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ABSTRACT: Rechargeable magnesium—sulfur (Mg—S) batteries are attractive for next-generation energy storage
systems owing to their safety and superior volumetric energy density. Nevertheless, the underlying origins of the
severe shuttle effect in Mg—S batteries remain unclear, significantly limiting improvements in their electrochemical
performance. Herein, insufficient MgS; conversion kinetics is identified as the primary cause of the shuttle effect in
Mg—S batteries. A thermally activated metal—organic framework (MOF)-derived cuprous 2,3,6,7,10,11-
triphenylenehexol (Cu-HHTP-200@CNT) interlayer with vertically aligned mesoporous arrays is designed to
modulate sulfur conversion kinetics. The reduced spatial hindrance within the mesopores facilitates the
preconcentration of long-chain polysulfides, while coordinatively unsaturated Cu sites establish catalytic interfaces
through sufficient d—p orbital hybridization. Consequently, the optimized S-Cu-HHTP-200@CNT configuration
elevates the main discharge plateau from 1.1 to 1.6V, achieves a high-rate performance (a power density of
4090 Wkg ™! after 500 cycles at 3 C), and maintains a capacity of 236 mAh g~' at —20 °C. This work highlights the
critical role of electrocatalytic regulation in long-chain sulfur conversion and provides design principles for high-
performance sulfur-based batteries.

KEYWORDS: conductive metal—organic framework, mesoporous materials, functional interlayer, sulfur redox catalysis,
Mg—S batteries

1. INTRODUCTION

The escalating demand for high safety, volumetric capacity,

and extended cycle life in energy storage devices is propelling Received: June 20, 2025
the development of multivalent ion batteries. In the past Revised:  August 14, 2025
decade, rechargeable magnesium—sulfur (Mg—S) batteries are Accepted: August 14, 2025
a promising system owing to a theoretical specific energy Published: August 21, 2025
density of 1722 Wh kg™ and the use of earth-abundant Mg

and S as the anode and cathode, respectively.' > However,
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Figure 1. (a) Cycling performance, (b) galvanostatic charge—discharge curves of the S cathode in APC hybrid electrolyte at 0.2 C. (c) MS of
the PP interlayer from S—PP batteries after discharge to 1.2 V. (d) Raman spectra of the PP interlayer at different discharge states in Mg—S$
batteries (gray and cyan spheres representing S and Mg atoms, respectively). (e) C—V curve of S—PP. (f) Schematic illustration of the
stepwise reduction of polysulfide anions and the capacity degradation mechanism. (g) The content of sulfur element on the separator after
different cycles from ICP analysis. (h) Raman spectra of the separator after 100 cycles in Mg—S batteries.

there are several unsolved problems that hinder the practical
application of Mg—S batteries, including unsatisfactory rate
capabilities, cycling stability, and low-temperature (LT)
operation. These limitations largely stem from the complex
sulfur reduction mechanism, where Sg converts to MgS via
magnesium polysulfide intermediates (MgS,, 4 <x < 8), with
soluble long-chain species shuttling between electrodes.™”
Hence, identifying specific polysulfide species that are
responsible for shuttle behavior and battery failure is crucial
for the targeted regulation of electrochemical performance in
Mg—S batteries.

Generally, long-chain polysulfides exhibit a competitive
interplay between the dissolution and conversion processes.
Dominant dissolution exacerbates the shuttling effect, which
could result in active materials loss, anode corrosion, and
capacity degradation, while conversion-dominated pathways
could promote the formation of the multiple MgS, species.
According to Le Chatelier’s principle, the elevated polysulfide
concentration accelerates conversion rates in each consecutive
step, thereby favoring higher capacity.”” This means that
regulating conversion and reducing accumulation of MgS, are
critical to improving redox kinetics and long-term stability.”

31225

Unfortunately, the relationship between long-chain MgS, and
the kinetic performance has not yet been established.

Polar catalysts (eg, CusP, Zn single atoms) have shown
effectiveness in achieving high discharge capacity through the
chemical adsorption of polysulfides.”” Additionally, incorpo-
rating composite electrocatalysts (e.g., ZIF-67 derivative carbon
host, MXene-TiO,@rGO) could immobilize polysulfides and
facilitate conversion kinetics.'”~'> However, the catalytic effect
of these materials is often compromised by inhomogeneous
distribution and poor interfacial contact between catalytic sites
and S-containing species.'” These kinetic limitations prevent
Mg—S batteries from operating at rates above 2C (1C =
167SmA g~') or under subzero temperatures. A rationally
designed interlayer positioned between the cathode and
separator could increase their contact, which incorporates
conductive matrices, optimal adsorbents, and catalysts.m’14 In
this regard, the ordered porous structures and abundant active
sites make conductive conjugated coordination polymers
(CCPs) promising in Mg—S batteries.'” ™"’ Nevertheless, the
saturated coordination environment of metal nodes in
electrocatalyst restrains efficient adsorption and catalytic
activity.”” Therefore, it is essential to precisely modulate the
coordination environment of metal sites and understand the
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complex interactions between metal sites and MgS, species,
particularly their impacts on capacity retention and reversi-
bility. Unveiling these fundamental mechanisms is an
important prerequisite for achieving high-performance Mg—S$
batteries.

