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ABSTRACT: The development of cathodes for lithium−sulfur
(Li−S) batteries requires optimizing a variety of interacting and
competing variables, with the early technology readiness level
(TRL) of Li−S relative to Li-ion batteries presenting
researchers with a wide parameter space. Given the interactions
between the positive electrode design and the electrolyte, the
development of Li−S electrodes requires comprehensive
reporting of parameters to enable a comparison of develop-
ments. By developing a tool to aggregate synthesis parameters
with cell performance, we summarize the frequency with which
different components and electrochemical testing conditions are
used, including data from 100 articles. Grouping reported
capacity data by composite carbon type, C rate, and sulfur
content revealed widespread variation in the maximum capacity
and rate of degradation. We hope that the tool developed here will provide a facile workflow and promote consistent reporting
across the literature, while also pointing toward routes to improve the design of Li−S positive electrodes.

Lithium-sulfur (Li−S) batteries have the potential to play
a complementary role to lithium-ion (Li-ion) batteries
in enabling the transition to renewably generated

electricity.1 Sulfur’s high gravimetric capacity (1675 mAh g−1

vs 274 mAh g−1 for S8 and Li0.5CoO2, respectively
2,3) makes

Li−S cells promising for aerospace applications,1,4,5 and for
enabling decarbonization of large payload road freight. Li−S
cells store energy using a conversion chemistry mechanism,
involving the stepwise reduction of solid S8 to Li2S via a series
of intermediate lithium polysulfides (PS) (Li2Sn, 2 ≤ n ≤ 8).2,6

However, the longer chain PS species (4 ≤ n ≤ 8) are soluble
in the electrolyte, and their diffusion and electrical isolation
from the cathode result in progressive capacity degradation.1,7

Therefore, a key focus of Li−S research is the development of
porous cathodic host matrices to provide and retain electrical
interconnection to the electrically insulating active material.8

Carbon is commonly used as the host matrix due to its
electrical conductivity, low cost, and lightweight, which
complement the properties of sulfur.
However, Li−S cell performance is sensitive to competing

interactions between a range of parameters, including the
carbon additive used to supplement the conductivity of the
host matrix, binder, electrolyte, and electrochemical testing
conditions. Therefore, the evaluation of novel carbon host

matrices requires accounting for the influence of these auxiliary
components and parameters.
This work aggregates the parameters from 100 research

articles detailing 264 separate samples and correlates these
experimental inputs with the electrochemical results using a
graphical user interface (GUI) (detailed in section SI1 in the
Supporting Information). It aims to update the findings of
previous meta analyses,8−10 and to summarize both the values
of key parameters used and the frequency with which they are
specified in the literature. The meta-analysis focuses on host
matrices based on carbon- and/or graphene-related materials
(GRMs), with the aim of comparing the effects of parameters
related to the host morphology and carbon/sulfur interaction
in the absence of dopants and catalysts. There is no
unambiguous relationship throughout the surveyed samples
between the input parameters and the reported electro-
chemical performance, indicating the need to consider
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interactions between competing parameters when testing
candidate host matrices. This analysis highlights the need for
consistent utilization and reporting of cell parameters to
facilitate evaluation of Li−S cells.
Details of the morphological and electronic properties of

carbon host matrices for Li−S cells are reviewed else-
where,1,7,9,11,12 while Figure 1a summarizes the distribution
of different categories of carbons used in the literature.
Templated mesoporous carbons (TMCs) were the most
commonly used single category in the articles analyzed: these
are amorphous carbon frameworks synthesized by carbonizing
a precursor (eg glucose) on a refractory sacrificial template.13

