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Abstract

Zero-excess lithium (ZEL) or "anode-free" batteries aim to minimise negative
electrode material while addressing the challenges associated with handling thin Li
metal foils during fabrication. To date, most studies have focused on Li-ion
chemistry, with considerably fewer systematic investigations into ZEL-sulfur (ZELIS)
cell fabrication and optimization. Here we develop a ZELiS battery, comprising a
Li.S-based composite positive electrode on carbon paper paired with a Ni foil
current collector and evaluate the effects of various current collector materials,
electrolyte volume to Li>S mass ratio and C-rate. The developed cells reproducibly
achieve an average Coulombic efficiency of 99% from cycles 2 to 200, and a final
capacity of 272 mAh g'iis at a C/10 rate. Furthermore, we employ X-ray computed
tomography to elucidate the morphological changes and degradation processes
occurring within the positive electrode composite, revealing the irreversible loss of
Li.S/Se during cycling, which is exacerbated at high rates. These results should be

useful in the development of commercially viable ZEL energy storage devices.
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1.0 Introduction

Energy storage devices with improved volumetric and gravimetric energy densities
beyond Li-ion batteries are essential to mitigate the effects of climate change [1].
One promising candidate is the lithium-sulfur (Li-S) chemistry due to its high
theoretical capacity (1,675 mAh g™) as well as the relative abundance, low cost and
favourable geographic distribution of sulfur [2,3] compared to materials used in Li-
ion positive electrodes. However, while advances in this technology have been

made, widespread commercialisation has been hampered by a range of challenges.

The insulating nature of sulfur and Li;S necessitates a greater proportion of
conductive additives than is required for Li-ion batteries. These typically comprise
around 30 wt% of the positive electrode composite, which in turn reduces the
energy density of the cell [4,5]. Significant research has been undertaken to increase
the active material loading of Li-S cells [6], however this often results in poor
electrochemical performance due to low sulfur utilisation and an increase in the
polysulfide shuttle effect[7]. Furthermore, the electrochemical performance can be
improved by the addition of an excessive mass of conductive carbon to the positive
electrode composite and substrate [8,9]. In some instances, as little as 20 wt% sulfur
is incorporated into the positive electrode, resulting in a gravimetric capacity too

low for practical applications [10].

Additionally, most Li-S cell research is conducted using coin cells which use a Li
metal foil as the negative electrode. Although convenient for small scale testing, this
approach can equate to a negative-to-positive electrode ratio (N/P ratio) of over 50
[3,5], where a value closerto 1 would be desirable. Li metal’s low reduction potential

(-3.04 V vs. the standard hydrogen electrode) causes irreversible loss of active S
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species during operation: as polysulfides shuttle over to the negative electrode they
are irreversibly reduced to solid Li;S resulting in a loss of active material and
negative electrode surface area [11,12]. Furthermore, there are manufacturing
challenges involved with the large-scale use of thin Li metal foils, and self-discharge

can occur as they are assembled in the charged state [13].

The dynamic nature of the Li metal electrode also poses challenges. When Li
deposits it does so inhomogeneously resulting in a very high surface area solid
electrolyte interphase (SEI). Side reactions continuously occur between Li-metal and
the ether-based electrolyte leading to the consumption of both [14]. Moreover,
electrochemically ‘dead’ Li can be produced which dramatically reduces Li
inventory [15]. To mitigate this effect, large excesses of both Li and liquid electrolyte
are often used in research laboratories, however this reduces energy density while
increasing raw material costs. To realise high-energy-density Li-S batteries, high
active-sulfur-contents, low electrolyte-to-sulfur ratios, and ultra-thin Li metal

negative electrodes (N/P ratio < 5) are required [1,16].

