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HIGHLIGHTS
The redox chemistry of a quinone
derivative is employed to facilitate
Li2S oxidation
Tailoring redox potential,
solubility, and stability of quinone
enhances performance
Initial charging of Li2S < 2.5 V at a
0.5C rate is achieved with the
tailored quinone
Deposition of dead Li2S is
prevented with quinone enabling
longer cycle life

We utilized quinone redox chemistry to design a new RM for fast and stable cycling
of Li-S batteries. Through rational tuning of the redox potential, stability, and
solubility of quinones by molecular engineering, we successfully demonstrated
that the quinone redox can facilitate the Li2S oxidation and the maintained Li2S
original morphology. The introduction of AQT as an RM is a simple and effective
approach to significantly enhance multiple aspects of sulfur redox chemistry under
challenging conditions.
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SUMMARY

Context & Scale

In lithium-sulfur (Li-S) batteries, the insulating nature of sulfur and lithium sulfide
(Li2S) results in large polarization and low sulfur utilization while the soluble polysulfides lead to internal shuttle upon cycling. Furthermore, the redox reaction
via the dissolution-precipitation route destroys the electrode architecture by
passivating the active interface responsible for the redox reaction, and thus
the performance deteriorates with cycling. Here, we employ the redox chemistry of quinone to realize efficient, fast, and stable operation of Li-S batteries using Li2S microparticles. By adding a quinone derivative with tailored properties
(e.g., oxidation potential, solubility, and electrochemical stability) to an electrolyte as a redox mediator (RM), initial charging of Li2S electrodes occurs below
2.5 V at 0.5C, and the subsequent discharge capacity is as high as 1,300 mAh
gs 1. Moreover, deposition of dead Li2S, which was the primary cause of
increasing polarization and decreasing capacity upon cycling, is effectively prevented with the RM.

Li-S batteries have attracted
considerable attention because of
the natural abundance of sulfur
and the high theoretical energy of
2,500 Wh kg 1. This is enabled by
the reversible conversion reaction
between sulfur and Li2S via a
series of lithium polysulfide
intermediates. The poor
electronic conductivity of Li2S
imposes a large impedance in the
cells and the dissolutionprecipitation process yields
insulating deposits of S and Li2S.
Herein, we introduce a new
quinone-based redox mediator to
facilitate Li2S oxidation. Given the
tailored properties of quinone
molecules (redox potential,
solubility, and electrochemical
stability), the initial charging of
Li2S electrodes can occur below
2.5 V at a 0.5C rate for the first
time and the subsequent
discharge capacity is as high as
1,300 mAh gs 1. Moreover,
randomly deposited dead Li2S is
effectively prevented, avoiding
the primary cause of performance
degradation in Li-S batteries upon
cycling.

INTRODUCTION
Lithium-sulfur (Li-S) batteries are a sustainable and cost-effective solution for nextgeneration energy storage to support renewable energy integration due to the
natural abundance of sulfur.1,2 Li-S batteries can theoretically store an energy density of 2,500 Wh kg 1, a 5-fold increase compared to traditional lithium ion batteries (LIBs).3 Such exceptionally high energy density is enabled by the reversible
conversion reaction between sulfur and lithium sulfide (Li2S) via a series of lithium
polysulfides intermediates (LiPSs, Li2Sn, 2 % n %8 ).4 However, significant challenges remain in order to build practical Li-S batteries, which are mainly attributed
to the solubility of LiPSs in the electrolytes and the insulating nature of both sulfur
and Li2S.5,6 For example, when charging a Li2S electrode, a significant portion of
each particle is electrically isolated and can be oxidized at the localized interface
between the electrode/electrolyte with sufficient charge transfer7; therefore, the
Li2S exhibits a large overpotential and a limited reversible capacity that is substantially lower than the theoretical value.8 Furthermore, the dissolution-precipitation
process yields insulating deposits of S and Li2S, which passivate the active
interface for the redox reaction.9 Such evolution of the electrode architecture
recurring over cycling is thus considered one of the primary causes of capacity
fading in Li-S batteries together with internal polysulfide shuttling.10,11 Consequently, Li-S cells have been shown to have insufficient practical energy density,
poor rate capability, and limited cycle life, collectively restricting commercial success of this system.
