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Confinement—Adsorption Synergy in Hybrid Carbon-
Coated Separator Enables Stable High-Rate Quinone
Cathode for Magnesium Batteries
Xiquan Qi, Xingyu Gao, Zhirong Zhao-Karger, and Xiangyu Zhao*

plating/stripping ~ cycling.”" "1 Realizing

Organic cathodes offer great promise for rechargeable magnesium batteries
(RMBs) owing to their structural tunability and fast Mg>* transport, yet their
dissolution in ether-based electrolytes leads to rapid capacity fading and
poor rate performance. Herein, we design a high-performance
sulfur-containing heterocyclic quinone cathode, benzo[b]naphtho[2/,3":5,6]
[1,4]dithiino[2,3-i]thianthrene-5,7,9,14,16,18-hexone (BNDTH), coupled with a

high-performance RMBs, however, critically
depends on the development of cathode mate-
rials capable of delivering both high energy and
power densities—an ambitious target that
requires the delicate balance of elevated opera-
tional voltages and high-specific capacities.
Despite ongoing efforts, progress remains hin-

functional carbon-coated separator composed of graphene oxide (GO) and
carboxylated multi-walled carbon nanotubes (MWCNTs—COOH) at an
optimized 1:9 mass ratio. In this architecture, GO provides physical
confinement to suppress BNDTH diffusion, while MWCNTs—COOH offer
abundant chemical adsorption sites to immobilize soluble species. This
synergistic confinement—adsorption mechanism effectively mitigates
active-material loss and promotes charge transfer. As a result, the
Mg//BNDTH cell exhibits significantly improved rate capability, delivering
cathode capacities rising from 153 to 261 mAh g~ ' at 1 C and from 26 to
100 mAh g at 10 C over 500 cycles, along with cell-level power and energy
densities of 4517 W kg~ and 222 Wh kg ', respectively—surpassing most
reported RMBs employing organic cathodes. This work presents a viable
separator-engineering strategy for achieving stable and high-rate operation of

soluble organic cathodes in RMBs.

1. Introduction

Rechargeable magnesium batteries (RMBs) are gaining attention as a
compelling next-generation energy storage technology, capitalizing on
the intrinsic merits of magnesium metal anodes, including an ultrahigh
volumetric capacity (3833 mAh cm™?), superior safety, abundant
reserves, and the propensity for uniform deposition over prolonged
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dered by the limited availability of cathode
materials that can meet these dual demands.['”]
This limitation arises primarily from the strong
coulombic interactions between divalent Mg”™*
ions and inorganic host frameworks, which
impose high migration energy barriers and
restrict Mg mobility within solid lattices.["*'*!
The resulting sluggish solid-state diffusion
kinetics undermine rate performance and capac-
ity utilization.!"*'®! Overcoming these intrinsic
bottlenecks necessitates the rational design of
cathode architectures with engineered ion trans-
port pathways, capable of facilitating efficient
Mg”" migration while preserving structural sta-
bility under electrochemical cycling.

In this context, organic cathode materials
have emerged as a compelling class of candi-
dates, offering distinct advantages over tradi-
tional inorganic materials, including cost-effectiveness, environmental
sustainability, — structural —diversity,
tunabﬂity.[”*w] Unlike intercalation-based mechanisms in crystalline
hosts, organic redox systems operate via functional group transforma-
tions, which facilitate multiple Mg®" transport pathways and reduce
intermolecular binding force, resulting in enhanced diffusion kinetics
and electrochemical performance.[*"! Among them, small-molecule
organic electrodes exhibit high theoretical capacities and dense
redox-active sites. However, their practical application is constrained by
high solubility in conventional electrolytes, leading to severe capacity
fading.”"** To mitigate this drawback, strategies such as molecular
polymerization and separator modification have been proposed.[23 241
In the molecular polymerization approach, redox-active groups are
covalently tethered onto linear or crosslinked polymeric backbones.!*)
The resulting polymers, with enhanced molecular weights and inter-
molecular forces, exhibit significantly reduced solubility in electrolytes.
For instance, while pristine anthraquinone suffers from rapid capacity
loss (10 mAh g~ ' after 30 cycles at 100 mA g~ ') due to severe
dissolution,™ anthraquinone-based polymers designed by Liao et al.,
including anthraquinonylsulfide, 1,4-polyanthraquinone, and 2,6-

and molecular-level redox
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polyanthraquinone, demonstrated improved cycling performance.[*®]

Xu et al. further developed a double-chain poly(anthraquinonylsulfide)
with higher capacity and stability, delivering 194 mAh g~ ' after
50 cycles at 100 mA g~ '.I*'] Despite these advances, the sluggish
Mg”" diffusion within polymer matrices remains a fundamental chal-
lenge, as steric hindrance and strong ion—polymer interactions limit
ionic mobility and degrade rate capability.

