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ABSTRACT

Lithium-sulfur (Li-S) batteries are promising as next-generation energy storage, primarily due to their high theoretical specific

energy density combined with a low-cost cathode active material. However, incomplete sulfur utilization, polysulfide (PS)

shuttling, sluggish redox kinetics, etc. still limit their practical performance. Employing homogeneous redox mediators (RMs)

to the electrolyte is one strategy to improve charge transfer and facilitate key solid-liquid transitions. While both metallocene

and quinone-based RMs have shown promise, their reactivities with sulfur, PSs, and electrolyte components in general remain

poorly understood. Here, we systematically investigate two metallocene RMs, decamethylferrocene (DmFc) and decamethylman-
ganocene (DmMn), and two quinone RMs, anthraquinone (AQ) and 1,4-bis(methylamino)-9,10-anthraquinone (NHQ), across
various Li-S battery designs including sulfur-, PS catholyte-, and Li,S-based active materials, and weakly solvating electrolytes. We

show that the efficacy of these RMs is highly sensitive to sulfur speciation and electrolyte composition and that AQ is most versatile

with suitable redox potential, high chemical stability, and efficient regeneration. Together, these findings provide guidelines for

selecting RMs for specific Li-S battery technologies.

1 | Introduction

Lithium-sulfur (Li-S) batteries are promising candidates for
energy storage as they offer high theoretical specific energy
density at low materials cost [1]. However, the performance
of traditional Li-S battery designs, based on a C/S composite
cathode, is limited by two major intrinsic drawbacks. First,
the electronically insulating nature of sulfur, and also of Li,S,
slows down charge transfer and causes sluggish redox kinetics,
limiting the sulfur utilization. Second, the formation of highly
soluble intermediate polysulfides (PSs, e.g., S,>~ with n=2-8)
which diffuse between the electrodes (PS shuttling) continu-
ously consumes active material [2, 3]. Combined, this results
in low practical capacity and energy density, poor cyclability,
and rapid capacity fading, hindering the commercialization of
Li-S batteries.

Several approaches to mitigate these issues have been tried: new
cathode designs (to improve electronic conductivity and better
contain S) [4], electrolyte additives (to protect the lithium anode
vs. PSs by, e.g., LINO3) [5], and new electrolyte designs (to limit/
regulate the PS solubility by solvents [6-9], anions [10], and salt
concentrations [10-12], etc.). A quite different approach is to
deliberately dissolve PSs in the electrolyte to create a catholyte
[13]. Initial trials by Rauh et al. [14] encountered rapid capacity
losses, but the catholyte concept was later [15] revitalized and
applied in redox-flow cells [16] and liquid cells [17], as well
as traditional Li-S battery cells [4, 13, 18-21]. The catholyte
approach renders a more uniform distribution of PSs, which
improves deposition/dissolution kinetics and cycling stability,
and supports high sulfur loadings. Nonetheless, the catholyte
concept still faces significant challenges, such as limited specific
capacity (~600-700 mAh/g), poor rate capability, and declining
sulfur utilization upon extended cycling. Another alternative is
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to use Li,S as the cathode active material, sometimes paired
with lithium-free anodes [22], but its low both electrical and
ionic conductivity result in substantial activation overpotentials
[23], and the initial de-lithiation involves sluggish solid-solid
transitions in the absence of PSs [24].

Both sulfur utilization and charge transfer kinetics can be
improved by applying redox mediators (RMs) [25, 26], an
approach which is inspired by their established roles in biological
redox cycles [27], dye sensitized solar cells [28], and Li-O, batter-
ies [29].In Li-S batteries RMs, either heterogeneous, immobilized
on the electrode or separator, or homogeneous, soluble in the
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FIGURE 1 | Schematic of how RMs assist the conversions

between sulfur and PSs during discharge (a) and charge (b).
(c) Chemical structures of decamethylferrocene (DmFc), decamethyl-
manganocene (DmMn), anthraquinone (AQ), and 1,4-bis(methylamino)
9,10-anthraquinone (NHQ).