Renewed interest in Li−S host development was sparked when
the work described in ref 14 tailored the morphology of CMK-
3 to facilitate PS retention.14−16 GRMs are also promising
candidates, accounting for 53% of the samples included in this
meta analysis, with potential for high-throughput synthesis in
place of batch-produced TMCs,17−20 and offering higher
electrical conductivity than TMCs. Graphene oxide (GO) and
reduced GO (RGO) provide further opportunities to mitigate
PS diffusion-related degradation by increasing the binding
energy between soluble PS and the cathodic host,21−23 and
decreasing the volume of electrolyte required by improving
wetting.24 By contrast to hierarchical porous structures in
TMCs and the sheet-like morphology of GRMs, carbon
nanotubes (CNTs) have been investigated as Li−S host

matrices due to their high aspect ratio and formation of
meshlike, interconnected conductive networks; however, their
cost and toxicity25 limits their compatibility with the
advantages of sulfur cathodes. The chords between segments
in Figure 1a also highlight the frequency with which carbon
categories are used in combination, with complementary
morphological and electronic properties: their effectiveness in
enabling high capacity realization and retention is compared in
later discussion.
Figure 1c shows that the most commonly used fractional

sulfur composition is 60−70% across all categories of carbon
host, consistent with the content recommended to achieve
competitive gravimetric capacity with Li-ion cells specified by
the work described in refs 8, 9, and 26 and with the
experimental findings to optimize the degree of pore filling by
active material while enabling electrolyte ingress/egress.16,27

The wider range of values reported for TMCs may reflect the
greater number of samples (83 vs 30 for CNTs, the second
most common single matrix), or a focus on optimizing pore
size distribution when developing TMC matrices, leading to
reporting of low sulfur content electrodes in the process of
optimizing pore filling (see, for example, refs 27−30).
Although 89% of samples with corresponding electro-

chemical data report the fractional sulfur composition (wt
%), only 43% report the areal loading (mg cm−2). The areal
loading implicitly reflects the electrode thickness: for example,

Figure 1. Cathode composite parameters. (a) Frequency of use of different categories of carbon host matrix: values in outer segments show
total number of samples using each category in isolation and in mixture; values in chords show the number of samples using a mixture of
carbon categories joined by chords. (b) Frequency of use of composite synthesis techniques (outer pie chart), and resulting S8 crystallinity
where reported (inner pie chart). Numerical pie chart labels show the number of samples for one or more samples in the segment. (c)
Fractional sulfur loading in sulfur/carbon composite grouped by carbon category and S8 crystallinity.
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Zhao et al.31 maintained a constant fractional sulfur
composition of 56 wt % and compared the rate performance
as a function of areal loading. Figure S13 shows that the
reported areal loading values are typically consistent with the
state-of-the-art (SOTA) values reported in Table S1, and are
consistent with the finding that a quantity of 3.5 mg cm−2

sulfur balances electrical conductivity with electrode thickness
for electrolyte wetting.24 Due to the interplay of design
parameters, an electrode may match the target values for areal
sulfur loading shown in Table S1 by means of a low fractional
sulfur content in a composite with a high surface area carbon,
thereby increasing the necessary electrolyte/sulfur (E/S) ratio,
demonstrating the utility of comprehensive reporting in
determining optimal configurations.
Figure 1b shows that the most common method of sulfur/

carbon composite synthesis is melt infiltration (66% of
samples, 83% in combination with other methods). Melt
infiltration entails heating a mixture of sulfur and carbon
powders to 155 °C, the temperature minimizing the viscosity
of molten sulfur,32 with the aim of producing a uniform
interface between the carbon and active material. Alternative
methods are denoted as “chemical” (9% of samples) and
“solution” (7% of samples). The former involves a solvated
precursor (Na2S2O3