Employing this insight, we present a comprehensive
investigation that identifies the sluggish conversion of MgSg
as the primary cause of capacity degradation in Mg—S
batteries. The thermally activated cuprous 2,3,6,7,10,11-
triphenylenehexol (Cu-HHTP-200) with vertically aligned
mesoporous arrays is employed to shorten ion transport
pathways and provides a confined microenvironment for the
enrichment of long-chain polysulfides. The abundant coor-
dinatively unsaturated Cu sites within the mesoporous
channels enhance robust electronic interaction between Cu
d-bands and S p-states, strengthen the binding affinity toward
MgS, species, and reduce the conversion barrier of MgSs.
Beneficial from the above merits, the liquid-phase conversion
from MgS; to MgS, is accomplished at an elevated platform
(from 1.1 to 1.6V), favorable for kinetic properties.
Consequently, the Mg—S batteries incorporating Cu-HHTP-
based interlayers deliver an enlarged discharge capacity and
enhanced rate performance even at —20 °C. This work unveils
the pivotal function of mesoporous materials in facilitating
efficient preconcentration of long-chain polysulfides, while also
elucidating the positive impact of the rapid conversion of
liquid-phase long-chain polysulfides on the kinetic perform-
ance.

2. RESULTS AND DISCUSSION

2.1. Capacity Degradation Mechanisms of the S
Cathode. The electrochemical cycling performance of the S
cathode was first evaluated in a conventional 0.4 molL™
(PhMgCl),—AICl; (APC) hybrid electrolyte. The S cathode
demonstrates rapid capacity deterioration, declining from 471
to 220 mAh g~ within 10 cycles, as illustrated in Figure la.
Notably, the galvanostatic profiles (Figure 1b) reveal the
specific energy decreased from 241 to 154 Whkg™' in the
second cycle. After excluding electrolyte decomposition via
linear sweep voltammetry (Figure Sla), we employed mass
spectrometry (MS) to probe the fundamental origin of the
performance decay by tracking the evolution of discharge
products (Figure 1c). Upon discharge to 1.2V, substantial
accumulation of long-chain polysulfide anions (Sg*~) was
detected on the polypropylene (PP) interlayer, but S~ and
S,*” species remain indistinguishable due to their identical
mass-to-charge ratios (m/z). Raman spectroscopy was further
investigated to identify the various types of polysulfide anions
(Figure 1d). As the discharge progresses to 1.2V, the
dominant peak at 285cm™ confirms the accumulation of
Sg*~, free from experimental artifacts (Figure S1b).”" Upon
discharge to 0.8 V, although weak signals of S¢*~ and S,*~ (245
and 357 cm™’, respectively) emerged, the predominant peaks
corresponding to Sg® reveal severely limited reduction of
MgS;. >

To comprehensively understand the stepwise reduction
mechanism, cyclic voltammetry (C—V) analysis was performed
(Figure le). Based on the above spectroscopic character-
izations, the electrochemical reduction of S—PP can be
delineated into three distinct stages. Initially, Sg converts to
Ss>~ between 1.6 and 1.2V, followed by partial reduction of
Sg>™ to S¢*7/S,>” between 1.2 and 0.8V, and finally
transformation to S,%7/S*~.** The sluggish kinetics in the

second stage results in substantial accumulation of soluble Sg*~
species, which subsequently diffuse through the separator
driven by concentration gradients (Figure 1f). This shuttling
behavior was quantitatively verified by tracking the sulfur
content in the separator using inductively coupled plasma
(ICP) spectroscopy (Figure 1g). The progressive increase in
sulfur concentration during cycling, coupled with the
predominant Sg*~ signals in Raman analysis (Figure 1h),
provides direct evidence that the limited kinetics of MgSg-to-
MgS, conversion constitutes the fundamental cause of the
shuttle effect.

The continuous shuttling of polysulfides induces irreversible
structural evolution of both electrodes, as revealed by post-
mortem analysis after 10 cycles at 0.2 C. Scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and related analyses (Figures S2—S8) confirm that sulfur is
uniformly distributed across the hollow nanospheres synthe-
sized via a polystyrene-template-assisted method. However,
after cycling, significant bulk agglomeration occurs, with
particle sizes ranging from 1 to 10 ym (Figure S9). Moreover,
cross-sectional analyses demonstrate a nearly 2-fold expansion
in the volume of the S cathode during cycling, which may be
attributed to the formation of low-density MgS.”> On the
anode side, the uneven deposition of Mg may compromise
interfacial stability and electrochemical reversibility (Fig-
ure $10).”° The aforementioned observations demonstrate
that the MgS, shuttle effect induces irreversible morphological
transformations on both the S cathode and Mg anode within
merely 10 cycles.

