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ABSTRACT: The low active material utilization, sluggish sulfur
redox kinetics, and formation of unstable interfacial layers remain
critical challenges in lithium−sulfur (Li−S) batteries. To minimize
these effects, 2, 5-dichloro-1,4-benzoquinone (DCBQ) was
demonstrated in this study as an electrolyte additive. Leveraging
its unique symmetrical structure, DCBQ interacted with
polysulfides during charge and discharge cycles to form insoluble
symmetric cyclic organic polysulfide intermediates. These inter-
mediates served as a cathode-electrolyte interphase (CEI) by
attaching to the sulfur cathode surface, which mitigated the shuttle
effect by reducing the accumulation of insoluble Li2S and
suppressing polysulfide dissolution. In the presence of DCBQ,
the discharge pathway for Li2S6 transitioned from Li2S6 → Li2S4 → Li2S2 → Li2S to a shortened sequence of Li2S6 → Li2S3 → Li2S,
enhancing sulfur utilization and streamlining redox processes. On the anode side, the formation of LiCl and intermediate compounds
contributed to an organic−inorganic solid-electrolyte interface (SEI), which protected the lithium anode, improved the Li+ diffusion
coefficient (6.63 × 10−11 cm2 S−1), and eventually enhanced the battery’s cycling stability. Consequently, the Li−S battery that
included the DCBQ additive exhibited nearly 100% Coulombic efficiency at a rate of 0.2 C. It showed an initial discharge-specific
capacity of 992.24 mAh g−1 and experienced a low-capacity degradation of just 0.45% per cycle over 120 cycles. These results
highlight the effectiveness of DCBQ as an electrolyte additive in enhancing both the performance and stability of the battery.
KEYWORDS: insoluble symmetric cyclic organic polysulfide intermediates, shortened redox pathway, cathode-electrolyte interphase (CEI),
shuttle effect, lithium−sulfur batteries

1. INTRODUCTION
Recent advancements in mobile electronics and new energy
vehicles have positioned lithium−sulfur (Li−S) batteries, with
a theoretical specific capacity of 2600 Wh kg−1, as a promising
energy storage solution. Compared to conventional lithium-ion
batteries, Li−S batteries offer distinct advantages, including
high energy density, cost-effective and abundant raw materials,
and environmental sustainability.1−3 However, their wide-
spread adoption faces challenges rooted in the inherent
properties of electrode materials. Both S8 and the end
discharge product (Li2S) are insulating materials for the sulfur
(S) cathode.4−6 Additionally, during discharge, the dissolution
of lithium polysulfides (Li2Sn) into the electrolyte initiates the
phenomenon known as the “shuttle effect”.7,8 Additionally, the
significant volume expansion (∼80%) experienced during the
reaction reduces the utilization efficiency of active materials
while accelerating the decay of discharge-specific capacity.9−11

Scheme 1a depicts the widely accepted reaction mechanism for
the sulfur cathode. During discharge, S8 reacts with Li+ to

produce soluble long-chain lithium polysulfides (Li2Sn, 4 ≤ n ≤
8), contributing approximately 25% of the theoretical capacity.
As the discharge progresses, these long-chain polysulfides are
converted into short-chain species (Li2Sn, 2 ≤ n < 4) before
forming insoluble Li2S. This final conversion accounts for
around 75% of the theoretical capacity but represents the
slowest and most kinetically limiting step of the reaction.
To respond to the “shuttle effect” resulted from the slow

redox kinetics and dissolution of polysulfides, researchers have
implemented a series of improvement strategies. One of the
most common approaches is immobilizing polysulfides to
reduce their shuttling. Carbon porous materials have been
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extensively explored as sulfur-anchoring materials.12 However,
the limited specific surface area of solid materials restricts their
ability to immobilize polysulfides. To strengthen the
interaction between polysulfides and the cathode, polar
materials such as elemental metals,11,13,14 metal oxides/
nitrides/sulfides,15−21 as well as metal−organic frameworks
(MOFs)22−24 have been explored extensively on the active
sites to immobilize Li2Sn, catalyze its conversion and promote
redox kinetics. However, the expansion of the sulfur cathode
during cycling can lead to irreversible structural collapse of the
added porous carbon materials, which significantly shortens
the lifespan of the active cathode materials.25,26 Additionally,

providing a protective layer for the sulfur cathode has also been
widely adopted. For instance, N-bromosuccinimide (NBP) was
employed by Wu et al.8 as an electrolyte additive in Li−S
batteries. This additive promoted the in situ formation of an
organic polysulfide deposition layer, which effectively pre-
vented the dissolution and diffusion of polysulfides. Con-
sequently, the NBP-incorporated Li−S battery kept a
discharge-specific capacity of 700 mAh g−1 after 50 cycles at
0.1 C. Moreover, altering the reaction pathway of polysulfides
offers a promising approach, yet relatively underexplored. For
example, Li and Ma et al.27 introduced TiOxNy-TiO2 quantum
dots embedded in carbon composites (TiONQDs@C) as a
redox mediator (RM). This mediator facilitated the direct
conversion of S8 to S2σ--RMσ+, followed by the sequential
formation of Li2S2 and Li2S during discharge (Scheme 1b). By
circumventing the formation of soluble polysulfides, this
approach achieved an exceptionally low-capacity decay rate
of just 0.02% per cycle. However, the one-step annealing
method lacks the precision required to control the structure of
carbon materials, highlighting the need for more advanced and
effective strategies to stabilize sulfur species. Liu et al.28