25,33−37 or Na2Sx
21,34,37,38) which is then

reduced to form sulfur, frequently using HCl or HCOOH. The

latter involves dissolving sulfur in CS2, either in combination
with heating16,22,31,33,39−46 or without heating,29,47 or in
toluene, similarly in combination with heating48,49 or without
heating.27 The additional heating steps are typically undertaken
at 155 °C to ensure uniform coating, although higher
temperatures may be used to remove excess sulfur agglomer-
ates from the carbon surface that has not been imbibed by the
porous structure.28 The prevalence of melt infiltration may be
due to the facile control over fractional sulfur content provided
by mixing powders and the requirement for no additional
chemicals, including those required for solution infiltration,
which are toxic.
The work reported in ref 14 demonstrated the efficacy of

melt infiltration via the respective presence and absence of
crystalline S8 XRD peaks from composites heated to 145 and
155 °C, with the latter having a higher initial capacity (1005 vs
ca. 780 mAh g−1, respectively). The inner pie chart of Figure
1b therefore shows the number of samples qualitatively
exhibiting S8 XRD peaks (determined qualitatively where
spectra were reported) for each synthesis method. However,
59% of available XRD spectra for melt-infiltrated composites
show crystalline S8 peaks. The discrepancy with ref 14 may be
attributable to differences in fractional sulfur content and
carbon surface morphology: Figure 1c shows the association
between observation of crystalline S8, fractional content, and

Figure 2. Auxiliary components in Li−S cells. Numerical pie chart labels show number of samples for one or more samples in the segment.
(a) Distribution of different categories of conductive carbon additive (inner pie chart) separated by content in the cathode (outer pie chart).
(b) Distribution of LiNO3 content in electrolyte (converted to molality where reported in wt %), grouped by lower cutoff voltage used
during galvanostatic cycling. (c) Frequency of use of binder materials (inner pie chart) separated by content in the cathode (outer pie chart).
(d) Frequency of use of separator materials, with specified materials used by more than 10 samples labeled by name.
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host carbon category, and Figure S14 shows fractional sulfur
content grouped by composite synthesis method. Although the
median fractional content is marginally higher where crystalline
S8 is observed for all carbons, the distributions strongly
overlap. This absence of a causal relationship between
experimental parameters and composite properties hinders
direct comparison between reports, possibly explaining the
absence of sulfur/carbon composite XRD characterization
from 44% of the samples.
Figure 2a shows that 73% of samples in this meta analysis

use a supplemental carbon additive in addition to the carbon
host matrix, with 65% using 10 wt % carbon black (of which
34% specify Super P carbon black). It is likely that the type and
quantity of conductive carbon additives used in Li−S cathodes
is inherited from Li-ion cathode development, where they are
used to support inherently low conductivity active materials
including LixCoO2 (10−3 S cm−1)50 and LiFePO4 (10−9 S
cm−1).51,52 The carbon additive content must be sufficient to
provide a continuous conductive network but avoid mechan-
ical instability due to aggregation of carbon additive islands at
higher loadings.53,54 High surface area carbon additives may
result in a capacitive layer buffers the potential drop at the
electrode/electrolyte interface and helps mitigate self-dis-
charge.55 However, while the total contribution of carbon to

the mass of a pouch cell is estimated1 at 5.48% (using an E/S
ratio of 2 μL mg−1), the high surface area and tortuosity
contributed by low mass-density additives may indirectly
contribute to decreased cell-level gravimetric capacity by
requiring additional electrolyte to contact this interface.56

As shown in Figure 2c, the majority of samples included in
this meta analysis use polyvinylidene fluoride (PVDF) binder
(77%), with 73% using a binder content (of any type of
binder) of 10 wt %: this is consistent with a literature review
conducted by Lacey et al.57 in 2014, who found that 81% of 79
Li−S papers used PVDF binder. The electrode slurry solvent
used in all instances of PVDF binder identified during this
meta analysis was n-methyl-2-pyrrolidone (NMP). An addi-
tional 28 samples used alternative binders, including LA132,58

LA133,59 styrene butadiene rubber (SBR), and sodium
carboxymethylcellulose (CMC),60 or Selvol 425 PVA,61

while 47 samples used no binder, because the electrode
consisted of freestanding foam, fibrous mats, or simi-
lar.27,31,33,62,63

