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Abstract: Lithium-sulphur (Li-S) batteries offer high capacity and
reduced costs in comparison to the traditional lithium ion-systems.
However, the complex series of redox mechanisms that occur in this
battery chemistry and accompanying structural transformations are
often associated with different routes for cell failure. Therefore, a
fundamental understanding of the underlying mechanisms is essential
to accelerate the development of these batteries. The combination of
operando %7Li and **S NMR spectroscopy is reported for the first time,
providing real-time structural information on the reaction pathways of
the sulphur redox processes. The evolution of the polysulphides (poly-
S) in the electrolyte and dendrite formation on the anode was
monitored with 7Li and ®Li NMR spectroscopy. Via **S NMR
experiments, the exact onset of Li,S formation was determined. By
following the evolution of poly-S species and Li,S, we could track the
entire redox pathway and identify performance limiting mechanisms.
The accumulation of soluble poly-S, resulting from an incomplete
poly-S to Sg reduction reaction during charge, was identified as one
process leading to capacity fade, while degradation via a poly-S
shuttle mechanism was negligible, at least during the first few cycles.

Introduction

Energy storage technologies, such as rechargeable batteries, are
regarded as indispensable components of the modern energy grid,
particularly when integrating renewable energy sources to
balance energy supply and demand. Therefore, the
development of next-generation batteries featuring higher
capacity, lower costs and improved safety is critically important.
Lithium-sulphur (Li-S) batteries are prime candidates for next-
generation energy storage, offering a high theoretical energy
density of 2600 Whkg' and benefiting from the natural
abundance of sulphur.?3 This has led to a widespread
investigation to understand the key lithium-sulphur redox
chemistries that underpins the operation and failure modes of a
Li-S battery; this is particularly important as capacity fade during
cycling is a common issue with this battery type.™

Li-S batteries, composed of a lithium metal anode, an elemental
sulphur cathode, and an ether-based lithium electrolyte, operate
via a series of complex conversion reactions, from elemental
sulphur (Sg) to the final discharge product Li,S, involving an



exchange of a total of 16 electrons (per Sg molecule).® A typical
voltage profile is characterized by a series of plateaus and sloping
regions, which have been associated with the reduction of sulphur
to form polysulphides (poly-S) with varying chain lengths. The full
reaction involves a solid-liquid-solid transition from solid Ss to
dissolved poly-S to solid Li»S.[7

There are a number of challenges that hinder commercialization
of Li-S batteries. These include the soluble nature of the poly-S in
the electrolytes, which reduces the battery’s coulombic efficiency
and cycling stability due to shuttling between the cathode and
anode and the insulating nature of elemental sulphur and Li,S.-
101 Degradation from the volume expansion of the cathode during
electrochemical reactions leads to poor structural integrity of
sulphur electrodes.['™"3 In addition, sulphur species from the
cathodic reaction subsequently trigger degradation on the Li
anode side. The dissolved poly-S can chemically react with the Li
metal, leading to corrosion, electrolyte consumption, deposition of
LiS and other solid electrolyte interphase (SEIl) components
(LiSO3, Li,SO4, LiF, LINOLOy) and non-uniform plating.['#% Thus,
understanding how the many local structural changes are
correlated with the (electro)chemical processes that occur during
operation is crucial to improve performance, ideally by using in
situ or operando methods.

A number of characterization methods have already been used to
investigate these mechanisms, including X-ray diffraction
(XRD),["®! optical spectroscopy!'”'®l and X-ray absorption near
edge structure spectroscopy (XANES)!"?l. Most of the techniques
can probe only either solution-phase or solid-phase (amorphous
or crystalline) species, but not both. Approaches capable of
capturing both domains typically require specialized
configurations, such as tuning the X-ray penetration depth in
XANESPY or adjusting the laser focus in Raman spectroscopy?'l.
Although depth-resolved Raman can distinguish reaction layers
in the electrolyte and electrodes, operando measurements
necessitate an optical window and thus a dedicated cell
architecture.?'l  Furthermore, XANES at the sulfur K-edge
(~2.48 keV) suffers from strong absorption, limiting its applicability
to thin films or surface-sensitive studies.?"!

Nuclear magnetic resonance (NMR) spectroscopy of Li-S
batteries can offer a unique and complementary method as it is
sensitive to changes in the liquid electrolyte and to solid product
formation at both the cathode and anode sides. Integrating this
non-invasive method with advanced in situ (operando)
experimental set-ups should enable the real-time mapping of
structural changes during (electro)chemical reactions.??7Li NMR
spectroscopy is a particularly powerful technique to apply to
batteries since the chemical environments of Li-species can be
monitored during electrochemical cycling and parasitic reactions
in the cell can be detected.?