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To address the aforementioned issues, considerable efforts have focused on incorporating nanostructured conductors, such as transition metals (Fe, Cu, and Co),12–15
metal oxides,16,17 metal sulfides,18–20 metal nitrides,21,22 metal carbides,23 carbon
nanomaterials,24–29 and conductive polymers.30 The electrochemically active area
in the electrode significantly improved through these approaches, and LiPSs diffusion was further suppressed when appropriate physical confinement was attained.
However, this improvement was often accomplished at the expense of the tap
density with low active material loadings and would require costly production processes. Also, this approach does not necessarily prevent detachment of active
particles from a conductive support and passivation of redox active sites upon
long-term cycling during the solid-liquid-solid transition. Employing chemical interactions between LiPSs and hosts can better trap the sulfur species,31–33 but this
effect is specific to the host surfaces, raising concerns about the practical viability
of requiring an ultrahigh-surface-area matrix. Therefore, breakthroughs are still
needed to develop a low cost, scalable, and reliable method to improve the
practical performance of Li-S batteries.
Introducing redox mediators (RMs) to the electrolyte solution represents another
effective strategy to address the limited performance of Li-S batteries.34 This
approach relies on electrochemical oxidation of RMs in solution, which can in turn
chemically oxidize the active material on the entire surface of the particle. This additional charge transfer route beyond the localized interface enables homogeneous
and complete oxidation of the electrode with a reduced overpotential. This
approach has been primarily explored in lithium-oxygen (Li-O2) batteries, which suffer from the poor electronic conductivity of Li2O2.35 Properly designed RMs have
been shown to reduce the charge overpotential of Li2O2 by less than 0.1 V and protect both the electrolyte and carbon electrodes from degradation, significantly
improving the energy efficiency and cycling stability of Li-O2 cells.36–38 In contrast,
the research in utilizing RMs in Li-S batteries is still in its infancy. Soluble LiPSs are
known to serve as an internal RM if available, but their transient nature renders LiPSs
unreliable in the cell at fully discharged or charged states.39 So far, only metallocene
has been confirmed to shuttle electrons during Li2S oxidation, which can reduce
the initial charge potential of Li2S electrodes to 2.9 V.40 Lithium iodide (LiI) was
also reported to reduce the polarization, but later it was found that it actually modified Li2S surfaces; regardless, the charging occurs at 2.8 V, which still deviates from
the Li2S equilibrium potential.41 Hence, the lack of proper redox chemistry has
hindered the potential of employing RMs in Li-S batteries when compared to
Li-O2 batteries.
Here, we utilize quinone redox chemistry to design a new RM for fast and stable
cycling of Li-S batteries. Through rational tuning of the redox potential, stability,
and solubility of quinones by molecular engineering, we successfully demonstrated
that the quinone redox can facilitate the initial oxidation of Li2S below 2.5 V at a fast
rate of 0.5C. The continuing effectiveness of the quinone-based RM beyond the first
cycle was confirmed with the observation of minimal polarization and improved capacity retention of Li-S cells over prolonged cycles. Importantly, when cycled with
the RM, the Li2S electrode maintained its original morphology over 250 cycles, suggesting a unique mechanism that enables controlled deposition of Li2S and sulfur
instead of random deposition. Thus, minimal overpotential and high capacity
continued over prolonged cycling. Because of these collective attributes, a high
mass loading electrode of 6 mg cm 2 Li2S was used to successfully demonstrate
charging below 2.5 V with a reversible capacity of 952 mAh gs 1. This simple and
effective strategy of using tailored RMs in sulfur redox chemistry to improve both
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Figure 1. Tailored RMs to Facilitate Li2S Oxidation
(A) A typical voltage profile of a bare Li2 S electrode in the first cycle at 0.3C. The charge cut-off voltage is 3.8 V.
(B) A schematic illustrating direct Li 2 S oxidation and RM-assisted Li 2 S oxidation in Li-S batteries.
(C) Cyclic voltammograms of different RMs (20 mM) in DOL/DME electrolyte and their chemical structures.
(D) Voltage profiles of Li2 S electrodes in the first cycle with different RMs at 0.3C. The same RM concentration (80 mM), Li2 S mass loading (0.7 mg cm
and electrolyte to Li 2 S ratio (28 mL mg 1 ) were used as the baseline condition for the comparison (Li 2 S:AQT molar ratio = 10:1).