Therefore, our findings highlight three critical challenges in
conventional Mg—S batteries: (i) the sluggish conversion
kinetics from Sg*~ to S,*” results in accumulation of soluble
intermediates; (ii) then, these long-chain polysulfides readily
migrate toward the Mg anode in ether-based electrolytes,
driven by concentration gradients;”” (iii) thus, the accumu-
lation and subsequent migration of polysulfides trigger
irreversible structural evolution at electrode surfaces, which
severely deteriorates the long-term cycling stability of Mg—S
batteries.” While previous studies have mainly addressed
polysulfide shuttling through confinement and adsorption
approaches, our mechanistic investigation reveals that facilitat-
ing the conversion of MgS; may offer a fundamental
perspective for improving sulfur redox reversibility.

2.2. Design of Cu-HHTP-Based Catalytic Interlayers.
The aforementioned analyses reveal that the sluggish
conversion kinetics of MgSg and subsequent shuttling are the
primary causes of capacity decay in Mg—S batteries. To
address these challenges simultaneously, we propose the
incorporation of a functional interlayer that could serve as
both a secondary polysulfide barrier to confine soluble MgS,
species and an electrocatalyst to accelerate sulfur redox
kinetics. Among various materials, CCPs have emerged as
promising candidates due to their porous structure and tunable
chemical properties.'”*® Based on these considerations, two-
dimensional Cu-HHTP was selected as an adsorbent for
polysulfides. SEM, Brunauer—Emmett—Teller (BET) surface
area analysis, and X-ray photoelectron spectroscopy (XPS)
analyses confirm the successful synthesis of Cu-HHTP
(Figures S11—S13). In the extended X-ray absorption fine
structure (EXAFS) spectrum, a characteristic Cu—O peak at
1.50 A was detected. The average Cu—O coordination number
of 3.3 approaches saturation, which potentially limits the
exposure of Cu nodes and consequently constrains the
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Figure 2. (a) Schematic representation of the synthesis proces

s for Cu-HHTP and Cu-HHTP-O, (purple, pink, and yellow spheres

representing C, O, and Cu atoms, respectively). (b) SEM images of Cu-HHTP, Cu-HHTP-150 and Cu-HHTP-200. (c) XRD patterns, (d) N,
adsorption—desorption isotherms (inset shows pore size distribution), (e) EPR spectra, and (f) XPS spectra of Cu 2p for Cu-HHTP, Cu-
HHTP-150, Cu-HHTP-200, and Cu-HHTP-250. (g) Fitting analysis in R space, (h) wavelet transform analysis of Cu-HHTP-200.

enhancement of catalytic activity (Figure S13c—h and
Table S1). Given that the strong anchoring of various
polysulfides requires abundant d—p orbital hybridization,
exposing metal sites to create unsaturated catalytic interfaces

. . 129
is essential.

Calcination serves as an effective approach to partially
remove organic ligands and generate oxygen defects adjacent
to Cu sites.”” Cu-HHTP was treated at temperatures below
200 °C (denoted as Cu-HHTP-Oy), as shown in Figure 2a.
The temperature-dependent structural evolution was inves-
tigated by calcining the samples at different temperatures (150,

31227 https://doi.org/10.1021/acsnano.5¢10366
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Figure 3. (a) UV—vis absorption spectra of MgS, solution after adsorption tests with Cu-HHTP and Cu-HHTP-200 powders. (b) iCOHP
analysis of MgS, adsorbed on Cu-HHTP and Cu-HHTP-O,. (c) Total energy profiles of MgS, absorbed on Cu-HHTP and Cu-HHTP-O,.
(d) C—V curves of symmetrical cells with different MOFs in the MgS, solution. (e, f) C—V curves of Mg—S batteries with various interlayers
at a scan rate of 1 mVs™. (g) MS of the Cu-HHTP-200 interlayer from S-Cu-HHTP-200 after discharge to 1.2 V. (h) Raman spectra of the
Cu-HHTP-200 interlayer at different discharge states of S-Cu-HHTP-200. (i) Variation in sulfur species on the surface of the PP and Cu-

HHTP-200 interlayer from XPS analysis.

200, and 250 °C) to obtain Cu-HHTP-150, Cu-HHTP-200,
and Cu-HHTP-250, respectively. SEM images reveal that, as
the calcination temperature increases, vertically aligned porous
structures gradually develop on the surface of hexagonal rod-
like crystals (Figure 2b). At 250 °C, the prismatic structures
show considerable thinning, accompanied by the formation of
penetrating longitudinal cracks (Figure S14). Upon further
temperature elevation to 300 °C, the prismatic structures
completely decompose into agglomerated blocks. The
preservation of the crystalline structure of the calcined Cu-
HHTP was confirmed by XRD analysis (Figure 2c). In
contrast, thermal treatment above 250 °C led to the collapse
of the coordination framework and the formation of metallic
Cu (Figure S15). The presence of metallic Cu shifts the
electrochemical reduction process from sulfur species to
copper sulfides, which leads to a deviation from the
characteristic redox chemistry of Mg—S batteries.”’ Moreover,
the effect of calcination on pore structure is illustrated in

Figure 2d and Table S2. For Cu-HHTP-200, mesopores
centered around 19nm are formed within the intrinsic
microporous framework. This hierarchical porous structure
consistent with SEM observations is expected to enhance both
adsorption capacity and catalytic activity.”> To further probe
the structural evolution during thermal treatment, infrared
spectroscopy was used (Figure S16a). The broadening of the
infrared peaks at 250 °C indicates partial decoupling of the
organic ligand framework. Therefore, Cu-HHTP-200 is the
most suitable material for achieving a highly porous structure
while maintaining the integrity of the framework.