employed ammonium thiosulfate (AMTS) as an effective
electrolyte additive in promoting the redox reaction of
polysulfides. Their approach facilitated the swift transformation
of long-chain polysulfides into short-chain counterparts, and
thereby reduced polysulfide accumulation (Scheme 1c).
However, these reactive additives pose a risk of corrosion to
the Li anode. This highlights the necessity for a strategy that
can simultaneously immobilize polysulfides and enhance their
conversion without compromising the stability of the lithium
anode.
In this study, 2,5-dichloro-1,4-benzoquinone (DCBQ) was

introduced as an additive in electrolyte to promote the redox
kinetics of Li2Sn and establish an organic interfacial protection
layer on the sulfur cathode, enhancing the utilization of active
materials. The symmetric carbonyl oxygen and halogen

Scheme 1. Schematic Effects of Different Additives on
Sulfur Redox Pathwaysa

a(a) Conventional sulfur redox pathway: S8⇌ Li2S8 ⇌ Li2S6 ⇌ Li2S4
⇌ Li2S2 ⇌ Li2S; (b) TiONQDs@C as a redox mediator to shorten
the pathway: S8⇌S2σ‑-RMσ+⇌Li2S2/Li2S;

27 (c) AMTS additive
shortening the redox pathway: S8 ⇌ Li2S8 ⇌ Li2S4 ⇌ Li2S.

28

Figure 1. (a) Electrostatic potential (ESP) maps for the PBQ and DCBQ molecules. (b) Weak interactions within the DCBQ molecule, as revealed
by RDG analysis. (c) Gibbs free energy DCBQ in reacting with Li2S6. (d) Gibbs free energy of PBQ in reacting with Li2S6. (e) Schematic
representation of the bond-breaking process of cyclic organic sulfur intermediate during discharge, with Gibbs free energy for each reaction step.
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functional groups in DCBQ interacted with Li2Sn during
discharge via Li−O and C−S bonds, resulting in the formation
of an insoluble, conductive cyclic organic sulfur intermediate.
This intermediate not only enabled efficient electron transfer
within sulfur species but also confined them to the cathode
side. By facilitating the conversion of long-chain polysulfides

into shorter chains, DCBQ notably enhanced the redox
kinetics of Li2Sn.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Fe-NC Sample. To synthesize the Fe-NC

sample, 0.03 mmol of Fe(NO3)3 and 1 g of peptone were dissolved in
10 mL of deionized water. The resulting solution was placed in a
refrigerator and allowed to freeze for 12 h. Following freeze-drying,

Figure 2. (a) Visualization of the adsorption of Li2S6 by electrolyte additives and blank electrolyte, (b) UV spectra of the supernatant after three
samples absorbed Li2S6, (c) Raman spectra, (d) infrared spectra, and (e) XRD patterns of DCBQ and DCBQ-Li2S6, (f) the electric conductivity of
the DCBQ-Li2S6 intermediate. High-resolution XPS spectra of three samples at (g) S 2p, (h) Li 1s, (i) O 1s, and (j) Cl 2p.
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the sample was mixed with 10 g of NaCl, and the mixture underwent
ball milling for 3 h. The ball-milled sample was subsequently heated to
900 °C at a heating rate of 5 °C min−1 in N2 atmosphere. The sample
was kept at this temperature for 1 h. After cooling, the sample was
thoroughly washed with deionized water and dried for subsequent
use.
2.2. Synthesis of S@Fe-NC Sample. The Fe-NC sample was

mixed with sublimed sulfur in a 3:7 mass ratio and ground for 30 min.
The resulting mixture was then moved to an argon-filled glovebox and
heat-treated in an oven at 155 °C for 12 h. The final product obtained
is S@Fe-NC.
2.3. Synthesis of Li2S6 Solution. Li2S and sublimed sulfur were

combined in a molar ratio of 1:5 and introduced into a solution
containing 1,3-dioxolane (DOL) and dimethoxyethane (DME) in
equal volume proportions. The mixture was stirred at 60 °C for 24 h,
resulting in a 0.2 M Li2S6 solution. Similarly, a 5 mM Li2S6 solution
was prepared using the same method.
2.4. Preparation of Electrolyte Additives. A blank electrolyte

wa s fo rmu l a t ed by d i s so l v i ng 1 . 0 M l i t h i um b i s -
(trifluoromethanesulfonyl)imide (LiTFSI) and 0.1 M LiNO3 in a
1:1 volume mixture of 1,3-dioxolane (DOL) and dimethoxyethane
(DME). P-benzoquinone (PBQ) and 2,5-dichloro-1,4-benzoquinone
(DCBQ) were then incorporated into the electrolyte at concen-
trations of 60, 70, and 80 mM, respectively. According to the testing
results presented in Figure S1, 70 mM concentration was identified as
optimal, and this concentration was used for all subsequent
experiments.