(E) Enlarged charge voltage profiles from (D) to compare voltage overshoots.
(F) Comparison of different RM effects in the first cycle energy efficiency and discharge capacity of Li 2 S electrodes.
(G) Average charge voltage and applied C rate in the first cycle demonstrated in previous studies and our work.

reaction kinetics and stability is the key to obtaining high practical power and energy
density over prolonged cycling for the practical implementation of Li-S batteries.

RESULTS AND DISCUSSION
Large Overpotentials for Li2S Cathodes
Due to poor electronic conductivity, Li2S electrodes are difficult to activate. The
oxidation reaction only occurs at the localized regions of the active particles directly
interfacing electron and ion transfer channels. This mechanism thus requires a large
overpotential, and the cell exhibits a specific capacity much lower than the theoretical value. Figure 1A shows the typical voltage profile of a Li2S electrode in the first
cycle at 0.3C using monodispersed microparticles (m-Li2S, 1.26 mm average diameter) (Figure S1), and the conventional electrolyte for Li-S batteries (i.e., 1 M lithium
bis[trifluoromethanesulfonyl] imide in dioxolane/dimethoxyethane [DOL/DME] with
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2 wt % LiNO3). The electrolyte to Li2S ratio was 28 mL mg 1, which should be considered a flooded electrolyte condition. Upon charging, an overshoot as high as 3.6 V
followed by a quick voltage drop to 2.6 V, then a high charge potential over 3.6 V,
was observed. A high charge cut-off voltage of 3.8 V, which exceeds the stability
limit of ethereal electrolytes, was applied in an attempt to further activate Li2S; however, the discharge capacity was still less than 800 mAh gs 1, indicating less than
50% sulfur utilization. At a lower rate of 0.1C, the overpotential was reduced, permitting a lower charge cut-off voltage of 3.0 V (Figure S2); however, the discharge
capacity remained insufficiently low, indicating a substantial amount of inactive
Li2S (52% sulfur utilization).
Design Rationales of the RM for Li2S Cathodes
Effective RMs solubilized in the electrolyte shuttle electrons between current collectors and the surfaces of isolated Li2S particles, which would have otherwise remained
inactive (Figure 1B). During charging, the oxidized RMs with a redox potential higher
than that of Li2S can chemically oxidize Li2S over the entire surface interfacing with
the electrolyte and diffuse to current collectors where they are then electrochemically re-oxidized. Consequently, the charge voltage reflects the redox potential of
the RM. Thus, the ideal redox potential of RMs would be slightly higher than the
equilibrium potential of Li2S (2.15 V versus Li+/Li) to minimize the hysteresis between charging and discharging in order to maximize energy efficiency. However,
RMs in literature, including ferrocene (FC) and decamethylferrocene exhibit significantly higher redox potentials at 3.4 V and 2.9 V versus Li+/Li, respectively. To design
RMs with better matched redox potentials, we adopt the redox activity of quinones.
The redox potentials of quinone molecules range from 1.7 V to 3.2 V versus Li+/Li
depending on the molecular structure. We rationalized that anthraquinone (AQ)
derivatives would possess lower redox potential than benzoquinone (BQ) derivatives due to the electron-rich benzene rings. Then, we tailored the molecular
structure of AQ to control the solubility in DOL/DME electrolyte and stability to
maximize RM efficiency.
We first selected anthraquinone-2-carboxylic acid (AQC) and 2,5-dichloro-1,4-benzoquinone (DCBQ) as RMs to examine electrochemical properties. Figure 1C presents cyclic voltammograms (CVs) of the RMs versus lithium metal in the DOL/DME
electrolyte. When compared with FC, quinone derivatives showed more favorable
redox potentials that are better matched to that of Li2S oxidation. In particular,
AQC is preferred to facilitate Li2S oxidation with minimal polarization. However,
with continued cycling, we noticed that AQC had limited electrochemical stability
in the operating condition of Li-S cells (Figure S3). Moreover, AQC had limited
solubility (<20 mM) in the DOL/DME electrolyte, further limiting the usable RM
quantity in the cell. In pursuit of designing a better RM, we introduced polar substituents (triethylene glycol monomethyl ether) to the AQ center to yield 1,5-bis(2-(2-(2methoxyethoxy)ethoxy)ethoxy) anthra-9,10-quinone (AQT), which exhibits similar
redox potentials to AQC (Figure 1C). AQT showed improved solubility (>500 mM)
and markedly improved cycling stability compared to AQC, rendering the molecule
more reliable as an RM.