electrolyte, can indeed facilitate key solid-liquid, liquid-liquid,
and liquid-solid transitions [2] involving both elemental sulfur,
PSs, and Li,S. Heterogeneous RMs, such as metals [30, 31],
metal oxides [25, 32, 33]/sulfides [34, 35]/nitrides [36, 37], and
polymeric carbon nitrides [38], all work by enhancing the PS
adsorption at the cathode surface, thereby promoting charge
transfer and improving the reversibility of the sulfur/Li,S con-
version. Their catalytic activity, however, often declines at high
depth of discharge due to deposition of Li,S passivation layers
[39] that hinders the electron transfer. In contrast, homogeneous
RMs undergo redox reactions at the electrode surfaces before
diffusing into the electrolyte, where they react with sulfur or PSs,
enabling more uniform charge transport. Prominent examples
of homogeneous RMs are metallocenes [40] and quinones [41],
which offer redox potentials tunable to match those of different
PS transformations/reactions. The redox state of the RM influen-
ces different reactions: the reduced forms assist sulfur and/or
long-chain PS reduction during discharge (Figure 1a), while the
oxidized forms promote Li,S and/or short-chain PS oxidation
during charge (Figure 1b).

The roles of metallocene- and quinone-based RMs across dif-
ferent Li-S battery designs remain insufficiently understood,
particularly with respect to how their activity depends on sul-
fur/PS speciation and electrolyte composition. We here investi-
gate two metallocene-based RMs, decamethyl ferrocene (DmFc)
and decamethyl manganocene (DmMn), and two quinone-
based RMs, anthraquinone (AQ) and 1,4-bis(methylamino)-9,10-
anthraquinone (NHQ) (Figure 1c), using electrochemical and
spectroscopy techniques. Their activities and stabilities are evalu-
ated in differently designed Li-S battery cells using (i) sulfur, (ii)
PS catholytes, and (iii) Li,S as the active materials, as well as using
(iv) weakly solvating electrolytes (WSEs). Particular attention is
given to the redox state of each RM during discharge and charge,
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FIGURE2 | Voltammogramsof1.0M LiTFSIin DME:DOL electrolytes containing ~ 20 mM of (a) DmFc, (b) DmMn, (c) AQ, and (d) NHQ, with and

without 0.3M LiNO;. Schematic representation of the redox potentials of RMs in comparison with the Li-S cell: (e) discharge and (f) charge profiles.
(g) Schematic (not scaled) of the RMs’ reactivity toward PSs using literature values [2, 42] and the gamma rule during discharge (solid lines) and charge

(dash lines).
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in order to identify which sulfur-based species they preferentially
interact with and how this governs Li-S battery performance and
stability. Furthermore, by correlating the RM chemistry with the
sulfur speciation and electrolyte composition, we provide new
mechanistic insights able to guide rational selection of RMs for
practical Li-S batteries.

2 | Results and Discussion

We start with an analytical study of the different RMs and
electrolytes before Li-S battery cell performance is presented.

A standard electrolyte, composed of 1.0 M lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) and 0.3M LiNO; in a 1:1 (v/v)
mixture of 1,2-dimethoxyethane (DME) and 1,3-dioxolane
(DOL), was used unless specified otherwise. First, the basic
electrochemistry of electrolytes with different RMs included is
presented in order to monitor stability and redox potentials and
thus potential usefulness for Li-S batteries. Second, we probe
this by their influence on the performance of Li-S battery cells
using (i) a traditional C/S composite cathode, (ii) catholytes,
and (iii) a Li,S cathode. Finally, based on the knowledge
gained, we investigate if/how WSEs, created by replacing DME
with 1,2-bis(1,1,2,2-tetrafluoroethoxy)ethane (TFEE), alter the
RM operation.
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FIGURE 3 | (a) First-cycle voltage profiles with and without RMs at~0.4mA/cm® (b) Charging overpotentials. (c) Discharge capacities and
(d) coulombic efficiencies for selected cells. (e,f) Nyquist plots before cycling and after six cycles.
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2.1 | Electrochemistry of RMs

