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Frequent and continuous determination of battery internal
resistance by a simple current-interrupt method enables the
visualisation of cell behaviour through the creation of resis-
tance "maps”, showing changes in resistance as a function
of both capacity and cycle number. This new approach is ap-
plied here for the investigation of cell failure in the lithium-
sulfur system with Li electrode excesses optimised towards
practically relevant specifications.

The lithium-sulfur (Li-S) battery is currently one of the most
intensely-studied "post-Li-ion" battery systems by virtue of its very
high theoretical and practically achievable (> 300 Wh kg~! on
the cell level) energy densities and the low cost of the active pos-
itive electrode material. However, relatively severe self-discharge
and poor cycle life, which derive largely from the parasitic reac-
tions of the soluble intermediates of the cell reaction - polysulfides
- remain considerable challenges 1-2.

Much of the recent research in this regard has been directed to-
wards optimisation of the positive electrode, for example through
polysulfide encapsulation strategies or alternative host materials
such as metal oxides. New electrolyte systems with extremely low
solubilities for polysulfides have also been demonstrated. The
negative electrode, however, has received relatively little atten-
tion. While the intrinsic inefficiency and dendritic morphology of
lithium metal plating is well-documented 3>, and the improved
stability from alternative negative electrodes such as carbon and
silicon has been reported®7; to the best of our knowledge there
are no detailed studies in the literature so far on Li metal negative
electrodes thin enough — that is, even closely balanced in capac-
ity relative to the positive electrode — to meet the requirements of
commercially viable cells. The negative electrode may have to be
reduced to the order of 50 — 100%, according to at least one re-
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cent analysis®. There are compelling reasons to continue to focus
on Li metal, however: it has the highest energy density of all the
candidate negative electrode materials, and is likely to present
fewer challenges for large-scale cell production compared to the
alternative "Li-ion-sulfur" approach, which requires the use of ei-
ther lithiated carbon or silicon, or lithium sulfide, as the lithium
source - all of which are highly air-sensitive.

In this paper, we present a novel method for visualising and
quantifying the changes in cell resistance to demonstrate the lim-
itation on cycle life caused by a low excess of the Li metal elec-
trode in the Li-S system.

Internal resistance is an important indicator of state-of-health
and stability in batteries. There are a range of methods by which
internal resistance can be estimated or determined, with elec-
trochemical impedance spectroscopy (EIS) being the most com-
monly used in academic studies, especially in the Li-S field *-10,
Other techniques include measuring the AC impedance at a sin-
gle frequency (usually 1 kHz), pulsed galvanostatic methods!! or
current-interruption 2.

EIS is a powerful technique enabling the probing of the time
dependence of different processes contributing to the total resis-
tance, but one which requires specialist equipment and can very
often be difficult to interpret correctly. This is especially true for
the Li-S system, where the complexity in analysing data from EIS
measurements is compounded by the complexity of the cell reac-
tion itself. It has already been demonstrated in previous reports,
for example, that the cell impedance changes significantly as a
function of the state-of-charge®11:13:14,
plex task to incorporate the measurements into extended battery
testing procedures (e.g., galvanostatic cycling), as well as a time-
consuming task to analyse large numbers of measurements cor-
rectly, especially if equivalent circuit fitting is used.

It can also be a com-

As such, while EIS is frequently used for comparisons of differ-
ent materials, its use is usually relatively limited, for example to
"before/after"-type comparisons or measurements on a relatively
small number of cycles. For this reason it can for comparative
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purposes be desirable to employ a simpler technique if it can be
easily analysed (and visualised), and flexibly implemented into
other testing procedures. In this work, we present such a tech-
nique, based on a current-interrupt method, with visualisation
through "mapping" of the data as a function of both capacity and
cycle number. This approach takes advantage of the programma-
bility of modern battery cycling instruments and the possibilities
for automated data analysis with freely available software pack-
ages to realise a powerful method to visually and quantitatively
assess, in unprecedented detail, the electrochemical stability of
batteries over extended usage.

The cells presented in this work comprise positive electrodes
optimised towards high energy, prepared only from commercially
available materials, and an optimised volume of the electrolyte.
The positive electrodes were prepared using porous carbon black
as the conductive host material and a water-based functional
binder derived from our earlier work!®, and deliver a capacity
of ~2 mAh cm~2 with a relatively high sulfur content (65% w/w
total in the electrode). The electrolyte volume was minimised to
the smallest possible volume (6 uL mgs’l) at which stable cycling
was still possible. Lithium electrodes of 125 um and 30 um thick-
ness were tested, representing theoretical capacities of 25.8 and
6.2 mAh cm 2 or >1000% and ~200% excesses of Li respectively.
It is difficult to compare these values with the existing literature,
since the electrolyte/sulfur ratio and the thickness of the negative
electrode are, in most cases, not reported. Nonetheless, lithium
foils of at least of 100 um and possibly far thicker are standard
choices in the laboratory, and most previous studies report sulfur
electrodes with lower sulfur loadings and far greater electrolyte
excesses than we report here 1. Consideration of the electrolyte
volume and anode excess are of particular importance, since the
former is currently the most significant barrier to high practical
energy density, and both are likely the main contributors to short
cycle life. Full experimental details are given in the Supporting
Information.

