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Abstract: Rechargeable magnesium batteries (RMBs) are promising candidates for
sustainable energy-storage technologies, yet their advancement has been constrained
by the scarcity of high-performance cathode materials. While conversion-type
cathodes circumvent the structural limitations of Mg-intercalation mechanisms, most
existing conversion cathodes depend exclusively on the redox activity of transition
metal cations, whose capacity is inherently restricted by the reversibility of
metal-ion oxidation states. Herein, we report amorphous CoS, hollow nanoleaves

(a-CoS2) derived from cobalt-based metal-organic frameworks, which host a dual
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redox Mg-storage mechanism wherein sulfur anions and cobalt cations undergo
simultaneous and reversible redox reactions. Coupled with the abundant anionic
sites, hollow architecture and amorphous structure, the a-CoS, cathode delivers a
high reversible capacity of 195 mAh g at 50 mA g remarkable rate capability of
76.1 mAh g' at 1.0 A g, and outstanding long-term cyclability (74.6% capacity
retention after 300 cycles at 200 mA g!), which are significantly outperforming
amorphous CoS (a-CoS) and crystalline CoS: (¢-CoSz). Mechanistic studies confirm
the reversible reconstruction of S—S bonds during magnesiation/demagnesiation,
along with valence evolution of cobalt ions. This work establishes an
anion-activated dual redox chemistry that transcends the limitations of conventional
cation-only redox paradigm, providing new design principle for high-capacity

cathode materials in multivalent-ion batteries.

Keywords: rechargeable magnesium batteries, cathode materials, anion-activated,

amorphous cobalt sulfide, dual redox chemistry.

1. Introduction

The rapid deployment of renewable energy technologies has created a pressing
demand for large-scale energy-storage systems to ensure grid stability and energy
dispatchability [1]. Among emerging electrochemical energy-storage solutions,
rechargeable Mg batteries (RMBs) have attracted considerable interest due to
several inherent advantages of Mg element [2]. With high earth abundance, the Mg
metal anode exhibits a low redox potential (—2.37 V vs. SHE), a high theoretical
volumetric capacity (3833 mAh cm™), and crucially, a low dendritic growth
tendency, which significantly enhances operational safety [3-7]. Nevertheless, the
development of practical RMBs has been substantially hindered by limitations in

cathode materials. The high charge density of divalent Mg?* cations results in strong



Coulombic interactions with host lattice anions, which not only restricts the
availability of reversible Mg?* intercalation sites but also leads to sluggish ion
diffusion kinetics [8-10].

Unlike conventional Mg-intercalation mechanism, conversion-type Mg-storage
reactions circumvent structural constraints through phase transformation processes
[11]. This mechanism enables multi-electron transfer, offering high specific capacity
by fully utilizing the redox activity of transition metals [12]. Various transition metal
chalcogenides have been explored as conversion cathodes for RMBs, including
copper-based chalcogenides (CuS [13,14], CuSe [15,16], and Cux«Se [17]),
cobalt-based chalcogenides (CoS [18], CoossSe [19], and CoSe> [20,21]), and
nickel-based selenides (NiossSe [22] and NiSe» [23]). However, the capacity of these
materials relies predominantly on the redox of transition metal cations, which is
fundamentally constrained by the reversibility of the metal ion’s oxidation states
[24]. Furthermore, the bond-breaking and structural reconstruction inherent to
conversion reactions often lead to sluggish kinetics and unsatisfactory cycling
stability [11].

Recent studies have revealed that anions in metal polysulfides and polyselenides
(e.g., FeSz [25], TiSs [26], MoSs [27], VS4 [28,29], CusVSs [30], CoSex [31] and
CusVSes [32]) can actively participate in redox reactions during
magnesiation/demagnesiation, leading to significantly enhanced specific capacities.
This cooperative cation-anion redox mechanism opens new avenues for designing
high-capacity RMB cathodes [24, 33]. In particular, cobalt disulfide (CoS>) is a
promising candidate for Mg storage. Its disulfide anions (S»?") exhibit lower charge
density, reducing Coulombic interaction with Mg?*, while the reversible cleavage
and reformation of disulfide (S—S) bonds enable redox cycling between S>>~ and S*-.
These dual redox-active centers offer a pathway to high capacity and improved
kinetics.

