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Efficient, reversible lithium intercalation into graphite in
ether-based electrolytes is enabled through a protective
electrode binder, polyacrylic acid sodium salt (PAA-Na).
In turn, this enables the creation of a stable "lithium-
ion-sulfur" cell, using a lithiated graphite negative elec-
trode with a sulfur positive electrode, using the common
DME:DOL solvent system suited to the electrochemistry of
the lithium-sulfur battery. Graphite-sulfur lithium-ion cells
show average coulombic efficiencies of ~99.5%, compared
with <95% for lithium-sulfur cells, and significantly better
capacity retention, taking into account cell balancing con-
siderations. The high efficiency derives from the consid-
erably better interfacial stability of the graphite electrode,
which suppresses the polysulfide redox shuttle and self-
discharge.

The lithium-sulfur (Li-S) battery is an attractive energy storage
system for transport applications, e.g., electrical vehicles, because
of its high gravimetric energy density!. However, the often high
solubility of the polysulfide intermediates of the cell reaction give
rise to a self-discharge mechanism, known as the polysulfide re-
dox shuttle2. With the recent resurgence of interest in this sys-
tem, many new approaches to mitigating the shuttle reaction have
been proposed. Notable examples include the electrolyte additive
LiNO, 3-5_ restriction of polysulfide mass transport by interlay-
ers or selective separators®8, active adsorption of polysulfides
by functional binders® or metal oxides !%!1, and non-solvents for
polysulfides 12-14,

Despite these recent advances, there has been relatively little
progress in the development of the negative electrode for this
system. Well-documented severe morphological changes at the
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lithium metal electrode on cycling 1516 continue to present a se-

rious challenge, even after three decades of active lithium-metal
battery research. A constantly changing lithium surface generates
new surface area upon repeated cycling, resulting in continuous
and irreversible electrolyte decomposition, continuous growth of
the solid-electrolyte interphase (SEI), loss of lithium inventory
and electrical contact of lithium domains, and ultimately rapid
cell failure.

Most current academic research focuses on the positive (sul-
fur) electrode, with the electrolyte and Li electrode used in vast
excess. The inefficiency of the negative electrode and associ-
ated electrolyte degradation are, subsequently, rarely observed.
In fact, electrolyte volumes and Li electrode thicknesses are often
not even reported in most published work. Reduced electrolyte
and Li electrode excesses typically lead to significant capacity fade
and/or cell failure within the first hundred cycles, even at mod-
erate sulfur loadings and independent of the optimisation of the
positive electrode.

For these reasons, alternative negative electrode materials for
the Li-S system have been investigated. Materials which alloy
with lithium, such as tin17-1® and silicon1°-21, are attractive in
terms of energy density. The development of the silicon electrode
for lithium-ion (Li-ion) batteries, in particular, has been such that
stable, reversible cycling over thousands of cycles can be demon-
strated, if the degree of lithiation is suitably controlled. However,
the relatively large volume expansion of these materials on lithi-
ation, leading to electrode disintegration and continuous growth
of the SEI, remain concerns.

Graphite has been the mainstay negative electrode of the Li-
ion battery since its inception. Despite a comparatively low the-
oretical capacity of 372 mAh g~!, the relatively small volume
expansion of graphite on intercalation and a stable SEI enable
good stability. To the best of our knowledge, only two articles
report the use of graphite as the negative electrode in a Li-S bat-
tery2223, In both of these cases, an electrolyte based on car-
bonate solvents was used, as is overwhelmingly the standard for
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Li-ion batteries. However, it is now well-established that carbon-
ate solvents are, in most cases, unsuitable for the lithium-sulfur
system, since sulfur utilisation at even moderate sulfur contents
is very poor, and the solvents are susceptible to irreversible reac-
tions with polysulfides2*. Electrolytes based on ether solvents are
now the most commonly-used electrolytes for the lithium-sulfur
system, although said electrolytes have long been considered as
unsuitable for graphite electrodes, due to the breakdown of both
electrolyte and electrode caused by solvent intercalation 2. Other
carbon materials, such as hard carbon, are not as susceptible to
this issue, and their direct compatibility with ether-based elec-
trolytes and relatively good cycle life in Li-S cells has been demon-
strated elsewhere 20,