The performance of these cells using the two different negative
electrode thicknesses is presented in Figure 1. Both cells were cy-
cled until complete failure was apparent (e.g., from irregular volt-
age profiles, evidence of short-circuiting, etc.). From this figure
the effect of the different negative electrodes is immediately ap-
parent. With the thicker, high excess Li electrode, the cell shows
a stable reversible capacity of 800 — 900 mAh g~! for 120 cycles,
and does not fade significantly before cell failure occurs. With the
thinner, low excess Li electrode, however, the capacity follows the
thick Li cell well over the first 10 cycles, then increases to a maxi-
mum at around 40 cycles, and then begins to fade rapidly, before
failing altogether after 90 cycles. In terms of coulombic efficiency,
both cells show the same coulombic efficiency of ~97% up to
around 40 cycles, at which point the efficiency starts to decrease
in both cells, but with a faster rate of decrease for the thin Li elec-
trode. The coulombic efficiency drops to approximately 90% for
both cells by the time cell failure occurs.

To follow the changes in internal resistance over cycling, cur-
rent interruptions of 0.5 s were inserted into the C/10 cycling
procedure every five minutes. Internal resistance was estimated
from each individual interruption simply as R = dE/dI over a
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Fig. 1 Specific discharge capacity and coulombic efficiency vs cycle
number for lithium-sulfur cells containing thick (125 um) or thin (30 um)
Li foil negative electrodes cycled until failure.

fixed time. Example voltage profiles showing the frequency of
the current interruptions and the determination of the voltage
drop are given in the Supporting Information, Figure S1. The re-
sistance determined from the current interruption technique over
this timescale is approximately the sum of Ohmic electronic and
ionic resistances in the electrodes and electrolytes and charge
transfer (kinetic) resistances. A comparison of this technique with
established impedance and current pulse techniques is given in
the Supporting Information. The frequency at which measure-
ments are taken gives 100 — 150 individual measurements of in-
ternal resistance in each cell per cycle; giving almost 16,000 mea-
surements of resistance for the "thick Li" cell over the 120 cycles
presented here. Analysis of these large datasets and the visuali-
sation of the processed data is accomplished easily with a simple
computer program written in the freely available programming
language R. An example script for data analysis and plotting of
the following figure is also given in the Supporting Information.

The results of this experiment, plotted as a heat map of capac-
ity vs cycle number and colour-coded according to the measured
resistance at each given point, are given in Figure 2. Note the di-
rection of discharge and charge in reading along the capacity (y-)
axis; in both cases the maximum capacity values (at the top of
the plot frame) correspond to the fully discharged state, and min-
imum capacity values correspond to fully charged. In terms of the
trends in cell resistance, there are a number of key observations
that can be made from these maps alone:

e Changing resistance during (dis)charge, and asymmetry of the
charge/discharge reactions: at a capacity of ~250 mAh g~!
there is a clear peak in the cell resistance, which is espe-
cially pronounced for the discharge cycle. This peak in resis-
tance, which has also been described elsewhere?, relates to
the transition from the upper to the lower voltage plateau,
where the concentration of polysulfides in the electrolyte
reaches a maximum, or even supersaturates. The asymmetry
of the discharge and charge reactions is also revealed. While
a peak in resistance corresponding to the same transition is
also visible in the charge process, it is broader and with a
lower maximum. This is likely a result of the lower rate of
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change in polysulfide concentration on charging as opposed
to discharging, consistent with what we and other groups
have previously observed 17-18,

e Rapidly increasing resistance before cell failure: The inter-

nal resistances of the two cells are similar up until approx-
imately cycle 60, at which point the gradual capacity fade
of the cell with the thin Li electrode is accompanied with a
rapid increase in resistance. The peak resistances for the thin
Li cell reach ~250 Q, compared with values of ~100 Q over
the first 50 or so cycles. The cell with the thick Li electrode,
on the other hand, shows a similarly gradual increase in re-
sistance over 100 cycles, with a more sudden rapid increase
in resistance before cell failure. The maximum resistances
for the cell reach similar values in both cells.

e Indications of severe electrolyte decomposition: For both cells,

before any clear onset of cell failure, there are no indica-
tions of resistance increases at the charge or discharge lim-
its. For the lower voltage plateau (i.e., 0 > ~300 mAh g~ 1),
the resistance in fact remains relatively constant. This in-
dicates that electrode passivation does not ordinarily deter-
mine the end points of charge or discharge. However, as
the "thin Li" cell starts to show clear signs of failure (after
approx. 70 cycles), the resistance begins to increase par-
ticularly close to the discharge end-point. That the resis-
tance decreases again on the charge cycle indicates that the
increase most likely relates to reversible behaviour of poly-
sulfide species, perhaps rendered more poorly soluble by a
changing electrolyte composition, as opposed to irreversible
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Fig. 2 Specific capacity vs cycle number plots for lithium-sulfur cells with different negative electrode thicknesses, coloured according to the
calculated internal resistance at each given point.