3. RESULTS AND DISCUSSIONS
To predict the binding interactions between polysulfides and
electrolyte additives, the weak intermolecular interactions29−31

and electrostatic potential (ESP) of PBQ and DCBQ were
calculated.32−34 The ESP results in Figure 1a suggest that the
electrostatic potential near the carbonyl oxygen is the most
negative (−29.84 kJ mol−1), making it a reactive site that forms
a Li−O bond with polysulfides. This is because PBQ contains
two electron-withdrawing carbonyl oxygen groups at the para
positions, which attract electron density from the benzene ring,
concentrate electrons around the carbonyl oxygen and increase
its electrophilicity. In the case of DCBQ, two Cl substituents at
the 2 and 6 positions further contribute to the electron-
withdrawing effect. Cl attracts some electron density from the
carbonyl oxygen, but the electronegativity of O is higher than
that of Cl, so the electron cloud shifts toward the carbonyl
oxygen. This raises the electrostatic potential of the carbonyl
oxygen to −26.09 kJ mol−1, facilitating the binding of
polysulfides to the carbonyl oxygen through an ionic
interaction, resulting in the formation of a Li−O bond. In
addition, analysis of the intermolecular weak interactions
(RDG) reveals that there is a steric hindrance effect between
the carbonyl oxygen structure and the adjacent halogen-
substituted group in the DCBQ molecule. As a result, when
polysulfides react with DCBQ, they preferentially interact with
the halogen-substituted group in the meta position (Figure
1b). It is well-known that polysulfides readily undergo
nucleophilic substitution reactions with the halogen-substi-
tuted group, breaking the C−Cl bond to form a C−S bond.
The resulting chlorine free radical will then combine with
lithium to form LiCl. As illustrated in Figure 1c,d and Table
S1, the reaction Gibbs free energy (ΔG) for binding the two
additives and Li2S6 was calculated using Shermo.35 The
negative values of ΔG1 (−148.67 kJ mol−1) and ΔG2
(−78.12 kJ mol−1) indicate that these processes are
thermodynamically spontaneous. This insoluble cyclic organic
sulfur intermediate not only forms an electrochemical interface

layer on the sulfur cathode, preventing the accumulation of
insoluble Li2S on its surface and ensuring the active material’s
participation in reactions, but also creates an organic−
inorganic interface layer on the lithium anode, protecting it
from polysulfide corrosion and preventing irregular dendrite
growth. Theoretical studies of the reaction mechanism of
insoluble intermediates during the discharge process were
carried out through Gibbs free energy calculations. As shown
in Figure 1e, the S−S bond length between the third and
fourth positions of DCBQ-2Li2S6 is the longest (2.13 Å). This
suggests that during discharge, lower bond dissociation energy
is required to break the bond and form DCBQ-4Li2S3, which
ultimately results in the formation of DCBQ-4Li2S. This
shortens the original long-chain reaction (S62−↔ S42−↔ S22−↔
S2−), and thus promotes the conversion of polysulfides.
Additionally, cyclic voltammetry (CV) tests reveal the presence
of Li2S3 between 2.1 and 2.2 V.35 Therefore, the battery with
the DCBQ additive was tested at a scan rate of 0.05 mV s−1,
and a reduction peak around 2.13 V was observed, which can
be attributed to the presence of Li2S3 (Figure S2). This further
demonstrates that the addition of DCBQ can shorten the
sulfur conversion process. In contrast, 2PBQ-2Li2S6 follows the
original path during discharge and does not shorten the
reaction pathway (Figure S3). Additionally, the redox proper-
ties of the intermediate are closely related to the frontier
molecular orbital (FMO) energy levels, as shown in Figure
S4.36 Typically, the lower of the lowest unoccupied molecular
orbital (LUMO) energy level, the easier it is for the molecule
to accept electrons, increasing its oxidizing ability and making
it more easily reduced. The incorporation of DCBQ notably
decreases both of the LUMO energy level and energy gap. The
energy gap reflects the ease of electron transition from the
occupied to the unoccupied orbitals-smaller energy gaps mean
the compound is more likely to undergo electron transitions
and thus more readily participate in reactions.33,37 The
addition of DCBQ not only alters the reaction pathway of
polysulfides but also further accelerates their redox rate,
thereby improving sulfur utilization.
To demonstrate the formation of insoluble cyclic organic