Further investigations were conducted to examine the effect
of calcination on the chemical states. Electron paramagnetic
resonance (EPR) analysis in Figure 2e indicates that as the
temperature rises, the number of oxygen defects increases,
potentially contributing to enhanced catalytic activity.”’ As
shown in Figure 2f and Figure S16b—d, the XPS spectra of Cu-
HHTP and thermally treated Cu-HHTP samples (150—
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Figure 4. (a) EIS spectra of S-Cu-HHTP, S-Cu-HHTP-150, and S-
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Cu-HHTP-200 in the APC hybrid electrolyte. (b) Tafel plots for peak 1

and peak 2, derived from C—V curves. (c) Capacitive contribution ratios at 0.2—1 mVs™". (d) Calculated PDOS of MgS; adsorbed on Cu-

HHTP-O,. (e) Decomposition barriers of Mg,S; (inset: adsorption

configurations after decomposition). (f) Variation in Mg—S bond lengths

on Cu-HHTP and Cu-HHTP-O, substrates. (g) Schematic illustration depicting the strong catalytic interactions between MgS, and Cu-
HHTP-O, and the sulfur reduction pathway (gray and cyan spheres representing S and Mg atoms, respectively). (h) The content of sulfur
species on the separator after different cycles from the ICP analysis.

250 °C) were carefully fitted. The characteristic peaks located
at 932.9 and 952.8 eV were assigned to Cu® 2p;/, and 2p, 5,
respectively, while the peaks at 934.5 and 954.3 ¢V,
accompanied by satellite features, correspond to Cu*".*>**
With increasing calcination temperature, the Cu® species
gradually become predominant, while the Cu’* signal and its
satellite structure are progressively suppressed. This evolution
provides credible indirect evidence for the formation of oxygen
defects in coordination-based materials.”> This attests to the
fact that through calcination, a greater number of Cu" species
can be stabilized through Cu—O coordination, which may have
a positive effect on catalysis.*> Consequently, Cu-HHTP-200
with abundant oxygen defects was selected to examine the
impact of calcination on the coordination structure.

X-ray absorption near-edge spectroscopy (XANES) and
EXAFS provide detailed insights into the evolution of the Cu
coordination environment during thermal treatment. The
white-line peak position of Cu-HHTP and Cu-HHTP-200 in
Cu K-edge spectra (Figure S16e) was observed between Cu,O
and CuO references, with the oxidation state determined to lie

between +1 and +2, consistent with XPS results. The Cu—O
coordination architecture in Cu-HHTP-200 was found to be
preserved through EXAFS fitting (Figures 2g and S16f) and
wavelet transform analysis (Figure 2h). A reduction in Cu—O
coordination number from 3.3 to 2.5 (Table S1) signifies the
generation of abundant unsaturated Cu sites.'” All these
findings collectively indicate the successful fabrication of Cu-
HHTP-200, which features an abundant hierarchical micro-
mesoporous architecture, numerous oxygen defects, and highly
exposed Cu sites. These structural characteristics are expected
to play a vital role in facilitating sulfur redox reactions.

2.3. Catalytic Conversion Mechanism of MgS,. The
polysulfide adsorption ability of the catalytic materials was first
examined to reveal the confinement role of the mesoporous
structure. Both MOFs powders were immersed in MgS,
solution for adsorption experiments (Figure 3a). Due to the
disproportionation reaction of S>7, peaks from S,*” to Sg*~
were observed in UV tests, indicating the coexistence of
multiple soluble MgS, in tetrahydrofuran. Attributed to the
inherent pores in the coordination structure, the concentration
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of MgS, significantly decreased after adding Cu-HHTP.
Specifically, Sg*~ and S¢*~ were completely adsorbed by Cu-
HHTP-200, suggesting that the abundant mesopores play a
key role in effectively capturing long-chain MgS,. To elucidate
the molecular-level binding mechanism, crystal orbital analysis
and adsorption calculations were carried out to gain deeper
insights into the binding behavior. Integrated crystal orbital
Hamilton population (ICOHP) results in Figure 3b reveal that
in nearly saturated coordinated Cu-HHTP, long-chain MgSg
exhibits minimal bonding with Cu nodes (—0.09). In contrast,
Cu-HHTP-Oy exhibits an ICOHP value of —1.54 for the Cu—
S interaction, demonstrating substantially strengthened bond-
ing between coordinatively unsaturated Cu centers and MgSs.
Furthermore, the selective adsorption capability was quantita-
tively assessed through calculated energy profiles of the
consecutive conversion from Sg to MgS (Figures 3¢ and
S17). To further elucidate the interaction mechanism,
adsorption energy calculations at distinct Cu coordination
sites were conducted in Figure S18. Placement of the sulfur
atom above the Cu center yields a significantly stronger
adsorption energy (—1.34eV) compared with that of the
magnesium atom (—0.69 eV), indicating a preferential binding
affinity between sulfur species and Cu sites. As a result, the
undercoordinated Cu-HHTP-Oy4 exhibits markedly enhanced
adsorption energy for MgS, species. Therefore, enhancing the
accessibility of active sites is essential to achieve the
preconcentration of MgS, at the interface.