processes such as solvent decomposition. A possible inter-
pretation, then, for the rapidly increasing resistance during
cell failure is a combination of inactivated polysulfide species
with a gradually decreasing conductivity of the electrolyte
and/or passivation of one or both electrode surfaces by prod-
ucts of electrolyte decomposition1?. Moreover, the increase
in resistance prior to cell failure appears to be independent
of capacity fade. The rapidly fading capacity for the "thin Li"
case can be interpreted as a decreasing availability of Li due
to the low excess; conversely, a large Li excess would then
explain the relatively stable capacity of the "thick Li" cell.
That the resistance increases similarly rapidly for both cells
is further evidence that electrolyte consumption is responsi-
ble for cell failure, with said consumption occurring faster if
the negative electrode excess is lower, with an increasingly
unfavourable morphology of the lithium electrode the likely
cause !°. Simple strategies which target improved morphol-
ogy of lithium, for example heavier alkali metal additives2?,
may be particularly effective in this regard.

Clearer overall trends across extended cycling can be seen
by simply taking the averages of the measured resistances
within each cycle. The median resistances for each individual
(dis)charge cycle calculated from the data in Fig. 2 are presented
in Figure 3, from which further conclusions can be made about
the changes in the resistances of the cells. Firstly, it can be more
easily seen that the median cell resistance for both cells is approx-
imately 90 Q on the first discharge cycle, dropping to about half
of this value on the first charge cycle. This resistance decrease is
likely to be due to a combination of a relaxation of the positive
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electrode with a minor contribution from the roughening of the
negative electrode surface.

Secondly, it is clear from Fig. 3 that, following the first few
cycles, the cell resistance increases approximately linearly for the
"thick Li" cell over 100 cycles, before the resistance rapidly in-
creases and the cell fails. For the "thin Li" case, the resistance fol-
lows the same trend, albeit with a slightly higher resistance, un-
til around 60 cycles, after which the resistance increases rapidly.
These observations reflect those made previously from Fig. 2. Fig.
3 also reveals that the median resistances are also slightly lower
over the charge cycles than for the discharge cycles. This may
reflect some asymmetry in the kinetics for the charge transfer re-
actions of the charge and discharge processes.
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Fig. 3 Median internal resistance for each (dis)charge step vs cycle
number, as calculated from the data given in Fig. 2.

In terms of the effect of reducing the negative electrode excess,
the principal conclusion to be drawn from Fig 3 is very clear: the
trends in the cell resistance for both cells are very similar, with a
lower Li excess promoting earlier cell failure. There remain how-
ever several unanswered questions for future study. Firstly: while
the capacity fading only in the "thin Li" case may be explained
by a gradually decreasing availability of Li, the reason for the ini-
tially increasing capacity, which we have observed over numerous
experiments with different positive electrodes, remains unclear.
Furthermore, we note in the "thin Li" case that the resistance re-
mains roughly constant or even decreases slightly between cycles
35 and 60. While a similar feature is not easily seen in the "thick
Li" case presented here, we have observed similar temporary de-
creases in resistance in other cells studied with this technique,
and the same effect was previously observed for Li-S cells using a
sulfolane-based electrolyte!!. However, the cause of this is also
not yet clear. Further experiments are planned in the future to
extend this method to three-electrode setups to clearly separate
the contributions of the positive and negative electrodes.

In summary, we present here a novel approach to following and
visualising the changes in internal resistance in batteries in high
detail. This constitutes a simple and convenient technique for
assessing the state-of-health and long-term stability of Li-S bat-
teries, and is in principle extendable to any battery system. While
the current-interrupt measurement requires assumptions which
may result in deviations in the calculated resistance from the true
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value, for Li-S cells at least the trends are relatively insensitive to
the timescale over which the voltage dropped is measured. Fur-
thermore, the ease of which these measurements can be made
with standard battery testing instruments and the convenience of
completely automated data analysis with freely available software
are considerable advantages: the time and expertise required for
interpretation of EIS is not required, and the current-interrupt ap-
proach to estimating resistance lengthens the total measurement
time only by ~ 0.17%. This method is therefore a very convenient
and powerful approach for simple evaluation of different cell con-
figurations. This has been demonstrated here with a comparison
of two Li-S cells with different negative electrode thicknesses,
with the "thin" (30 um thick) Li electrode in particular close to
the low Li excess desired for commercially viable cells. The re-
duction of the Li excess clearly results in an earlier onset of cell
failure, due to a rapidly increasing resistance, and severe capacity
fade. The increasing resistance causing cell failure was attributed
to electrolyte decomposition. It is important to note that the elec-
trolyte volume used here was 6 uL gg ! _ still in too high excess
for commercially viable cells 102! — and that lower electrolyte vol-
umes tested resulted in cell failure within just a few cycles. Cycle
lifetime of ~100 cycles is clearly too short for this system to be
considered beyond niche applications, but is the inevitable con-
sequence of optimising the amount of electrolyte and negative
electrode to that required for high energy cells; it is therefore im-
perative that the issues resulting from reduced electrolyte and Li
excess receive greater attention in future research.
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