The dominant use of 10 wt % binder is consistent with a
feasibility study24 suggesting that a binder content of at least
10 wt % is necessary to prevent delamination of Li−S
electrodes with >7 mg cm−2 sulfur (compare targets in Table
S1), other studies assume a binder content of 5 wt % when

Figure 3. Galvanostatic cycling conditions. (a) Frequency of use of constant C rates, showing unique rates with points and summarizing
groups of similar C rates in bars. (b) Rate capability testing protocols, showing the order of different rates (left to right); the width of the bar
is proportional to the number of samples following each protocol (see inset legend).
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optimizing other parameters.4,26 Acknowledging the focus of
this meta analysis on host matrix optimization, the widespread
use of PVDF reflects its standard use in Li-ion electrodes,57

because it is electrochemically inert with respect to LiPF6
electrolyte salt64 and thermochemically stable at standard
operating temperatures.65 However, alternative binders present
opportunities for improving Li−S capacity retention through
chemisorption/physisorption of soluble PS species using
functional groups, by contrast to PVDF where the F atoms
provide no permanent dipole due to steric hindance.66−68

Further benefits are associated with structural differences: the
swelling interaction of NMP-dissolved PVDF with Li−S
electrolytes may hinder Li+ ion transport through microporous
carbon channels,57 while bridge-like binder morphologies can
be achieved with CMC which retain interconnected porous
channels and are resilient to active material redistribution.69

The use of alternative binders to PVDF also provides
opportunities for avoiding the use of toxic NMP solvent, and
avoids the release of hydrofluoric acid or perfluoroalkyl
substances (PFAS) during possible recycling routes for Li−S
batteries involving hydrolysis and pyrolysis;70 however, the
nature of disposal and recycling routes for Li−S batteries is
likely to be determined by the use of lithium-metal anodes or
their alternatives.
Since this meta analysis focuses on articles seeking to

optimize the carbon host matrix, Figures 2d and S15 show that
the separator and electrolyte selected are more consistent than
other parameters discussed here. In addition, 80% of samples
used polypropylene (PP) separators, 95% of which specify
Celgard. Although differences in surface treatments may
introduce differences in the separator interaction with the
electrolyte and dissolved active material, separators with similar
composition and thickness are likely to require similar volumes
of electrolyte (by contrast to thicker glass fiber separators, used
in only five samples). Therefore, separator use may be a useful
indicator in the absence of reporting the volume of electrolyte
or E/S ratio. Notably, 14% of samples did not report the type

of separator used limiting the opportunity for reproduction of
the studies.
Figure S15 shows 86% of samples in the meta analysis use

1:1 v/v 1,3-dioxolane and 1,2-dimethoxyethane (DOL:DME)
as the electrolyte solvent,2,32 with 88% of samples using 1 M
LiTFSI electrolyte salt. 73% of samples also used LiNO3 as an
additive with the aim of forming a stable passivating layer
incorporating lithium sulfates on the lithium anode to mitigate
the PS shuttle effect,71,72 in addition to providing Li+ ions for
electrolyte conductivity.73 However, LiNO3 undergoes irrever-
sible reduction at 1.7−1.8 V vs lithium;74 therefore,
discharging to voltages below 1.7 V may result in additional
discharge capacity during the first cycle due to the
consumption of LiNO3, followed by irreversible capacity
degradation due to formation of Li2S as a precipitate on the
lithium anode surface.74,75 However, Figure 2b shows that 50
of the 95 samples with lower cutoff voltages below 1.7 V used
no LiNO3, compared to 7 of 117 samples using cutoff voltages
of ≥1.7 V, with the majority of cells using low cutoff voltages
(88 of 95) using <0.1 M LiNO3, possibly mitigating the effect
on irreversible capacity in these samples. In addition, the low
gassing temperature of LiNO3 poses challenges to the
widerspread commercialization of Li−S cells making it
incompatible with transportation safety requirements.76,77