In the present study, we synthesized unique amorphous cobalt sulfide hollow
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nanoleaves with different S/Co molar ratios derived from cobalt-based metal-organic
frameworks (Co-MOFs). The amorphous structure provides disordered pathways for
ion diffusion, mitigating crystalline lattice constraints, while the hollow architecture
accommodates volume changes and alleviates structural stress during cycling.
Electrochemical Mg-storage performance reveals that amorphous CoS: (a-CoS;)
delivers a reversible capacity of 195 mAh g! at 50 mA g! and 76.1 mAh g! at 1.0
A g, with 74.6% capacity retention after 300 cycles at 200 mA g!, significantly
outperforming both amorphous CoS (a-CoS) and crystalline CoSz (¢-CoS>). Kinetic
analyses indicate lower charge-transfer resistance and a higher Mg?* diffusion
coefficient for a-CoS>. Mechanistic studies confirm reversible structural evolution
involving Co*"/Co*" and S»?>7/S? redox couples. These results highlight the potential
of anion-activated dual redox chemistry and provide valuable insights for designing

high-capacity cathodes for next-generation multivalent energy-storage systems.

2. Experimental
2.1 Materials synthesis
Synthesis of Co-MOF nanoleaves: 4 mmol of Co(NOs3),-6H,0 and 32 mmol of
2-methylimidazole (2-MIM) were dissolved in 80 mL of distilled water. The
Co(NO3), solution was then rapidly added to the 2-MIM solution, followed by 30
min of magnetic stirring and aging for 12 h at room temperature. The resulting
Co-MOF nanoleaves were collected by centrifugation and freeze-dried for 48 h.
Synthesis of a-CoS, a-CoS: and c-CoS> hollow nanoleaves: 0.15 g of Co-MOF
was mixed with different amounts of thioacetamide (0.05 g and 0.30 g),
corresponding to raw Co/S molar ratios of 1:2 and 1:12, respectively. The mixtures
were dispersed in 40 mL of anhydrous ethanol and ultrasonicated for 30 min. The
homogeneous mixture was sealed in a Teflon-lined autoclave (100 mL) and heated

for 6 h at 180°C. Then the solid products were collected via centrifugation,



thoroughly washed with ethanol and distilled water, and freeze-dried for 48 h,
resulting in amorphous CoS (a-CoS) and amorphous CoS: (a-CoSz) samples.
Additional samples with raw Co/S molar ratios of 1:6 and 1:15 were fabricated
similarly. The crystalline CoS2 (c-CoS2) was obtained by annealing the a-CoS:
sample for 2 h at 350°C with a heating rate of 2°C min' under an argon
atmosphere.
2.2 Structural characterizations

The structural characteristics were analyzed with X-ray diffraction (XRD,
Bruker-D8-Advance, Cu Ka radiation), Confocal Raman spectroscopy (Horiba
XploRA Plus, 532 nm laser excitation), and X-ray photoelectron spectroscopy (XPS,
VG Multilab 2000, with the Cls peak at 284.6 eV used for calibration). Nitrogen
adsorption-desorption isotherms were obtained on Micromeritics ASAP 2460
analyze. The elemental compositions of cobalt and sulfur were quantified by
inductively coupled plasma-optical emission spectroscopy (ICP-OES, Agilent 730
Series) and further confirmed through thermogravimetric analysis (TGA,
NETZSCH-TG209-F3) performed from 40 to 700°C in air at 10°C min.
Preparation of the samples for the ICP test was dissolved ~30 mg powder in 5 mL
aqua regia (HNOs/HCI=1:3, v/v) and heated at 80 °C for 2 h. The solution was
diluted to 25 mL with ultrapure water and analyzed by ICP-OES; the Co/S molar
ratio was calculated from the Co and S concentrations. Morphology was observed
with scanning electron microscope (SEM, Hitachi SU-8010) and scanning
transmission electron microscope (STEM, Thermo Fisher Talos F200X). For ex-situ
structural characterizations, the electrodes were carefully disassembled and rinsed
with anhydrous dimethoxyethane (DME) in an argon-filled glovebox (Mikrouna
Super, H>O and O> < 0.1 ppm) prior to analysis.
2.3 Electrochemical characterizations