The first cycle voltage profiles of Li2S electrodes with different RMs at 0.3C are shown
in Figure 1D. The same electrode and electrolyte condition used in Figure 1A was
employed for the following comparative study except that 80 mM of RM was added
to the electrolyte. The molar ratio of Li2S to RM was fixed to 10:1. In accordance with
our design rationales, AQT demonstrated exceptional performances when
compared to other RMs. While the addition of both AQC and AQT prevents the
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initial overshoot upon charging, only AQT can oxidize Li2S at a constant potential
below 2.5 V throughout the charging process. Remarkably, the cell with AQT exhibited much higher discharge capacity of 1,402 mAh gs 1, corresponding to 85%
sulfur utilization, than the cell with AQC. Even under the condition where AQC
and AQT were both fully soluble (20 mM, Figure S4), the cell with AQT showed a
higher discharge capacity (810 mAh gs 1) than that with AQC (482 mAh gs 1), which
may be due to the deteriorating stability of AQC during regeneration. On the other
hand, DCBQ and FC showed limited improvement in promoting Li2S oxidation, as
expected, since their redox potentials are significantly higher than 2.1 V. The initial
voltage overshoot decreased but remained above 3.0 V and 3.4 V for DCBQ and FC,
respectively, which is consistent with their redox potentials (Figure 1E). Once LiPSs
were formed and available as the additional RM in the electrolyte, the voltage dropped to 2.6 V. As LiPSs were exhausted, the voltage rose back to the redox potential
of DCBQ and FC, respectively, which was then followed by another dip in the profile
by forming additional LiPSs. Given this insufficient activation of the Li2S electrode,
the resulting discharge capacity did not improve considerably in either system
when compared to the cell without RM.
We summarize the energy efficiency and discharge capacity of the various RMs in
Figure 1F. Low polarization and high Coulombic efficiency lead to high energy efficiency. The Li2S cell with AQT showed the highest discharge capacity (1,402 mAh
gS 1), lowest average charge potential (<2.5 V), and highest Coulombic efficiency
(87%), thus exhibiting the highest energy efficiency among all tested RMs. Taken
together, AQT with the desired redox potential, high solubility in the electrolyte,
and superior cycling stability is the most effective in promoting charge transport
of Li2S cathodes among all the tested systems.
With 10 mM of AQT in the electrolyte, where the molar ratio between Li2S and AQT is
80 to 1, the overpotential during the first charging cycle can be effectively reduced
Figure S5. Nevertheless, as the AQT concentration increases, the reversible capacity
and Coulombic efficiency increase. Thus, we used either 80 mM or 160 mM of AQT
depending on the electrode mass loading in the following study to assure improved
performance. When we also decreased the electrolyte amount from 20 mL to 10 mL,
which corresponds to the electrolyte/Li2S of 14 mL mg 1, the Li2S electrode can be
still charged at 2.5 V (Figure S6). Note that redox cycling of quinone is also effective
in oxidizing ball-milled commercial Li2S with a more heterogeneous size distribution
than the m-Li2S (Figure S7).
Notably, AQT performs better than Li2S8, the internal RM spontaneously formed
during conventional sulfur redox processes (Figure S8). When adding 80 mM Li2S8
as an RM to the DOL/DME electrolyte, the charge capacity obtained below 2.5 V
is less than 400 mAh gS 1 at 0.3C, which is 3-fold less than AQT. This result confirmed
the need for an RM better than Li2S8 to minimize polarization during charging.
Next, we compared the maximum C rate achieved with various reported strategies
using Li2S electrodes and the corresponding first average charging voltage (Figure 1G). Methods such as mixing Li2S with nanostructured conductors like carbon,27,42–44 metals sulfides,20,45 and polymers25 still exhibit oxidation potentials of
2.8 V, 3.3 V, and 3.5 V, respectively, even at a slow rate (<0.1C), simultaneously
suffering from process complexity and lower active material loadings. Likewise,
the previous best-performing additives LiI and FC exhibited first charge potentials
of 2.8 V at 0.05C and 2.9 V at 0.2C, respectively,40,41 which are far above the equilibrium potential of Li2S. In comparison, AQT can facilitate Li2S oxidation at voltages
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Figure 2. Chemical Reaction between AQT and Li2S and the Resulting Electrochemistry
(A) Voltage profiles of half-cells using 80 mM AQT in DOL/DME electrolyte (20 mL) with and without
a Li2 S electrode.