Moving straight to applicability of the RMs, overall, the redox
reversibility of these RMs is much better in electrolytes without
LiNO; than in those containing LiNO;, while the latter ones of
course are more relevant for Li-S battery application in general
(Figure 2) [5]. In more detail, the addition of LiNO; decreased
the redox activity of DmFc (Figure 2a) and AQ (Figure 2c), while
it inhibited that of DmMn (Figure 2b) and NHQ (Figure 2d).
The decreasing reversibility observed for DmFc is perhaps due to
partial consumption of its reduced species (DmFc,.g, with a Fe'™
center) as the anodic peak appears with a lower current density
than the cathodic peak. Our hypothesis is that upon reduction,
NO;™ is partially irreversibly reduced to, e.g., NO,™, responsible
for the cathodic current below~1.7-1.8V (Fig. S1) [43], which
might have another redox couple at a higher potential than that of
DmFc,,/DmFc,4, and can oxidize DmFc,.4 on the reverse/anodic
scan. The same can be true for the AQ, while both DmMn and
NHQ simply are unstable.

From the distinct cathodic and anodic peaks in the CVs of the
electrolytes without LiNO; (a-d), the reduction potentials of the
RMs (vs. Li*/Li) were determined as DmFc, 2.85V; DmMn, 2.41V;
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AQ, 2.30V; and NHQ, 2.00-2.10V, which are put in context by
schematically adding them to common Li-S battery cell discharge
(Figure 2e) and charge (Figure 2f) profiles. The high redox poten-
tial of DmFc implies that its reduced form (DmFc,4) dominates
during the entire discharge process, making it mostly inactive
toward PSs. In contrast, DmMn and AQ have redox potentials
aligned closely to the first discharge plateau (2.40-2.30V), sug-
gesting that their reduced and oxidized forms coexist and may
facilitate elemental sulfur to long-chain PSs (n=6-8) conversion
according to the gamma rule (Figure 2g). At potentials below
2.30V, these RMs are fully electrochemically reduced and thus
likely inactive. NHQ exhibits similar redox speciation and activity
to AQ but at the second plateau (2.10-2.00V), thereby targeting
short-chain PSs (n < 4) (Figure 2e-g).

Upon charging events, half-oxidized AQ and DmMn, as well as
fully oxidized NHQ, are all able to facilitate oxidation of Li,S/Li,S,
to higher-order PSs (Figure 2f,g). Finally, DmFc, fully oxidized at
near the end of charge, may assist in converting all PSs back to
elemental sulfur (Figure 2f,g), thus completing the redox cycle.
These differences highlight the role of DmFc as an oxidizing RM
during charge, while the other RMs are capable of both oxidizing
and reducing roles under appropriate conditions.
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FIGURE4 | (a-c)First-cycle cyclic voltammograms for Li-S battery cells based on Li,Sg (a), Li,S, (b), and Li,S, (c) catholytes, all recorded at 50 mV/s.
The peak at 2.4V (V) is attributed to AQ oxidation, while other peaks originate from S/PS redox processes: 2.8 V (m, Swz’ —S),~2.3V (¥, Sﬁ,gz’ -8,),
and 2.0-2.1V (¢, S, — S,”7/8*). (d-f) Charge-discharge profiles of the first and fifth cycles of Li-S battery cells based on Li,Sg (d), Li,S, (€), and Li,S,

(f) catholytes, all cycled at C/10 rate.
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2.2 | Effect of RMs in Traditional Li-S Battery
Cell Designs

The four RMs influenced the conventional Li-S battery cell in
quite distinctly different ways. The reference cell, i.e. without any
RM added to the electrolyte, displays the expected two-plateau
discharge profile and can be fully charged for the first cycle with-
out any noticeable PS shuttling—due to the presence of LiNO,
[44, 45]. Introducing DmFc, DmMn, or AQ into the electrolyte
led to a slight increase in the initial discharge capacity, whereas
NHQ caused a capacity loss (Figure 3a). The DmMn-containing
cell exhibited overcharging behavior (Figures 3a and S2) and
subsequently failed to recharge. This behavior is attributed to the
irreversibility of DmMn,.,/DmMn,, under the presence of LINO;
(c.f. Figure 2b) and the high sensitivity of DmMn,4 ([Cp*,Mn]")
to trace amounts of water and other electrophilic species
[46,47]. Thus, unlike the other RMs, DmMn does not function as
a chemically stable and reversible RM, but rather promotes para-
sitic electrolyte decomposition and PS shuttling; it was therefore
excluded from further investigation.

