes
chemical reaction with LiNOs to produce oxidized S products. The availability of PS is the limiting
factor determining the outcome of the reaction. PS diffuses to the Li metal anode side through the
shuttling process along with LiNO; during cycling. The concentration of the PS on the Li metal
anode side is lower than the S cathode, allowing more extensive chemical oxidation of PS close to
the Li metal side into higher oxidized S products.

In summary, we studied the detailed reactivity of LiNOs in Li-S batteries through utilizing a S-free
electrolyte containing only LiNOs as the salt in DOL and DME solvents. LiNO3 undergoes
chemical reaction with the dissolved PS, resulting in the formation of oxidized S species. However,
the progression of the reaction is spatial in nature, determined by the concentration gradient of
polysulfide across the cell. The cathode side of the electrolyte contains less oxidized sulfur species
in comparison to the anode side. NO3™ is subsequently reduced to NO> because of the redox
reaction. The oxidized S products such as sulfite, sulfonate, and sulfate become part of both the
interphases, passivating the interphases, and preventing PS shuttling.

Experimental

Electrochemistry. S cathodes were prepared from a slurry of elemental S (70%), polyvinylidene
difluoride (PVDF) binder (20%), and carbon black (10%) using NMP as the solvent and casting



the slurry on Al foil. Cathode loading was 2 mg/cm?. Li metal (250 um thick) was used as the
anode. 0.5 M LiNO3 was dissolved 1,4-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1
volume ratio) to prepare the electrolyte. Coin cells were assembled in an Ar filled glovebox with
the elemental S cathode, Li metal anode, and the prepared electrolyte using glass microfiber
separator. Cells were cycling at C/10 charge/discharge (current density calculated using 1000
mAh/g base capacity). lonic conductivity of the electrolytes was measured in a Pt||Pt symmetric
cell through measuring the resistivity of the electrolyte by electrochemical impedance
spectroscopy within 1 Hz to 5 MHz range. The following equation was used for conductivity
calculation®?;

R=p() ()

Here, R is the solution resistance, p is the solution resistivity (the reciprocal of the value is ionic
conductivity), 1 is the distance between the electrodes, and A is the area of the electrodes. The value
of | and A were estimated through measuring the conductivity of a 1M NaCl in deionized water
solution.

Coulombic efficiency of the Li||Cu cells using the LiNO3 in DOL/DME electrolyte was measured
following the Aurbach method. A total capacity of 5 mAh/cm? was plated, followed by 10 cycles

of ImAh/cm? cycling capacity. The Coulombic efficiency was calculated using the following

equation®:

__nQc+Qs
CE = nQc+Qt 2)
Here, Qc is the cycling charge (ImAh/cm?), Qt is the total charge (5 mAh/cm?), and Qs is the final
stripping capacity.

Materials characterization. In situ and ex situ S K-edge characterization was performed in
beamline 8-BM in National Synchrotron Radiation Lightsource II (NSLS II) at Brookhaven
National Laboratory. The S K-edge data was collected in the fluorescence mode using an ultra-low
energy germanium detector. Ex situ samples were harvested from the cycled cells at different
stages of cycling and mounted on a plastic sample holder using Kapton tape on one side of the
sample and Mylar film on the other. The Mylar film side of the sample was facing the beam. For
in situ characterization, the X-ray transparent window of the coin cell was sealed with Mylar film
using epoxy glue to prevent air from leaking in. The cells were cycled using the Biologic
potentiostat. N K-edge measurement was performed in the beamline 23-ID-2 at NSLS II. The data
was collected in the total electron yield mode using a pair of elliptical polarized undulators to
deliver low energy and bright intensity X-ray. All the XAS collected data was processed using
Demeter XAS data processing software?*.
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