In 2014, See et al. reported the first operando 7Li NMR
spectroscopy studies of the redox mechanisms of a Li-S battery
with a 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 1,3-
dioxolane (DOL) and 1,2-dimethoxyethane (DME) electrolyte on
the first discharge.? They tracked the formation of Li,S,
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observing that it formed almost immediately,??*! likely because of
the large overpotentials associated with the in situ cell. They
found no evidence for any reduced sulphur-containing solid
phases other than Li;S, and they developed a detailed Li-S-
electrolyte ternary phase diagram to explain their results. In 2015,
Xiao et al. also reported "Li NMR operando spectroscopy studies,
their work highlighting the challenges associated with
deconvoluting overlapping resonances from multiple species, in
part due the large peak broadening and shifting that arises from
the bulk magnetic susceptibility (BMS) effects caused by the
multiple conducting species present in the electrochemical
cells.?® This BMS effect is caused by the demagnetizing field that
is induced when a sample is placed in a magnetic field (Bo). The
demagnetizing field depends on the shape of the object and its
orientation with respect to By, and can be particularly pronounced
in heterogeneous or non-spherical samples with large
susceptibilities such those resulting from the paramagnetic and
metallic components found in batteries.?!

The analysis and discussion of the spectra of Xiao et al. show the
complexity of the various redox pathways, which include both
diamagnetic and paramagnetic (radical) intermediates, their
results highlighting the challenges of following these pathways by
ex situ characterization.?® Li-containing solid species were found
during in their experiments, before cycling was commenced,
indicating that side reactions may have already occurred®®. Wang
et al. also used operando "Li NMR, showing good electrochemical
performance of their Li-S pouch cell, allowing them to track the
formation of soluble (Li-ions charge-compensating poly-S anions)
and solid (Li»S) species over multiple cycles.”! They outlined a
four-step pathway underlying the redox mechanism and identified
the poly-S shuttle mechanism as a main source of cell failure,
solid species accumulating at the anode and cathode from the first
cycle.k

Since Li-S batteries contain a variety of NMR-active nuclear
isotopes beyond 7Li — the most relevant being °Li and 33S -
tracking their changes operando with high time resolution should
provide a comprehensive and more detailed understanding of the
(electro)chemical reactions during the charge-discharge
processes in multiple cycles. 3S NMR spectroscopy has been
largely under-utilised, largely because S is a (I = 3/2)
quadrupolar nucleus with a large quadrupole moment, a low
gyromagnetic ratio and extremely low natural abundance of
0.76%, resulting in a very low receptivity.?”! The large %S
quadrupole moment results in efficient quadrupolar relaxation,
particularly in liquids, leading to broad and typically undetectable
NMR signals. Reasonably narrow signals can be obtained for
crystalline environments where the sulphur atom is located at
highly symmetric sites as found in, for example, SOs* or Li,S.
Many of the difficulties encountered in the acquisition of S NMR
spectra can be circumvented in part by the use of a modern
spectrometers operating at very high magnetic fields?® and
expensive sample enrichment.

Herein, we use for the first time a combination of lithium and
sulphur operando NMR spectroscopy to develop a fundamental



understanding of the reaction pathway of Li-S batteries during the
cycling process. In this work, we determine the exact onset
potential of Li;S-formation and dissolution, the latter being
correlated with the appearance of soluble species in the
electrolyte. In cells with excess electrolyte and Ketjen black-
based electrodes, the incomplete oxidation to elemental sulphur,
including the accumulation of soluble poly-S, leads to a significant
capacity fade during cycling. These new insights at the molecular
level are essential for accelerating future developments of Li-S
battery technologies.

Results

Electrochemical reaction in Li-S Batteries

A typical voltage profile and corresponding dQ/dV plot when
cycling between 2.6 V and 1.8V in a 1 M LiTFSI 0.25 M LiNO3
DOL:DME-based electrolyte are shown in Figure 1 A and Figure
S2, respectively. The discharging process starts with a plateau
around 2.33 V. (Figure 1 A, 1) In this plateau, Sg is reduced to
long-chain poly-S.[871 These long-chain poly-S are successively
reduced to short-chain poly-S during the sloping region between
2.3V and 2.1V, which also contains a small flatter process just
above 2.14V (Figure 1 A, II). The second and lower plateau
around 2.13V contributes to most of the capacity during
discharge and corresponds to the reduction of poly-S to insoluble
Li»S.671 (Figure 1 A, IIT) Some cycles show a third plateau during
discharge starting at 1.9 V. This third plateau was observed in
previous studies using Ketjen black carbon materials and has
been assigned by some authors to the slow reaction of trapped
sulphur in the microporous carbon structure.?3% However, the
irreversible reduction of LiINOs on high surface-area cathode
matrices at voltage >1.8 V cannot be excluded as a possible
source of this additional discharge plateau.3"

The charging voltage profile starts with a lower plateau at around
2.23 V, corresponding to the oxidation of Li;S to form dissolved
poly-S on the cathode and Li metal plating on the anode. (Figure
1 A, IV) The large hysteresis in voltage between discharge and
charge is largely associated with the significant
overpotential/activation energy associated with the oxidation of
the insulating solid phase, Li>S, to form poly-S. A second plateau
at around 2.38 V follows during which the different poly-S ions are
successively oxidized to elemental sulphur. (Figure 1 A, V) In
addition to the electrochemical conversions, chemical reactions
occur between species, often because the large overpotentials of
these electrochemical reactions results in the formation of
metastable, highly reactivity intermediates. We now examine
these processes in more detail using NMR spectroscopy.

