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Abstract

Currently, lithium—sulfur batteries for wider applications are challenged by both the shuttle
effect in the cathodes as well as the slow kinetics of the sulfur redox reactions. Although metal
compounds have been reported to suppress the shuttle effect of lithium polysulfides (LiPSs) by
chemically adsorbing LiPSs and catalyzing their conversion, current methods for sulfur
fixation on cathode materials remain insufficient. In this work, 2,6-dihydroxyanthraquinone
(DHAQ) is tightly adsorbed on a Co-doped porous carbon (Co—C) substrate through n—n
stacking. The abundant oxygen-containing functional groups in DHAQ form Li—O bonds with
lithium 1in the LiPSs and enable in situ covalent fixation. Meanwhile, cobalt in Co—C forms
Co-S bonds with sulfur in LiPSs, providing an efficient pathway for electron transfer and
promoting LiPS conversion. Thus, the DHAQ/Co—C composite provides dual chemical
adsorption capabilities that mitigate the “shuttle effect” of LiPSs. Additionally, the conductive
merits of the DHAQ and Co—C networks accelerate electron transfer, enhance LiPS redox
kinetics, and increase the battery’s specific capacity. In the end, the optimized S@DHAQ/Co—
C composite demonstrates an initial discharge capacity (1385 mAh g!) at 0.1C. After 600
cycles, the electrode displays a capacity decay rate of 0.062% at 1C. Compared with metal-
based materials that rely solely on chemical sulfur fixation, the synergistic effect of organic
oxygen atoms and metals in sulfur fixation offers significant improvements.
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Synopsis: This study enhances lithium—sulfur battery efficiency through innovative materials,
contributing to the advancement of sustainable energy solutions.

1. Introduction

Lithium—sulfur (Li-S) batteries have been widely explored as alternative solutions for energy
storage applications because of their high energy storage density and the advantages of cost-
effective and environmentally friendly sulfur-active materials. (1-3) However, Li—S batteries
face challenges, including slow kinetics in the conversion reaction of sulfur species at the
cathode and their shuttle effects, both of which severely limit their commercialization on a
large scale. (4—6) Professor Nazar’s group reported significant breakthroughs in the specific
capacity by utilizing porous carbon as the supporting matrix for sulfur cathodes in Li—S battery
assemblies. (7) Despite these advancements, their cycling stability still does not meet
commercial application standards because of the poor cycling stability caused by the
dissolution of lithium polysulfides (LiPSs) and the shuttle effect in battery electrolytes. (8) In
recent years, researchers have developed heterostructures (9—11) and synthesized various
highly conductive, large surface area metal-nitrogen-doped carbon materials to modify sulfur
cathodes, aiming to adsorb LiPSs and enhance sulfur redox reaction kinetics. (12—16) Li (17)
and colleagues applied hollow defective N-doped carbon nanospheres in potassium-ion
batteries (PIBs), and the contact curved interfaces (CClIs) created on carbon nanotubes (CNTs)
effectively promoted electron transfer and adsorption of K* ions. However, metal particles,
including individual metal atoms with high free surface energies, tend to aggregate at high
loadings. Conversely, in contrast, the reduced quantity of active sites resulting from lower
loadings proved inadequate in effectively addressing the diffusion as well as shuttle phenomena
associated with polysulfides in lithium—sulfur batteries. (18)