Having established the strong polysulfide confinement and
binding affinity, the catalytic conversion behavior of MgS,
species was further investigated using symmetric cell experi-
ments in MgS, electrolytes, which demonstrated reduced
overpotential for Cu-HHTP-200, confirming its efficient
catalytic activity (Figure 3d). To probe the role of the Cu-
HHTP interlayer in regulating polysulfide conversion, C—V
tests were performed. As shown in Figure 3e, S-Cu-HHTP
shows a pronounced cathodic peak from 1.6 to 1.2V. In
contrast, S-Cu-HHTP-200 displays a broadened cathodic peak
and enhanced current response (Figure 3f). After confirming
that the Cu-HHTP-based interlayer solely functions as a
catalytic medium without altering the sulfur conversion
pathway (Figures S19—S23), a series of spectroscopic analyses
were conducted to identify the multistep sulfur reduction
products at the Cu-HHTP-200 interface.’’***” The MS
analysis in Figure 3g reveals that upon discharge to 1.2V, a
notable increase in polysulfide concentration was observed,
suggesting an elevated active sulfur content anchored at the
interlayer. A comprehensive compositional analysis of sulfur
species was performed by Raman spectroscopy (Figure 3h). At
1.5V, the spectrum was dominated by the peak at 401 cm™,
attributed to S;*~.' Upon discharge to 1.2V, intensified
characteristic peaks at 198 and 256 cm™" were observed, which
can be assigned to the vibrational modes of S,>~ species. The
sequential reduction from S¢*~ to S,° indicates promoted
liquid—liquid conversion of long-chain MgS,. This was further
corroborated by XPS analysis (Figure 3i), which verified
changes in the oxidation states of sulfur during discharge.
According to Le Chatelier’s principle, the accumulation of
intermediate species shifts the reaction equilibrium toward
further conversion of long-chain MgS,, resulting in accelerated
liquid-phase reaction kinetics and improved reaction reversi-
bility.” Enhanced conversion from MgSs to MgS, not only
limits the accumulation of long-chain intermediates but also
enhances the redox current. Collectively, these effects under-

score the role of the Cu-HHTP-200 interlayer in promoting
interfacial MgS, conversion and advancing the overall
electrochemical performance of Mg—S batteries.

2.4. Kinetic Enhancement and Shuttle Suppression.
To explore the role of mesoporous arrays in redox kinetics, a
series of complementary electrochemical measurements were
conducted. Electrochemical impedance spectroscopy (EIS)
was first employed to evaluate the charge transfer resistance of
different interlayer materials in Figure 4a. As the calcination
temperature increased, the resistance gradually declined, with
S-Cu-HHTP-200 exhibiting the lowest value among all
samples. This reduction can be attributed to improved
electrolyte infiltration and the formation of continuous
electron pathways within the vertically aligned mesopores,
effectively mitigating interfacial transport limitations.*®

To gain deeper insight beyond interfacial resistance, we
further decoupled the electronic and ionic transport behavior.
Electron transfer kinetics were examined by analyzing Tafel
slopes derived from cyclic voltammetry at varying scan rates
(Figure 4b). Among all samples, S-Cu-HHTP-200 showed the
lowest slope values for both Peak 1 and Peak 2, indicating the
fastest electron transfer rate. Complementarily, the Mg** ion
mobility was examined using the galvanostatic intermittent
titration technique (GITT). As shown in Figure S24, the
diffusion coefficient (DMg2+) of S-Cu-HHTP-200@CNTs was
nearly 1 order of magnitude higher than that of S-Cu-HHTP@
CNTs during discharge, confirming that the mesoporous
structure also accelerates ionic transport. In addition, the
calcined Cu-HHTP materials exhibit predominant pseudoca-
pacitive characteristics (Figures 4c and S25), which are
beneficial for maintaining high-rate capability. These results
collectively demonstrate that the mesoporous Cu-HHTP-200
architecture not only improves interfacial redox kinetics but
also constructs a dual-function microenvironment for mass and
charge transport.

Theoretical calculations were performed to investigate the
mechanisms behind the enhanced catalytic kinetics of the
mesoporous Cu-HHTP interlayer. Due to steric hindrance, Cu
nodes in Cu-HHTP exhibit minimal chemical bond formation
with MgSg or Mg,Ss (Figure S17), suggesting the insufficient
long-chain polysulfide interaction.”” For a comparison, in
partial density of states (PDOS) analysis, the pronounced
overlap of Cu-HHTP-Oy between Cu 3d and S 2p (p, p.)
orbitals indicates that the undercoordinated Cu—O config-
uration enables strong d—p orbital hybridization between Cu
atoms and S atoms (Figure 4d). The enhanced orbital
hybridization can be attributed to two key factors: (i) the
reduced oxygen coordination number in Cu-HHTP-Oy4
weakens the tendency of Cu atoms to withdraw valence
orbitals toward the nucleus, facilitating electron accommoda-
tion from sulfur species, and (ii) the accessible coordination
sites exhibit reduced steric congestion.