To minimise the use of Li, an alternative approach involves preparing the positive
electrode in the discharged state (i.e., Li.S) and pairing it with a bare metal current
collector (CC) [9,17]. Typically, Ni foil has been the preferred CC choice, however
other studies have successfully implemented Cu and stainless steel [13]. Li is
reversibly plated and stripped on/from the CC, resulting in an initial N/P ratio of no
greater than 1. As all Li is initially contained in the Li:S composite electrode,
manufacturing challenges associated with thin Li metal foils are bypassed (although

new ones stemming from Li.S are noted) as is self-discharge. We term this
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configuration a zero-excess Li-S (ZELiS) cell, as opposed to “anode-free” because:
(i) anode is poor electrochemical terminology (only true during discharge for
secondary cells) and (ii) while the Li negative electrode is not initially present, the

cell always operates with positive and negative electrodes.

While many challenges are shared between Li-S and ZELiS formats, e.g., Li metal
electrode dynamics, continuous electrolyte consumption and the polysulfide
shuttle effect, new issues arise. Since Li,S is effectively both electronically and
ionically insulating [16,17], the use of conductive agents is imperative, with a
particular focus on using high surface area carbon to promote the initial oxidation-
nucleation reaction of Li,S [18]. To further improve the kinetics of this reaction, high
energy ball milling is routinely employed to reduce the particle size [19]. Even with
these efforts, cells must be charged at high overpotentials (> 3.0 V) in the formation
cycle to activate Li,S [19,20]. In addition, the first 5 cycles tend to show poor
Coulombic efficiency (as low as 50%) leading to rapid capacity fade. As a result of
the N/P ratio being effectively equal to 1, any degradation of the Li negative
electrode results in excess S species, making performance closely dependent on
the efficiency of reversible Li deposition onto the metallic CC [8,21]. Overall, cell-

wide improvements must be made to achieve commercial viability.

So far, studies conducted on similar cell configurations have primarily focused on
attempting to improve SElI formation and reversible Li plating/stripping
[9,13,15,22,23]. However, cell design and testing parameters used vary widely,
making comparison difficult. Thus, a detailed investigation of robust “benchmark”

ZELIS cells is warranted to enable rational modifications and achieve the goals of
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minimising inactive material content (e.g., conductive additives and binders), low
electrolyte volumes and high sulfur loading. Furthermore, the lack of excess Li and
rapid capacity fade make it an attractive platform to quickly evaluate the efficacy of

cell modifications.

Here, we present a ZELiS coin cell design which exhibits reproducible
electrochemical cycling up to 200 cycles. After establishing a robust cell
architecture and active material loading value, we systematically varied the CC
material and electrolyte volume vs Li,S loading ratio. Electrochemical testing was
used to interrogate the formation process as well as long-term cycling of the
optimised cell at various rates, while changes in Li,S/Ss particle morphology and
distribution were visualised by X-ray micro-computed tomography. We conclude
with recommendations and future directions towards commercially relevant ZELiS

devices.
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2.0 Methodology

All air sensitive manipulations were conducted in an argon-filled glovebox (MBraun, O, <

0.5 ppm, H20 < 0.5 ppm).

2.1 Li2S ink and positive electrode preparation

Within an Ar-filled glovebox, lithium sulfide powder (Li,S, 99.9% (metal basis), Fisher
Scientific) and conductive carbon additive (C-NERGY super C65, Timcal) were used as
received and combined in a zirconia planetary ball milling jar, containing zirconia milling
media (Retsch), in a ratio of 7:2, before being dry milled at 500 rpm in 10 min on/off intervals
for 18 h in a planetary ball mill (PM 100, Retsch) under inert atmosphere. 10 wt.% styrene
co-butadiene (Sigma Aldrich) was pre-dissolved in toluene (anhydrous, Sigma Aldrich) and
subsequently wet milled at 500 rpm in 5-min on/off intervals for 2 h, resulting in an overall

slurry mixture weight ratio of 70/20/10 for Li,S/conductive carbon/binder.

The resulting slurry was drop-cast using a pipette (Research Plus, Eppendorf) onto pre-
dried, pre-cut 14 mm diameter carbon paper substrates (AvCarb P50, Fuel Cell Store).
These were allowed to dry under ambient glovebox conditions overnight, then dried again

overnight at 80 °C under vacuum in a Buchi oven (B-585, Buchi).