Unlike the variability observed in the types and amounts of active sites within inorganic host
materials, organic molecules possess precise molecular structures, providing significant
advantages in clarifying their adsorption and catalytic interactions with LiPSs. Specifically, the
redox reactions of organic electrode materials are primarily based on electron transfer, which
facilitates the promotion of electron transfer in LiPSs. Various organic electrode materials
exhibiting redox activity, including organic sulfides, conductive polymers, radical species, and
carbonyl-based compounds, have been extensively researched. Out of these, quinone
molecules as a subset of carbonyl compounds stand out as highly promising candidates, owing
to their strong binding affinity with LiPSs as well as their capacity to enable efficient electron
transfer. (19—23) However, the high solubility of quinone molecules in organic electrolytes
results in rapid capacity decay, which limits their applicability in liquid batteries. (24) Through
leveraging n—m interactions of carbon materials and anthraquinone, Li et al. (25) anchored
soluble anthraquinone onto the surface of the carbon substrates. The carbonyl groups in
anthraquinone enhance sulfur utilization by forming Li—O bonds with the LiPSs. It is well
known that the type, quantity, and position of functional groups in organic molecules are
closely related to their redox potentials and catalytic activities. Therefore, rational optimization
and design of redox-active centers to balance adsorption and catalytic capabilities are crucial
for the development of effective organic electrode materials. (21,26—28) However, most
current research primarily focuses on the binding capabilities of functional groups with LiPSs.
For instance, Zhang and co-workers (29) explored the binding capabilities of several functional
groups (—OH, —NHz, —OCH3, and —COOH) with lithium sulfides (Li2Sx, where x =1, 2, 4, 6,



8). Their findings revealed that the —OH group exhibits substantially higher binding energies
with Li2S4 to Li2Ss compared to the other groups, demonstrating its superior ability to suppress
the dissolution of LiPSs as well as their shuttle effects in the electrolyte. Fan et al. (30) reported
the formation of solid organic polysulfides through the covalent generation of Li—O bonds with
LiPSs using —OH groups, which effectively suppressed the shuttle effect. Furthermore,
molecular electrostatic potential calculations indicated that carbonyl groups situated at the local
minima of the electrostatic potential are more likely to bind lithium. (31) However, there are
limited studies on the enhanced catalytic conversion effects of organic molecules after
adsorbing LiPSs. Clearly, combining covalent and chemical sulfur fixation methods can
improve both the immobilization of polysulfides and their conversion rates in Li—S batteries.
By leveraging the potential synergistic effects, it is possible to simultaneously achieve both a
high energy density and cycling stability. To date, there have been few reports on the impact
of these synergistic effects on enhancing the cycling stability of Li—S batteries.

This study involves the attachment of 2,6-dihydroxyanthraquinone (DHAQ) to Co-doped
porous carbon via n—7 interactions, with the resulting composite serving as a material for sulfur
hosting. The introduction of —OH side groups enhanced the conjugation of DHAQ, which in
turn improved n—x interactions with the carbon substrate and also reduced its solubility in the
battery electrolyte. Furthermore, hydroxyl groups acted as donors of electrons in increasing the
cloud density of electrons on the side of the carbonyl oxygen, which improved its LiPS
adsorption capability, formed Li—O bonds, and enabled in situ covalent immobilization. The
n—7 interactions further increased the molecule’s electron cloud density, which sequentially
strengthened the adsorption of the LiPSs onto the carbonyl oxygen. Simultaneously, Co atoms
chemically anchored LiPSs by forming Co—S bonds, while the adsorption of DHAQ on Co—C
enhanced the electronegativity of Co, which allowed the metal to more effectively adsorb
LiPSs. Moreover, the conductive profile of the network formed by DHAQ and Co-C
accelerated electron transfer and promoted the redox processes of LiPSs. This synergistic effect
of both chemical and covalent fixation of sulfur effectively suppressed the shuttle movement
of LiPSs, significantly improving the immobilization and conversion rates of LiPSs as well as
the Li" transport kinetics and reaction. Compared with batteries with only sulfur fixation, those
with covalent/chemical sulfur fixation exhibited outstanding capacity and cycling stability. The
optimized S@DHAQ/Co—C electrode retained 64% of its initial capacity after 600 cycles at
1C, corresponding to a 0.062% capacity decay rate per cycle.

2. Experimental Section
2.1. Preparation of the Co—C Substrate

To prepare the Co—C substrate, 1 g of peptone together with 0.03 mmol of Co(NO3)2-6H20
were dissolved in 2 mL of deionized water. The mixture was sonicated for 5 to 10 min until it
was fully dissolved. Subsequently, the solution was placed in a refrigerator and frozen for 12
h to form an ice block. This frozen block was then transferred to a freeze-dryer and lyophilized
for 12 h. After drying, the obtained sample, together with 10 g of NaCl, was subjected to ball
milling for 3 h at 550 rpm. Following milling, the mixed sample was transferred to a tube
furnace and heated to 900 °C at a heating rate of 5 °C min~! under a N2-protected atmosphere,
where it was held at that temperature for 1 h. After cooling, the carbonized product was
collected, washed, and dried at 60 °C in an oven.