In parallel with the enhanced electronic interactions, the
mesoporous channels could function as a confined interfacial
microenvironment that spatially immobilizes long-chain
polysulfides (e.g, MgSg) and facilitates their stepwise
conversion. The catalytic activity toward long-chain MgS,
conversion was evaluated by analyzing the Mg,S; decom-
position capability in Figure 4e. In the decomposed Mg,Sg
configuration, the exposed Cu sites on Cu-HHTP-Oy4
effectively bond with sulfur, working synergistically with the
O sites to achieve a pronounced anchoring effect on
polysulfides. Furthermore, Cu-HHTP-O, exhibits a lower
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Figure 5. (a) Galvanostatic charge—discharge profiles at 0.2C, (b) Q,/Q, ratios and redox peak separation values obtained from
galvanostatic tests. (c) Cycling stability at 0.2 C of S-Cu-HHTP@CNTs and S-Cu-HHTP-200@CNTs. (d) Cycling performance of 70%S-Cu-
HHTP-200@CNTs at 0.2 C. (e) Rate capabilities of S-Cu-HHTP@CNTs and S-Cu-HHTP-200@CNTs. (f) Charge—discharge profiles at
different rates of S-Cu-HHTP-200@CNTs. (g) Capacity retention of S-Cu-HHTP-200@CNTs at 1 C and 3 C. (h) Comparison of the
specific power with different types of cathodes (refer to Table S4 for detailed data).

energy barrier for the Mg,Sg decomposition. Figure 4f depicts
the variations in Mg—S bond lengths upon adsorption. Taking
MgS, and Mg,S, as examples, the formation of Cu—S bonds in
Cu-HHTP-O4 with exposed Cu sites elongates the Mg—S
bonds from 0.10 A to 0.15S A, compared to Cu-HHTP. The
result rationalizes the observed lower polarization for
conversion reactions. Therefore, the catalytic mechanism of
the Cu-HHTP-Oy interlayer for sulfur reduction reactions is
illustrated in Figure 4g. The well-developed mesoporous
architecture enables spatial confinement and eflicient enrich-
ment of polysulfides. Within the mesopores, unsaturated Cu
catalytic sites form robust d—p orbital hybridization with long-
chain MgS, species, which lowers the energy barrier for
conversion and accelerates polysulfide consumption. This
synergistic effect ensures effective utilization of the catalytic
interface. It is noteworthy that the enhanced conversion from
long-chain MgS; to MgS, not only contributes to the high-
voltage plateau but also provides sufficient reactants for the
conversion of short-chain species, which in turn, enhances the
discharge capacity and energy density.

Building on the promoted MgS, conversion at the catalytic
interface, we further employed ICP analysis to evaluate the
shuttle-suppression capability of the interlayer. Compared to

31231

S—PP, the sulfur content in the separator of S-Cu-HHTP
exhibits a notable decrease (Figure 4h). Furthermore, the
lower residual sulfur content of S-Cu-HHTP-200 exhibits
enhanced sulfur confinement capability, highlighting the robust
preconcentration effect within the mesoporous structure on
polysulfides. Additionally, postcycling surface morphology of
the electrodes with Cu-HHTP-200 interlayer is investigated by
SEM (Figures S26 and S27). The S cathode exhibits a uniform
particle distribution with sizes consistently below 5 pm
throughout the charge—discharge processes, accompanied by
minimal volume expansion. On the anode surface, the
deposition of Mg is relatively uniform and dense, with a
thickness of less than 1 ym. Such regulated interfacial behavior
demonstrates that the electrocatalytic strategy effectively
suppresses MgS, shuttle effect and enhances the electro-
chemical reversibility at both electrodes. These findings
highlight the advantages of interfacial coordination chemistry
design in optimized anchoring effects and catalytic efficiency to
effectively promote the conversion from MgS; to MgS,,
thereby boosting the kinetic performance and mitigating the
shuttle effect.

2.5. Universality Evaluation of the Electrochemical
Performance. To enhance conductivity and catalytic
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Figure 6. (a) Galvanostatic charge—discharge profiles, (b) cycling performance of S-Cu-HHTP-200@CNTs in different electrolytes at 0.2 C.
(c) Galvanostatic charge—discharge profiles, (d) rate capabilities of S-Cu-HHTP-200@CNTs at different temperatures. (e) Comparative
assessment of specific capacity, specific energy, and current density under —20 °C between S-Cu-HHTP-200@CNTs and previously reported

cathodes in magnesium-ion batteries (see Table S5 for detailed data).