2.2 Electrolyte preparation

All materials including electrolyte salts, molecular sieves (3 A, Fisher Scientific), and PTFE
syringe filter tips (0.2 um, Fisher Scientific) were dried under vacuum at 120 "C, 220 'C and
80 °C respectively for three days. Under glovebox conditions, anhydrous solvents were
used throughout and dried with the molecular sieves for an additional three days. The
solvents were filtered through PTFE syringes into a dry pristine glass vial ready for use. 1 M
bis(trifluoromethane)sulfonimide lithium salt (LITFSI 99% ("’F-NMR), Sigma Aldrich) and 0.8

M lithium nitrate (LINO3,99.99% (metal basis), Sigma Aldrich) were dissolved under stirring
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in a 1:1 vol/vol mixture of 1,3-dioxolane (DOL, dried, Sigma Aldrich) and 1,2-

dimethoxyethane (DME, dried, Sigma Aldrich) [24-26].

2.3 Materials characterisation

Powder XRD (PXRD) was performed on a SmartLab SE diffractometer (RIGAKU) using a 2
kW Cu source Kal and Ka2 (A = 1.541 and 1.544 A respectively) operating in Bragg-
Brentano mode. Scans were carried out in a 26 range of 0° to 60° with a step size of 0.01°
and a speed of 1.0° min". Samples were measured on a zero-background silicon wafer
sample holder. Samples for scanning electron microscopy (SEM) were adhered to pin stubs
(Agar Scientific) using double sided carbon tape (Fisher Scientific). The SEM images were

taken using an EVO-100 (ZEISS) at 15 kV and a working distance of 7 mm.

2.4 Electrochemical measurements and characterisation

Coin cells were prepared inside an Ar-filled glovebox using CR2032-sized coin cell casings
(Pi-Kem) containing Li2S positive electrodes and 15 mm diameter Cu, Ni or stainless steel
(Pi-Kem) foils as the current collector negative electrode. Two 0.5 mm and one 0.2 mm thick
steel spacers (Pi-Kem) were used alongside a 16 mm diameter Celgard 2400 separator.
Electrolyte was pipetted onto the separator prior to the addition of the positive electrode.
Cells were electrochemically tested at room temperature using a BioLogic cell cycler (BCS-
805, BiolLogic). A 4-point connection type holder (CCH-1, BioLogic) was used, and cells
were rested for 2 h prior to galvanostatic charge/discharge cycling between cut off voltages
of 2.8 and 1.8 V [24]. Electrochemical impedance spectroscopy (EIS) was conducted using
a VMP-300 potentiostat (BioLogic) using a 10 mV perturbation voltage over a frequency

range of 1 MHz to 0.1 Hz [25].

2.5 X-ray micro-computed tomography
Ex-situ micro-tomography was performed using a lab based micro-CT instrument (Xradia

Versa 620, Zeiss). Once charged to the desired the state, the coin cells were transferred to
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a glovebox, de-crimped and the Li;S positive electrodes removed from the casings and
dried overnight, under vacuum at 80 °C. A 1 mm diameter sample was hole-punched and
positioned within a 1.5 mm diameter PEEK holder (Swagelok). Steel pillars with ferrules
were inserted above and below the sample and tightened to ensure the holder was air-tight

during measurements.

An optical magnification of 20x was used, and a bin size of 1 was applied to the
2048 x 2048 px CCD detector, resulting in a pixel size of ~375nm and a field-of-view of
~750 um. For each set of tomographic data, 501 radiographic projections were obtained
at discrete angular steps with an exposure time of 100 to 120 s. The radiographic
projections collected were reconstructed using a cone-beam filtered back projection
algorithm (XMReconstructor, Zeiss) to produce a set of tomographic slices making up a

cylindrical volume.