2.2. Preparation of the DHAQ/Co—C Sample

A 60 mg portion of the Co—C sample was dispersed in 0.05 mM DHAQ solution (20 mL). The
mixture was stirred for 30 min before centrifugation. The solid product was then dried for
further use.

2.3. Preparation of S@Co—C and S@DHAQ/Co—C Samples

First, the individual Co—C or DHAQ/Co—C samples were mixed with sublimed sulfur (mass
ratio of 2:3). The mixture was then ground for 30 min and then transferred to a preheated oven
at 155 °C inside a glovebox under argon protection. Sequentially, the S@Co-C and
S@DHAQ/Co—C samples were obtained separately after 12 h of the reaction.

2.4. Theoretical Calculations

Density functional theory (DFT) calculations were conducted using the Gaussian 09 software,
which incorporates the B3LYP method with the 6-311G(D) basis set as well as the empirical
dispersion correction (em = gd3bj). The molecular structures were optimized and verified to
ensure the absence of imaginary frequencies. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), along with the electrostatic surface
potential (ESP), were visualized by Multiwavetn and visual molecular dynamics (VMD).

3. Results and Discussion

In the experiments, a porous Co—C carbon matrix was prepared as substrate by following the
procedure reported earlier. (18) As shown in Figure 1a, the carbon substrate adsorbs DHAQ
through n—m interactions and renders it insoluble in the electrolyte. Ultraviolet (UV) absorption
spectroscopy was used to analyze the molecular structure and interactions between the various
molecules and the carbon matrix. The DHAQ solution is shown in Figure 1b and exhibits four
distinct UV absorption peaks. The absorption peak observed at 217 nm (Peak I) corresponds to
the hydroxyl group, while Peaks Il at 252 nm and I'V at 325 nm are characteristic of the benzene
rings. Peak III at 271 nm is associated with the carbonyl structure. (32) The carbon material
employed in this research is a three-dimensional nitrogen-doped carbon network loaded with
cobalt (Co—C), as illustrated in Figure S1. Upon dispersing the Co—C material, the UV
absorption peaks of the DHAQ solution are markedly reduced until they are entirely eliminated
following adsorption onto the carbon matrix. This observation indicates that the 7 structure of
the carbon graphite layers interacts with the n structure of DHAQ through n—r interactions,
resulting in the formation of a DHAQ/Co—C composite. Scanning electron microscopy (SEM)
images of the Co—C and DHAQ-added samples are shown in Figure S2. Notably, the carbon
substrate’s overall morphology remains unchanged after adding DHAQ. As seen in Figure lc,
the transmission electron microscopy (TEM) image of the DHAQ/Co-C sample shows a
smooth and uniform carbon network surface without any aggregation. This demonstrates that
the DHAQ species are uniformly dispersed across the structure of the carbon matrix. Robust
binding between DHAQ and the carbon substrate appears to be essential for serving as a
functional material for battery cathodes. As illustrated in Figure S3, when DHAQ was
suspended in a pure electrolyte, it dissolved in the electrolyte after 7 days. Conversely, the
supernatant of the DHAQ/Co—C composite remained colorless, indicating that the binding of
DHAAQ to the carbon matrix successfully inhibited its solvation in the electrolyte. UV—visible
spectroscopy tests were conducted on both the pure electrolyte and the electrolyte containing
DHAQ/Co—C after standing for 7 days. As seen in Figure 1d, the UV—visible spectrum of the



electrolyte with DHAQ/Co—C matches that of the pure electrolyte, suggesting that DHAQ did
not dissolve in the electrolyte and remained stably adsorbed on Co—C through n—x interactions.
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Figure 1. (a) Interaction diagram between DHAQ and LiPSs; (b) UV spectrum of DHAQ); (c) high-
resolution TEM image of the DHAQ/Co—C sample; and (d) UV absorption spectra from pure electrolyte
as well as electrolyte dispersed with DHAQ/Co—C.