7Li NMR Spectroscopy

The operando "Li NMR spectrum of a Li-S battery shows signals
in two distinct regions. The diamagnetic region around O ppm
contains signals that are assigned to solvated Li-ions in the
electrolyte, and solid components including the SEI (e.g. LiF, Li,O
and LizN)B2 on the lithium metal and Li,S. The metallic region at
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ca. 250 ppm has signals that can be assigned to the Li metal. The
large shift of these species away from the diamagnetic signals is
caused by the Knight shift, which arises from the interactions of
the nuclear spins with the unpaired electrons at the Fermi level of
the metal 2%

An analysis of the metallic region (220 ppm to 310 ppm; labelled
as “Total metal” (green)), during cycling shows a characteristic
and reproducible intensity profile, the peak broadening and
increasing in intensity during charging as Li metal is plated and
decreasing during the discharging processes as Li is consumed
(Figure 1 B). An increase during charging is attributed to the
increase in surface area due to the formation of microstructured
Li metal during plating (charging): the radiofrequency (rf) field
from the rf pulses only penetrate the subsurface region of
approximately 12 um®! of the Li metal in our experiment (known
as the skin depth) and the total metal signal is, therefore,
proportional to the surface area of the metal and not to its
volume.®¥l The plated Li metal, referred to as microstructure
(magenta), and the bulk metal (blue) signals can be distinguished
due to noticeable differences in their BMS shifts. When aligning
the Li-S cell perpendicular to the static magnetic (Bo) field, a “Li
NMR resonance at around 260 ppm is seen for the pristine metal
(bulk metal).®4 During charging the cell, a new peak at around
270 ppm appears that continues to grow until the voltage reaches
2.6 V. This new resonance is characteristic of microstructured Li
metal, which is less dense than the bulk metal (comprising
filaments of diameter 1-2 ym) as confirmed with post-mortem
scanning electron microscopy (SEM) investigations (Figure S3).
The rf field can penetrate these microstructures completely and
the detection of microstructure formation by means of NMR is,
therefore, fully quantitative. During the first discharge, the
intensity of the metal signal does not change. This indicates that
the Li stripping process from metal in the first cycle leads to a
smooth surface with very little pitting and no detectable increase
in surface area (Figure 1 B, bottom). The higher frequency
microstructure peak appears on the onset of charging and its
intensity increases almost linearly until the end of the charging
process. At the same time, the bulk metal peak increases slightly.
This increase is tentatively ascribed to the formation of a dense
microstructure on the surface of the strip of Li metal. The
intensities of the peaks for both bulk and microstructure decrease
linearly until reaching the voltage minimum of 1.8 V. After the 2"
discharge, the microstructures are not completely consumed and
some Li remains as dendrites or dead lithium in the cell. During
the 29 charge of the Li-S battery, an increase of the
microstructure and bulk metal peak intensity is detected again.
However, microstructured Li metal is clearly seen to accumulate
during the cycling process, this accumulation potentially leading
to hazardous situations, such as (soft-) short circuits.[®3¢l

Multiple overlapping signals with two distinct chemical shift
ranges are seen in the diamagnetic region: one range at around
20 ppm containing an intense sharper feature, and a broader
weaker signal at ca. -5 ppm (see Figure 1 C, top and Figure 2,
bottom for the spectrum after the 3™ discharge). A change in peak
shifts and shapes is seen on rotating a fully discharged cell in the



coil (Figure S5), the sharp feature at 20 ppm shifting towards
lower chemical shifts, the peaks at -5 ppm barely changing. These
orientation-dependent shifts indicate that a dominant cause of the
two separate peaks close to 0 ppm is from BMS effects®"*l
(rather than differences in chemical shifts); these BMS effects
arise from variations in local magnetic fields induced by different
components in the cell with very different susceptibilities (e.g., the
metallic parts such as the current collector and the carbons in the
cathode). As a result, the Li-ions experience different local
magnetic fields in different parts of the battery.
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Figure 1. Operando "Li NMR spectroscopy of a Li-S battery with the
corresponding voltage profile obtained when cycling with a C-rate of C/20 shown
in (A); the different voltage plateaus or processes are shaded and marked (I-V).
(B) Plot of characteristic Li metal signals (between 200 and 350 ppm) (top) and
their deconvoluted and normalised integrals (bottom). Errors (shaded region)
are determined from the moving average of 5 data points. (C) Signals from
diamagnetic species (between -50 and 100 ppm) (top) and their normalised
integrals obtained from the moving averages of 5 data points (bottom).