Consequently, its use may be limited in higher technology
readiness level (TRL) studies, requiring the use of different
electrolyte solvents with corresponding adjustment to the
stable voltage range.
The frequency of use of constant C rates for galvanostatic

cycling is shown in Figure 3a, dominated by testing at 0.1 C
(33%), and 0.2 C (26%). This is consistent with the target of
ca. 0.2 C used for cycle life targets (Table S1). Notably, the
current density for 0.1 C for Li−S cells (0.167 mA g−1)
corresponds to ∼0.6 C testing of Li-ion cells with Li0.5CoO2
cathodes with a theoretical capacity of 274 mAh g −1, hence,
the apparent lower target rates than for Li-ion cells.78

However, the use of C rates of <0.5 C may result in high

Figure 4. Capacity at the first and 10th cycle (top and bottom of error bars, respectively) with samples grouped by host matrix carbon and C
rate ((a) 0.1 C, (b) 0.2 C, (c) 0.5 C, and (d) 1 C).
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initial capacities but lower reversibility in Li−S cells: higher
charging currents mitigate the shuttle of PS and corresponding
parasitic electron transfer processes,79 and limits the
accumulation80 of irreversibly deposited Li2S. Additionally, of
the total 419 cycling results for the 224 samples, 22 reported
the use of slower formation cycles before the onset of a higher
C rate, which enable the conversion and redistribution of
active material on the carbon interface while minimizing
kinetic limitations, which may apply at higher rates. These
were most commonly used for ≤2 cycles (17 of 22), and the
current used commonly corresponded to ∼10% (8 of 22) or
∼20% (7 of 22) of the higher continuous C rate.
In addition, 70 samples reported rate performance testing

results, entailing cycling cells at a sequence of progressively
higher C rates, frequently terminated by resuming the original
low C rate. This demonstrates capacity degradation/retention
mechanisms, including active material becoming inaccessible at
high C rates due to pore blocking by preferential deposition of
Li2S at the electrode surface. Moreover, returning to a low C
rate indicates whether this capacity can be recovered, given a
longer duration for soluble species to percolate the electrode.
Figure 3b shows the stepwise sequences (left to right), with the
path width corresponding to the number of samples. To enable
this grouping, the number of cycles undertaken at each step is
not considered: while some tests use the same number of
cycles at every step, some use more cycles in the first or
terminal step. The variety in protocols shown in Figure 3b
frustrates the comparison of the effect of cycling history on
capacity, including effects of cumulative precipitation or
degradation. It is unclear whether it is more representative of
likely operating conditions to change abruptly from the
maximum rate to a lower rate, and the consequences for
recovering electrochemical utilization of material precipitated
at high C rates. Additionally, by contrast to constant rate test,

92% of rate performance tests meet or exceed 1 C. Similar to
the unclear effect of slow initial formation cycles discussed
above, the diversity of cycling histories during rate perform-
ance testing makes it impossible to evaluate whether
incremental increases in C rate enable redistribution and
reversible utilization of a greater proportion of the active
material when C rates of ≥1 C are attained than if a rate of ≥1
C is used throughout the cycling life.
As the most commonly reported parameter available, the

fractional sulfur content is used to compare the capacity
attained by samples undergoing constant rate cycling, grouped
by host matrix category and C rate. For each sample the top
and bottom of the “error bars” in Figure 4 show the first and
10th cycle capacity, respectively, with the aim of reflecting the
maximum and stable capacity attained. At 0.1 and 0.2 C, for
which more data was available, the attained capacities are not
stratified by host matrix material, with no host matrix
unambiguously outperforming the others. At 0.1 C, there is
an overall negative correlation between sulfur loading and
capacity for all groups of materials: this is consistent with the
information given in ref 16, which showed that the total sulfur
utilization was limited by the interface available for electro-
chemical between sulfur and the conductive host matrix, and
adding additional sulfur increased the total capacity of the cell
while the gravimetric capacity remained similar. The
reportgiven in ref 81 demonstrated this effect using series of
tomograms of cells with different initial sulfur morphologies,
finding that larger initial sulfur particles (likely to be
characteristic of higher sulfur content composites) resulted in
slower rate capability, but they did function as reservoirs to
buffer capacity degradation due to inventory loss. However,
this relationship is not upheld by the lower extent of the “error
bars” in Figure 4, which show no unambiguous correlation
between capacity retained after 10 cycles and higher sulfur