In the experiments, the porous carbon material without Co doping is termed C, and a melt
diffusion method was used to load sulfur onto the carbon substrate. The resultant electrode
materials are labeled as S@DHAQ/C, S@Co—C, and S@DHAQ/Co-C, respectively. The
characteristic XRD peaks of elemental sulfur in orthorhombic crystals are shown in Figure 2a
from the multiple diffraction peaks in all three samples (PDF card 08-0247). This indicates that
elemental S is distributed uniformly within the carbon support. (33) The SEM images of the
S@Co—C and S@DHAQ/Co—C samples are shown in Figure 2b,2c, respectively. Clearly, they
reveal the absence of significant sulfur particle aggregation, indicating that the original carbon
network structure is retained after sulfur loading. These findings imply that the sulfur element
is uniformly loaded across carbon substrates. Additional evidence of this even distribution is
also observed in the TEM image in Figure 2d. Furthermore, Figure 2e shows elemental sulfur



mapping within the S@DHAQ/Co—C structure, where the overlapping maps of sulfur and
carbon confirm their good dispersion across the sample framework. The optimal DHAQ
loading was determined by investigating the cycling stability of different S@DHAQ/Co-C
samples at 0.2C with different DHAQ loading contents (Figure S4). It was found that the
sample loaded with 0.05 mM DHAQ exhibited the best electrochemical performance. As a
small organic molecule, DHAQ possesses both redox activity and the ability to chemically
adsorb LiPSs, which effectively suppresses their shuttling effect. Insufficient DHAQ loading
leads to weak LiPS adsorption, while excessive loading can result in the aggregation of DHAQ
and coverage of co-active sites, thereby reducing the electrocatalytic performance. Therefore,
the sample loaded with 0.05 mM DHAQ was selected for further electrochemical studies.
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Figure 2. (a) XRD patterns of the prepared samples. SEM images of (b) S@Co—C and (c)
S@DHAQ/Co—C samples. (d) TEM image of the S@DHAQ/Co—-C sample, as well as (e) the
corresponding elemental distributions of S, C, N, and Co.
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Figure 3. (a) Molecular surface electrostatic potential of the DHAQ sample, (b) Co K-edge XANES of
the Co—C sample, and (c) FT-EXAFS of the Co K-edge in R space of the Co—C sample. XPS spectra
of the DHAQ sample: (d) C 1s and (e) O 1s. XPS spectra from the Co—C sample: (f) N 1s, (g) C 1s, and
(h) Co 2p. XPS spectra of the DHAQ/Co—C sample: (i) N 1s, (j) C 1s, (k) O 1s, and (1) Co 2p.

As reported by Lu et al., molecular surface electrostatic potential (ESP) analysis can be used
to investigate the binding ability between various molecules and to identify reactive sites for
chemical reactions. (34) As shown in Figure 3a, four local minima in the electrostatic potential
of the DHAQ molecule are all located near the oxygen atoms. This indicates that these oxygen
atoms are the most probable sites for attracting lithium atoms, which causes the formation of
Li—O bonds. (35) Among them, the surface electrostatic potential of the carbonyl oxygen is
lower than that of the hydroxyl oxygen, which implies that the carbonyl oxygen preferentially
binds to lithium. To probe the binding effect of DHAQ with LiPSs, Co—C and DHAQ/Co—C