To obtain more information about the location of the diamagnetic
species, the cell was disassembled after the 3™ discharge and
each component of the cell was measured separately but at the
same orientation as that found in the full cell (Figure 2). The
spectrum of the cathode (red trace) shows a very broad
diamagnetic peak, with similar features at 20 ppm (yellow) and -
5 ppm (blue) to those observed in the spectrum of the full cell. On
this basis we suggest that the carbon in the cathode is largest
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source of the BMS shift of the peak at 20 ppm, carbon having a
large anisotropic diamagnetic susceptibility due to its two
dimensional atomic and electronic structure.®* Species adsorbed
on the surface or in the pores of the carbon have been reported
to experience nuclear independent chemical shifts (NICS) to
lower frequencies due to the magnetic fields induced by the ring
currents.®¥ The BMS shifts here are likely a result of the
susceptibility of the whole carbon particles and the different shifts
may reflect Li environments within the porous electrode and
outside.
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Figure 2. Comparison between the "Li NMR spectra of an intact full cell after
the 3 discharge, with the individual cell components of a Li-S battery after
disassembly: anode (blue), separator (green), cathode (red) and intact full cell
(grey) from top to bottom. The shaded diamagnetic peak regions around 20 ppm
(yellow) and around -5 ppm (blue) highlight the different contributions of the
components to the full cell spectrum. The three individual components were
measured in a capsule cell at the same orientation to the magnetic field as the
full cell (90°).

The spectrum of the separator (green trace), which is soaked with
the electrolyte, shows only one sharp signal at around 0 ppm. The
electrolyte in the separator can also experience BMS shifts, but
these will be less significant than the shift seen in carbon
materials,®® and will be much smaller when the separator is
physically separated from the carbon electrode. Only an
extremely weak signal due to diamagnetic signals is detected in
the spectrum of the anode; therefore, it can be concluded that no
significant Li,S formation due to a poly-S shuttle occurs on the
anode surface at least after the 3™ discharge; the SEI on Li must
also be thin.

Given the difficulty in deconvoluting and assigning the signals to
separate individual species in the diamagnetic region, the total
intensity of all the peaks (namely the integral of the diamagnetic
region between -50 and 100 ppm) was plotted (Figure 1 C,
bottom). A large and steady increase of the integral of these
peaks is detected in plateau I (2.35 V) of the 15t discharge and the
subsequent short sloping region IT between 2.33 and 2.11 V. This
increase in integral is largely caused by an increase in intensity
(and accompanying sharpening) of the peak at 20 ppm (Figure
S6). This can be explained by the reduction of elemental sulphur



to form soluble long-chain poly-S species, which dissolve into the
electrolyte . Since this reaction is accompanied by the oxidation
of Li at the anode to form solvated Li-ions with variety of
coordination environments depending on the state-of-charge
(SOC), an increase in the concentration of Li-ions in the
electrolyte is observed. An increase in Li-ions in the cathode and
near the carbon will be present since these are needed for charge
compensation of the negatively charged poly-S anions. At the
beginning of the 2.1 V-discharge plateau, III, until the end of the
discharge (1.8 V), there is a noticeable change in the rate of
increase of the integral of the diamagnetic peaks, the integral
increasing only slightly. The signal intensity of the 20 ppm peak
decreases and a significant broadening of the entire diamagnetic
peak is detected (Figure S6). This is ascribed to the formation of
both short-chain poly-S radicals and insoluble species from the
already formed long-chain poly-S. The unpaired electrons in
stable radicals can lead to broadening of the 7Li signals, either via
relaxation mechanisms*'! or by electron transfer reactions
between radicals and diamagnetic species.*? In addition, solid
components generally give broader signals, due to the presence
of anisotropic NMR interactions (these interactions are averaged
out to zero or to an isotropic value in solution due to rapid
molecular tumbling). The broad signals can become partially
buried in the baseline, not contributing to measurement of
intensity made by integrating over the linewidth of spectral region
containing the sharper components. These solid components are,
however, detected in the spectra via the periodic broadening of
the diamagnetic peak that is seen to occur during the cycling
(Figure 1 C, top and Figure S6). This broadening, largely coming
from strong homonuclear dipolar coupling, in the case of “Li, can
lead to inaccurate quantification of the solid species in the
diamagnetic peak (Figure S4). We, therefore, conclude that the
main contribution to the intensity increase of the peak at 20 ppm
is from the dissolved Li-ions that charge-compensate the poly-S
anions in the first half of the discharge, and that these are largely
located nearby the carbon as indicated by the strong BMS effect
(Figure S 5); the broadening and intensity decrease mainly arises
from the formation of solid species, removing dissolved Li-ions
from the electrolyte in the second half of the discharge.