(B) Galvanostatic discharge profile of a half-cell with a Li2 S and 160 mM AQT mixture compared with
the cell without Li2 S and only with 160 mM AQT.
(C and D) Voltage profiles of Li 2 S electrode (0.7 mg cm 2 ) cycled with and without AQT (80 mM) in
the electrolyte (20 mL) (C) and corresponding dQ/dV curves at 0.1C (D).

as low as 2.45 V even at a high current density of 0.5C (Figure S9), which demonstrated that this system has exceptionally fast charge-transfer kinetics. The performance comparison is more reasonable when the critical cell parameters, including
areal mass loading, active content, and electrolyte/active ratio, are considered in
parallel. Thus, additional experimental conditions are listed in Table S1 for a detailed
comparison. Note that the charge overpotential and the subsequent discharge
capacity in our study are remarkable despite using large particles, a high active
content, and a comparable electrolyte to Li2S ratio.
Chemical Reaction between AQT and Li2S
Figure 2A compares the voltage profiles of half-cells using 80 mM AQT in DOL/DME
electrolyte (20 mL) with and without a Li2S electrode, which exhibits capacities of
0.612 mAh and 0.059 mAh, respectively. Given that the charge voltage of the Li2S
electrode overlaps with the voltage range of AQT at 2.4 V, the charge process
should involve the direct electrochemical oxidation of AQT. In the galvanotactic
discharge and charge of AQT (as a catholyte), we confirmed stable reduction and
oxidation of AQT with 80% capacity retention over 200 cycles and negligible redox
shuttling of AQT with Coulombic efficiency higher than 98% throughout cycling (Figure S10). This result validates that AQT can continuously be reduced and oxidized in
the presence of a lithium metal anode without significant degradation of the RM on
the Li metal surface.
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The spontaneous chemical reaction of Li2S oxidation by AQT was investigated by
X-ray photoelectron spectroscopy (XPS) (Figure S11). To probe changes in the
oxidation state of Li2S when mixed with AQT in its oxidized state, we measured
the S2p binding energy of the Li2S and AQT mixture (5:1 molar ratio) in the DOL/
DME solvent. The result was compared to that of blank Li2S and chemically synthesized Li2S4. The S2p spectrum of Li2S4 shows two pairs of doublets at 161.20/162.4
eV and 162.8/163.9 eV, which correspond to the terminal (ST 1) and bridge (SB0) S
atoms, respectively,46 in addition to minor contributions from the unreacted Li2S
at 159.67.20/160.85 eV. Similarly, the mixture of Li2S and AQT exhibited significant
contribution at higher S2p binding energies than pristine Li2S. This arises from the
oxidation of Li2S by AQT, and thus proves the spontaneous charge transfer between
Li2S and AQT.
We could better understand the spontaneous chemical reaction of Li2S oxidation by
AQT by analyzing the reaction product. Since the reaction product simultaneously
forms when we mix the Li2S electrode and the AQT-containing electrolyte to fabricate the half-cell, we are thus able to electrochemically analyze the product by
directly discharging the half-cell. Figure 2B shows the discharge profile of the halfcell with a mixture of Li2S and 160 mM AQT, and it was compared with the cell
without Li2S and only having 160 mM AQT. Note that no discharge capacity would
be exhibited when directly discharging pristine Li2S. From the mixture, on the other
hand, we observed a plateau at 2.25 V corresponding to the electrochemical reduction of the AQT , followed by a plateau at 2.1 V corresponding to the electrochemical reduction of Li2Sx. Since the profile does not show the first reduction plateau of
AQT at 2.45 V, it is confirmed that all of the AQT has been chemically converted into
AQT when mixed with Li2S. Simultaneously, chemical oxidation of Li2S into Li2Sx
should occur. The discharge capacity is identical to that of pure AQT, indicating
that the total amount of charge is retained and no side reaction occurs other than
this process.