2.6 X-ray micro- computed tomography data processing

Tomographic images were imported into Avizo (Avizo 2022.1, Thermo Fisher Scientific) for
processing and analysis. Sub-volumes were cropped for each tomogram with dimensions
of 376 x 376 x 376 cubic voxels. To assist with visualisation, a non-local means filter was
applied to each tomographicimage. Thresholding segmentation was conducted to identify
each phase within the positive electrode material. A connected objects image was
computed as a 16-bit file to isolate Li.S and S images, with additional sieve analysis

completed to exclude particles less than 4 cubic voxels (<1.50 ym particle size).
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3.0 Results and Discussion

3.1 ZELiS baseline cell development
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Figure 1. a) Cartoon schematic of the ZELiS during operation. b) Procedure for the preparation of

Li2S composite positive electrodes used in coin cells.

Figure 1a illustrates the general design of the ZELIS cell containing a Li>S/carbon/binder-
based positive electrode on carbon paper, a liquid electrolyte and metal current collector.
The as-received Li,S powder was shown to be phase-pure by XRD (Figure S1 in the
Supporting Information (Sl). Slurry mixtures were prepared in accordance with the method
outlined for ink and positive electrode preparation, with a general preparation workflow

shown in Figure 1b.

Porous 3D-carbon substrates have commonly been used as positive electrode substrates
to facilitate Li,S activation and cycling. However, it is notable that when included in
calculations of the inactive material in the positive electrode composite, this can be ~50 to
over 70 wt%[9,13,19,26]. When preparing electrodes, the same carbon substrate was used,

and the overall carbon content was targeted to be ~55 wt%.

Ball milling was used to reduce the particle size, improve the activation of Li.S and make a

uniform slurry. The slurry mixture and ball milling procedure were carried out in accordance
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with previous studies [19,27,28]. A loading of 2 mg cm?.2s was chosen due to inconsistent
and poor cell performance at higher loading values. With this fixed positive electrode
fabrication procedure and a loading of 2 mg cm™.;2s, a systematic study was carried out to
understand the influence of different current collector materials and electrolyte volume on

the cell performance.
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3.2 Current collector material

In ZEL cells, the current collector (CC) is especially important as it is the surface on which
the Li metal deposits. Three different metallic CCs was investigated based on their
commercial availability and existing use in the battery industry: Cu, Ni and stainless steel.
Both Cu and Ni have been adopted in previous studies [8,9]. Foils were used as received

with no pre-treatment.

Figure 2. Scanning electron microscopy images of a) Cu, b) Ni and ¢) stainless steel

negative electrode current collectors.

Figure 2 displays the surface morphology of the 3 negative CCs. Generally, all the foils
contain slightly pitted surfaces with minor scratches across them, likely from the
manufacturing process [29]. The performance of these metals was tested over 50 cycles at

a 1C rate shown in Figure 3.
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Figure 3. Electrochemical cycling using three different metallic current collectors and

an E:S ratio of 15.

Devices using Ni and Cu CCs exhibited similar performance, while stainless steel showed a
lower average capacity throughout all 50 cycles. However, the disassembly of multiple cells
revealed a dark crusty build up on the Cu CC. In addition, optical microscopy images
revealed a similar layer formation on the edge of the Cu CC during the pre-cycle resting
(Figure S2 in the SI). Over a short period (< 50 cycles at 1C) this does not appear to affect
capacity retention. However, it is consistent with the reactivity of Cu with S species to form
copper sulfides over prolonged cycling. Due to the issue with long term cycling stability of

Cu in Li-S batteries [30], and the poor performance of the SS, the use of Ni was preferred.
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3.3 Influence of electrolyte to active material ratio
The electrochemical performance of five electrolyte to Li,S mass loading ratios (E:S) is
displayed in Figure 4. The range was chosen to bridge the gap between commercialization

targets and laboratory research. Exact E:S quantities are defined in Table S1 in the SI.