sulfur intermediates, a visualization experiment was conducted.
As demonstrated in Figures 2a and S5a,b, 0.7 M of Li2S6 was
added to two types of additives and blank electrolyte. Insoluble
organic sulfur intermediate precipitates immediately appeared
in the sample bottles with the added additives. After standing
for 12 h, the sample bottle with DCBQ contained more
precipitate, indicating that the addition of DCBQ promotes the
reaction with Li2S6 and stabilizes it. After centrifuging the
mixture, the supernatant in the DCBQ-added sample bottle
changed from a cloudy red-black color to a clear purple,
confirming that a reaction occurred between the two during
the standing process. UV testing was then conducted on the
supernatant. As shown in Figure 2b, the sample containing
only Li2S6 shows peaks at 253, 298, and 412 nm. They are
corresponding to S22−, S62−/ S42− and S42−, respectively.28 The
UV peaks in the supernatant with the additives were
significantly weakened, and the peak at 412 nm even
disappeared. This indicates that the additives bound Li2S6 in
the precipitate. In contrast, the UV peaks of the blank
electrolyte were nearly identical to those of pure Li2S6,
suggesting that the blank electrolyte did not play a role in
stabilizing Li2S6. To examine the chemical bonding structure of
the insoluble intermediate, Raman spectroscopy was used. The
Raman spectra of DCBQ and DCBQ-Li2S6 samples are
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displayed in Figure 2c. The vibration peak at 441 cm−1 is
associated with the bending vibration of the benzene ring,38

whereas the peaks at 760 and 885 cm−1 correspond to the C−
Cl bonds located at the para positions on the benzene ring.
The stretching vibration peaks of most C−Cl bonds are
observed between 700 and 800 cm−1,39,40 which is due to the
shift of the vibration peaks caused by functional group
aggregation. The vibration peaks at 1620 and 1672 cm−1

account for the stretching vibrations of the C�C and two
para-positioned C�O bonds on the benzene ring, respectively,
and the peaks at 947 and 1196 cm−1 are from the expansion
vibration of C−C bonds within the benzene ring.41,42 In the
Raman spectrum of DCBQ-Li2S6, the peaks corresponding to
the original C−Cl bonds in the additive are no longer present.
Instead, they are replaced by vibration peaks for C−S bonds at
796 and 898 cm−1. Furthermore, peaks associated with lithium
polysulfides are observed at 495 and 540 cm−1, suggesting that
the insoluble organic sulfur intermediate not only retains the
original benzene ring structure but also forms new C−S bonds
with the polysulfides. In contrast, the Raman spectrum of the
PBQ-Li2S6 sample keeps the structure of quinone but only
shows vibration peaks related to the polysulfides. This suggests
that the intermediate serves solely to stabilize the polysulfides
without reacting with them to form new bonds (Figure S5c),
which is consistent with the computational results. To further
confirm the above analysis, infrared spectroscopy was
performed on the two insoluble intermediates. As shown in
Figure 2d, the infrared spectrum of DCBQ shows vibration
peaks at 3063.3 and 2928 cm−1, and they are associated with
the stretching vibrations of the aromatic hydrogen both inside
and outside the ring. The peaks at 1674.2 and 1580.9 cm−1

belong to the stretching vibrations of C�O and C�C on the
benzene ring, respectively. The two peaks at 895.3 and 794.6
cm−1 speak to the bending vibrations of the aromatic
hydrogen, indicating the presence of a tetra-substituted
structure, while the peak at 686 cm−1 corresponds to the C−
Cl substitution.43 In the infrared spectrum of the additive
combined with Li2S6, it can be observed that the vibration peak
originally assigned to C−Cl disappears, replaced by a C−S
bond vibration at 869.5 cm−1. Additionally, a peak for S−S
bonds appears at 513.9 cm−1.44 These features are not
observed in the infrared spectrum of PBQ-Li2S6 (Figure
S5d), which aligns with the conclusions from the Raman
analysis. XRD analysis of the insoluble intermediates in Figures
2e and S5e reveals some peaks from the additives in the
precipitate, suggesting that the additives have spontaneously
reacted with Li2S6 during the chemical reaction. This further
confirms that the structure of this insoluble intermediate is
consistent with the structure obtained from computational
calculations. To verify whether the insoluble intermediate
affects the electronic conductivity inside the working electrode,
conductivity tests were performed. As shown in Figures 2f and
S5f, the insoluble organic sulfur intermediate exhibits an
electric conductivity of σDCBQ‑Lid2Sd6

= 3.1 × 10−5 S mm−1. This
suggests that, during the discharge process, electrons are able
to traverse the solid electrolyte interphase (SEI) layer,
facilitating electron transfer within the working electrode and
minimizing the buildup of insulating Li2S in the electrode.
To analyze the composition of the cathode’s CEI film in a