Further evidence of the charge transfer process between AQT and Li2S was obtained with cyclic voltammetry. We conducted a cathodic sweep followed by an
anodic sweep of AQT in DOL/DME electrolyte while gradually adding Li2S4 (Figure S12). The second oxidation peak at 2.6 V (O2) showed significant current
responses upon addition of Li2S4, while the first oxidation peak (O1) showed negligible changes. This result indicates that the concentration of AQT to be oxidized
at 2.6 V increases as the polysulfide concentration in the electrolyte increases due
to the chemical regeneration of AQT from AQT.47 We hypothesize that the chemical regeneration of AQ from AQ is promoted by Li2Sx (x < 4), which can be
formed during the previous cathodic sweep by reducing Li2S4 (for details, see
Note S1).
Universal Improvement in Sulfur Electrochemistry by AQT
The effectiveness of AQT to improve the Li-S battery operation beyond the first cycle
was confirmed over continued cycling (Figure 2C). During 10 cycles at 0.1C, the
blank Li2S electrode showed repeated overshooting in the initial stage of charging
and the capacity continuously decreased to 400 mAh gs 1. In contrast, with AQT,
no voltage overshoot was observed during charging, and 96% of the capacity at
the second cycle was retained in the 10th cycle. Figure 2D depicts the differential
capacity versus voltage (dQ/dV) obtained from the discharge profiles in Figure 2C.
The enlarged dQ/dV curves displayed two consistent reduction peaks from AQT
over 10 cycles, which were not observed in the pristine Li2S cell, showing continuous
redox activity of AQT over prolonged cycling.
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To validate the effect of AQT to promote the sulfur electrochemistry generally, we
fabricated cells using a Li2S8 catholyte instead of a Li2S electrode. Figure S13A
shows the voltage profiles of Li2S8 cells with and without AQT at 0.1C. The cells
were first discharged to reduce Li2S8 to Li2S and comparable capacities were
obtained regardless of the AQT presence because pristine AQT does not participate
in the reduction of Li2S8. Then, the cell charging with AQT showed a slightly lower
overpotential when compared to the blank cell, and the subsequent discharge
capacity was much higher in the presence of AQT. Note that the increased capacity
(307 mAh gs 1) in the second cycle cannot fully account for the capacity contribution
from AQT indicating more Li2S can be activated with AQT in the Li2S8 catholyte cells
as well. Upon prolonged cycling, the effect of AQT became prominent. Figure S13B
presents the average charge and discharge voltage of the Li2S8 catholyte cells with
AQT at rates of 0.1C, 0.3C, and 0.5C in comparison to the blank Li2S8 cell at 0.1C.
The reduced polarization by AQT remarkably persisted over 200 cycles, demonstrating consistent charge transport kinetics over many cycles, outperforming the
blank cells.
Improved Cycling Stability of Li-S Batteries by AQT
Another important feature is that adding AQT significantly enhances the cycling stability of Li-S batteries. As shown in Figure 3A, at a current density of 1C, the capacity
of 850 mAh gs 1 was retained after 500 cycles in the presence of AQT, whereas the
capacity of the bare Li2S cell decayed drastically to 225 mAh gs 1 within 10 cycles
(Figure 3A). At a lower rate of 0.5C, the capacity retention was still considerably better with AQT (Figure S14). This cycling stability is exceptional because it was
achieved without specialized processing such as confinement or encapsulation of
the sulfur species. The energy efficiency and Coulombic efficiency is also improved
by adding AQT (Figure 3B). It is also important to note that AQT does not accelerate
the self-discharge of Li-S batteries, but it prevents the capacity decrease due to the
sulfur loss in later cycles (Figures S15 and S16), suggesting that shuttling of RM to the
Li metal anode is negligible.
The capacity decay of Li-S batteries is attributed to the loss of active material due to
the soluble intermediates and the propagation of the electrochemically inactive
portion by pulverization and random deposition of insulating species during cycling.
Therefore, to understand the origin of the improved cycle life with AQT, we explored
the effects of AQT on both polysulfide dissolution and Li2S morphology evolution.