800

o
-
o

AN
o
o

N
-
o

Capacity (MAh g " | ;55)

Cycle number

Figure 4. a) Cycling capacity per gram of Li2S vs cycle number for 5 different E:S (mL

g 'Lizs) ratios of electrolyte using a Ni negative CC.

Figure 4 shows that higher quantities of electrolyte resulted in improved capacity retention.
An E:S ratio of 5 mL g performed worst, only achieving a capacity of 36 mAh g5 after
100 cycles. At low electrolyte volumes, the electrolyte becomes quickly saturated with
polysulfides which, as they undergo the shuttle effect, decrease amount of active sulfur
species. This is mainly due to undesirable side reactions between the electrolyte and freshly

deposited Li, and the formation of inactive clusters of material within the electrolyte [12,31].
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On the other hand, E:S ratios of 15 and 20 mL g performed similarly, suggesting >15 mL
g of electrolyte is not needed. To balance cell performance while minimising electrolyte,
an E:S ratio of 15 mL g was chosen. Thus, the components and parameters of a baseline
cell were established: a 2 mg cm™?Li.S positive electrode, a Ni foil negative CC, and an E:S

ratio of 15 mL g™

A clear difference in the initial behaviour between low and high E:S ratios was observed.
E:S values = 10 had a positive effect on the initial capacity achieved and retention. This is
particularly pronounced in the initial 5 cycles, where E:S =5 and 7.5 mL g exhibited steep
drops: falling to 25% and 62% of the initial capacities respectively. In general, excess
electrolyte is beneficial for cell cycling [24,32], but there are characteristics of the ZELiS that
may compound the expected negative effects of limited electrolyte: (i) the use of Li,S, which
is less electrochemically active and soluble than sulfur, for example, (ii) the porous carbon
paper used as the positive electrode substrate which may require more liquid electrolyte
for sufficient wetting, and (iii) direct conversion of Li,S to Sg being preferred due to the

formation of polysulfides being kinetically hindered [20,33].
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3.4 Formation cycle characterisation

Figure 5a shows a typical formation cycle of a ZELiS cell. The positive electrode begins as
Li>S with an initial voltage of ~0.0 V. During charging, where Li,S undergoes conversion to
Sg, the voltage rapidly increased to a ~3.0 V plateau before rapidly increasing again up to
the 4.0 V cut-off. On discharge, a double plateau was observed, indicating the conventional
Li-S multi-stage reduction mechanism, where the mixed product Li;S/Li.S. has been

reported [34,35].

4 Charge / C/20
)
(o))
8
o
>

2 I ‘

1 Discharge

0 2mgcm? g
0 400 800 1200 1600 2000

Accumulated capacity (mAh g™\ ,»s)

d
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Figure 5. a) Formation cycle of a ZELiS battery. Volume rendering images at 20x of
ex-situ Li2S positive electrode substrates at different states of charge during a
formation cycle. b) Pristine electrode - Li2S, ¢) charged Ss and d) discharged Li2S/Li2S:.

(scale baris 100 pm for all three images, @ave is average particle diameter).

While the formation process is well documented for Li-S positive electrodes [40], detailed
studies in a ZELIS set-up are lacking. Specifically, very little is known about the state of the

active materials within the carbon CC. To investigate these properties, micro-CT images of
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different ZELiS positive electrodes were scanned ex-situ at different states of charge (Figure

S5b-d).

Li.S particles with an average diameter (2ae) of 1.54 um were observed in the pristine
electrode (Figure 5b). The small particle size was consistent with a relatively low
overpotential for Li,S conversion (charge voltage plateau at ~3.0 V (Figure 5a)), which has
been observed for ball milled materials [27,28]. Good distribution throughout the
electrode was seen, which is thought to be also desirable for facile Li,S activation [19].
Figure 5c shows the positive electrode in the charged state. The morphology of the Ssg
differs significantly from the Li:S particles, showing some Sg agglomeration and less well
dispersed particles generally. The Sg average particle size was 4.11 pm, significantly bigger
than the pristine Li,S particles. At the end of discharge (Figure 5d), the Li,S/Li,S, products
reformed with similar dispersion to the pristine state, but with an increased average

diameter of 2.90 ym.