samples were placed in a Li2S¢ solution for 2 h without any disturbance. As illustrated in Figure
S5, the solution of LixSe¢ after adsorption by the DHAQ/Co—C sample shows noticeable
discoloration, indicating a strong interaction between the DHAQ/Co—C sample and the LiPS
species. As previously reported, (36—38) X-ray absorption fine structure (XAFS) analysis is
valuable to disclose the coordination environment as well as the electronic structure of the
sample under investigation. As illustrated in Figure 3b, the X-ray absorption near edge structure
(XANES) spectrum of the Co—C sample lies between the spectra of the Co foil and Co3Oa. This
finding suggests that the oxidation state of atomically dispersed Co is intermediate, falling
between 0 (Co foil) and +2 (CoO). The fitted results in Figure S6 further validate that the
valence state of Co in the Co—C sample is between 0 and +2. The Fourier transform extended
X-ray absorption fine structure (FT-EXAFS) spectrum of the Co—C sample reveals a distinct
peak corresponding to Co—N bonding, located at approximately 1.38 A (Figure 3c). This
finding indicates that both Co and N are doped successfully onto the carbon matrix as stable
Co—N bonds. The absence of Co—Co or Co—O peaks confirms that there are no Co clusters or
oxides present in the Co—C sample. Collectively, these characterization results validate the
successful preparation of a Co and N dual-doped porous carbon network structure. The spectral
fitting results of EXAFS in Table S1 indicate that Co has a coordination number of 3.75 within
the Co—C sample. These findings demonstrate that Co atoms are dispersed in a Co—Na
configuration within the carbon matrix, with some Co atoms remaining available for bonding
with sulfur to form Co—S bonds. This configuration thus facilitates electron transfer and
promotes LiPS conversion.

To reveal the synergistic effect of DHAQ and Co atoms in accelerating electron transfer and
enhancing the adsorption capacity for LiPSs, X-ray photoelectron spectroscopy (XPS) analyses
were performed on the prepared samples. Compared to the original DHAQ sample (287.34 eV,
Figure 3d), the binding energy of the C=0 group from the DHAQ/Co—C sample shows a shift
(288.73 eV, Figure 3j). This confirms that the interaction between DHAQ and the Co-C
substrate is primarily based on m—m interactions. (25,39) Figure 3e shows the XPS O 1s
spectrum of the DHAQ sample. The two peaks appearing at 531.25 and 532.99 eV belong to
the C—O and C=O0 bonds, respectively. A comparison of the O 1s spectra of the Co—C sample
(Figure 3f) and the DHAQ/Co—C sample (Figure 3k) reveals the emergence of a Co—O peak in
the DHAQ/Co—C spectrum. This indicates that the oxygen atoms of DHAQ interact with Co
after adsorption on the Co—C substrate. Furthermore, the shift in the binding energy of the C=0
group to a higher value can be attributed to the increased electron cloud density of DHAQ due
to m—m interactions. These interactions contribute to a more stabilized adsorption of DHAQ on
the Co—C substrate, as the electron cloud density of the molecule becomes more evenly
distributed, thereby lowering its internal energy. The interaction between DHAQ and LiPSs
primarily occurs at the carbonyl group, and the increased electron cloud density at this site
facilitates its reaction with LiPSs. As observed in Figure 3(f—g), a bond is formed in the Co—C
substrate between nitrogen and carbon, where a distinct Co—Nx bond appears at 399.05 eV,
which indicates the presence of Co—Nx active species in the Co—C substrate. (40) Previous
studies by Dong (41) and Sun (42) have demonstrated that Co—Nx exhibits excellent catalytic
activity. The coordination of Co—Nx increases the electronegativity of pyridine and pyrrole
nitrogen, thereby enhancing the kinetics of sulfur redox reactions. Another study has shown
that pyridine nitrogen improves the catalyst’s electrocatalytic performance by creating more
defective active sites and facilitating electron transfer during redox reactions. (43) Xiao et al.
(44) reported that the stronger interaction between polysulfides and pyrrole nitrogen resulted
in higher binding energies. Therefore, nitrogen doping enhanced the polar sites and affinity of
the carbon framework for sulfur, which further increased its ability to adsorb LiPSs. In Figure
3i, it can be observed that all the bond binding energies shift toward higher binding energies,



and the increased intensity of the Co—Nx peak suggests that the adsorption of DHAQ
strengthens the interaction of Co with LiPSs. The Co 2p spectrum (Figure 3h,I) shows that after
the adsorption of DHAQ on the Co—C substrate, the binding energy of Co 2p shifts to a lower
binding energy direction. This trend suggests that the electrons from DHAQ tend to shift
toward Co and increase the density of the electron cloud around the Co atoms. Subsequently,
the enhanced interaction between Co and LiPSs leads to stronger Co—S bonds, which can more
effectively adsorb LiPSs.