Li−S battery, X-ray photoelectron spectroscopy (XPS) was
performed on the sulfur cathode after 50 cycles at a rate of 0.2
C. Figure 2g shows the deconvoluted S 2p spectrum. Peaks

appeared at 161.9 and 162.85 eV correspond to Li2S,
45 while

those at 163.75 and 164.75 eV are attributed to S−S bonds.37

Polysulfide (thiosulfate) peaks appear at 167.9 and 168.45 eV,
which arise from side reactions between lithium nitrate and
polysulfides during discharge.46−49 The shift in the peak
position of thiosulfate after the addition of DCBQ additive is
primarily due to the interaction between DCBQ and
polysulfides, which alters their primary redox pathways. This
interaction increases the bond energy of the lithium−oxygen
and carbon−sulfur bonds, thereby enhancing the binding
energy of the sulfur atoms, and ultimately causing the
thiosulfate peak to shift to a higher binding energy
position.50,51 Second, the added DCBQ additive exhibits
oxidizing properties,52 which may elevate the oxidation state of
the sulfur atoms in thiosulfate, leading to an increase in binding
energy. Lastly, DCBQ reacts with polysulfides to form an
insoluble organic sulfur intermediate, which adsorbs on the
sulfur cathode surface, altering the chemical environment of
thiosulfate and consequently affecting the binding energy. The
appearance of S−O bonds at 169.05 and 170.05 eV suggests
the decomposition of lithium salts. After incorporating the
DCBQ additive, new peaks at 166.45 and 167.2 eV emerge,
which correspond to the ph-S bonds formed between DCBQ
and polysulfides.53 This observation is further confirmed by the
C 1s spectrum in Figure S5g. Additionally, the significantly
reduced peak area for Li2S indicates that the DCBQ additive
effectively prevents the insulating Li2S from accumulating on
the working electrode surface. Further analysis of the Li 1s
spectrum (Figure 2h) reveals the presence of Li−S and Li−F
peaks at 54.25 and 55.85 eV,54 respectively. The two new
peaks at 55.1 and 56.6 eV correspond to Li−O55,56 and Li−
Cl57 bonds, respectively. The presence of these peaks is also
confirmed in the O 1s (Figure 2i) and Cl 2p (Figure 2j)
spectra, reinforcing that during discharge, the additive reacts
with polysulfides to form a new insoluble intermediate,
consistent with the computational results. The additive also
safeguards the Li anode from polysulfide corrosion by
contributing to the formation of a SEI layer on the surface.
To examine the composition of the organic−inorganic SEI
layer, XPS analysis was carried out. Figure S6 presents the Cl
2p, Li 1s, O 1s, and S 2p spectra of the Li−S battery after
cycling. The Li 1s XPS spectrum in Figure S6c displays peaks
at 54.3 and 55.0 eV, which are associated with Li−S and Li−O
bonds, respectively. Peaks of Li−F (55.5 eV) and Li−Cl (56.1
eV) bonds aligning with the Li−Cl peak in Figure S6d confirm
the existence of the inorganic SEI layer. Additionally, when
various additives were added, the peaks in the Li 1s spectrum
shifted toward the lower binding energies. For the Li−S bond,
the sample with DCBQ shows a shift of 0.65 eV, while the
sample with PBQ shifts by 0.09 eV. In the O 1s spectrum
(Figure S6b), the peak shifts toward higher binding energies.
This shift occurs due to the electron transfer from the oxygen
in the quinone-based additives to the lithium in the
polysulfides during discharge. The more significant shift
observed with DCBQ is due to the electron-withdrawing
nature of the carbonyl oxygen and chlorine on the benzene
ring, which increases electron density around them and
enhances interaction with polysulfides.53 From the S 2p
spectrum in Figure S6a, peaks at 160.0 and 161.4 eV
correspond to Li2S2/Li2S, indicating that polysulfides have
shuttled to the lithium anode and were reduced on its surface,
causing anode corrosion. Peaks at 162.0 and 163.1 eV belong
to sulfur-containing organic compounds, products of the
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reaction between DCBQ and polysulfides, confirming the
presence of the organic SEI layer.
Combining the experimental and theoretical findings, it can

be concluded that the inclusion of the DCBQ additive fulfills
two primary functions. First, it forms a conductive, insoluble
intermediate with polysulfides that attaches to the sulfur
cathode surface. This intermediate facilitates efficient electron
transfer within the sulfur species and prevents the buildup of
insulating Li2S on the sulfur cathode surface, which would
otherwise impede the involvement of active materials in the
reaction (Figure 3a). Second, during discharge, polysulfides

need to undergo a transformation from Li2S6 to Li2S4, then to
Li2S2, and finally to Li2S. The conversion from Li2S4 to Li2S2
involves a phase transition from liquid to solid, which is a slow
process. However, after the addition of DCBQ, the organic
sulfur intermediate formed by the reaction with Li2S6 can alter
the original pathway, reducing the conversion binding energy
and accelerating the conversion rate (Figure 3b). Specifically,
DCBQ-2Li2S6 is converted to DCBQ-4Li2S3 during discharge,
which then directly transforms into DCBQ-4Li2S, providing a
new pathway for the redox reactions of polysulfides.
To examine the effect of the insoluble symmetric cyclic

organic sulfur intermediate, formed by the interaction of
DCBQ with polysulfides, on the sulfur cathode interface
structure, scanning electron microscopy (SEM) images of the
working electrodes were taken after 50 cycles at 0.2 C. The
analysis compared cells with and without the DCBQ additive.
As illustrated in Figures 4a−f and S7a−c, the working
electrode without the additive shows deeper cracks and a
rougher surface, whereas the working electrode of the DCBQ-
added sample (Figure 4d−f) has fewer cracks and a more
compact surface. This suggests that during charge−discharge
cycles, the insoluble cyclic organic sulfur intermediate reduces
the adhesion of lithium polysulfides to the electrode, thereby
minimizing the loss of active material. Figure 4g,h shows the
side views of working electrodes for both samples. The sample
with the blank electrolyte exhibits a rough, disordered surface
(29 μm) and shows signs of electrode consumption, while the
DCBQ-added sample shows a compact and flat CEI layer (10
μm). This observation suggests that the organic sulfur
intermediate adheres to the sulfur cathode surface, promoting