First, we examined the solubility of representative LiPS species (Li2S4 and Li2S8) in
DOL/DME upon AQT introduction. Polysulfide solutions (20 mM) were prepared
as references, and an equivalent molar amount of AQT was added to the polysulfide
solutions to prepare the mixtures. After filtering the solution to remove any particles,
inductively coupled plasma optical emission spectrometry (ICP-OES) was used to
quantify the total concentration of sulfur and lithium in the liquid phase. As shown
in Figure 3C, the Li2S4 and AQT mixture contained only 25% of the expected sulfur
content from the original pristine Li2S4 solution, and the Li2S8 and AQT mixture also
contained less than 55% of the sulfur content from the pristine Li2S8 solution. Therefore, introducing AQT decreased the amount of soluble sulfur species in the electrolyte. We attributed the decreased LiPSs solubility to the binding interaction between
AQT and LiPSs48 (for details see Figure S17; Note S2).
Next, the morphology evolution of Li2S electrodes over many cycles was monitored.
The Li2S electrodes tested with and without AQT were retrieved after the first and
250th cycles, respectively, (S18) and examined by scanning electron microscopy
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Figure 3. Improved Cycling Stability of Li2S Electrode by AQT
(A and B) Capacity retention (A) and Coulombic efficiency (B) of Li 2 S electrodes (0.7 mg cm 2 ) cycled with and without AQT. The cells were first tested at
0.1C (2 cycles), then at 0.5C (3 cycles), and followed by continued cycling at 1C. The electrolyte to Li2 S ratio was 28 mL mg 1 .
(C) The solubility change of polysulfide intermediates in DOL/DME by adding AQT determined by ICP-OES.
(D–F) SEM images of cycled Li 2 S electrodes with AQT (D) and without AQT (E) in the electrolyte. The predominant feature of unevenly deposited sulfur/
Li 2 S is indicated with the white circle. (F) The as-prepared electrode is shown for comparison.
(G–I) X-ray spectromicroscopy maps of the as-prepared Li 2 S electrodes (G) and the cycled electrode in the charged state after 200 cycles with AQT (H)
and without AQT (I) in the electrolyte.

(SEM) as shown in Figures 3D and 3E. The as-prepared electrode of Li2S morphology
is shown in Figure 3F. In accordance with the previous study under the conventional
condition suffering from the recurring solid-liquid-solid transition,11,16 randomly
deposited sulfur species that are different from the initial morphology were
observed in the blank Li2S electrode regardless of the cycle number and state of
the charge (Figure 3E). Such uneven accumulation of thick sulfur/Li2S layers
observed in SEM would block the charge transfer across the electrode/electrolyte
interfaces and thus cause poor reaction kinetics and capacity decay. Nevertheless,
in the presence of AQT, the original morphology of Li2S particles was virtually unchanged over 250 cycles (Figure 3D). We observed such a phenomenon consistently
from multiple spots over the entire electrode (Figures S19–S21). This controlled
deposition of the solid species was identified as a critical feature to achieve longterm cycling to maintain the efficient charge transfer kinetics of the original porous
electrodes throughout the operation.16,49 The consistent morphology over prolonged cycling that accompanies the repeated solid-liquid-solid transition between
Li2S and S cannot be fully accounted for by the homogeneous oxidation over the Li2S
surface in the presence of AQT. We hypothesize that AQT can potentially alter
LiPS-solvent interactions and determine sulfur speciation, as evidenced by the
reduced solubility of LiPS with AQT, which in turn induces preferred deposition of
Li2S and S on the surfaces of active particles.
We further conducted ex situ X-ray spectromicroscopy with the Li2S electrodes in the
charged state that had been cycled over 200 times (Figure S22). The maps were
collected at multiple spots on each sample (as indicated with area #1 and #2) at
energies of 2,470.8, 2,472.6, 2,473.6, and 2,476.4 eV, in order to differentiate between Li2S, polysulfide, and elemental sulfur species (Figure S23). First, the Li2S
map of the as-prepared electrode is shown in Figure 3G. After cycling for 200 times
in the presence of AQT, the fully charged electrode showed a homogeneous sulfur
distribution and a trace of Li2S throughout the electrode (Figure 3H). In sharp
contrast, when cycled without AQT, the Li2S electrode displayed a localized region
of sulfur with exceptionally high intensity (6–40 times higher than other regions) in
the elemental sulfur map while also showing significant intensities from unreacted
Li2S in the Li2S map (Figure 3I). This is consistent with our SEM result showing the heterogeneous conversion of sulfur during cycling. Thus, the results verify homogenous
and complete conversion of sulfur over the entire electrode in the presence of AQT,
which is highly desirable for improved energy density and cycle life. Due to the complex nature of sulfur speciation, further studies are needed to specify the sulfur redox
mechanism with AQT by real-time monitoring of chemical and structural evolution of
the electrode.