The changes in particle size and morphology are likely a consequence of S/Li,S particles re-
depositing away from their original location during formation. The underlying mechanisms
are complex and not well understood. One candidate is electrolyte 'sink’, a phenomenon
first reported Zielke et al. [36], and subsequently by Yermukhambetova et al. [37], where S
species precipitate from the electrolyte deep back into the 3D carbon matrix and become
less accessible for subsequent cycles leading to a loss of active material and capacity.
Additionally, the dissimilar rates at which polysulfides transport in and out of the positive
electrode may result in concentration gradients. Studies by Lin et al., and Xu et al., found
this to be influential on S particle morphology and size in Li-S cells [34,35]. Both
mechanisms support the observation of increasing particle sizes during the initial cycle(s)

leading to permanent degradation and loss of active material.
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Figure 6. Electrochemical Impedance spectroscopy of a ZELiS formation cycle, with

zoomed in inset. Frequency range from 1 MHz to 0.1 Hz.

Figure 6 displays the cell impedance at difference points in the formation cycle. Li-S
batteries are known to exhibit numerous (>5) overlapping polarisation processes, requiring
advanced analytical techniques, such as distribution of relaxation times analysis [38,39], to
deconvolute them. As this is not the focus of our study, here we will qualitatively analyse the

EIS of ZELIS cells.

Initially, the pristine case (Li2S positive electrode|Ni CC) exhibits one, possibly two, semi-
circle(s) indicating charge transfer processes followed by a very steep tail in the low
frequency region, i.e., the expected blocking electrode behaviour. After the first charge,
where a Li electrode has been electrochemically deposited, a low frequency tail with two
depressed semi-circles at high frequency were clearly observed. These latter features may
indicate several overlapping polarisation processes. Additionally, the real axis intercept

shifted to higher impedance values, likely due to the presence of polysulfides in the
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electrolyte. Following discharge, depressed semi-circles were observed again but without
blocking electrode behaviour. Based on these impedance datasets, the cell does not return
to its original state after formation due to the different electrolyte composition and residual

Li on the CC [40].
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3.5 Effect of C-rate on cycling performance

The effect of C-rate on the optimised ZELiS cell architecture is depicted in Figure 7. Note
the good reproducibility over 12 devices (N = 4 for each rate). The highest capacity
retention was seen at low C-rates, where 270 mAh g 125 was achieved after 200 cycles at

C/10, vs. 110 mAh g’ s at 1C.
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Figure 7. Mean discharge capacity over 200 cycles of several ZELiS cells at C/10, C/5
and 1C rates. The number of repetitions for all C-rates was N = 4 and the shaded area

in each indicates =1 standard deviation. Cells were composed of a 2 mg cm2Lizs

positive electrode, Ni current collector and an E:S ratio of 15 mL g™".
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All cells exhibited a large drop in capacity within the first five cycles. This was most severe
at 1C: equivalent to a 50% capacity loss in cycle 1. At slower rates, the capacity decay was
still significant but lessened: declining 26% and 31% in cycle 1 for C/5 and C/10
respectively. In these cases, a small increase in capacity followed by a plateau was observed

around 100 cycles (Figure 7), before a consistent decline towards cycle number 200.