At the start of charging, and at the beginning of a plateau-like
region IV at approximately 2.2 V, the integral of the diamagnetic
peaks increases sharply and continues to grow until the cell
voltage reaches 2.23 V. This increase in intensity appears largely
to be associated with peak at 20 ppm and is also accompanied by
a sharpening of this peak. (Figure S6) We ascribe this to the
oxidation of Li;S to form soluble poly-S and Li-ions in the
electrolyte. Of note, the intensity is at a maximum at this point,
illustrating a hysteresis in the reaction pathways. The intensity
then drops steadily until approximately 2.3 V. A second plateau V
is seen at ca. 2.38 V during the second half of the first charge and
is characterised by a higher rate and nearly linear decrease of the
intensity until the end of the cycle. This decrease in intensity of
dissolved diamagnetic Li is due to the plating of Li metal on the
anode, which is accompanied with the formation of elemental
sulphur on the cathode.

WILEY . vcH

The changes of the “Li signal intensity during the entire cycling
process are accompanied by changes of the T; (spin-lattice)
relaxation times of the spins that give rise to the two diamagnetic
regions. These change of T are ascribed to a change of sulphur
chain length, Li* concentration and radical formation (see Electron
Paramagnetic Resonance (EPR) measurements Figure S7 B),
which will affect viscosity and the local fluctuating fields (seen by
the “Li spins) during cycling as further discussed in the Sl (Figure
S7). Most importantly, the T times for the species associated with
the two peaks are very different, providing further evidence that
arise from different Li local environments.

After reaching the top of charge (2.6 V), the intensity of the
diamagnetic peak is 3% higher than at the beginning of the
discharge. This can be explained by the presence of more Li*-
species in the electrolyte than present initially, and/or the
presence of SEl components on the anode/species resulting from
a poly-S shuttle. The intensity changes are very similar during the
2" cycle, (as shown in Figure 1) and the total intensity of the
diamagnetic peak is now 5% higher than the initial intensity, again
indicating the presence of irreversible reactions.

5Li NMR spectroscopy

The breadth of the static ’Li NMR spectra is usually dominated by
quadrupolar interactions and dipolar coupling, resulting in
broadened line shapes. A straightforward way to improve
resolution is to use 5Li NMR spectroscopy, because both sources
of broadening are significantly reduced for spin-1 nuclei, with its
lower gyromagnetic ratio and quadrupole moment, potentially
allowing overlapping signals to be resolved. Thus, a series of
batteries were constructed where the natural abundance Li metal
anode was replaced with a 6Li enriched metal anode, since the
natural abundance of SLi is only approximately 7%.2"1 The
electrolyte was not, however, enriched in 6Li. The chemical shift
ranges are nominally the same between the two isotopes and
hence the 8Li NMR spectrum of the full battery shows the same
metallic and diamagnetic peaks as observed in ’Li NMR
spectrum. (#3441

The diamagnetic region now shows two resolved signals at
around 20 ppm and at -5 ppm (Figure 3, top), and the evolution of
the intensity of these two peaks highlights the different
contribution of these two 6Li environments to the redox
mechanism. (Figure 3, bottom). The nearly linear increase in peak
intensity at 20 ppm during discharge is consistent with the
formation of poly-S and the oxidation of Li° at the anode, which
leads to an accumulation of diamagnetic species (poly-S and
Li2S) in the cell until the end of the discharge, as discussed in the
context of the "Li NMR spectra. Surprisingly, the increase of
intensity is not seen clearly until the sloping region (II); yet, in the
voltage plateau at 2.3 V (I) sulphur is reduced to form long-chain
poly-S- and this must be accompanied by oxidation to form
dissolved Li-ions at the anode. We ascribe these NMR
observations to the rapid exchange between the (93%) natural
abundant "Li-ions in the electrolyte with the Li metal, which starts
immediately after cell assembly.®¥! A rate for this exchange of



around 10°® mol m? s has been estimated,’® and as a result of
this exchange, the surface of the ®Li metal anode is almost
immediately enriched with “Li. This hypothesis was confirmed by
an experiment where a SLi metal anode was used but the "Li
nuclei were detected (Figure S8). Here a rapid decrease in the "Li
metal signal was seen as these surface ’Li atoms are oxidised,
which was accompanied by small increase in the intensity of the
diamagnetic peaks, during the 2.3 V discharge plateau (I). A
steady decrease of the diamagnetic peak integral was observed
as the SLi/’Li exchange processes continues to occur, but more
bulk 6Li metal atoms are oxidised.
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Figure 3. Operando °Li NMR spectroscopy of a Li-S battery and corresponding
voltage profile with a C-rate of C/10 with the different plateaus shown in grey (I-
V) (middle). The diamagnetic region (between -50 and 100 ppm) is shown on
the top and the deconvoluted and normalised integrals with the errors (shaded
region) arising from the moving average of 5 data points of the peaks

corresponding to diamagnetic species are plotted on the bottom.