The electrodes were fabricated by mixing 60 wt.% active material, 30 wt.%

conductive carbon (Super P), and 10 wt.% polyvinylidene fluoride (PVDF) binder,
5



which were coated onto carbon cloth. The Mg** electrolyte was prepared by
dissolving 3 mmol of magnesium bis(hexamethyldisilazide) (Mg(HMDS),
Sigma-Aldrich, 97%), 6 mmol of AICI3 (Alfa Aesar, 99.999%), and 3 mmol of
MgClz (Alfa Aesar, 99%) in 10 mL of dehydrated tetraglyme. CR2032 coin cells
were assembled using the prepared electrode as the cathode (with a loading mass of
~1.5 mg cm? and a diameter of 12 mm), polished magnesium foil as the anode,
glass fiber separator (Whatman GF/A), and the as-prepared Mg?* electrolyte in the
argon-filled glovebox. Galvanostatic charge/discharge tests were carried out on
LAND battery testers within a voltage window of 0.1-2.5 V. Cyclic voltammetry
(CV) measurements were performed using an electrochemical workstation (CHI
660e, ChenHua, China). Galvanostatic intermittent titration technique (GITT) was
conducted with a constant current pulse of 50 mA g! for 10 min followed by a 30
min relaxation period. Electrochemical impedance spectroscopy (EIS) was carried
out on an Ivium-n-Stat instrument (Netherlands) with voltage amplitude of 5 mV

from 100 kHz to 10 mHz.

3. Result and discussion

Amorphous cobalt sulfide hollow nanoleaves with different anion composition
were synthesized via a liquid-phase anion-exchange strategy using Co-MOFs as
sacrificial templates (Fig. 1a). The Co-MOF precursor, characterized by XRD and
TGA (Fig. S1) and containing 13.3 wt% Co?" [34], was synthesized at room
temperature from Co?* and 2-methylimidazole (2-MIM) at a 1:8 molar ratio, then
sulfidized under controlled Co/S stoichiometries. A low sulfur ratio (Co/S = 1:2)
yielded predominantly amorphous CoS (a-CoS), while a high ratio (Co/S = 1:12) led
to the domination of amorphous CoS; (a-CoS2). Subsequent thermal annealing of
a-CoS; at 350 °C under argon produced crystalline CoSz (c-CoSz). XRD analyses

(Figs. 1b and S2) confirm the amorphous nature of all as-synthesized samples (Co/S