Separator modification has emerged as a highly efficient strategy to
suppress the shuttle effect of dissolved organic species, thereby improv-
ing cycling stability. For example, Kang et al. reported a metal-organic
framework (MOF) gel membrane separator for lithium—organic batte-
ries, in which the intrinsic microporous architecture of the MOF func-
tions as molecular sieves that selectively regulate the transport of
soluble redox-active species. This design effectively suppresses the shut-
te effect while preserving high-power density, enabling long-term
cycling with 82.9% capacity retention after 2000 cycles.[*) Likewise,
Jia et al. demonstrated that Super P-coated polypropylene separators, as
a physical barrier, effectively restricted the diffusion of soluble
quinone-based small molecules in sodium-based systems. Paired with a
sodium metal anode, the dibenzo[b,i] thianthrene-5,7,12,14-tetraone
cathode achieved an exceptional capacity of 342.6 mAh g ' at
500 mA g’
cycle over 550 Cydespo] However, in the field of RMBs, separator
modification strategies targeting the dissolution issue of organic cath-
odes remain largely unexplored.

Herein, we report a sulfur-containing heterocyclic quinone, benzo
[b]naphtho[2’,3':5,6][1,4]dithiino[2,3-i]thianthrene-5,7,9,14,16,18-
hexone (BNDTH), as a high-capacity organic cathode for RMBs. Owing

and maintained a low capacity fade rate of 0.15% per

to its low molecular weight and high density of redox-active sites,
BNDTH is well-suited for high-power Mg®" storage. Nevertheless, its
dissolution in electrolytes leads to rapid capacity degradation. To
address this, we fabricated a hybrid carbon-coated separator via vacuum
filtration of graphene oxide (GO) and carboxylated multi-wall carbon
nanotubes (MWCNTs—COOH) onto commercial glass fiber film. By
adjusting the mass rato of GO to MWCNTs—COOH
(1GO/XMWCNTs—COOH), an optimized 1GO/9IMWCNTs—COOH
coating was obtained, forming a compact and effective diffusion barrier
for active species. This modified separator enabled the BNDTH cathode
to deliver an average discharge voltage of 1.75 V (versus Mg/Mg’")
and a high reversible capacity of 261 mAh g~ ' at 1 C (295 mA g™ ).
Notably, the cathode exhibits significantly improved rate performance
with a capacity of 154 mAh g~ ' at 10 C, while maintaining 100 mAh
g~ ! after 500 cydles.

2. Results and Discussion
2.1. Synthesis and Characterization of BNDTH

BNDTH was successfully synthesized via a straightforward condensation
reflux method,*" in which two naphthoquinone units and one benzo-
quinone unit are covalently linked, as illustrated in Figure 1a. BNDTH
contains six carbonyl (C=O) groups serving as redox-active sites,
endowing it with a high theoretical specific capacity of 295 mAh g~ '.
X-ray powder diffraction (XRD) analysis of BNDTH shows distinct dif-
fraction peaks (Figure 1b), indicative of a well-ordered crystalline struc-
ture that may provide continuous ion-diffusion pathways. Fourier
transform infrared (FTIR) spectroscopy of BNDTH (Figure 1c) confirms
its molecular structure, displaying characteristic absorption bands at
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1662 and 1651 cm ™' corresponding to C=O stretching vibrations, and
peaks at 1585 and 1536 cm ™' assigned to aromatic C=C stretching
modes. A prominent absorption at 701 cm ™' is attributed to C-S bond
vibrations, collectively validating the successful incorporation of
redox-active carbonyl functionalities and sulfur-containing moieties
into the molecular backbone of BNDTH. The chemical composition
and bonding environment of BNDTH were further elucidated by X-ray
photoelectron spectroscopy (XPS) (Figure S1, Supporting Information).
Deconvolution of the C 1s spectrum (Figure 1d) reveals three distinct
components centered at 284.8 eV (C—C/C=C), 286.2 eV (C-O/C-S),
and 288.6 €V (C=0), while the O 1s spectrum (Figure le) displays
two peaks at 531.4 eV (C=0) and 533.0 eV (C-O). The S 2p spectrum
(Figure 1f) exhibits a well-defined doublet at 163.8 eV (S 2ps3,,) and
165.0 eV (S 2p,,,), corroborating the presence of C—S bonds and con-
firming the designed molecular framework.

Solid-state '>C nuclear magnetic resonance (NMR) spectroscopy
(Figure 1g) provides additional structural validation, featuring a promi-
nent resonance at ~170 ppm assigned to the carbonyl carbons of the
quinone units. This direct observation of redox-active centers comple-
ments the XPS and FTIR results and confirms the high chemical purity
of the synthesized BNDTH. These spectroscopic analyses collectively
verify the rational molecular design of BNDTH, which integrates dual
functionalities—redox-active carbonyl groups for Mg®” coordination
and sulfur bridges for structural robusmess. The morphology of
BNDTH was examined by scanning electron microscopy (SEM,
Figure 1h), revealing uniform, monodisperse microrods with an aver-
age length of ~4 pm and ultrathin walls. Such well-defined
one-dimensional structures shorten Mg”" diffusion pathways and
enhance ion transport kinetics. Energy dispersive spectroscopy (EDS)
elemental mapping (Figure 1i) further verifies the homogeneous distri-
bution of C, O, and S elements throughout the microrod matrix, in
agreement with the designed sulfur-bridged quinone framework.