A slight broadening of the peak at 20 ppm was detected during
discharge, which can be explained by the formation of Li,S.
However, the detection of Li,S is again not likely to be fully
quantitative during the operando experiment, now because the
relaxation times of most SLi solids are very long, often up to 100s
of seconds.”® Thus, we ascribe the major changes to the intensity
of the peak at 20 ppm during discharge to the formation of the
soluble SLi*-species, especially during the second discharge
plateau, the formation of soluble poly-S at the beginning of the
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discharge being obscured by the 7Li* electrolyte/ SLi metal
exchange reaction.

During the first half of the charging plateau (IV), the intensity and
integral of the peak at 20 ppm stays constant, indicating that the
consumption rate of diamagnetic 8Li-ions due to metal plating is
nearly equal to the formation of soluble diamagnetic ®Li-ions due
to Li,S oxidation. From the second half of plateau IV until the end
of the charging process, the integral decreases, which is
explained by the continuous plating of Li metal from diamagnetic
species, while elemental sulphur is formed. In contrast to the peak
at 20 ppm, the peak at -5 ppm shows a monotonic increase of the
integral during cycling. That suggests that this signal originates
from species not directly involved in the different redox
mechanisms. The gradual increase is ascribed to the
accumulation of 8Li* (originally in the ®Li metal anode) in the
electrolyte with Li° stripping and plating, and the exchange with
the "Li-ions originally in the dissolved electrolyte salts (LiTFSI and
LiNO3). There is also an accumulation of residual poly-S in the
electrolyte. This observation supports the assignment of the
diamagnetic signal regions based on their distinct BMS shifts, the
signal at 20 ppm being associated with the redox active species,
while the -5 ppm peak corresponds to electrolyte ions located
farther from the carbon surface (largely within the separator).

33S NMR Spectroscopy

On cycling a Li-S battery with an 33S enriched cathode (10 wt%
sulphur enriched to 99% were used - see S| for more details), a
signal with a chemical shift centred at -355 ppm, characteristic of
Li,SH8l is seen which appears and disappears during cycling
(Figure 4 top). No signals from poly-S environments are seen,
presumably because the significant relaxation induced by the
large quadrupolar coupling constants of these 33S environments
broadens the signals so that they are not detectable. The
quantification of the Li,S signal shows a characteristic integral
profile, (Figure 4 bottom) with Li,S formation starting from the
beginning of the 2.1 V-discharge plateau (III), the integral
increasing linearly until the end of the discharge. From the start of
the charging process, the Li,S peak integral decreases nearly
linearly until it is completely consumed in the 1%t charging plateau
(V). The operando #S NMR shows that the formation and
consumption of Li,S in the battery is almost completely reversible
(within the signal-to-noise S/N) in the following cycles, indicating
that our cell does not suffer from accumulation of inactive Li,S
inside of the cell in the first two cycles. Furthermore, S NMR
experiments of the cell components obtained from a
disassembled cell detected Li,S in the cathode (and separator)
with no accumulation of Li,S on the anode (arising from a poly-S
shuttle; Figure S9) after the 2" discharge. Analysis of subsequent
cycles reveals a small but measurable accumulation of Li,S in the
cell (see Figure S10). However, the detected amount of Li,S is
significantly lower than expected from the observed capacity fade,
indicating that Li»S accumulation is not the dominant degradation
mechanism during the initial stages of cycling.
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Discussion

Operando NMR spectroscopic measurements of the NMR-active
nuclei of the redox active species, Li and S, allow the reactions
and the transient species inside the Li-S cells to be followed.
Furthermore, the species that accumulate during cycling and
which may be responsible for capacity degradation in Li-S
batteries can be tracked with high time resolution. Figure 5
summarises the changes in intensity of the various 7Li and %S
signals with state-of-charge (SOC) and depth-of-discharge (DOD),
and we now discuss the mechanistic conclusions that we can
draw from these results.

Our “Li NMR spectroscopy experiments show that the formation
of soluble redox-active species starts from the beginning of the
2.3 V-discharge plateau (I), as seen via a rapid and steady
increase in the integral of the diamagnetic 'Li NMR peaks
assigned to dissolved Li-ions during this plateau. These Li-ions
charge-compensate the formation of negatively charged long-
chain poly-S (e.g., Li>Ss and Li,Se) that are formed from the ring-
breaking of Sg (Figure 5, orange (1))."]
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Since assigning and deconvoluting the signals in the diamagnetic
region is not straightforward with "Li NMR spectroscopy, 6Li NMR
was also used to monitor the formation of Li -ions that accompany
the formation of soluble long- and short-chain poly-S charge.
These are associated with the peak at 20 ppm in the diamagnetic
region, which is assigned to dissolved electrolyte species nearby
the carbon electrode, along with a component from solid Li,S. The
increase in SLi signal intensity that should accompany the
formation of long-chain poly-S is hidden at the beginning of the
first discharge by the exchange between "Li -ions in the electrolyte
and SLi% in the Li metal, since we did not use a ®Li-enriched
electrolyte. As a result, the first ions to be stripped from the Li
metal are largely 7Li-ions. An increase in the intensity of the
20 ppm peak is, however, detected starting from sloping region 11
until the end of the discharge confirming that this signal is
associated with a redox (charge compensation) mechanism. The
second diamagnetic region at the lower frequency (-5 ppm) is
assigned to Li*-species that do not directly contribute to the redox
process such as dissolved Li-ions (largely in the separator) or
diamagnetic SEI components clearly shown in the 6Li experiment.