Recent studies have shown however that even in "aggressive"
electrolyte environments, graphite exfoliation can be prevented
by careful choice of the binder, which can act as a protecting
layer at the electrode-electrolyte interface 2’30, In a comparative
study, our group has demonstrated that the interfacial stability
of graphite particles is closely linked to the surface coverage and
the "swellability" of the binder in the electrolyte3!. The sodium
salts of carboxymethyl cellulose (CMC-Na) and polyacrylic acid
(PAA-Na) enable greatly improved cycling stability and higher
coulombic efficiencies in electrolytes based on propylene carbon-
ate (PC) in comparison to the standard poly(vinylidene difluo-
ride) (PVdF)-based binders.

This improved interfacial and cycling stability similarly extends
to other electrolyte systems. In this work, we demonstrate for the
first time the stable cycling of a graphite electrode in an ether-
based electrolyte, and a full, balanced "Li-ion-sulfur" cell using a
lithiated graphite as the lithium source. The stable cycling is en-
abled through the protective effect of PAA-Na used as the binder.
While it is still a matter of debate as to whether such a graphite-
sulfur system can deliver a high enough energy density to be a vi-
able alternative to the Li-ion system, the investigation of this sys-
tem nonetheless provides important insights into the behaviour
of the negative electrode in the sulfur-based battery system.

Following on from our previous study3! we assessed the cy-
cling stability of graphite electrodes in a standard electrolyte for
Li-S (1 M LiTFSI, 0.25 M LiNO; in 1:1 1,2-dimethoxyethane:1,3-
dioxolane (DME:DOL)) with various binders: a PVdF copoly-
mer (poly(vinylidene difluoride-co-hexafluoropropylene), PVdF-
HFP), CMC-Na and PAA-Na. As with our previous work, PAA-
Na was found to give the highest discharge capacities, close to
the theoretical capacity of graphite. The inclusion of LiNO; in
the electrolyte was however found to be required for stable cy-
cling, indicating its importance in SEI formation (see Support-
ing Information, Figure S1). Without LiNO;, the electrode and
electrolyte showed signs of severe decomposition, regardless of
binder, within a few cycles. Graphite electrodes with a PAA-Na
binder and LiNO, showed the typical reversible and staged volt-
age profile characteristic of lithium intercalation into graphite.
A comparison of the voltage profiles of electrodes with PAA-Na,
CMC-Na or PVAF-HFP, with and without LiNO; in the electrolyte,
is given in the Supporting Information, Figure S1. The stable cy-
cling performance of a graphite electrode with a PAA-Na binder
and LiNO; electrolyte additive over 50 cycles is presented in Fig-
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Fig. 1 Galvanostatic cycling of a graphite electrode containing PAA-Na
binder in the LITFSI/LINO;/DME:DOL electrolyte system at C/10 rate.

ure 1. The full comparison of the binders and electrolyte formu-
lations is given along with a complete experimental procedure in
the Supporting Information.