Clear differences in charging overpotential were observed
between the RM-free and RM-containing cells as well as between
the RM-containing cells (Figure 3b); AQ and DmMn lowered the
overpotential by ~46 and 94 mV, respectively, whereas NHQ and
DmPFc yielded no noticeable changes. AQ, with its redox activity
above the Li,S oxidation potential region, effectively mediates
the conversion of insulating discharge products and thereby
reduces polarization [41]. The action of NHQ is explained by
its resilience to reversed oxidation under the presence of LiNO;,
while DmFc remains inactive at voltages lower than its reduction
potential (2.8 V).

Adding AQ also improved the capacity retention (Figure 3c,d);
after 100 cycles at 0.1C, the AQ-containing cell retained 63%
of its initial capacity and showed~95% coulombic efficiency.
The cell using DmFc showed no such improvement, which,
again, is explained by its inactive role due to its very high
reduction potential. The poor cyclability for the cells using NHQ
(Figure 3c,d) and DmMn (Fig. S2) is in accordance with their
instability toward LiNOs.

With respect to the effect on charge transfer, the electrochemical
impedance spectroscopy (EIS) data revealed some distinct differ-
ences in both interfacial resistance and capacitive behavior. Before
cycling (Figure 3e), the cells with DmFc and DmMn showed
increased interfacial resistance, but minimal impact using AQ and
NHQ. Yet, a larger capacitance was observed for AQ, possibly due
to n—r stacking on the carbon surface [48], but this was, however,
not observed for NHQ. Moving to the data obtained after six cycles
(Figure 3f), all the RM-containing cells exhibited a decreased
charge transfer resistance as compared to the cell without any RM,
confirming the role of RMs to facilitate interfacial redox reactions
and promoting improved reaction kinetics.

2.3 | Effect of RMs in Catholyte-Based Li-S
Battery Cells

Following the promising results for DmFc and AQ for traditional
Li-S battery cells, we turned to examine their effect on Li,Sg, Li,S,

and Li,S, catholyte-based cells. As AQ is known to react with PSs
[48], the RM-containing catholytes were expected to differ in PS
speciation as well as RM redox states. This is indeed reflected
in the first cycle CV data, where the cathodic peaks of the Li,Sg
and Li,S, catholytes shifted to higher potentials after adding AQ,
while the shift for the Li,S,-based cell was negligible (Figure 4a—c).
Notably, an oxidation feature of AQ at~2.4V was observed for
the cells with Li,Sg and Li,S, catholytes during the first cycle,
but was absent in the Li,S, catholyte-based cell. In the second
cycle, however, this feature appeared in all cells, albeit at lower
current density (Fig. S3), suggesting that AQ can be regenerated.
In contrast, DmFc increased the overpotential only in the Li,S¢
catholyte-based cell and had little influence on the other PSs
(Figure 4a—c). Furthermore, the reduction and oxidation peaks of
DmFc appeared only for the Li,S, catholyte cell data, at 2.85 and
2.96V, respectively.

These changes in PS speciation and redox states of RMs subse-
quently affected the cycling performance. For the Li,Sg-based
cells (Figure 4d), both RMs extended the ~2.3V discharge plateau
associated with long- to short-chain PS conversion, e.g., 56,82_
to S,s>~ [2], resulting in a capacity gain of~20 mAh/g, and
overall, the discharge capacities increased by ~80 mAh/g (AQ)
and ~130 mAh/g (DmFc). In contrast, the Li,Ss- and Li,S,-based
cells (Figure 4e.f, respectively) showed no distinct high-voltage
plateaus irrespective of any RM addition. Moreover, AQ and
DmPFecsslightly suppressed the discharge capacity that is associated
with the Li,S deposition in the Li,Ss-based cells, whereas the
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FIGURE 5 | (a) Raman spectra highlighting short- and long-chain
PSs and S;"” radical in freshly prepared RM-free catholytes (Ref.) and
RM-containing catholytes. (b) Spectral shifts of the bands of AQ [49] in
AQ-containing PS catholytes. (c,d) Newly emerging spectral features in
AQ-containing catholytes as compared to (c) Li,S (powder) and (d) AQ
dissolved in the electrolyte and AQ powder.
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Li,S,-based cell was only improved by DmFc. This behavior of
DmPFec is consistent with what was observed above (c.f. Figure 3a)
despite its inactive role at voltages below 2.8 V. We hypothesize
that the activity of DmFc s triggered by partial chemical oxidation
with, e.g., the reduction products of LiNO; that form upon contact
with the lithium metal anode [5].