Outstanding Battery Performance with High Mass Loading
The above results suggest that AQT may effectively resolve poor charge transfer and
heterogeneity in high mass loading electrodes. We tested thick Li2S electrodes with
areal Li2S loading of 4 and 6 mg cm 2 in the presence of AQT. As shown in Figure S24, the first charge plateau remained below 2.6 V at 0.05C throughout the
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Figure 4. Electrochemical Performance of High Mass Loading Li2S with AQT
(A) Capacity retention and Coulombic efficiency of high mass loading Li 2 S cathodes (4 mg cm 2 and 6 mg cm 2 ) using an electrolyte to Li2 S ratio of
12.5 mL mg 1 . The cells were initially tested at 0.05C for 3 cycles and then tested at 0.1C for the long-term cycling.
(B and C) Voltage profile evolution (B) and corresponding average charge and discharge voltages (C) over 100 cycles of the high mass loading
electrodes. The performance of Li2 S cathode cycled with AQT is compared with that of Li2 S 8 catholyte with the equivalent sulfur loading (70% active,
3 mg cm 2 ) at 0.1C.

charging process, and more than 950 mAh gs 1 of discharge capacity was obtained
in both electrodes. This supports our hypothesis that the redox mediating function
of AQT effectively facilitates Li2S oxidation even in thick electrodes with an electrolyte to Li2S ratio of 12.5 mL m 1. When cycled at 0.1C over 100 cycles, the 4 mg cm 2
electrode still exhibited a discharge capacity of 863 mAh gs 1 with an average
Coulombic efficiency of 93.7% and the 6 mg cm 2 electrode exhibited 606 mAh
gs 1 with an average Coulombic efficiency of 92.8% (Figure 4A). Notably, the above
results were obtained by using m-Li2S (70 wt % of active content) without adopting
any nanostructuring or hosts for the first time. This highlights the viability of using
AQT as a simple and practical strategy to dramatically improve the performance
of Li2S electrodes for Li-S batteries. Nevertheless, when combined with optimized
electrode architectures, further improvements in the performance and cell parameters (e.g., mass loading and electrolyte amount) would be feasible and would truly
translate our fundamental discovery to real applications.50,51
We also confirmed that the charge transfer kinetics in the Li2S cathode cycled with
AQT is superior to that of the Li2S8 catholyte. Figure 4B compares multiple charge
profiles over prolonged cycling of the Li2S cathode with AQT against Li2S8 catholyte
having the equivalent sulfur loading of 3 mg cm 2 and the active content of 70%.
Surprisingly, we found that voltage profiles significantly evolved over time in the
catholyte system whereas the profiles of the AQT-added Li2S cathode remained unchanged for more than 100 cycles. When comparing the average voltage of charge
and discharge curves over cycling for those two conditions (Figure 4C), reliably
consistent and lower polarization was observed in the Li2S electrode with AQT, highlighting stable and efficient sulfur redox cycling enabled by AQT.
Conclusion
We presented an effective strategy to facilitate Li2S oxidation with minimal overpotential by using an anthraquinone redox center tethered with polyether chains, which
exhibited the desired redox potential, high stability, and sufficient solubility in the
electrolyte. Furthermore, we provided direct experimental evidence that AQT prevents polysulfide dissolution and preserves electrode morphology to ensure exceptional cycling stability. Collectively, the introduction of AQT as an RM is a simple and
effective approach to significantly enhance multiple aspects of sulfur redox chemistry under challenging conditions. Unlike conventional approaches that often require
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complicated nanofabrication, which inevitably increases battery costs, RMs can simply be added into the electrolyte and are thereby suitable for scalable production,
enabling Li-S batteries as a viable technology.

EXPERIMENTAL PROCEDURES
Full details of the experimental procedures are provided in the Supplemental
Information.

SUPPLEMENTAL INFORMATION
Supplemental Information includes 25 figures, 1 table, and 2 notes and can be found
with this article online at https://doi.org/10.1016/j.joule.2018.12.018.
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