= 1:2, 1:6, 1:12, 1:15), while the annealed c-CoS, exhibits sharp diffraction peaks
indexed to the cubic phase (JCPDS No. 19-0362), verifying successful
crystallization. Thermogravimetric analyses (Fig. 1¢) determine Co/S molar ratios of
approximately 1:0.995, 1:1.913, and 1:1.891 for a-CoS, a-CoS,, and c-CoS,,
respectively, confirming their near-stoichiometric compositions. The overlapping
curves of a-CoS: and c-CoS: indicate that annealing primarily induced
crystallization without significant compositional change. ICP-OES analysis (Table
S1) corroborates these findings, yielding Co/S molar ratios of 1:0.93 and 1:1.92 for
a-CoS and a-CoS; samples, respectively. Raman spectroscopy (Fig. 1d) reveals
vibrational modes of Co—S bonds in a-CoS (468, 514, 676 cm™') [35,36]. In contrast,
both a-CoS; and ¢-CoS, exhibit characteristic peaks at 302 cm™! (E,, librational
vibrations) and 389 cm™' (Ag, in-phase stretching vibrations) for S-S bonds,
confirming the presence of disulfide (S2?) species [35,37]. Phase evolution studies
reveal a progressive transition from CoS to CoS: with increasing sulfidation ratio
(Fig. S3), which ultimately yields a CoS;-dominant phase, demonstrating the
thermodynamic stability of both CoS and CoS.. Nitrogen physisorption
measurements (Fig. 1e) showed that thermal annealing enhanced both crystallinity
and porosity, increasing the BET surface area from 19.89 m? g! (a-CoS>) to 45.39
m? g! (c-CoSz). XPS spectra provided insights into the surface chemistry and
redox-active sites. Co 2p spectra (Fig. 1f) indicated the presence of mixed Co**
(778.9 and 794.1 eV) and Co** (781.6 and 797.4 eV) oxidation states in both a-CoS
and a-CoS; [36,38], with a higher proportion of Co*" in the latter. The S 2p spectra
(Fig. 1g) of a-CoS displayed peaks corresponding to S?~ species (162.2 and 163.5
eV) and S—O bonds (168.9 eV) [35]. Crucially, the spectra of a-CoS: exhibited
additional peaks (162.8 and 164.5 eV) assigned to disulfide (S;*), directly
evidencing the presence of S-S bonds [35,39]. This finding confirms that both
cationic (Co**/Co**) and anionic (S,>7/S?") sites possess redox activity, establishing

the foundation for the proposed synergistic redox mechanism.
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Figure 1. (a) Schematic illustration of the synthesis process, (b) XRD patterns, (c)
TGA curves, (d) Raman spectra, (¢) N2 adsorption-desorption isotherm curves and
pore distributions of a-CoS, a-CoS: and c-CoS; samples. XPS spectra of (f) Co 2p,
(g) S 2p for a-CoS and a-CoSz samples.

The microstructures of the synthesized cobalt sulfides were characterized by SEM
and TEM. As shown in Figs. 2a and S4, the Co-MOF precursor exhibits smooth,
compact leaf-like morphologies with dimensions of approximately 2 pm in width, 4
pum in length, and 150 nm in thickness (Fig. S4), and its solid interior is confirmed
by TEM (Fig. 2e). After sulfidation, the a-CoS (Figs. 2b and 2f), a-CoS: (Figs. 2¢
and 2g), and samples prepared with other Co/S ratios (Fig. S5) retain the leaf-like
morphology of the precursor but develop a rougher surface and a distinct hollow
interior, as clearly visible in Figs. 2f and 2g. TEM images of sheet edges (Figs. 2i
and 2k) and a cross-sectional SEM image (Fig. 2j) reveal comparable shell
thicknesses of ~40 nm for both a-CoS (Fig. 2i) and a-CoS: (Figs. 2j and 2k). The

morphology and shell thickness remain largely unchanged after calcination, as seen
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in the SEM and TEM images of c-CoS: (Figs. 2d, 2h, and 21). HRTEM and SAED
patterns indicate that the shells of a-CoS (Fig. 2m) and a-CoS: (Figs. 2n and 20)
consist of amorphous nanoparticles (10—20 nm in size). In contrast, c-CoS> displays
well-defined lattice fringes with a spacing of 0.277 nm, corresponding to the (200)
plane of crystalline CoS, (Fig. 2p). HAADF-STEM images and EDS elemental
mappings (Figs. 2q, 2r and S6) demonstrate the uniform distribution of Co and S
throughout the shell layers in all three samples. EDS spectra further yield S/Co
atomic ratios of 0.97, 1.98, and 1.96 for a-CoS, a-CoS», and c-CoS», respectively
(Fig. S7), consistent with the TGA and ICP analysis. Additional samples prepared
with precursor ratios of 1:6 and 1:15 show S/Co molar ratios of 1.61 and 2.11,

respectively (Fig. S8).
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Figure 2. SEM images of (a) Co-MOFs, (b) a-CoS, (c,j) a-CoS: and (d) c-CoSo.
TEM images of (e) Co-MOFs, (f,1) a-CoS, (g,k) a-CoS: and (h,I) ¢-CoS.. HRTEM
images of and corresponding SAED patterns of (m) a-CoS, (n,0) a-CoSz. (p) c-CoSo.
HAADF STEM images and EDS element mapping images of (q) a-CoS and (r)
a-CoSs.