Figure 5. Number of cycles undergone before the capacity decreases to 80% of the maximum reported capacity, grouped by C rate and
carbon host type. Filled markers indicate cycle at which 80% of maximum capacity was reached; unfilled markers indicate total number of
cycles reported where >80% of capacity was retained throughout the range reported. Lower plot shows an expanded view of the region
depicted in the gray dashed box in the upper plot.
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content in composites. Furthermore, Figure 4b shows results
for cells using GO host matrices and similar sulfur content of
41 wt %, but attaining initial (10th cycle) capacities of 1570
mAh/g (1395 mAh/g) and 597 mAh/g (390 mAh/g),
respectively, highlighting the influence of other parameters
on capacity attained and retained by electrodes utilizing the
same carbon host matrix, the same sulfur content in the
composite, and the same C rate.
Although the 10th cycle was used for comparison in Figure

4, this is an arbitrary choice and different rates of capacity
decline and stabilization make selection of a comparable cycle
number difficult. However, availability of capacity data at every
cycle using the numerical data inference process demonstrated
in section SI1 in the Supporting Information makes it possible
to define a figure of merit (FOM)10 based on the U.S.
Advanced Battery Consortium (USABC) definition of the end
of life for rechargeable automotive batteries, namely degrada-
tion to 80% of the initial capacity.82 Cells retaining ≥80% of
their initial capacity for more cycles are deemed to perform
better by using this FOM. Figure 5 shows the number of cycles
undergone between the maximum capacity and degradation to
80% of this value, with unfilled markers showing the total
number of cycles reported where a sample retained >80% of its
initial capacity throughout the reported range.
86% of the samples in Figure 5 decline to ≤80% of their

maximum capacity within 20 cycles, reflecting the typical initial
irreversible capacity loss characteristic of Li−S cells. Outliers
retaining ≥80% of their maximum capacity for more than 100
cycles are reported, particularly at lower C rates; however, this
may be associated with “survivorship bias” where cells that are
competitive with the SOTA at high C rates report results for a
range of constant rates, while other cells reported to be
competitive with the SOTA at low C rates may suffer
unreported degradation at higher rates. Additionally, the data
point showing 300 cycles while retaining ≥80% of the
maximum capacity at 0.1 C corresponds to a sample with a
modest absolute capacity83 (ca. 600 mAh g−1 throughout),
highlighting the need to balance active material utilization with
long-term capacity retention. Although more data are available
for lower C rates, there is no unambiguous link between
carbon host matrix, C rate, and capacity retention, making it
difficult to establish relationships between carbon properties
under investigation and their effect on electrochemical
performance.
Table 1 summarizes the parameters that were not universally

included in articles included in the meta analysis. While more

frequent reporting would enable the relative influence of each
parameter to be established, the lack of established measurands
for these infrequently reported parameters makes comparison
with existing studies difficult and therefore compounds the lack
of incentive to report them. For example, “high electrical
conductivity” is frequently cited as motivation for developing
carbon host matrices, with the aim of facilitating faster
electrical kinetics and lower overpotential, however electro-
chemical reactions are also limited by the rate of Li+ ion
diffusion.84 However, where conductivity was reported by
articles in this meta-analysis, the measurand was variously the
host carbon in isolation,14,21,37,47,85−89 the sulfur/carbon
composite,14,15,21,41,47,87 or the electrode incorporating a
polymer binder and additional conductive additive.33 Similarly,
the surface area and pore size distribution were variously
repor ted for e i ther the hos t mat r i x in i so l a -
tion,16,25,27,28,37,45,59,61−63,83,85−87,89−111 and/or the sulfur/
carbon composite.14,15,29−31,41,43,58,112−118 Surface area was
universally calculated using the multipoint Brunauer−Em-
mett−Teller (BET) equation: although useful for consistent
comparison, the BET equation assumes monolayer N2
absorption and is therefore unsuitable for determining
micropore/nanopore content.119 Additionally, where reported,
the pore size distributions were variously calculated using the
B a r r e t t − J o y n e r − H a l e n d a ( B J H ) e q u a -
tion,14,25,28,37,83,85,90,105,107,108,111 with some studies using the
Horvath−Kawazoe (HK) equation for micropore determi-
nation,83,85,107 or using density functional theory (DFT)
methods.27,45,92,94,98,101,103,109