efficient electron transfer within the sulfur and reducing the
deposition of lithium polysulfides. Ultimately, this enhances
the utilization of the active material by reducing its loss. To
further probe the influence of electrolyte additives on the
interface structure of lithium anode, the morphology of the
lithium metal electrode was examined after 50 cycles at 1 mA
cm2 in a lithium−lithium symmetric cell using SEM. As
observed in Figure S8a−c, the lithium metal surface of the
sample with the blank electrolyte displays an irregular
appearance with large cracks and a rough surface. The side
view (Figure S8j) shows a SEI layer that is thick, uneven, and
loosely structured. This formation results from the ongoing
disruption and reformation of the interface layer as lithium
metal reacts with lithium nitrate during the discharge. This
results in an irregular SEI layer and causes volume expansion.
In contrast, the battery with electrolyte additives (Figure S7d−
i) shows a smooth lithium metal surface without obvious
dendrites and a compact, flat SEI layer, with the DCBQ sample
performing the best (Figure S8h−i). This is because DCBQ
reacts with a small amount of polysulfides that have migrated
to the lithium anode, forming an insoluble symmetric cyclic
organic sulfur intermediate. This intermediate attaches to the
lithium metal surface, forming an organic SEI layer (Figure
S8l) that isolates polysulfides. Additionally, sulfur from the
polysulfides substitutes chlorine to form the LiCl inorganic SEI
layer, achieving organic−inorganic SEI coprotection of the
lithium anode. To verify the primary components of the
interface protective layer, batteries containing the additives and
blank control batteries were cycled for 80 cycles at 0.2 C.
Afterward, the lithium foil was removed, and the side interface
protective layer was subjected to EDS analysis, as shown in
Figure S9a−c. In the SEI layer of the lithium anode in the
blank control battery, only Li and S elements were present. In
the SEI layer of the anode with PBQ additive, elements O and
C were also detected. This indicates that the primary
components of the interface layer are organic insoluble
intermediates. In the SEI layer of the anode with DCBQ
additive, Cl elements were additionally detected, which
suggests that the interface protective layer consists of both

Figure 3. Schematic diagram of the interaction between DCBQ and
Li2Sx for (a) the sulfur cathode and (b) the sulfur redox pathway
“DCBQ-2Li2S6↔DCBQ-4Li2S3↔ DCBQ-4Li2S”.

Figure 4. (a−c) The vertical view of the sulfur cathode after 50 cycles
at 0.2 C in a Li−S battery using blank electrolyte as control, and (d−
f) the sulfur cathode with DCBQ at different magnifications. (g) The
side view of the sulfur cathode for the control battery, and (h) side
view of the sulfur cathode with DCBQ.
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organic insoluble intermediates and inorganic LiCl. This
further demonstrates that the addition of DCBQ additive
allows the formation of an organic−inorganic hybrid SEI layer
on the electrode surface containing insoluble organic sulfur
intermediates and LiCl.
CV is an important technique for verifying electrochemical

reaction kinetics, as it directly reflects the reversibility and
stability of the chemical reactions occurring. Additionally, CV
can serve as a preliminary tool to identify the primary reaction
processes and assess the diffusion rate of Li+. Figure 5a shows

the CV curves of the DCBQ additive scanned at 0.1 mV s−1 for
different cycles. It is observed that in the first cycle, the
oxidation peak potential is significantly higher than the
oxidation potential after stabilization, which is due to the
spontaneous discharge of polysulfides in the initial stage, where
the additive does not yet play a role. Figures S9d and 5b show
the CV curves of the blank electrolyte control cell and the
DCBQ-added cell at different scan rates, respectively. The peak
currents at different potentials are linearly fitted with respect to
the scan rate, as shown in Figure 5c−f. The Li+ diffusion