efficiency for broader applications, Cu-HHTP was loaded in
situ on conductive substrates. Based on Cu-HHTP loading
morphology and discharge capacities (Figures $28—S30), the
carbon nanotube (CNT)-composited Cu-HHTP material
emerged as the optimal catalyst for further studies, which
could lead to a significant reduction in the charge transfer
resistance from 3000 to 1000 ohms (Figure S30c). The
galvanostatic charge—discharge profiles of Mg—S batteries
with various catalytic interlayers at 0.2 C (Figure Sa) exhibited
elevated voltage plateaus above 1.2 V. The polarization voltage
(AE) was calculated from the average operating voltages of
respective charge—discharge profiles. As expected, S-Cu-
HHTP-200@CNTs demonstrated a significantly reduced
polarization voltage (AE=420mV) compared to S-Cu-
HHTP@CNTs (AE=560mV), as shown in Figure Sb. Of
note, the capacity contribution from the high-voltage plateau
(1.6—1.2V) in the S-Cu-HHTP-200@CNT electrode is
significantly enhanced, suggesting promoted conversion and
more complete consumption of long-chain MgS; species.
Consequently, the aforementioned analysis indicates that the
mesoporous structure, abundant oxygen defects, and unsatu-
rated Cu coordination sites in Cu-HHTP-200@CNTs
facilitate rapid depletion of soluble MgS, at elevated voltages,
thereby enhancing the output voltage.

In long-cycle tests, S-Cu-HHTP-200@CNTs retain a high
specific capacity of 585 mAh g' after 100 cycles at 0.2 C,
indicating a significant suppression of the shuttle effect
(Figure Sc). The observed increase in Coulombic efficiency
and gradual decline in discharge capacity can be attributed to
redox asymmetry during cycling. This asymmetry results from
the incomplete reduction of MgS, species during discharge and
the partial reoxidation of residual polysulfides during
charging.””*" To clarify whether the suppression of the shuttle
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effect stems from intrinsic features of Cu-HHTP-200@CNTs,
we conducted a comparative study using a TiO, interlayer
under identical electrochemical conditions. As shown in
Figure S31, commercial rutile-phase TiO, exhibited a negli-
gible effect on the conversion pathway, with electrochemical
profiles resembling those of S—PP. The specific capacity of S—
TiO, rapidly declined below 300 mAh ¢~' within three cycles,
confirming its limited capability in enhancing sulfur redox
reversibility. Additional performance comparisons are pre-
sented in Table S3. In addition, postcycling SEM, XRD, and
XPS characterizations (Figures $32—S34) confirm that the Cu-
HHTP-200@CNT interlayer maintains its mesoporous
architecture, crystallographic features, and stable Cu(I)
oxidation state after extended cycling, supporting its electro-
chemical durability. These findings demonstrate that interfacial
regulation through structural optimization and electronic
modulation is more critical than conventional physical barriers
in achieving the long-term stability of Mg—S batteries.

To achieve high-energy Mg—S batteries, we constructed
cathodes with a high sulfur content of 70 wt %. The 70% S-Cu-
HHTP-200@CNTs maintained a distinct high-voltage dis-
charge plateau and a specific capacity exceeding 300 mAh g™
(Figures Sd and S30d). While these results demonstrate
promising performance, the degradation of capacity with
increasing sulfur loading can be mainly attributed to the
compromised interfacial contact, limited catalytic sites, and
mechanical stress.*”*> To further validate the practical
teasibility, we increased the areal sulfur loading to 3 mg cm™?,
which resulted in stable cycling with an areal capacity of
0.9 mAh cm™ over 200 cycles (Figure S35). Additionally, a
prototype pouch cell with a total sulfur loading of 14 mg was
assembled. This device exhibited an initial capacity of over
3 mAh and retained a clear high-voltage plateau at 1.6—1.2V
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throughout cycling, further demonstrating the compatibility of
the interlayer (Figure S36).

Rate performance was evaluated to examine the kinetic
stability under different current densities (Figure Se). S-Cu-
HHTP-200@CNTs demonstrate stable and consistent dis-
charge plateaus across a wide range of current densities from
0.1 to 3 C (Figure 5f). Given the favorable rate performance,
subsequent high-current cycling experiments were performed
to verify its long-term applicability in high-power Mg—S
batteries. As shown in Figure 5g, S-Cu-HHTP-200@CNTs
retain a discharge capacity of 450 mAh g™" after 500 cycles at
1 C. Even at a higher rate of 3 C, it still maintains 306 mAh g™*
after 500 cycles, corresponding to a high power density of
4090 W kg™'. Control experiments confirmed that the catalyst
contributes only 6% of the capacity at 1C and 3C
(Figure S37), with sulfur redox reactions accounting for the
dominant capacity. The performance comparison is summar-
ized in Figure Sh and Table S4. These results support the
interfacial catalytic approach as a route to durable, high-power
Mg—S batteries.