To reveal the enhancement of catalytic LiPS conversion by the DHAQ/Co—C sample, cyclic
voltammetry (CV) curves were obtained to examine the kinetics of redox reactions in Li—S
batteries. A typical two-step redox process is shown in Figure 4a for all three electrode samples.
The reduction peaks appearing at 2.27 and 2.03 V correspond to reduction processes of Sg —
Li2S4 — Li2S, while the oxidation peaks at 2.34 and 2.39 V are attributed to the reverse
processes of LiaS — Li2S4 — Ss. In comparison, the electrode incorporated with
S@DHAQ/Co—C exhibits a smaller peak-to-peak separation (355 mV) and a higher peak
current density than both the S@Co—C- and S@DHAQ/C-incorporated electrodes. It is well
known that the diffusion efficiency of Li" ions is a key aspect of the reaction kinetics in Li—S
batteries. For instance, slow reaction kinetics can lead to LiPS accumulation in the electrolyte,
thereby increasing its viscosity. Figure 4b shows the CV curves of the S@DHAQ/Co—C-
incorporated electrode, recorded at different scanning rates. Figures S7 and S8 show the CV
curves for the S@Co—-C- and S@DHAQ/C-incorporated samples, respectively. By analyzing
the shoe CV curves, the Randles—Sevcik equation was used to determine the diffusion
coefficient of Li" ions (see Supporting Information). (45) Figure 4(c—e) shows the peak currents
at different potentials against different scanning rates. The Li* diffusion coefficients were
determined from the slopes of the linear fitting curves (Table S2). The high Li" diffusion
coefficients of the S@DHAQ/Co—C sample at various stages indicate that the battery exhibits
rapid redox reaction kinetics. Potentiostatic deposition experiments were performed to
understand the synergistic effect of DHAQ/Co—C in catalyzing the conversion from soluble
Li2Sxto Li2S. (46,47) As illustrated in Figure S9, the nucleation capacity of Li2S on DHAQ/Co—
C is the highest (486.6 mAh g!). Moreover, a shorter nucleation time suggests reduced
diffusion of LiPSs and a more efficient catalytic conversion process. Notably, compared to the
DHAQ/C and Co—C samples, the DHAQ/Co—C sample exhibits the shortest nucleation time of
3466 s, which implies that the cointeraction between DHAQ and Co greatly promotes
nucleation, deposition, and Li2S catalytic conversion kinetics.
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Figure 4. (a) CV curves scanned at 0.1 mV s™' on the S@Co—C and S@DHAQ/Co—C samples, (b) CV
curves scanned at 0.1-0.5 mV s™' on the S@DHAQ/Co—C sample, (c—) linear fitting results of current
peaks from the three samples, (f) electrochemical impedance spectra of the three samples, and (g) a
schematic illustration depicting the energy levels from several DHAQ-Li,Sx complexes, highlighting
their electronic interactions and energy alignment.