All sulfur-based cells were prepared in CR2025-format coin
cells. Lithium-sulfur cells were compared as references for the
graphite-sulfur cells. Lithium foil electrodes of different thick-
nesses (125 um, "thick", and 30 um, "thin", corresponding to
~2000% and ~500% excesses of Li relative to the positive elec-
trode respectively) were used. Graphite electrodes for graphite-
sulfur cells were first prepared in pouch cells by cycling against
Li in the LiTFSI/LINO,/DME:DOL electrolyte several times. The
electrodes were extracted in the fully lithiated state, washed with
a mixture of DME and DOL, and assembled into coin cells against
sulfur positive electrodes. The positive electrodes (58% w/w Sg
in the electrode) were prepared from a simple sulfur-carbon com-
posite electrode with a water-based binder of carboxymethylcel-
lulose and styrene-butadiene rubber (CMC:SBR) similar to those
used in our previous work32. These electrodes typically deliver
maximum reversible capacities in the range 1000-1100 mAh gs’l.
The electrolyte volume was reduced to the minimum value at
which stable cycling was still observable (6 uL mgg 1). Graphite-
sulfur cells were assembled with a target theoretical excess of 20
— 30% of sulfur, relative to the capacity of the negative electrode.
Taking into account the lower practical capacities of the positive
electrode, this translates to a 15 — 40% excess of Li at the neg-
ative electrode, i.e., considerably lower than with the Li metal
electrodes used in this work. A comparison of the discharge ca-
pacities and coulombic efficiencies of these cells is presented in
Figure 2. For comparison, the 125 pum-thick lithium electrode
used as the counter-electrode in the pre-cycling of the graphite
electrode was also extracted and assembled into a Li-S cell and is
noted here as "cycled Li". Coulombic efficiency is defined here as
the ratio of the discharge capacity to the charge capacity, that is,
efficiencies less than 1 indicate overcharging.

The graphite-sulfur cell shows initial reversible capacities of
~1000 mAh gS_', which fade roughly linearly to ~800 mAh gS_l
after around 120 cycles. The Li-S cell with the excess "thick"
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Fig. 2 Discharge capacity and coulombic efficiency vs cycle number for
a graphite-sulfur cell compared with three lithium-sulfur cells with
different negative electrodes ("thick" Li, "thin" Li, and "cycled" Li) cycled
at a constant rate of C/10.

Li electrode exhibits almost the same capacity. However, the
graphite-sulfur cell shows a high average coulombic efficiency of
>99.5%, compared with values of <95% for all of the Li electrode
cases. The graphite electrode for this cell was pre-cycled against
lithum for nine cycles. The coulombic efficiency of the graphite-
sulfur cell was found to be higher if the graphite electrode was
pre-cycled longer in the electrolyte, indicating the importance of
developing a sufficiently thick and stable SEI. A comparison with
a cell having been pre-cycled for six cycles is given in the Support-
ing Information. The high coulombic efficiency reflects a reduced
effect of the polysulfide redox shuttle; we shall return to this point
later.

Cells with "cycled Li" electrodes showed, before assembly into
the Li-S cell, the expected black and rough morphology consis-
tent with the inefficient stripping/plating reactions of Li metal.
Surprisingly, when used as the negative electrode with fresh elec-
trolyte and a fresh sulfur positive electrode, the cell showed un-
usually rapid capacity fade. This observation clearly demon-
strates the importance of compounds derived from polysulfides on
the morphology and stability of the SEI on the Li electrode, con-
sistent with recent observations made elsewhere33. The syner-
getic influence of polysulfides and LiNO5 on the morphology and
efficiency of Li metal cycling has also very recently been demon-
strated elsewhere34. Closer investigation of this effect on the be-
haviour of Li-S cells would be an interesting direction for future
work.

It is also clear from Fig. 2 that the cycle life of Li-S cells be-
comes increasingly dependent on the availability of lithium and
the thickness of the foil. After only 90 cycles, there is a clear in-
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crease in the rate of capacity fade for the cell with the thin Li neg-
ative electrode, despite still being in relatively large excess. The
"thick Li" cell shows a roughly linear decrease in capacity over 150
cycles, despite the >2000% excess of Li. This decrease indicates
that the capacity fade is more likely due to a decreasing utilisa-
tion of sulfur at the positive electrode. That the graphite-sulfur
cell shows the same rate of capacity decay also indicates that the
graphite electrode is not the limiting electrode in the cell over
150 cycles despite the considerably more restricted Li excess. The
influence of the excess of Li metal on the Li surface morphology
and, in turn, the cycle life of Li-S cells has previously been re-
ported by Sion Power Corporation !>, and the improved efficiency
of graphite, relative to Li metal negative electrodes, when cycled
against LiNi; 5Mn, ,53Co, 30, (NMC) positive electrodes has also
been demonstrated. 3°> The results here are further evidence of the
importance of the negative electrode in the cycle life of Li-S cells
even at relatively low positive electrode loadings. The improved
stability of the graphite electrodes relative to Li metal can also be
seen when estimating changes in cell internal resistance, which is
presented in the Supporting Information, Figure S3.