Voluntary checklists of key parameters to report for
evaluating cell performance have been compiled by journals
including ACS Energy Letters,120 Joule,121 and Journal of Power
Sources.122 These include widely reported variables such as
carbon type and content, in addition to infrequently reported
values including the E/S and negative/positive (N/P) ratios:
no examples of the latter were found during this meta analysis,
but it is nonetheless included as a target metric by ref 56.
Electrode thickness is included as a recommended reported
parameter by two sets of guidelines;121,122 however, a potential
additional parameter may be the solid content of electrode
slurries. Although 75% of samples in this meta analysis
reported using NMP as the slurry solvent, no examples of the
quantity added or slurry viscosity were found, which
empirically influence the homogeneity and mechanical proper-
ties of electrodes. These voluntary guidelines may contribute
to more consistent and comprehensive reporting; these
checklists were published between 2020 and 2021 while this
meta analysis covers reports published to 2023, and these
checklists have not yet been universally adopted.
This review summarizes the key approaches to carbon-based

host matrix development for Li−S cathodes, in addition to the
accompanying electrode parameters and conditions used for
electrochemical testing. By aggregating data from 100 articles,
this work demonstrates the variation in the mass loading and
composition of the active material and auxiliary constituents in
Li−S electrodes and the frequency with which different types
and combinations of cell components are used and/or reported
in articles. The diversity of parameter combinations is reflected
by the wide variation in the maximum and retained
galvanostatic cycling capacity, with little correlation between
commonly reported parameters and electrochemical perform-
ance. Standardised testing conditions, including C rates and E/
S ratios, are likely to be driven by the establishment of

Table 1. Number of Articles and Corresponding Percentage
of Samples Included in Meta Analysis with Data for
Infrequently Reported Parametersa

parameter
reporting frequency

(% samples)
reporting frequency
(number of articles)

carbon/composite
surface area

57 61

sulfur areal loading
(mg cm−2)

44 48

pore volume/size
distribution

41 45

electrolyte content 25 44
conductivity 13 16

electrode thickness 11 14

aFor a total of 100 articles.
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commercial targets in the long term, while in the short term
journal publication recommendations120−122 may encourage
more consistent reporting of cell metrics. Future developments
in Li−S pouch cells and solid state electrolytes introduce
additional interacting variables, including pressure, further
strengthening the motivation for consistent parameter
reporting to ensure valid evaluation. There are also
opportunities for systematic evaluation of the effects of
parameters including binder and conductive additive content
which have been inherited from Li-ion cells rather than being
optimized for Li−S cell chemistry. The GUI developed for this
work, accessible via the link provided in the Supporting
Information, is designed to facilitate the future expansion of
this database with consistent data-entry methods. This analysis
highlights the need for consistent benchmarking to elucidate
the most influential parameters determining Li−S cell
performance and identify the most impactful focus of future
research efforts.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01646.