The initial drop in capacity has been attributed to degradation of the in-situ Li negative
electrode with contributions also from sulfur inventory losses [26]. The capacity increase
observed around 100 cycles may be due to polysulfide reabsorption into the positive
electrode [11]. This would indicate that the conversion back to Li,S/Li,S, on discharge is
significantly lower than the reverse process on charge, leading to a steadily increasing
concentration of polysulfides in the electrolyte. A dynamic equilibrium between the redox
species could allow more active material to slowly become more accessible at later cycles
[17]. This is followed by sustained irreversible losses from both electrodes leading to
capacity values of ~200 mAh g 1»s for both C/5 and C/10 rates after 200 cycles. The
difference between 1C and the slower C-rates was stark, therefore to better understand the

underlying processes, X-ray micro-CT imaging was performed.

a b c
100 pym _ 600¢ Li,S ZEL
: 4 Fy —o—CI5
i =500+ —o—1C

1C - "_311 0 20 40 60 8 100/C/5
100 cycles = Zave™ Hm Cycle Number 100 cycles

Figure 8. Volume rendering images of ex-situ positive electrode substrates after 100
cycles at a) 1C ¢) C/5 rates. The corresponding electrochemical cycling data for each

C-rate is shown in b). Cells were composed of a 2 mg cm?Lizs positive electrode, Ni
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current collector and an E:S ratio of 15. (scale bar is 100 pm for all three images, @ave

is average particle diameter).

Figure 8 displays CT images of positive electrodes following 100 cycles at different
(dis)charging rates. At the higher C-rate, there appeared to be substantially fewer Li,S/S
particles and less particle agglomeration. The average particle size was smaller for the 1C
rate: 3.11 um compared to 3.88 ym for C/5. This would indicate the polysulfide shuttle
effect is stronger at high C-rates, causing more permanent loss of S species, leaving fewer,
smaller particles within the electrode available to react and vice versa. Studies of
conventional Li-S cells have shown a similar C-rate-capacity correlation and found the

degradation mechanism may show a time dependence [32].

3.6 Recommendations

With the considerations above, this leads to the following recommendations for ZELIS cell
research. First, while slurry mixtures often contain low quantities of carbon (<30 wt%), the
actual inactive material value can be significantly higher (>70 wt%) due to the commonly
used carbon paper substrate. Next phases of research should aim to reduce this (or remove
entirely) to improve energy density metrics, by moving to slurry-coated metallic foils for
example. Secondly, the electrolyte is an important component of the Li-S chemistry;
however, it also contributes the largest weight fraction to the specific energy of a ZELIS cell.
Therefore, future work should aim toward E:S < 5 uL mg " 25 but this will be challenging, as
performance declines drastically as electrolyte volume decreases (Figure 4). However, we
note that the removal of the 3D porous substrate, which likely requires excess electrolyte to
wet, could be beneficial for performance at lower E:S ratios as well. Electrolytes must be
designed to be highly soluble for redox active lithium-polysulfides, ionically conductive and
minimize polysulfide shuttling. This has mainly been accomplished by ether-based
electrolytes with Li-salts to-date, however other systems, including solid state electrolytes,

and functional additives, should be investigated [1,41]. Attempts to improve Li metal
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plating and stripping are also important and could be achieved by incorporating thin,
ionically conductive artificial SEls onto the current collector. Finally, the applied pressure is
an important component that may be beneficial in improving the cyclability, particularly Li
plating and stripping efficiency [42]. This may be more amenable to pouch cell formats, but
it is likely like coin cells will remain an important architecture for ZELiS research and

development.
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Conclusions

In summary, we report a consistent ZELiS cell comprising a Ni negative CC, E:S ratio of 15
mL g’ and active material loading of 2 mg cm?.2s in a carbon paper substrate. This
configuration achieved ~270 mAh g'izs after 200 cycles at C/10 rate. All cells exhibited
substantial capacity decline within the first 5 cycles, experiencing greater losses at higher
C-rates. However, at C/5 and C/10 the initial drop was less steep and a small increase in
capacity was observed around 100 cycles, suggesting time-dependent dynamics of sulfur
conversion. X-ray micro-CT imaging showed that significantly more active material was
retained at a C/5 rate vs. 1C. We hope that this study provides a robust and “fail fast”
platform for future investigations on electrode and electrolyte modifications. Strategies
aimed at reducing conductive additive content, minimising and refining the electrolyte, and
optimizing the management of sulfur species in redox reactions will be pivotal in realising

the promise of ZELIS cells.
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