As previously mentioned, a higher coulombic efficiency for
the graphite-sulfur cell reflects a decreased overcharge, which
strongly indicates a reduction in the rate of the polysulfide shut-
tle. The reduced shuttle effect, in turn, results in a reduced rate of
self-discharge, since polysulfides remaining in the electrolyte con-
tinue to be reduced by the negative electrode and subsequently
drive the dissolution of sulfur from the positive electrode. To
quantify this, we cycled a Li-S cell with a thick Li negative elec-
trode and a graphite-sulfur cell at C/10 but allowed the cell to rest
at OCV following a complete charge every three cycles. The rest
time was varied from 12 hours to as long as 14 days. The voltage
profile and drop in capacity during the resting time allows for the
determination of the extent of self-discharge. A comparison of the
graphite-sulfur and Li-S cells is given in Figure 3.

Both cells again show similar initial capacities over the first few
cycles. Both cells also show losses in capacity after long rest pe-
riods, especially for rest periods of three or more days. However,
the graphite-sulfur cell shows clearly better retention of capacity,
both during extended rest periods and over a larger number of
cycles (i.e., the self-discharge is largely reversible). It is easily
seen that the sulfur-graphite cell retains its upper voltage plateau
at ~2.25 V considerably better than the Li-S cell, which shows
the transition to the lower voltage plateau within only three days.
Note the decreased voltage of the graphite cell with respect to
the Li-S cell due to the slightly higher potential of the graphite
electrode. The graphite-sulfur cell, on the other hand, retains its
upper plateau for approximately ten days. By comparing the re-
versible capacity losses of the two cells over a rest period of 3
days, we estimate that the rate of self-discharge for the graphite-
sulfur cell within this time is roughly one-fifth of that of the Li-S
cell.

In summary, shelf-life and self-discharge rate are important
properties for most of the potential applications of the Li-S system
but have unfortunately received relatively little attention from the
academic field. While LiNO; is effective in reducing the polysul-
fide redox shuttle, to the extent that cells can be cycled with po-
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Fig. 3 Comparison of self-discharge behaviour of a lithium-sulfur cell with a lithiated graphite-sulfur cell. a) discharge capacities vs cycle number,
where a filled point represents the discharge capacity after an OCV rest period following end of the previous cycle. The OCV time is indicated below
the filled data point. b, c) Voltage profiles for the cells over the duration of this experiment.

tential limitation alone at slow rates, the shuttle effect nonethe-
less remains and, as is clearly demonstrated here, causes signifi-
cant capacity loss over periods of only a few days. Furthermore,
LiNOg is known to be gradually consumed at the electrode, which
can result in an increasing rate of self-discharge after prolonged
usage.

Average coulombic efficiencies of 99.5% and considerably re-
duced self-discharge demonstrate that improving the interfacial
stability of the anode can be, as well as optimising the electrolyte
and positive electrode, a valuable approach to improving the life-
time and commercial viability of this system. The improved stabil-
ity is most likely a result of the considerably more stable graphite-
electrolyte interface compared with the Li-electrolyte interface;
no fresh graphite surface needs to be exposed during cycling and
a relatively small volume change of the material ensures that the
SEI is not compromised to a significant extent. Compositional
differences in the SEI have not been investigated here, but this
would be a valuable direction for future research.

The stability of the lithium negative electrode is a frequently
overlooked bottleneck in the development of this system. Al-
though graphite may not be practically viable for high-energy sul-
fur cells, we believe that this work demonstrates that continued
efforts to improve the efficiency of lithium cycling, and the de-
velopment of alternatives, such as high-energy silicon electrodes,
remain of key importance. This approach is furthermore entirely
complementary and compatible with the existing developments
being made with the positive electrode and electrolyte.
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