Further, electrochemical impedance spectra (EIS) were recorded to reveal the cooperative
action of DHAQ and Co atoms on the interfacial reaction processes. As seen in Figure 4f, the
semicircle observed at high frequencies is associated with the charge transfer resistance. In the
high-frequency region, a smaller impedance value exhibited by the S@DHAQ/Co—C-
incorporated sample indicates that the cooperative action of DHAQ and Co atoms promotes
the rapid redox reactions of LiPSs, resulting in improved reaction kinetics. In the low-
frequency region, the slope reflects the ionic diffusion resistance, with the S@DHAQ/Co—C-
incorporated sample demonstrating the lowest resistance to ionic diffusion. This indicates that
the cooperative action of DHAQ and Co atoms facilitates the charge transfer rate at the
electrode’s interfacial surface while accelerating the ionic diffusion kinetics within the
electrode. In principle, the redox behavior of a compound is closely related to the energy levels
of'its frontier molecular orbitals. A higher HOMO energy indicates that a compound can more
readily lose electrons, signifying a stronger reducing ability as a reductant. Conversely, a lower
LUMO energy corresponds to a greater oxidizing ability. (48,49) As shown in Figure 4g, the
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frontier molecular orbital energy levels of Li2Sx and DHAQ-Li2Sx were calculated to assess the
promoting effect of DHAQ on the redox reaction kinetics of the polysulfides. In contrast, the
higher HOMO energy and lower LUMO energy of DHAQ-Li2Sx suggest that DHAQ-Li2Sx is
not only more likely to accept electrons as an oxidant during the discharge process but also
more likely to lose electrons as a reductant during the charging process. Given the HOMO
(—5.54 eV) and LUMO (—3.84 eV) energies of DHAQ-Li2Ss, the increase by 0.76 eV in HOMO
energy suggests a more ready oxidization to Sg during the charging process, while the decrease
by 1.06 ¢V in LUMO energy suggests an easier reduction to Li2S during the discharging
process. This theoretically demonstrates that DHAQ participation in the fixation of Li2Sx can
catalyze the bidirectional conversion of LiPSs, and thereby accelerate the kinetics of the Li2Sx
redox reaction.

Provided that DHAQ can immobilize LiPSs and catalyze their conversion, the performance
advantages of the S@DHAQ/Co—C-incorporated electrode for the cycling stability of Li—S
batteries were further assessed. To rule out the partial contribution of DHAQ to the storage
capacity during the charge—discharge process, a lithium foil anode and DHAQ/Co—C as a
sulfur-free cathode were used to assemble the battery. As shown in Figure S10, the capacity
provided by DHAQ is minimal (0.006 mAh) and can therefore be neglected. From the
thermogravimetric (TGA) analysis in Figure S11, the sulfur loading on the carbon substrate
was calculated as 59.77 wt %, and the battery capacity was determined from the actual sulfur-
loading content. Figure 5a shows the charge—discharge curves of the first cycle at 0.1C for the
three electrode samples. In contrast, the initial discharge capacity of the S@DHAQ/Co—C-
incorporated electrode sample (1385 mAh g') is larger than that of the S@Co—C-incorporated
electrode (1162 mAh g™") and S@DHAQ/C-incorporated electrode (1123 mAh g!). In addition
to capacity, the voltage distribution (AE) and the Qr/Qnu ratio between low discharge platform
capacity (Qr) and high discharge platform capacity (Qu) also serve as an important index for
assessing the performance of a battery. (50) As shown in Figure 5b, the lower AE (203 mV)
and the higher Qr/Qn ratio (2.98) from the S@DHAQ/Co—C-incorporated sample indicate that
the combined effect of DHAQ and Co facilitates the catalytic LiPS conversion while
accelerating the process of solid-liquid—solid conversion. Figure 5c¢,d show the cycling
stabilities of the two electrode samples at current densities of 0.2 and 1C, respectively. An
initial discharge capacity of 1009 mAh g is delivered by S@DHAQ/Co—C-incorporated
electrode at 0.2C. After 120 cycles, the sample displays a minimal capacity decay rate of 0.19%
per cycle. The decay rate appears to be even lower at 1C, at just 0.062% per cycle over 600
cycles. In comparison to previously reported results, the electrode incorporated with the
S@DHAQ/Co—C sample exhibits good cycling stability over those electrodes incorporated
with other materials (Table S3). These findings indicate that the synergistic effect of DHAQ
and Co significantly improved the cycling stability of Li-S batteries. Moreover, the rate
performances of the three electrode samples were evaluated at various current densities. As
presented in Figure 5Se, the electrode incorporated with S@DHAQ/Co—C exhibits an individual
discharge capacity of 1174 mAh g! at 0.1C, 774 mAh g! at 0.2C, 674 mAh g! at 0.5C, 596
mAh g at 1C, and 475 mAh g at 2C. After setting the current density back to 0.2C, the
discharge capacity of the S@DHAQ/Co—C-incorporated electrode reached 730 mAh g,
maintaining 94.3% of its initial discharge capacity. Figure 5f displays the profiles of the
S@DHAQ/Co—C sample during charging—discharging at various current densities. These
curves indicate that during high-current discharge, the sample achieves a high discharge
capacity and also retains the characteristic charging—discharging features of a typical battery.
In comparison, the samples incorporated with S@Co—-C and S@DHAQ/C exhibit greater
polarization, as shown in Figures S12 and S13, respectively. The smaller polarization observed
in the S@DHAQ/Co—C sample suggests that the combined effect of DHAQ and Co
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significantly accelerates the redox reaction of sulfur. In addition, the cycling stability of the
S@DHAQ/Co—C electrode was evaluated at 0.2 C and the loaded sulfur amounts are 3.5 mg
cm? (E/S = 8 uL mg™") and 5.0 mg cm™ (E/S = 6 uL mg™'), respectively. As seen in Figure
S14, the initial discharge capacities are 779 and 661 mAh g!, respectively, with a slight
capacity degradation rate of 0.49 and 0.40% per cycle following 100 cycles. These observations
suggest that the S@WDHAQ/Co—C electrode maintains a high discharge capacity as well as
excellent cycling stability even at high sulfur loadings, suggesting a significant synergistic
effect between DHAQ and Co—C. These results clearly demonstrate that the combined action
of DHAQ and Co improves LiPS adsorption, accelerates the kinetics of redox reactions, and
ultimately enhances sulfur utilization.
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Figure 5. Cycling tests of the prepared samples: (a) charge—discharge curves of the 1st cycle at a rate
of 0.1C, (b) calculated values of Qi/Qu and polarization (AE). Cycling stabilities of the prepared
samples at rates of (c¢) 0.2 and (d) 1C. (e) Rate performance of the prepared samples and (f) charge—
discharge curves recorded at various current densities on the S@DHAQ/Co—C-incorporated sample.
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4. Conclusions