Focusing on the 20 ppm in the “Li spectra, it shows an intensity
increase (and peak sharpening) during plateau I and the sloping
region II (Figure S6), due to the formation of long and short chain
poly-S, the latter being preferred stabilised in this DOL:DME-
based electrolyte system.['! The long-chain poly-S undergo
electrochemical reduction to form short-chain poly-S (e.g. Li>S4)
in region II (Figure 5, orange (2)).°! In addition to this
electrochemical decomposition, the long-chain poly-S undergo a
rapid comproportionation reaction between the formed Li,Ss and
the remaining Li,Sg yielding Li»Ss (Figure 5, orange (d)),
previously reported by UV/Vis and EPR studies.®48 All of these
reactions involve the formation of more dissolved Li-ions (one Li-
ion being performed per electron, which we can directly monitor
in our NMR experiments. Li,S¢ has been reported (on the basis of
a previous operando EPR study) to break down to form LiS3’
during the sloping region; we also observed a drop in the “Li Ty
times in the sloping region at 28% DOD (Figure S7), which we
tentatively ascribe to the formation of LiS;".18!

Given the difficulty of differentiating between the different sulphur
species with 87Li NMR, we used %3S NMR spectroscopy to follow
the formation and consumption of Li.S, which is the insoluble
endpoint of the S-redox process. The electrochemical formation
of LS from Li;Ss and other dissolved species starts at the
beginning of the 2.1 V-discharge plateau (III) at around 30%
DOD (Figure 5, blue (3)), as seen in the 3*S spectra. At the same
time, the 7Li diamagnetic signal increases in intensity, but at a
slower rate. The formation of solid Li,S is not quantitative in the
6.7Li spectra under the conditions used here, because of the broad
peaks associated with this solid product in addition to its likely
longer T1. From 30% DOD until 100% DOD all reactions (D-(4)
occur at the same time, and soluble and insoluble poly-S species
coexist in the cell, consistent with the steady increase of the
intensities of the signals from the diamagnetic "Li-ions and the S
signal from Li,S.



We note that the total capacity of process I corresponds to only
approximately 15% of the theoretical capacity of the Li-S battery
shown in Figure 2 (cycled at C/20) corresponding to a
stoichiometry of the sulphur species of Lig3S: (i.e., 0.6 LiSg+ 0.4
Sg with 100% DOD corresponding to Li»S), assuming 100%
coulombic efficiency. At this C-rate, the dissolved polyanions
either diffuse far enough from carbon electrode and/or a hindered
diffusion through the porous cathode structure slows down the
redox reactions, so that complete reaction to form Li,Sg is not
achieved in process I. The dissolved species do not diffuse far,
however, because it is the 20 ppm peak that undergoes the
largest change in intensity, not the peak at close to -5 ppm (largely
from ions in the separator), consistent with the very little, if any,
movement of poly-S into the separator. During process II,
reactions to form the shorter chain polysulphides such as Li,Sg
and Li»Sy start to occur as the voltage drops steadily, but the
oxidation of the residual Sg must also continue to occur
concomitantly, and the stoichiometry of the sulphur species at the
end of process II is now LigeS2 (i.e., Li2Sg + 0.1 Li»S4 assuming
complete S reaction). At C/10 cycling, (Figure 3), even fewer
polyanions are formed in processes I and II before the onset of
Li»S formation.