Graphical user interface example and implementation
(SI1); supplementary results figures showing data from
main text grouped by alternative variables (SI2);
reported attained and target values for cell-level
parameters for lithium−sulfur cells collected from the
literature (SI3); full list of articles included in meta
analysis (SI4) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Paul R. Shearing − ZERO Institute, University of Oxford,
Oxford OX2 0ES, United Kingdom; The Faraday Institution,
Didcot OX11 0RA, United Kingdom; orcid.org/0000-
0002-1387-9531; Email: paul.shearing@eng.ox.ac.uk

Authors
Liam R. Bird − ZERO Institute, University of Oxford, Oxford
OX2 0ES, United Kingdom; The Faraday Institution, Didcot
OX11 0RA, United Kingdom

James B. Robinson − Advanced Propulsion Lab, University
College London, London E20 2AE, United Kingdom;
Electrochemical Innovation Lab, University College London,
London WC1E 7JE, United Kingdom; The Faraday
Institution, Didcot OX11 0RA, United Kingdom;
orcid.org/0000-0002-6509-7769

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmaterialslett.4c01646

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the support of The Faraday
Institution’s LiSTAR Programme (No. FIRG058). PRS was
supported by the Department of Science, Innovation and
Technology (DSIT) and the Royal Academy of Engineering
under the Chair in Emerging Technologies Programme (No.
CiET1718/59).

■ REFERENCES
(1) Robinson, J. B.; Xi, K.; Kumar, R. V.; Ferrari, A. C.; Au, H.;
Titirici, M.-M.; Parra-Puerto, A.; Kucernak, A.; Fitch, S. D. S.; Garcia-
Araez, N.; Brown, Z. L.; Pasta, M.; Furness, L.; Kibler, A. J.; Walsh, D.
A.; Johnson, L. R.; Holc, C.; Newton, G. N.; Champness, N. R.;
Markoulidis, F.; Crean, C.; Slade, R. C. T.; Andritsos, E. I.; Cai, Q.;
Babar, S.; Zhang, T.; Lekakou, C.; Kulkarni, N.; Rettie, A. J. E.; Jervis,
R.; Cornish, M.; Marinescu, M.; Offer, G.; Li, Z.; Bird, L.; Grey, C. P.;
Chhowalla, M.; Lecce, D. D.; Owen, R. E.; Miller, T. S.; Brett, D. J. L.;
Liatard, S.; Ainsworth, D.; Shearing, P. R. 2021 Roadmap on Lithium
Sulfur Batteries. J. Phys. Energy 2021, 3, No. 031501.
(2) Akridge, J. Li/S Fundamental Chemistry and Application to
High-Performance Rechargeable Batteries. Solid State Ionics 2004,
175, 243−245.
(3) Mizushima, K.; Jones, P. C.; Wiseman, P. J.; Goodenough, J. B.
LixCoO2 (0 < x<-1): A New Cathode Material for Batteries of High
Energy Density. Mater. Res. Bull. 1980, 15, 783−789.
(4) Dörfler, S.; Walus, S.; Locke, J.; Fotouhi, A.; Auger, D. J.; Shateri,
N.; Abendroth, T.; Härtel, P.; Althues, H.; Kaskel, S. Recent Progress
and Emerging Application Areas for Lithium−Sulfur Battery
Technology. Energy Technol. 2021, 9, No. 2000694.
(5) Ellerington, I. Faraday Report 2020. High-Energy Battery
Technologies; Faraday Institution, 2020. Available via the Internet at:
https://web.archive.org/web/20240627164559/https://faraday.ac.
uk/wp-content/uploads/2020/01/High-Energy-battery-technologies-
FINAL.pdf (accessed June 27, 2024).
(6) Kumaresan, K.; Mikhaylik, Y.; White, R. E. A Mathematical
Model for a Lithium−Sulfur Cell. J. Electrochem. Soc. 2008, 155, A576.
(7) Seh, Z. W.; Sun, Y.; Zhang, Q.; Cui, Y. Designing High-Energy
Lithium−Sulfur Batteries. Chem. Soc. Rev. 2016, 45, 5605−5634.
(8) Hagen, M.; Hanselmann, D.; Ahlbrecht, K.; Maça, R.; Gerber,
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