The Mg-storage performance of a-CoS, a-CoSz, and c-CoS: electrodes was
evaluated using cyclic voltammetry (CV) and galvanostatic charge-discharge
measurements. As shown in Fig. 3a, the CV profiles of a-CoS and a-CoS: electrodes
recorded at 0.1 mV s! after activation reveal that the a-CoS: electrode exhibits a
pair of broad redox peaks around 0.95 V and 2.2 V, along with significantly higher
current densities across the entire potential window, indicating enhanced

electrochemical activity and superior Mg-storage capability compared to the a-CoS
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electrode (the initial five-cycle CV curves for c-CoS: and other electrodes are
provided in Fig. S9). According to subsequent ex-situ XRD analysis (Fig. 5a), the
c-CoS; electrode discharged to 0.9 V is dominated by CoS, indicating S-S bond
cleavage and Co**—Co?" reduction. The CV of a-CoS: exhibits a markedly stronger
reduction peak at 1.0 V than that of a-CoS, along with two anodic peaks at 1.9 and
2.2 'V, whereas a-CoS displays only a weak anodic peak at 2.2 V (Fig. 3a).
Accordingly, the 1.0 V cathodic peak is assigned to coupled S;*—S* and
Co**—Co?" reductions; the 1.9 V anodic peak corresponds to reversible S-S bond
reformation, and the 2.2 V anodic peak mainly originates from Co**—Co*"
re-oxidation.

Figs. 3b and S10 present the corresponding charge/discharge profiles at 50 mA

1

g'. a-CoS, delivers initial discharge/charge capacities of 81/38 mAh g!, with
poorly defined voltage plateaus in the early cycles. After 50 cycles, however, it
achieves a reversible capacity of 191.2 mAh g!, featuring a distinct discharge
plateau near 1.0 V and significantly reduced polarization. In contrast, a-CoS exhibits
consistently low capacities and featureless charge/discharge profiles throughout
cycling (Fig. S10a). Fig. 3¢ compares the cycling stability of the three electrodes.
a-CoS; reaches a maximum capacity of 195 mAh g! after an activation period of
about 20 cycles and retains 169.8 mAh g! after 100 cycles, corresponding to a
capacity retention of 87.1%. a-CoS delivers a much lower capacity, retaining only
79.4 mAh g! after 100 cycles. Although the crystalline ¢-CoS; eventually attains a
comparable maximum capacity to a-CoS, it requires a prolonged activation process
and shows capacity fading to 146 mAh g after 100 cycles. Furthermore, cobalt
sulfide electrodes synthesized with Co/S molar ratios of 1:6 and 1:15 exhibit similar
charge/discharge behavior to a-CoS: (Fig. S11) but deliver lower capacities and
inferior cycling stability.