2.2. Electrochemical Performance and Redox Mechanism of
BNDTH Cathode

The electrochemical performance of BNDTH was evaluated using
CR2032-type coin cells assembled with magnesium metal as the anode
and a non-corrosive electrolyte consisting of 0.5 m Mg[B(hfip),], (hfi-
p = OC(H)(CF)3), in 1,2-dimethoxyethane (DME). This electrolyte
demonstrated excellent anodic stability above 3.5 V (versus Mg” /Mg)
when carbon-coated aluminum (C—Al) or stainless steel was used as the
working electrode, as confirmed by linear sweep voltammetry (LSV,
Figure S2a, Supporting Information), thus supporting the use of
high-voltage cathode materials. Furthermore, it enabled efficient Mg
plating/stripping behavior in both symmetric Mg|[Mg cells and asym-
metric C—Al|[Mg cells (Figure S2b—d, Supporting Information), indicat-
ing reversible Mg deposit and efficient Mg”" transport throughout the
electrolyte medium. Cyclic voltammetry (CV) of the BNDTH cathode
(Figure 2a), conducted within the voltage window of 1.0-3.0 V,
revealed two well-defined redox couples at 2.3/1.6 and 2.6/1.9 V,
corresponding to the stepwise redox reactions between carbonyl (C=0)
and ether (C—O) functional groups during Mg>" storage. Notably, in
the second and third cycles, an anomalous oxidation peak near 2.7 V
emerged during the reduction sweep, which can be attributed to the
partial dissolution of BNDTH in the electrolyte (Figure S3, Supporting
Information). Galvanostatic charge/discharge profiles (Figure 2b) fur-
ther corroborate the CV results, displaying two discharge plateaus at
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Figure 1. Structure analyses of BNDTH. a) Schematic illustration for the synthesis of BNDTH. b) XRD pattern and c) FTIR spectra of BNDTH. XPS spectra of
BNDTH: d) C 15, €) O 1s, and f) S 2p. g) Solid-state ">C NMR spectrum of BNDTH. h) SEM images of BNDTH. i) EDS elemental mapping images of BNDTH.

1.9 and 1.6 V and delivering an initial capacity of 125 mAh gﬂ at 1

C. However, continuous dissolution of active material led to a gradual
decline in capacity to 77 mAh g~ after 50 cycles.

Interestingly, the selection of binder was found to have a pro-
nounced effect on the electrochemical behavior of the BNDTH cathode.
To explore this effect, five different binders, carboxymethylcellulose
(CMC), polyvinylidene fluoride (PVDF), sodium alginate (SA), poly-
acrylic acid (PAA), and acrylonitrile multi-copolymer (LA133), were
evaluated under identical testing conditions. Among them, the BNDTH
cathode using CMC binder exhibited the highest specific capacity and
the best cycling stability at a current density of 100 mA g~ ', albeit
with slightly lower coulombic efficiency compared to other binder sys-
tems (Figure S4, Supporting Information). This performance enhance-
ment is further supported by the results of a tape-peeling test
(Figure S5, Supporting Information), designed to assess the mechanical
adhesion between the electrode coating and the current collector.
Among all binder systems, the CMC-based electrode retained the largest
amount of active material after peeling, significantly outperforming its
PVDF- and other binder-based counterparts. Such strong interfacial
adhesion likely contributes to maintaining the structural integrity and
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conductive network of the electrode during cycling, thereby improving
its overall electrochemical stability. These results underscore the critical
role of binder selection in optimizing the electrochemical performance
of the BNDTH cathode.

To elucidate the redox mechanism of the BNDTH cathode, ex situ
XRD, FTIR, and XPS analyses were conducted at different states of
charge and discharge. Given the need for the initial electrochemical acti-
vation, the second cycle was selected to study the Mg”* storage behav-
ior of BNDTH. Ex situ XRD patterns of the BNDTH cathode reveal clear
structural evolution during cycling (Figure 2c). Diffraction peaks at
24.2°, 38.5°, 44.9°, 58.4°, 65.5°, and 78.2° are assigned to the C-Al
current collector. Upon discharge to 1 V, the characteristic BNDTH
peak at 27.7° disappears, while a new peak emerges at 82.7°, indicat-
ing a phase transformation induced by Mg”" insertion. When recharged
to 3 V, the 27.7° peak is restored and the 82.7° peak vanishes, demon-
strating the reversible crystalline reorganization of BNDTH associated
with Mg”" extraction.