The charging process begins with an overpotential peak in the
voltage profile, which is ascribed to the nucleation of Li metal on
the surface of the anode and oxidation of Li,S in the cathode. Li
plating can be detected via the linear intensity change of the "Li
peak assigned to the Li° microstructures until 100% SOC, plating
leading to an increase of the surface area of the anode (Figure 5,
green (5)). This peak shows a higher shift than the bulk metal (due
to BMS effects??), Li,S also starts to dissolve from the beginning
of the charge, as seen in the 3S NMR (Figure 5, blue (6)). The
oxidation of Li,S to form Li>S4 should lead to the generation of 1
solvated Li -ion, per oxidation of two formula units of LixS
(involving three electrons), as seen in reaction (6), consistent with
the increase in the electrolyte “Li* intensity until approximately
15% SOC. However, thereafter, the Li* electrolyte intensity starts
to decrease nearly linearly. In region VI, Sg has not started to form
(the voltage is too low™®) and we ascribe this decrease to the
oxidation of short-chain poly-S, the oxidation of Li»S4to form LisSg
(in reaction (7)), for example, resulting in the removal of one Li*
from the electrolyte, per electron. Thus, if (6) and (7) occur
simultaneously, a slow decrease in 7Li intensity is predicted, as
observed experimentally. This formation of poly-S with different
chain length from short (Li>S4) to long (Li>Sg) (Figure 5, orange
(™-(9)) is reflected in the change of Ty relaxation times, the T
relaxation times of the diamagnetic Li species being influenced by
the poly-S chain lengths and viscosity of the electrolyte. (Figure
S7). As more LisSs is formed and more Li,S is consumed, the
voltage drifts up, and in region V, it is sufficiently high that Sg may
now be formed. At this point the Li,S is completely consumed
(80% SOC), The steep decrease of the detected diamagnetic Li
species in region (V), is consistent with the removal of dissolved
poly-S to form Ss.

The poly-S are not, however, completely consumed, as indicated
by the gradual increase of the integral of the diamagnetic peaks
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in the “Li and the 8Li NMR experiments while cycling. This poly-S
accumulation can be explained by a blocking of the
electrochemically active sites (on the electrically connected
carbon matrix) in the cathode by a covering of insulating sulphur
and provides one explanation for the capacity fade of the battery.
In addition to the sulphur redox mechanisms, the formation of
microstructures on the surface of the anode and/or dead Li metal
starting from the 1%t charge process can also contribute to the
performance limitation of the Li-S battery. LS
formation/consumption is not a performance limiting mechanism
in our described cell system because very little accumulation of
Li2S and poly-S shuttle side products were detected.

Discharge
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Figure 5. The characteristic voltage profile (dark grey, bottom) during the 1t
cycle of a Li-S battery, and, top the change in NMR intensities of the signals
corresponding to the observed species. Different reaction products were
identified during the discharging and charging process with the help of the NMR
experiments, and reactions are given on the right hand side. The diamagnetic
Li peaks between -50 and 100 ppm (orange) correspond to the successive
reduction reactions of Sg to form different dissolved polyanion species. The
formation and dissolution of Li2S is tracked via the **S NMR (blue). The

formation of higher surface area Li metal is shown in green (Li° resonance).

Conclusion

In conclusion, the combination of complementary in situ NMR
spectroscopic measurements of the redox-active nuclei “Li, 6Li
and 23S has been used in experiments presented in this work to
provide a clear picture about the S-redox process in the Li-S cell
and elucidate and describe the various competing mechanisms
(Figure 5). This understanding of the redox process is possible
because we can detect the liquid and solid species at the same
time. Our work, therefore, builds on previous studies where the
results from several different techniques, such as XRD, UV/Vis,
Raman and EPR spectroscopy had to be combined to obtain a
full understanding of the sulphur redox chemistry, and is unique
to our methodology. Building on previous operando studies!®484l
we show that even though resolution of different species in
solution is challenging, by careful monitoring of the intensity of the
electrolyte signals, the balance between the formation of solution



and solid-state species can be determined. Furthermore, via the
BMS effects, which usually complicate interpretation of
diamagnetic signals, we were able to separate the signals from
solvated Li-ions primarily in the electrolyte within the separator
and those near the carbon of the cathode. Specifically, the results
indicate that most of the redox-active species remain near the
carbon, since it is the 6Li peak at 20 ppm that grows steadily in
intensity, as Li-ions generated at the anode flow towards the
cathode to charge balance the dissolved poly-S. This, in
combination with ex situ measurements of the cell components,
where Li;S was only found on the cathode, show that our cell
systems do not suffer from poly-S shuttle at least in the first few
cycles.

Operando 3*S NMR spectroscopy was used for the first time in Li-
S batteries and the applicability of the method to detect species
with small Cgs was demonstrated. The formation and
consumption of Li;S were tracked via the 33S signal, clearly
showing the reversibility of the S-redox reaction. However, our
operando NMR measurements showed that the consumption of
poly-S is not complete during cycling, the accumulation of poly-S
in conjunction with the formation of dendrites during the first
charge and subsequent charges contributing to the observed
capacity fade in our cell system. Together, the combination of 67Li
and *3S NMR spectroscopy allows more details of the S-redox
mechanisms to be elucidated and helps identify performance
limiting steps, both which are essential for accelerating the
development of Li-S battery technologies.
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Lithium-sulphur (Li-S) batteries contain various NMR-active nuclear isotopes, including 7Li, 8Li and %3S, which are sensitive to the
different chemical reactions that occur during battery cycling. Herein, we use a combination of lithium and sulphur operando NMR
spectroscopy to provide new insights at the molecular level, fundamental understanding being essential for accelerating the
development of Li-S battery technologies.

11