The rate capabilities of a-CoS, a-CoS», and ¢-CoS, were evaluated at various

current densities. As shown in Figs. 3d and S12, a-CoS, demonstrates superior rate
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performance (with corresponding charge/discharge profiles in Fig. 3e), delivering a
reversible capacity of 76.1 mAh g! even at 1 A g”!, compared to only 29 and 63.6
mAh g for a-CoS, and c¢-CoS,, respectively. A comparison with previously
reported chalcogenide RMB cathodes [18,40-49] (Fig. 3f and Table S2) highlights
the competitive advantage of a-CoS,. Long-term cycling at 200 mA g! (Fig. 3g)
shows that a-CoS: reaches a capacity of 119.7 mAh g! after a 50-cycle activation
and maintains 74.6% capacity retention after 300 cycles. In contrast, a-CoS delivers
a significantly lower capacity (68 mAh g7'), while c-CoS, despite reaching a
comparable capacity after a longer activation, suffers from substantial decay,
retaining only 53.1% after 300 cycles. All electrodes exhibit an activation process,
likely driven by structural transformation and progressive grain refinement, which
collectively enlarge the active interfacial area. These results demonstrate that the
amorphous structure’s isotropic bonding and abundant defects collectively shorten
Mg?* diffusion pathways, accommodate volume changes, and relieve internal strain
during cycling, thereby enabling faster activation and superior cycling stability.
Electrochemical impedance spectroscopy (Fig. 3h and Table S3 for equivalent
circuit fitting results) reveals that the charge-transfer resistance (Rc) of a-CoS; is
significantly lower than that of a-CoS in both the 1st and 50th cycles, and the initial
Ret of ¢-CoS; is also higher than that of a-CoS,, indicating superior Mg-storage
activity and faster kinetics for a-CoS,. This enhancement is attributed to the
electrochemically active S>?>~ ions enabling synergistic anion-cation redox, as well as
the amorphous structure which facilitates shorter Mg?" diffusion pathways and

enhances structural stability compared to the crystalline counterpart.
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Figure 3. (a) CV curves of a-CoS and a-CoS: electrodes at 0.1 mV s after
activation. (b) Charge/discharge curves of a-CoS: electrode at 50 mA g!. (c) Cycling
performance at 50 mA g! and (d) rate capabilities of a-CoS, a-CoS; and c-CoS;
electrodes. (e) Charge/discharge curves at various current densities and (f) a
comparison of rate capability of a-CoS; electrode with reported RMB cathodes. (g)
long-term cycling performance at 200 mA g and (h) electrochemical impedance
spectra (EIS) of a-CoS, a-CoS: and c-CoS: electrodes at the first and 50th cycles.

The Mg-storage kinetics were further investigated by CV and galvanostatic
intermittent titration technique (GITT). Figs. 4a and S13 present the CV curves of
a-CoS, a-CoS,, and ¢-CoS; at scan rates ranging from 0.1 to 1.5 mV s7!. The peak
currents increase with scan rate, and linear relationships between the peak currents
and the square root of the scan rate are observed for both oxidation and reduction
peaks of all three electrodes (Fig. 4b and S14). The calculated apparent solid-state
diffusion coefficients (Dmg>", summarized in Table S4) for a-CoS; are 0.87x107!"
(peak C at 0.97 V) and 2.18x107!" cm? s! (peak A at 2.23 V), approximately twice
those of a-CoS and c-CoS,. Surface-related pseudocapacitive contributions may also

13



influence the Mg-storage behavior. Linear fitting of log (peak current) versus log
(scan rate) (Fig. S15) with different scan rates yields b values (details are given in
Supporting Information) ranging from 0.6 to 0.9 for all three electrodes, indicating a
hybrid diffusion-controlled and surface capacitive storage mechanism. This mixed
behavior arises from the unique hollow architecture, which facilitates rapid Mg**
transport and enhances interfacial reaction kinetics. GITT analysis (Figs. 4¢ and 4d)
further confirms that the Dmg?* values for a-CoS; are consistently higher than those
for ¢-CoS; and a-CoS throughout the charge/discharge process. This enhancement is
attributed to the polyanionic structure dispersing negative charge density and
weakening the interaction with Mg?*, thereby lowering the diffusion barrier, while
the amorphous nature shortens the ion diffusion pathways, collectively improving

the Mg-storage kinetics.
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Figure 4. (a) CV curves of a-CoS: electrode at different scan rates. (b) Linear
relationship of peak current (i) vs. square root of scan rate (v'?), (¢) GITT curves at
constant current pulse of 50 mA g!, (d) calculated Mg>" diffusion coefficients of
a-CoS, a-CoS; and ¢-CoS; electrodes.