To further probe the chemical bonding evolution, ex situ FTIR spec-
troscopy was performed (Figure 2d). The intensity of the C=O stretch-
ing vibration at 1650 cm™' decreases upon discharge to 1 V and
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Figure 2. Electrochemical performance and redox mechanism of the BNDTH cathode. a) CV curves
(01 mV s~" and 1.0-3.0 V). b) Discharge/charge profiles of BNDTH at 1 C. ¢) Ex situ XRD patterns
and d) ex situ FTIR spectra at different states in the 2nd cycle. Comparison of ex situ XPS spectra of
e) C 1s and f) O 1s of pristine cathode and cathodes at different states in the 2nd cycle.

recovers after the recharge to 3 V, indicating the reduction and subse-
quent reoxidation of carbonyl groups. Meanwhile, the C-O stretching
band at 1382 cm™" becomes more pronounced during discharge and
weakens during charge, consistent with the interconversion between
C=0 and C-O functionalities during Mg”" coordination and release.
These vibrational changes, in conjunction with XRD results, provide
compelling evidence for the reversible structural evolution of BNDTH
during cycling. Ex situ XPS analysis further clarifies the redox-active
centers involved in the magnesiation/de-magnesiation process. The
high-resolution C 1Is spectrum of the pristine cathode (Figure 2e)
shows three components at 284.8 €V (C—C/C=C), 286.3 eV (C-O/C—
S), and 287.9 eV (C=0). Upon discharge to 1 V, the intensity of the
C=0O peak significantly diminishes, while the C-O/C-S component
becomes more prominent, indicating the reduction of carbonyl groups.
Upon recharge to 3 V, the C=O peak intensity is largely restored, con-
firming the reversibility of this redox transformation. Similarly, the O
Is spectra (Figure 2f) exhibit an increase in the C—O signal at 533.3 eV
and a decrease in the C=O signal at 532.0 eV upon discharge, with the
reverse trend observed upon charge. Together, these spectroscopic
results reveal that carbonyl groups in BNDTH undergo reversible reduc-
tion to C-O states upon Mg”" insertion and reoxidation during Mg”>*
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work and the planar GO sheets, which act as
bridges across nanotube junctions, improving
interfacial adhesion and crack resistance. In
contrast, separators coated ~with  only
MWCNTs—COOH fractured severely during
bending (Figure S6, Supporting Information),
confirming GO’s essential role in enhancing
the interlayer’s mechanical properties. Raman
spectroscopic (Figure 3c) confirmed the formation of the hybrid car-
bon network, with characteristic D and G bands corresponding to dis-
ordered sp® and graphitic sp” carbon domains. A systematic upshift of
the G-band from 1581 to 1591 cm ' across  the
1GO/xMWCNTs—COOH series reflects increased GO content, attribut-
able to strengthened mt-m stacking and strain transfer between the two
carbonaceous components. Surface and cross-sectional SEM images
(Figure 3d-k) reveal the microstructural evolution of the hybrid carbon
interlayer. The pure MWCNTs—COOH layer (Figure 3d,e) forms an
isotropic entangled fibrous mat (~50 pm thickness), while increasing
GO content leads to ordered lamellar stacking. In the optimized
1GO/9IMWCNTs—COOH configuration (Figure 3f9),
MWCNTs—COOH are uniformly anchored on GO basal planes, form-
ing an interpenetrating architecture. Higher GO ratios (Figure 3h-k)
enhance lamellar stacking but reduce conductive network connectivity.
The hierarchical multilayer structure effectively prolongs electrolyte dif-
fusion pathways and improves adsorption capacity for soluble BNDTH
species, thus suppressing their migration toward the anode. Mean-
while, MWCNTs—COOH provide interconnected pathways for electro-
lyte infiltration and facilitate the retention of dissolved species within
the hybrid carbon interlayer.

532 530 528
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Figure 3. Morphology and structure of the functional GO/MWCNTs—COOH hybrid membrane. a) Schematic illustration for the synthesis of GO/
MWCNTs—COOH hybrid carbon membranes and b) Optical photos of GO/MWCNTs—COOH hybrid carbon membrane in different states. c) Raman spectra
of composite membranes with different GO/MWCNT—COOH ratios. Surface (d, f, h, j) and cross-sectional (e, g i, k) SEM images of carbon membranes with

different GO/MWCNTs—COOH ratios: MWCNTs—COOH, 1:9, 2:8, and 1:1.