Figure 5. (a) Initial CV curve of DCBQ at a scan rate of 0.1 mV s−1. (b) CV curves of DCBQ at scan rates ranging from 0.1 to 0.5 mV s−1. (c−f)
Li+ diffusion coefficient as a function of scan rate. (g) CV curves of W/O, PBQ, and DCBQ samples at a scan rate of 0.1 mV s−1. (h, i) LSV curves
derived from Figure 5g, with insets presenting the corresponding Tafel plots. (j) CV curve of a Li2S6 symmetric cell at a scan rate of 1 mV s−1. (k)
Constant potential discharge curve of a Li|Li2S8/tetraglyme cell at 2.05 V. (l) EIS measurements of W/O, PBQ, and DCBQ samples before cycling,
with insets displaying the corresponding angular frequency plots.
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coefficients are calculated from different slopes based on the
Randles-Sevcik equation (Supporting Information).58 The
specific values are provided in Table S2, which clearly shows
that the cell containing DCBQ additive demonstrates faster
reaction kinetics and higher Li+ diffusion coefficients at every
stage of the process. This suggests that DCBQ enhances the
Li+ diffusion rate throughout the entire reaction cycle. To
further validate the improvement in electrochemical perform-
ance, the CV curves for the different samples (Figure 5g)
reveal that all three samples display two pairs of redox peaks,
confirming the reversibility of the oxidation and reduction
processes of polysulfides. Among them, the DCBQ-added
sample shows a narrower voltage difference (DCBQ: 240 mV,
PBQ: 307 mV, W/O: 404 mV) and higher peak currents,
indicating that DCBQ promotes the occurrence of redox
reactions. Additionally, Figure 5h,i present Tafel slope plots
and the linear sweep voltammetry (LSV) curves for the lithium
deposition/dissolution process. Focusing on the process of
lithium deposition, the Tafel slope values from the three

samples are as follows: 106.36 (DCBQ), 141.44 (PBQ), and
139.24 mV dec−1 (W/O). The DCBQ sample demonstrates a
lower Tafel slope, which further supports the conclusion that
the inclusion of DCBQ improves the redox kinetics of
polysulfides. To explore the impact of DCBQ on the redox
pathway of polysulfides, CV tests on Li2S6 symmetric cells were
performed (Figure 5j). It was observed that the addition of
DCBQ resulted in an increased area of the polysulfide redox
peaks and shortened the reduction pathway of Li2S6. Initially,
the reduction process for Li2S6 involved the transformation
from Li2S6 to Li2S4, but with DCBQ, this process was altered,
facilitating the reduction of Li2S6 directly to Li2S3. This shift
further accelerates the redox processes of polysulfides,
highlighting that DCBQ improves the overall electrochemical
activity of the polysulfide species. To confirm that DCBQ
facilitates the conversion of lithium polysulfides to lithium
sulfide, a constant potential lithium sulfide deposition
experiment was performed. As shown in Figure 5k, DCBQ
displayed a quicker response time, indicating that it enhances

Figure 6. Performance comparison of Li−S batteries with and without three distinct quinone-based additives: (a) First-cycle charge−discharge
profiles at 0.1 C for batteries with and without additives. (b) Bar graph showing the voltage difference and the ratio of low discharge platform
capacity (QL) to high discharge platform capacity (QH) (QL/QH) based on the first-cycle data. (c) Rate performance curves measured at different
current densities. (d) First-cycle charge/discharge profiles under varying current densities. (e) Cycling stability at 0.2 C. (f) Cycling stability at 1 C.
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the diffusion rate of Li+ within the battery, thereby improving
catalytic conversion efficiency. This is further corroborated by
the impedance spectra shown in Figure 5l, which indicate that
the DCBQ sample exhibited lower charge transfer resistance
and enhanced ion diffusion rates. The inset slope represents

the Weber factor. Based on the formula of =D R T
A n F c2

2 2

2 4 4 2 2 , a
smaller value of σ correlates with a stronger Li+ diffusion
coefficient.59,60 The results in Table S3 collectively indicate
that the addition of DCBQ not only promotes polysulfide
conversion but also alters its primary reaction pathway. To rule
out any capacity contributions from the additives during the
charge−discharge process, sulfur-free batteries were assembled,
and their charge−discharge profiles are depicted in Figure
S10a,b. The lithium-benzoquinone batteries exhibited good
redox reversibility, with stable discharge capacities and no
significant degradation, indicating that the effects of PBQ and
DCBQ are continuously active. However, their capacities were
0.024 mAh and 0.032 mAh, respectively, which is negligible
and can be ignored in terms of the overall contribution toward
the battery’s capacity. To evaluate the protective effect of
DCBQ on the lithium anode, Li||Li symmetric cells were
fabricated to examine how the additives influence lithium
deposition and dissolution processes (Figure S10c,d). The
polarization voltage difference in the cells with benzoquinone
additives remained stable for 300 h, with DCBQ exhibiting the
lowest and most consistent polarization voltage difference (60
mV). In contrast, the cell with the blank electrolyte
experienced short-circuiting, indicating that DCBQ effectively
safeguards the lithium anode. To examine the stability and
reversibility of the Li||Li symmetric cells, rate performance was
tested in Figure S10e. The sample without additives showed a
significant voltage difference at lower current densities, which
suggests that polysulfides erode the lithium anode and
contribute to the formation of irregular lithium dendrites.
After cycling at higher current densities, the cell experienced
short-circuiting, likely due to dendrites piercing the separator
and creating a direct connection between the anode and
cathode.61 In contrast, the battery with DCBQ additives
exhibited smaller voltage differences and less fluctuation at
current densities of 0.5, 1, 2, 1, and 0.5 mA cm−2,
demonstrating that the addition of DCBQ greatly enhances
cycling stability. This further demonstrates that the organic−
inorganic hybrid SEI layer formed by the addition of DCBQ
additive promotes uniform lithium deposition.
Figures 6a and 11a present the first-cycle charge/discharge