The versatility of the catalytic interlayer was further
evaluated in multiple electrolyte systems. In electrolytes
composed of simple salts such as MgCl,—LiCl and MgCl,—
LiCl-lithium bis(trimethylsilyl)amide (LiHMDS), S-Cu-
HHTP-200@CNTs exhibit a well-defined high-voltage plateau
associated with the conversion of long-chain MgS,, indicating
efficient redox kinetics (Figure 6a). Notably, in the MgCl,—
LiCI-LiHMDS electrolyte, the cell maintains a high discharge
capacity of 454mAhg™" after 200 cycles at 0.2C. It also
exhibits a stable Coulombic efficiency close to 100%
(Figure 6b), confirming the robustness of the interlayer
under extended cycling. Furthermore, in lithium—sulfur (Li—
S) batteries, S-Cu-HHTP-200@CNTs also demonstrated
prolonged high-voltage plateaus and enhanced discharge
specific capacity, enabling higher specific energy compared to
S—PP (Figure S38). These findings collectively verify the
universal effectiveness of the catalytic interlayer in promoting
conversion kinetics and mitigating the shuttle effect across
various electrolyte systems.

To further evaluate the catalytic role of the interlayer in
promoting the conversion kinetics, S-Cu-HHTP-200@CNTs
were tested under LT conditions, which could address a critical
gap in Mg—S batteries for cold-region electric equipment
applications.44 Rate performance at different temperatures was
conducted, as shown in Figure 6¢,d. The S-Cu-HHTP-200@
CNTs demonstrate LT tolerance, maintaining a high discharge
plateau from 1.6 to 1.2V and delivering a specific capacity
exceeding 200 mAh g™' even at —20 °C. At this temperature,
both the specific capacity and the specific energy of S-Cu-
HHTP-200@CNTs exceed those reported for most magne-
sium-ion batteries (Figure 6e and Table SS). Hence, the Cu-
HHTP-200@CNT catalytic interlayer effectively suppresses
the shuttle effect due to its strong anchoring interactions.
Additionally, it facilitates the reduction of long-chain MgS,,
which in turn, enhances both the output voltage and the
kinetic properties. These advances enable Mg—S batteries to
operate reliably over a broad temperature window, under-
scoring their promise for practical deployment.

3. CONCLUSIONS

In summary, Cu-HHTP-200@CNTs with vertical mesoporous
arrays were developed as a catalytic interlayer for Mg—S
batteries. The sluggish reduction kinetics of long-chain MgSg
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have been identified as the primary cause of capacity
deterioration in the S cathode. The Cu-HHTP-200 electro-
catalyst, engineered with a hierarchical porous structure,
abundant oxygen defects, and exposed Cu sites, enables
efficient local electronic structure modulation at Cu sites. This
structural advantage facilitates the conversion of long-chain
MgS, at higher voltages and alleviates the shuttle effect.
Consequently, Mg—S batteries incorporating the Cu-HHTP-
200@CNT interlayer demonstrate a power density of
4090 Wkg™! after S00 cycles and a high specific capacity of
236 mAhg™! even at —20°C. The results provide insights
regarding the effects of the coordination environment within
7—d conjugated MOFs on stepwise sulfur conversion and
present an interfacial engineering strategy for high-perform-
ance sulfur-based batteries.

4. EXPERIMENTAL SECTION

4.1. Synthesis of Cu-HHTP and Its Derivatives. In a typical
synthesis procedure, 0.233g of HHTP ligand was ultrasonically
dissolved in a mixture of 3mL of N,N-dimethylformamide (DMF)
and 24 mL of H,O, then slowly added to a solution of CuSO,-5H,0
in 9mL of H,0. The mixture was stirred for 15 min before being
transferred to an autoclave and heated at 85 °C for 12 h. The obtained
blue-black powder was washed twice with H,O, ethanol, and acetone
and then dried in a vacuum oven at 60 °C overnight. The synthesis of
Zn-HHTP followed the same procedure as Cu-HHTP, with the
substitution of copper sulfate by zinc acetate. The obtained Cu-
HHTP powder was calcined at a heating rate of 2 °C min™" to 150,
200, 250, and 300 °C for 2 h under an argon atmosphere, yielding Cu-
HHTP-150, Cu-HHTP-200, Cu-HHTP-250, and Cu-HHTP-300,
respectively.

4.2. Synthesis of the Composites of Cu-HHTP and
Conductive Substrates. Composites of Cu-HHTP with graphene
(G), graphene oxide (GO), and CNTs were synthesized by applying
the same treatment steps used for Cu-HHTP, with the additional
incorporation of 30% G/GO/CNTs in the precursor solution prior to
hydrothermal treatment. Specifically, 0.5g of CuSO,SH,0 was
dissolved in 4.5 mL of H,0, and 37.5 mg of CNTs was dispersed in a
mixture of 1.5 mL of DMF and 12 mL of H,O. Subsequently, 0.1165 g
of HHTP was introduced into the mixture under ultrasonic
conditions. The reaction mixture was then hydrothermally treated
in an autoclave at 85 °C for 12 h, followed by washing and vacuum-
drying.

4.3. Fabrication of Cu-HHTP-Based Interlayers. The Cu-
HHTP/Cu-HHTP-200@CNTs, Ketjen Black, and poly(vinylidene
fluoride) binder (in a weight ratio of 7:2:1) were mixed with N-
methyl-2-pyrrolidone in a mortar. The homogeneous slurry was then
cast onto a PP/PE/PP (abbreviated as PP) interlayer and dried at
80 °C overnight. The dried samples were cut into interlayers with a
diameter of 19mm. The mass loading was approximately

0.3mgcm™>
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