2.4. Enhanced Electrochemical Performance of BNDTH Cathode
with a GO/MWCNTs—COOH Modified Separator

Mg//BNDTH cells equipped with these carbon-modified separators
exhibited significantly improved electrochemical performance com-
pared to those using pristine GF separators. Among them, the
GO/MWCNTs—COOH hybrid interlayer effectively regulates the shut-
tle of dissolved BNDTH species without altering its inherent redox
chemistry, as evidenced by the nearly identical CV profiles (Figure 4a
and Figure S7, Supporting Information). This confirms that the funda-
mental carbonyl-enolization redox pathway of BNDTH remains intact
despite interfacial modification. However, a closer inspection of the CV
data reveals composition-dependent variations in redox behavior. For
instance, the Mg//BNDTH cell using the 1GO/1IMWCNTs—COOH
modified separator exhibits parasitic oxidative features near 2.7 V dur-
ing the cathodic sweep (Figure S7a, Supporting Information), indicat-
ing incomplete suppression of BNDTH dissolution. Similar anomalies
are observed in cells wusing 2GO/8MWCNTs—COOH and
MWCNTs—COOH interlayers (Figure S7b,c, Supporting Information).
Remarkably, these undesired redox signals are fully suppressed in the
1GO/9MWCNTs—COOH configuration, which simultaneously shows
increased redox peak currents (Figure 4a), indicating an optimal bal-
ance between adsorption capacity and ionic/electronic transport
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kinetics. These findings establish the critical role of MWCNTs—COOH
in adsorbing dissolved BNDTH species, while GO contributes to struc-
tural regulation of the hybrid carbon interlayer. The multilamellar
architecture formed through appropriate GO incorporation offers effi-
cient diffusion modulation and enhanced adsorption via physical con-
finement. However, excessive GO content negatively impacts the
percolative electronic network, despite its contribution to barrier prop-
erties. This trade-off underscores the importance of the GO to
MWCNTs—COOH ratio to maximize interlayer functionality.

The galvanostatic discharge and charge results further corroborate
the above observations. The BNDTH cathode using the
1GO/9IMWCNTs—COOH modified separator delivers a high first-cycle
discharge capacity of 253 mAh g~ (86% of theoretical capacity) at 1 C
and retains 198 mAh g~ ' after 50 cydles (Figure 4b), with an average
discharge voltage of 1.75 V versus Mg/Mg*".

In contrast, the BNDTH cathode with other carbon-coated separators
(Figure S8, Supporting Information) exhibits inferior metrics. The
capacity contribution from the 1GO/9IMWCNTs—-COOH interlayer
itself is shown in Figure S9, Supporting Information, confirming its
negligible direct capacity. Extended cycling performance (Figure S10,
Supporting Information) further highlights the efficacy of shutde sup-
pression. The BNDTH cathode coupled with the 1GO/9MWCNTs—
COOCH interlayer achieves a maximum discharge capacity of 261 mAh

© 2026 The Author(s). Energy & Environmental Materials published by
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Figure 4. Electrochemical performances of Mg//BNDTH cells with 1GO/9MWCNTs—-COOH modified separator. a) CV curves (0.1 mV s~ and 1.0-3.0 V) and
b) charge and discharge curves of BNDTH with 1GO/9MWCNTs—COOH modified separator at 1 C. c) EIS data comparison for the cell with 1GO/
IMWCNTs—COOH modified separator at the pristine state and charged states after 1, 3, 5, 10, and 20 cycles. d) Rate performance from 1 to 10 C of the
BNDTH with GF/F separator and BNDTH with 1GO/9MWCNTs—COOH modified separator. e) Charge and discharge profiles of BNDTH with 1GO/
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performance at 10 C of the BNDTH with GF/F separator and 1GO/9MWCNTs-COOH modified separator. h) Image of 36 red LEDs powered by the soft-

packing RMB.

g ' at 1 C and retains 165 mAh g~ (63.2% capacity retention)

after 200 cycles. Comparatively, the cathode coupled with
MWCNTs—COOH, 2GO/8MWCNTs—COOH, and 1GO/IMWCNTs—
COOH interlayers exhibit maximum discharge capacities of 195, 214,
and 199 mAh g~ at 1 C and retain 94, 134, and 111 mAh g~ ' after
200 cycles, respectively. These results collectively validate the superior
adsorption  capability and shuttle suppression effect of the
1GO/9IMWCNTs—COOH hybrid interlayer.

Electrochemical impedance spectroscopy (EIS) further reveals
insights into the reaction kinetics, with equivalent circuit and fitted
parameters summarized in Tables S1-S5, Supporting Information. For
the 1GO/9IMWCNTs—COOH configuration, both the solution resis-
tance (Ry) and charge wansfer resistance (R.) decrease significantly
(Figure 4c) during initial cycling due to improved electrolyte wetting
and ionic transport across the BNDTH electrode and modified separator.
While Ry stabilizes in subsequent cycles, R, continues to decline, indi-
cating enhanced charge transfer kinetics and reduced polarization. A
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minor R increase observed in cycle 3 compared to cycle 1 is attributed
to the intrinsically insulating property of GO, which slightly impedes
electron transfer. Additional EIS results for other separators (Figure S11,
Supporting Information) and corresponding Ry/R,, values provide fur-
ther comparison. Cells with 2GO/8MWCNTs—COOH and
1GO/IMWCNTs—COOH modified separators exhibit higher R values
than the 1GO/9MWCNTs—COOH system, although they follow a simi-
lar downward trend. This inverse correlation between GO content and
electrochemical kinetics highlights the detrimental effects of excessive
GO. Interestingly, the MWCNTs—COOH-only interlayer-based cell dis-
plays lower R, than the 1GO/9IMWCNTs—COOH-based cell after sev-
eral cycles, indicating favorable reaction kinetics, which may be
ascribed to the enhanced active sites of pure MWCNTs—COOH inter-
layer compared to the hybrid interlayers. However, its relatively loose
structure and highly porosity result in higher Ry values, likely caused
by diminished interfacial contact. In contrast, cells with unmodified GF
separators maintained relatively stable but higher R, value, indicating