All cells could be charged to 2.8V (Figure 4d—f) with a~100-
150 mAh/g overcharge, indicating effective reoxidation of Li,S/
Li,S, to higher-order PSs and elemental sulfur, likely facilita-
ted by LiNO;. From the second to the fifth cycle (Figure S4
and Figure 4d-f, respectively), additional discharge features of
~100 mAh/g appear: a slope from 2.8 — 2.4V and a plateau
at 2.3V, respectively, corresponding to sulfur-to-S,”” (n=6-8)
and long- to short-chain PS conversions. The consistent capacity
trends relative to the first cycle suggest regeneration of RM during
cycling, possibly mediated by preferential RM-PS interactions.

To identify the PS species which preferentially interact with
DmFc and AQ, we employed Raman spectroscopy on freshly
prepared catholytes (Figures 5 and S5). All RM-free catholytes
display strong S-S stretching bands at 400 and 450cm™" corre-
sponding to S,>” (n=4-8) species (Fig. S5) [50, 51]. The rela-
tive proportion of long- and short-chain PSs is reflected by the
intensity ratio between the ~510cm™" band (S7,82_) [51, 52] and

the ~490cm™" band (S, 4°7) [50, 53] (Figure 5b). In addition, the
S,"” radical was detected at 534cm™" in RM-free Li,Sq and Li,S,
catholytes [50, 54, 55].

Upon addition of DmFc, the Raman spectra remain essentially
unchanged across all catholytes (Figure 5a and S4), suggesting
negligible interaction with any PSs, and this can be attributed to
the predominance of nonreactivity of DmFc 4 toward PSs (c.f.
Figure 2g). In stark contrast, AQ induces systematic changes in
the Li,Sq and Li,S, catholyte spectra, while the Li,Sg catholyte
spectrum is largely unaffected. The changes include attenuation
of the 490cm™ band of S4,52_ and the 534cm™ band of S,
(Figure 5a), alongside with spectral shifts in the bands of AQ
(Figure 5b) and the concomitant growth of new features at
374cm™ and 1350cm™ (Figure 5¢). These bands are assigned
to the AQ-derived reduction product [48], with the former poten-
tially overlapping—but distinct from Li,S under this oxidative
condition. Combined/separately, these reactions could modify
the catholyte composition and thus account for different impacts
of AQ on the performance of catholyte-based cells.

As these spectral changes are most prominent for the Li,S, cath-
olyte (Figure 5a-c), they suggest that AQ preferentially reacts
with short-chain PSs and in addition may disturb some equilibria
involving S;"~ through more complicated pathways [56] than
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and (d) coulombic efficiencies of these cells.

Charge-discharge profiles of (a) the first cycle and (b) the fifth cycle of Li-S battery cells using Li,S cathode. (c) Discharge capacities
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the simple gamma rule. We note that these reactions would
involve ~ 10% of the total PS concentration, assuming a 1:1 AQ:PS
reaction stoichiometry (Table S1). However, they likely consume
nearly all available AQ upon the mixing with Li,S, catholyte
(Figure 5b), thus neutralizing the mediator and resulting in
the first cycle performance comparable to the RM-free cell.
Furthermore, as AQ was only partially regenerated during the
second cycle (Fig. S3), no significant improvement was observed
(Fig. S4).

In contrast, these reactions consume less AQ in the Li,Sg and Li,S¢
catholytes due to much lower concentration of short-chain PSs.
The remaining AQ is thus available to facilitate the conversion of
short-chain PSs produced gradually via electrochemically control-
led processes, thereby enhancing sulfur utilization. This role may,
however, still be compromised at the end of the second plateau
when Li,S starts depositing, as observed using the Li,S, catholyte.
We hypothesize that the effect on S;"~ formation contributes
to this effect by promoting film-like growth of Li,S, which can
passivate the electrode [57], rather than forming the distinct
3D crystalline structures which would otherwise enhance sulfur
utilization [57, 58].