curves of three prepared samples at 0.1 and 0.2 C, respectively.
The sample incorporating the DCBQ additive demonstrates an
initial discharge capacity of 1435 mAh g−1 at 0.1 C, which
surpasses the PBQ sample (965 mAh g−1) and the blank
electrolyte sample (810 mAh g−1). Moreover, the voltage
distribution (ΔE) and the ratio of low discharge platform
capacity to high discharge platform capacity (QL/QH) serve as
critical indicators for assessing battery performance. As
illustrated in Figure 6b, the battery containing DCBQ displays
a lower ΔE value (167.4 mV) and a higher QL/QH ratio (2.68)
in comparison to the sample without additives. In this case, the
ΔE is reduced by 22.6 mV, and QL/QH ratio increases by 0.16.
This indicates that DCBQ enhances the conversion of
polysulfides, improving the electrochemical performance and
sulfur utilization of the battery. To evaluate the reversibility
and stability of the batteries, rate performance were tested at
varying current densities, ranging from 0.1 to 2 C (with 1 C

corresponding to 1675 mAh g−1). As shown in Figure 6c, the
sample with the blank electrolyte exhibited relatively low
discharge specific capacity and sulfur utilization, ranging from
23.1 to 51.7% across the current densities from 0.1 to 2 C.
However, the inclusion of electrolyte additives resulted in
significant improvements in both discharge specific capacity
and sulfur utilization. For the sample containing PBQ, sulfur
utilization ranged from 30.1 to 63.7% under the same
conditions. The sample with DCBQ showed the highest sulfur
utilization, ranging from 47.6 to 84.9%, outperforming both the
unmodified sample and the PBQ sample in terms of sulfur
utilization and discharge capacity. Furthermore, after high
current cycling followed by a return to 0.2 C, the DCBQ
sample retained a discharge capacity of 997 mAh g−1 with
91.4% capacity retention, demonstrating the additive’s positive
impact on the battery’s reversibility and stability. The
comparisons of charge−discharge curves at varying current
densities (Figures 6d and S9b,c) revealed that the DCBQ-
containing battery maintained the characteristic charge−
discharge plateau of Li−S batteries even at high rates, whereas
the unmodified battery experienced considerable polarization.
As the current density increased, the polarization effect became
more pronounced in the unmodified sample, indicating that
the DCBQ additive improves the redox kinetics of sulfur. To
further assess the stability of the batteries, cycling performance
was evaluated at 0.2 C (Figure 6e) and 1 C (Figure 6f),
respectively. The long-cycle test at 0.2 C showed that the
DCBQ-enhanced battery experienced a slower decay rate of
0.455% after 120 cycles, outperforming the other two battery
samples. Additionally, to further verify that the addition of
DCBQ can enhance the stability of the battery, the battery
with DCBQ additive was tested under high sulfur loading and
lean electrolyte conditions. As shown in Figure S11b, the
capacity decay rate per cycle after 100 cycles in high-sulfur-
loading and lean electrolyte conditions was 0.41%, which is
0.12% higher than the stability of the blank control group.
Therefore, the addition of DCBQ additive can, to some extent,
improve the stability of the battery. Collectively, these results
demonstrate that the DCBQ additive not only enhances
discharge specific capacity but also significantly improves
cycling stability.

4. CONCLUSIONS
This study introduces 2,5-dichloro-1,4-benzoquinone (DCBQ)
as an electrolyte additive that effectively alters the sulfur redox
pathway, safeguards the sulfur cathode, and enhances the
utilization of active materials. Gibbs free energy calculations
reveal that DCBQ reacts with polysulfides to form insoluble,
symmetrical cyclic organic sulfur intermediates (ΔG =
−148.67 kJ mol−1). This reaction serves two key functions:
first, it forms a cathode-electrolyte interphase (CEI) layer on
the sulfur cathode surface, which reduces the accumulation of
insulating Li2S and facilitates electron transport (σDCBQ‑Lid2Sd6

=
3.1 × 10−5 S mm−1). Second, Raman and infrared spectroscopy
analyses confirm that DCBQ stabilizes polysulfides on the
cathode side, minimizing the polysulfide shuttle effect and
enabling a short-chain redox pathway (Li2S6 → Li2S3 → Li2S),
thus enhancing the redox kinetics. Additionally, a small amount
of polysulfides that migrate to the anode side forms an
organic−inorganic SEI with DCBQ, which adheres to the
lithium anode surface, preventing polysulfide-induced corro-
sion. This modification not only boosts Li+ conductivity but

9



also improves sulfur utilization, ultimately enhancing the
cycling stability of the battery. As a result, the battery with
the DCBQ additive achieves an initial discharge capacity of
992.24 mAh g−1 at 0.2 C and exhibits a low cycle-to-cycle
capacity decay rate of 0.45% after 120 cycles. By providing a
novel approach to sulfur redox, this method effectively
addresses several challenges faced by lithium−sulfur batteries
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