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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sluggish reaction kinetics. Collectively, these EIS findings confirm that
the 1GO/9IMWCNTs—COOH hybrid interlayer facilitates an optimal
balance of ionic accessibility, electronic conductivity, and shuttle sup-
pression, thereby substantially improving the electrochemical kinetics
of the Mg//BNDTH cell. This kinetic enhancement underpins the supe-
rior rate capability and long-term cycling performance detailed below.

The BNDTH cathode incorporating the 1GO/9IMWCNTs—COOH
modified separator exhibits outstanding rate capability across a wide
current rate range from 1 to 10 C (Figure 4d,e), delivering reversible
capacities of 261, 190, 168, 150, and 145 mAh g_l at respective cur-
rent rates. Remarkably, when the current rate returns to 1 C after 50
high-rate cycles, the capacity retains at 225 mAh g~ ', reflecting good
capacity recovery and structural reversibility. In sharp contrast, control
cells using unmodified GF separators deliver substantially lower cathode
discharge capacities under identical conditions (Figure 4d and
Figure S12, Supporting Information). These enhanced electrochemical
characteristics stem from the synergistic combination of BNDTH’s mul-
tiple active sites with rapid redox kinetics and the modified separator’s
effective adsorption of dissolved BNDTH species. A comparative analysis
of energy and power densities (Figure 4f and Table S6, Supporting
Information) highlights the superior performance of the Mg//BNDTH
cell, which achieves an impressive specific power of 4517 W kg™
while maintaining a high energy density of 222 Wh kg™ ' (calculated
based on active materials of both cathode and anode), thereby demon-
strating an excellent balance between power and energy output. These
values not only establish BNDTH as a highly promising organic cathode
but also validate the functional interlayer strategy for mitigating active
material dissolution in RMBs. Notably, the 1GO/9IMWCNTs—COOH
modified system also demonstrates exceptional long-term cycling stabil-
ity at 10 C (2950 mA g~ "), delivering a maximum capacity of 154
mAh g~ and maintaining 100 mAh g~ after 500 cycles (Figure 4g).
This performance starkly contrasts with the GF-based cell, which
exhibits only 46 mAh g~ initial capacity and 26 mAh g~' after
cycling. These results strongly support the modified separator’s efficacy
in adsorbing dissolved BNDTH species and stabilizing cell operation
over prolonged cycling. Furthermore, a soft-packed Mg//BNDTH cell
assembled with the 1GO/9IMWCNTs—COOH modified separator suc-
cessfully powered 36 commercial red light-emitting diodes (LED,
Figure 4h), demonstrating its potential for practical applications.

2.5. Synergistic Confinement—Adsorption Mechanism of the
Hybrid Carbon Interlayer

To further elucidate the role of the hybrid carbon interlayer in mitigat-
ing BNDTH dissolution, adsorption experiments were conducted using
the BNDTH solutions containing various hybrid carbon materials. Initial
tests revealed that BNDTH exhibits pronounced solubility in DME,
forming a saturated yellow solution upon immersion—accounting for
severe capacity fading and poor rate performance of Mg//BNDTH cells.
About 20 mg of GO/MWCNTs—COOH blends with varied mass ratios
were introduced into saturated BNDTH/DME solutions. Over a 24 h
immersion period, a gradual decolorization of the solutions was
observed (Figure 5a). Notably, MWCNTs—COOH exhibited the most
effective adsorption, completely clarifying the solution, whereas the
1GO/IMWCNTs—COOH composite showed minimal adsorption abil-
ity, with a large portion of the original coloration retained. To quantita-
tively evaluate adsorption capacity, UV-Vis spectroscopy was
performed (Figure 5b). The absorbance results mirrored the visual
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observations, indicating an adsorption hierarchy of MWCNTs—COOH
> 1GO/9MWCNTs—COOH > 2GO/8MWCNTs—COOH
> 1GO/IMWCNTs—COOH. These findings underscore the dominant
contribution of MWCNTs—COOH in BNDTH sequestration, consistent
with macroscopic adsorption behavior. However, electrochemical per-
formance analysis revealed an inverse correlation: although the
MWCNTs—COOH-only interlayer exhibited the strongest adsorption
capacity, cells using this separator underperformed relative to those
with 1GO/9MWCNTs—COOH. This performance gap is primarily
atributed to the poor mechanical integrity of the pure
MWCNTs—COOH interlayer (Figure S6, Supporting Information),
along with elevated ohmic resistance observed during cycling. This
interlayer permits rapid diffusion of BNDTH across the membrane. In
such cases, the dissolved BNDTH may traverse the interlayer before
being efficiently adsorbed, thereby undermining the function of the
MWCNTs—COOH. In contrast, the 1GO/IMWCNTs—COOH inter-
layer achieves a well-balanced synergy between structural confinement
and adsorption capability. In this architecture, the GO sheets assemble
into a densely stacked, layered structure that acts as a physical diffusion
barrier. This compact configuration effectively retards the migration of
dissolved BNDTH molecules, allowing sufficient residence time for the
conductive MWCNTs—COOH network to capture the migrating
BNDTH species. Nonetheless, excessive GO incorporation negatively
affects cell performance through two mechanisms: 1) diminished
BNDTH adsorption capacity due to the relatively inert GO surface and
2) reduced electrical conductivity caused by GO’s intrinsically insulat-
ing nature. Therefore, the 1GO/9IMWCNTs—COOH hybrid interlayer
achieves an optimized balance between adsorption efficiency and elec-
trochemical stability, resulting in superior cell performance.