In summary, an efficient sulfur electrode was developed by combining an organic small-
molecule DHAQ with Co—C materials. This provides physical confinement and robust dual
chemical adsorption capability for lithium-ion polysulfides (LiPSs). In the charge—discharge
process, DHAQ effectively covalently immobilizes LiPSs by forming Li—O bonds with them.
The n—n interactions between DHAQ and Co—C increase the electron cloud density of DHAQ
and sequentially enhance its adsorption capacity for LiPSs. Additionally, the Co—C substrate
accommodates more sulfur and mitigates volume changes during charging and discharging.
The Co—S bonds formed with LiPSs facilitate further chemical adsorption. Under the influence
of DHAQ, the electronegativity of cobalt is enhanced, which enables more effective fixation
of LiPSs and inhibits their diffusion into the electrolyte. Moreover, the conductive matrix
constructed by DHAQ and Co—C accelerates electron transfer, promotes the redox reactions of
LiPSs, and increases the specific capacity of lithium—sulfur (Li—S) batteries.

These characteristics impart exceptional electrochemical performance to the S@DHAQ/Co—C
composite. Electrostatic potential (ESP) calculations indicate that hydroxyl and carbonyl
oxygens act as potential adsorption sites for LiPSs, primarily because the O atoms on the
DHAQ molecule form Li—O bonds that covalently immobilize the LiPSs. Frontier molecular
orbital theory calculations reveal that the complex formed between DHAQ and LiPSs exhibits
a higher HOMO energy and a lower LUMO energy, indicating stronger redox activity and
faster kinetics of LiPS conversion. Lastly, the optimized S@DHAQ/Co—C sample at 0.2C
achieved an impressive discharge capacity (1009 mAh g!). After 120 cycling tests, the sample
exhibited a minimal capacity decay rate of 0.19% per cycle. Additionally, a remarkably low
decay rate in the storage capacity (0.062% per cycle) at 1C was also achieved after 600 cycles.
The synergistic effect arising from covalent and chemical sulfur fixation offers a novel
approach to the development of high-performance electrode materials.
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