2.4 | Effect of RMs in Li,S Cathode-Based Li-S
Battery Cells

The effect of DmFc and AQ to enable a solution-phase and
chemically assisted oxidation of Li,S was then investigated by
electrochemical cycling of Li,S cathode-based cells (Figure 6).
Due to the insulating nature of Li,S and the resulting high
activation barrier [23], all cells were initially charged up to 3.5V
[23, 24, 40] (Figure 6a). Here, DmFc decreased the overpotential
of the second charge plateau, while AQ showed no difference vs.
the reference cell, while during discharge, none of them affected
the potential plateau, but AQ slightly enhanced the capacity.
During the fifth cycles (Figure 6b), both AQ and DmFc reduced
the overpotential during the second charge plateau and both
increased the capacity.

From an application perspective, the above confirms that RMs
not only reduce the initial charging overpotential but also ena-
bles a higher active material utilization, as seen by the higher
capacities, including those of the stable long-term cycling, where
the DmFc-containing cell showed slightly higher capacities dur-
ing the first 100 cycles as compared to the AQ-containing one
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(Figure 6¢), whereas the coulombic efficiency was close to 95%
for all cells (Figure 6d). It should be noted that the coulombic
efficiency is lower than that of Sg-based cathodes. This can be
attributed to the Li,S/C electrode formulation employed here,
which utilizes a simple porous carbon host. Such a design provides
limited PS confinement, thereby promoting PS dissolution and
subsequent shuttling to the Li metal anode, ultimately resulting in
the observed lower coulombic efficiency.

2.5 | Effect of RMs in WSE-Based Li-S Battery Cells

To elucidate the influence of solvation on the reactivity of the
RMs, we replaced DME by TFEE to create a WSE. In WSEs
based on fluorinated ether solvents such as TFEE, the solubility
of long-chain PSs is low due to poor Li* solvation [59], leading to
accumulation of PSs near the cathode [53], and thus, RMs were
expected to play a more pronounced role when using a WSE.
For the same reason, no LiNO; is required in the TFEE-based
electrolyte, thereby avoiding possible problematic side reactions
(c.f. Figure 2). Given the performance of AQ shown above for
various Li-S battery designs, we choose to focus on AQ and
furthermore we compare with NHQ, whose redox activity is not
hindered in the absence of LiNOs.

Using the WSE, both AQ and NHQ retained their redox reversi-
bility at ca. 2.1V, with AQ displaying a slightly higher current
density (Figure 7a,b). As this is within the second discharge
plateau of Li-S battery cells, this suggests, in stark contrast to
the DME-based electrolytes, that both half-reduced AQ and NHQ
provide comparable effects on the reduction of short-chain PSs
(n < 4), and the fully oxidized species of both RMs facilitate
oxidation of Li,S to higher-order PSs during charge (Figure 7c).

This changed RM redox reactivity was also reflected in the Li-S
battery cell performance (Figure 7d-h), foremost a longer first
discharge plateau (by ~80 mAh/g) and a higher voltage for the
second plateau (Figure 7d). The initial discharge capacities were
comparable, but the charge capacity increased in the presence of
RMs, with the stronger effect from AQ, which also decreased the
overpotential significantly. The discharge capacities continuously
slightly improved for 10 cycles (Figure 7e) but then declined
(Figure 7f). In contrast, the charge capacity increased (Figure 7g),
suggesting some overcharging phenomenon, likely attributable to
enhanced PS shuttling and incomplete oxidation of short-chain
PSs. Overall, the presence of RMs considerably lowered the cou-
lombic efficiency (Figure 7h). This behavior can be attributed
to enhanced mobility of short-chain polysulfides (PSs), likely
induced by RM-mediated sulfur conversion. These shorter-chain
species are more soluble and mobile [53], which promotes their
diffusion toward the Li metal anode, thereby intensifying shuttle
reactions and leading to reduced coulombic efficiency. Hence,
neither AQ nor NHQ was as effective during charging as expected,
likely due to solubility limitations of either the reduced and/or the
oxidized forms of the RMs in the WSE. As solvent reorganization
(Figure 7i) plays a crucial role during redox reactions and directly
influences the reaction kinetics (i.e., Marcus theory [60, 61]),
the lower solvating ability of fluorinated solvents, here TFEE,
may hinder the reorganization step during the RM redox process,
rendering the reaction irreversible or incomplete.