The adsorption mechanism of the 1GO/IMWCNTs—COOH pow-
ders was further verified via ex situ XPS analysis (Figure 5c,d). Elemen-
tal comparisons before and after immersion tests revealed the
emergence of two characteristic sulfur signals at 169 eV (S 2p) and
233 eV (S 1s) in the post-adsorption spectra (Figure 5d), demonstrat-
ing the successful adsorption of BNDTH species. Deconvolution of C 1s
spectra (Figure S13, Supporting Information) identified five compo-
nents: C-C/C=C (284.8 eV), C-S/C-O (285.8 eV), C=0 (287.1 eV),
0-C=0 (289.1 €V), and m-1* (291.6 €V).[*! The intensified C-S sig-
nal after immersion further corroborates the chemical adsorption of
BNDTH. High-resolution S 2p spectra (Figure 5d) revealed two doublet
components: a primary pair at 164.4 (2ps,,) and 165.8 eV (2py,2)
corresponding to BNDTH’s C—S—C bonds, and an additional sulfur dou-
blet at 169.1 and 170.3 eV attributed to C-SO,—C formation,BMg]
which likely arises from interactions between the sulfur atoms in
BNDTH and the carboxyl groups in the carbon interlayer, forming
chemically stable anchoring sites that suppress BNDTH diffusion. While
both MWCNTs—COOH and Hummers-derived GO possess oxygen-
containing functional groups such as —COOH (Figure S14, Supporting
Information), their distribution and accessibility differ significantly. In
Hummers-derived GO, these carboxyl groups are predominantly
located at the sheet edges, resulting in limited interaction sites and
insufficient adsorption capacity. As a consequence, GO alone exhibits
negligible sequestration of BNDTH molecules when immersed in
BNDTH-saturated DME solution, consistent with the persistent colora-
tion observed in the macroscopic adsorption test (Figure 5a). In con-
trast, MWCNTs—COOH presents a more uniform distribution of
accessible carboxyl groups across its surface, enabling stronger interac-
tions with BNDTH and thus dominating the overall adsorption process.
This conclusion is strongly supported by both spectroscopic evidence

© 2026 The Author(s). Energy & Environmental Materials published by
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and the comparative adsorption behavior among various carbon inter-
layers. The working mechanism of the GO/MWCNTs—COOH hybrid
separator is illustrated in Figure 5e, highlighting a synergistic
confinement—adsorption effect. In this configuration, GO nanosheets
serve as physical barriers that confine the migration of dissolved mole-
cules, while MWCNTs-COOH contribute abundant carboxyl functional
groups that provide strong chemical adsorption sites. This dual mecha-
nism operates cooperatively to immobilize dissolved BNDTH species,
thereby mitigating active material loss and enhancing the cycling stabil-
ity of the Mg//BNDTH cell.

3. Conclusion

In summary, the BNDTH was developed as a high-performance organic
cathode material for RMBs. The CMC binder, among five different
binders, was found to show good affinity with BNDTH, enabling the
formation of robust cathode coating on the current collector. To address
solubility-induced capacity fading of the BNDTH cathode, a hybrid
carbon-coated separator was constructed using an optimized
GO/MWCNTs—COOH mass ratio of 1:9. Within this architecture, the
lamellar GO component provides effective physical confinement, while
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carboxyl-functionalized MWCNTs offer abundant chemical adsorption
sites, enabling a synergistic confinement-adsorption mechanism to
immobilize dissolved BNDTH species and mitigate their diffusion
toward the Mg anode. When paired with this functional separator, the
BNDTH cathode exhibited substantial capacity improvements, with
reversible capacities increasing from 125 to 253 mAh g~ ' (initial
cydles) at 1 C and from 26 to 100 mAh g~ ' at 10 C over 500 cycles.
Moreover, the cell delivered a high-power density of 4517 W kg~ '
while maintaining a considerable energy density of 222 Wh kg™ '. Ex
situ FTIR and XPS analyses revealed a reversible enolization redox
mechanism during magnesium storage of the BNDTH cathode, and the
formation of C—SO,—C moieties in the hybrid carbon coating was iden-
tified as key adsorption sites for dissolved BNDTH species. This work
provides an effective strategy for stabilizing soluble small-molecule
organic cathodes in RMBs and highlights the critical role of separator
engineering in achieving high-rate and durable magnesium storage.

4. Experimental Section

Material synthesis: BNDTH was synthesized following established procedures.”*"

Typically, a mixture of 2.3 g (10 mmol) of 2,3-dichloro-1,4-naphthoquinone and

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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1.8 g (23 mmol) of hydrated sodium sulfide in 100 mL deionized water was stir-
red and refluxed at 100 °C for 2 h. After cooling to 70 °C, 1.3 g (53 mmol) of
tetrachlorobenzoquinone in 30 mL of N,N-dimethylformamide (DMF) was added,
and the reaction was continued for another 4 h at 70 °C. The resulting solution
was poured into 100 mL of ice water, and the pH was adjusted to 3—4 with a
5 wt% HCl solution. The precipitate was collected by filtration, thoroughly
washed with ethanol, and dried under vacuum at 70 °C for 12 h. The final prod-
uct was purified by recrystallization from DMF.

Preparation of GO/MWCNTs—COOH modified separator: GO was synthe-
sized using Hummers' method as previously reported*) Commercial
MWCNTs—COOH were obtained from Jiangsu XFNANO Materials Tech Co, Ltd.
A series of hybrid coatings with a total carbon mass of 80 mg were prepared, in
which the mass ratio of GO to MWCNTs—COOH was systematically varied and
designated as 1GO/xMWCNTs—COOH. The detailed procedure for the represen-
tative 1GO/9MWCNTs-COOH modified separator is described as follows: First,
8 mg of GO was dispersed in 20 mL of ethanol by ultrasonication for 1 h. Then,
72 mg of MWCNTs—COOH was added to the homogeneous GO dispersion, and
the mixture was further sonicated for 4 h to form a uniform slurry. The resulting
slurry was vacuum-filtered onto a commercial glass fiber separator (Whatman
GF/F), vacuum-dried at 70 °C for 8 h, and finally punched into 19 mm diameter
disks for cell assembly.

Electrolytes preparation: First, 2.13 mL of HFIP-H was dissolved in 5 mL of
DME in a 100 mL glass bottle, followed by the slow addition of 10 mL of 1 m
Mg(Bu), in heptane. The mixture was stirred continuously for 5 h. In parallel,
707 mL of HFIP-H was dissolved in 5 mL of DME in a 20 mL glass bottle, and
244 mL of BH;-THF solution was added dropwise under stirring, after which the
reaction was continued for 5 h. The two resulting solutions were then combined
and stirred at room temperature for 12 h. The final product, Mg[B(hfip),], salt,
was obtained after vacuum drying at 60 °C for 24 h. The salt was subsequently
dissolved in DME in a volumetric flask to prepare a 0.5 m electrolyte solution for
electrochemical testing.

Materials characterization: XRD patterns were collected on a Rigaku Smar-
tlab diffractometer using Cu-Kot radiation. FTIR spectroscopy was performed on
a Thermo Nicolet Nexus 670 Spectrometer. Morphological analysis was carried
out using FE-SEM (Carl Zeiss Microscopy GmbH). Chemical states of the constitu-
ent elements were analyzed by XPS on a Thermo Scientific instrument equipped
with a monochromatic Al Kot X-ray source. All XPS spectra were calibrated by set-
ting the adventitious carbon C 1s peak to a binding energy of 284.8 eV.

Electrode preparation: The cathode slurry was formulated by thoroughly
mixing BNDTH (as the active material) and Ketjen black (as the conductive addi-
tive) with a selected binder at a mass ratio of 60:30:10. For aqueous processing,
binders including CMC, SA, PAA, or LA133 were dissolved in deionized water. In
the case of non-aqueous processing PVDF was dissolved in N-methyl-2-
pyrrolidone. The homogenized slurry was uniformly cast onto C-Al foil and dried
under vacuum at 60 °C for 12 h. The resulting electrodes were then punched
into 12 mm disks and paired with magnesium metal counter electrodes for cell
assembly.

Electrochemical measurements: The electrochemical performance was evalu-
ated using 2032-type coin cells assembled in an argon-filled glove box. The separa-
tors employed included GF, the 1GO/9MWCNTs—-COOH modified separator, and
other hybrid carbon-coated separators. Galvanostatic charge—discharge tests were
carried out on a Neware battery test system (CT-4008T). CV was performed using
a Bio-Logic VMP3 potentiostat. All measurements were conducted at 298 K.
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