3 | Conclusions

Our comparative investigation of metallocene- and quinone-
based RMs reveals that their effectiveness depends on sulfur
speciation and electrolyte composition. AQ enhances the elec-
trochemical performance across multiple Li-S battery concepts,
whereas DmFc exhibits selective activity toward short-chain PSs
(e.g., S,*7) and Li,S, but has limited impact on elemental sulfur
utilization. Electrochemical and spectroscopic results indicate
that AQ preferentially reacts with short-chain PSs and/or S;"7,
which explains its reduced effectiveness in the short-chain PS-rich
catholyte cell but enhanced sulfur utilization in systems where
long-chain PS or sulfur dominates the redox chemistry. On the
other hand, DmMn and NHQ consistently degrade the perform-
ance of the conventional cell, likely due to instability or parasitic
reactions with the LiNO; contained in the electrolyte.

However, the expected benefits of quinone-based RMs are dimin-
ished when using a WSE, highlighting the importance of both
RM and/or PS solubility and solvent reorganization kinetics.
Collectively, our findings identify AQ as a comparatively robust
and versatile RM for Li-S batteries, while also emphasizing that
RM performance is inseparable from electrolyte composition and
especially solvent solvation properties and charge transfer kinet-
ics—why codesign of RMs and electrolytes is a must—and provide
guidance for future rational design of RMs for Li-S batteries.

4 | Experimental Section

4.1 | Chemicals and Materials

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Solvionic,
99.99% <20ppm H,0) and LiNO; (Sigma-Aldrich, 99.99%) were
dried at 140°C for 24h under vacuum. 1,3-Dioxolane (DOL,
Sigma-Aldrich, 99.8% 75 ppm BHT), 1,2-dimethoxyethane (DME,
Sigma-Aldrich, 99.9%), and 1,2-(1,1,2,2-tetrafluoroethoxy)ethane
(TFEE) were stored with pre-activated 3A molecular sieves
(300°C under vacuum for 24h). Prior to use, the dry solvents
were filtered with a syringe filter. The water content was reg-
ularly checked by Karl-Fischer titration and was typically 3-
5ppm. Decamethyl ferrocene (DmFc, Sigma-Aldrich, 99.98%),
decamethyl manganocene (DmMn, Sigma-Aldrich, 99.98%),
anthraquinone (AQ, Acros Organics, 98%), 1,4-bis(methyla-
mino)9,10-anthraquinone (NHQ, Alfa Aesar, 95%), Li,S (Sigma-
Aldrich, 99.98%), sulfur (Sigma-Aldrich, 99.98%), 1-methyl-2-
pyrrolidon (NMP) (Sigma-Aldrich, analytical standard), and
polyvinylidene fluoride (PVDF) (Alfa Aesar) were all used as
received. C/S composite (60 wt% S ~ 2.5 mgg/ cm?) cathodes were
provided by ISIT Fraunhofer within the Horizon 2020 project
HELIS. Porous carbon cathodes were purchased from Vulcano.
The Li,S cathodes were prepared by mixing Li,S powder with
carbon black in a mortar, followed by the addition of PVDF
as a binder dissolved in NMP solvent. The component ratio
was Li,S:carbon black:PVDF =60:30:10 by weight. The resulting
slurry was stirred overnight at room temperature and subse-
quently cast onto aluminum foil. The loading of the Li,S cathodes
was 2.16—3.57mgms/cm2. We used Whatman glass fiber (GF,
260 pm) and Celgard polymer membrane for separators. All chem-
icals and materials were stored in an Ar-filled glovebox (with O,
and water levels below 1 ppm).
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4.2 | Electrolyte and Catholyte Preparation

All electrolytes and catholytes were prepared inside the Ar-filled
glovebox. The reference electrolyte, 1.0 M LiTFSI, with or without
0.3M LiNO; in DME:DOL, was prepared by first mixing the
two solvents—DME and DOL—at a 1:1 volume ratio, followed
by the addition of appropriate amounts of LiTFSI and either
LiNO; or not. The reference WSE, composed of 1.0M LiTFSI in
TFEE:DOL (1:1,v/v), was prepared similarly. RM-containing elec-
trolytes were prepared by additionally dissolving the correspond-
ing amount of DmFc, DmMn, AQ, or NHQ to achieve 20 mM.

The catholytes were prepared by first mixing Sg and Li,S powders
to the corresponding Li:S stoichiometry and concentration of
0.19-0.22mol/L of the final PS chain length (Li,Sg, Li,Ss, and
Li,S,) according to Rauh et al. [62] (Table S1). After adding a fixed
volume of the reference electrolyte [1.0M LiTFSI+0.3M LiNO;
in DME:DOL (1:1 v/v)], the mixtures were stirred at 60°C for
24h. The 20mM RM-containing catholytes were made by adding
appropriate amounts of DmFc, DmMn, AQ, or NHQ.

4.3 | Electrochemical Testing

All electrochemical measurements were performed at 25°C using
CR2032 coin cells assembled in the Ar-filled glovebox. To evaluate
the electrochemical reversibility of RMs, cyclic voltammetry (CV)
was performed on cells composed of (i) a @13 mm porous carbon-
coated aluminum working electrode, (ii) a @15 mm lithium metal
foil counter and reference electrode, and (iii) a @16 mm GF
separator soaked with 80pL of electrolyte. CVs were recorded
using a Biologic VSP instrument with a scan rate of 0.2 mV/s over
a voltage window of 1.5-3.2V vs. Li*/Li". The formal reduction
potential (E®) of each RM was determined by averaging the anodic
and cathodic potentials [63].

The coin cells used a lithium metal anode, and either a C/S
composite, porous carbon, or Li,S cathode (@13mm), and a
Celgard separator soaked with 70pL of electrolyte or 30 pL of
catholyte. All cells were cycled between 1.8 and 2.8V vs. Li*/Li’
ata C/10 rate using a Scribner 580 Battery Test System, where the
theoretical capacities (C) used for elemental sulfur, Li,Sq, Li,S,
and Li,S, were 1672, 1390, 1301, and 1133 mAh g_l, respectively.
EISwas performed at the initial state before any cycling, and at the
end of the sixth discharge-charge cycle. The applied DC voltage
was 10 mV, the frequency swept from 1 MHz to 100 mHz, and a rest
of 10s was applied before each data acquisition.

4.4 | Raman Spectroscopy

Raman spectra were collected by using a coherent sapphire laser
(488 nm, 33 mW) and a Nd:YAG laser (1064 nm, 400 mW) to com-
plement the spectral regions that are affected by photolumines-
cence. All measurements were carried out at 25°C on ~100 pL of
the freshly prepared electrolytes/catholytes which were initially
loaded into 1 mm quartz cuvettes and subsequently sealed inside
the Ar-filled glovebox. Spectra obtained with the 488 nm laser
were performed on a LabRam HR Evolution (Horiba GmbH)
spectrometer equipped with a Syncerity OE detector, a 200 pm
confocal hole, and a 50x long-working distance objective focused

into the liquid phase inside the quartz cuvette. Spectra acquisition
was done with 60 accumulations of 60s exposure, and an 1800
grooves/mm grating was used to achieve high-resolution spectra
(~0.3cm ™) in the 100-700 cm ™" region (S-S vibration modes) and
the 1200-1500cm ™" region (AQ-derived products). Spectra with
the 1064 nm excitation were carried out on a Bruker MultiRAM
FT-Raman spectrometer equipped with a liquid nitrogen cooled
Ge-diode detector. These spectra, with a resolution of 4cm ™, were
acquired by averaging 1000 scans over the 50-2000cm ™" range.
Baseline correction and spectral normalization were performed in
MATLAB (version R2025b, The MathWorks, Inc.).
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