The Mg-storage mechanisms of a-CoS and a-CoS; were investigated using
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ex-situ XRD, Raman, XPS, and TEM. Phase evolution during cycling was first
tracked by XRD using the crystalline c-CoS; (Fig. Sa). The pristine electrode shows
distinct CoS, diffraction peaks. Upon discharging to 1.75 V, these peaks weaken
while new peaks emerge at 28.6° and 47.5° (CoS) and at 34.5° (MgS), indicating
conversion to CoS and MgS. Further discharge to 0.9 V leads to the attenuation of
CoS signals and the emergence of new peaks at 29.9° and 51.9°, corresponding to
the formation of CooSs. At full discharge (0.1 V), CoS; peaks vanish, leaving CooSsg
and MgS as dominant phases. The charging process reverses this evolution, with
CoS peaks gradually reappearing and dominating again at 2.5 V, confirming the
reversible reformation of CoSz. Ex-situ Raman on a-CoS: (Fig. Sb) corroborates
these phase changes. The characteristic S—S bond vibrations of CoS: (302, 389 cm™)
[37] disappear upon discharge, replaced by peaks for CoS (469, 512, 678 cm™)
[36,39], CooSs (195, 666 cm™) [36,39,50], and MgS (523 cm™) [51]. These signals
reverse upon charging, with the S—S vibrations fully recovering at 2.5 V, confirming
the reversible cleavage and reformation of disulfide bonds. The Raman spectra for
a-CoS (Fig. 5¢) show only a partially reversible transformation involving CosSs,
highlighting a different reaction pathway.

XPS analysis provides direct evidence of valence-state changes (Figs. 5d and
5e). For a-CoS,, the Co 2p spectrum in the discharged state shows a significant
decrease in the Co** signal (778.9 and 794.1 V) and a pronounced increase in Co**
(781.6 and 797.4eV), which reverts to a Co’**-dominated state upon full charge,
confirming the reversible Co*"«<>Co** redox couple. Concurrently, the S 2p spectrum
shows a decrease in the S>>~ peaks (162.8 and 164.5 eV) and an increase in S*~ peaks
(162.2 and 163.5 eV) upon discharge, with recovery to the initial state upon charge,
verifying the reversible S;>«>S*  transformation and the active participation of
anions. For c-CoS», the ex-situ XPS reveals nearly identical evolution in the Co 2p
and S 2p spectra relative to a-CoS: (Fig. S16), confirming both electrodes follow the

same dual-redox mechanism. In stark contrast, the XPS spectra for a-CoS reveal
15



only the reversible Co**«>Co?" redox, with no significant change in the S 2p
spectrum, indicating a cation-only redox process. Notably, Co*" —Co?" reduction is
more pronounced in a-CoS than in a-CoS; upon discharge, because the additional
S»%/S? redox activity in a-CoS> shares charge compensation with the cobalt center,
thereby attenuating the apparent extent of cobalt reduction. The Raman and XPS
data collectively demonstrate reversible S-S bond cleavage and reformation,
confirming the essential, synergistic contribution of both cationic (Co**/Co?") and
anionic (S22/S*) redox couples to the high capacity and rapid kinetics of a-CoS..
Microstructural evolution was further examined by TEM and HRTEM. a-CoS»
electrode maintains its integrated leaf-like morphology after 50 cycles (Fig. 5f and
S17), whereas c-CoS» electrode exhibits severe morphological degradation and
particle cracking (Fig. S18). The HRTEM image (Fig S17b) confirms that the
a-CoS: electrode remains its fully amorphous structure after cycling, exhibiting no
discernible lattice fringes or crystalline domains. Consistently, the post-cycling XRD
patterns (Fig. S19) exhibit broad, featureless diffraction humps, further
corroborating the structural stability of the amorphous hollow nanoleaves. HRTEM
of the fully discharged state (Fig. Sg) reveals lattice fringes corresponding to CoS (d
= 0.191 nm, (102) plane), MgS (d = 0.260 nm, (200) plane), and CosSs (d = 0.176
nm, (440) plane). In the fully charged state (Fig. Sh), lattice fringes with a spacing
of 0.167 nm, indexed to the CoS> (311) plane, are observed, consistent with the
XRD results. EDS elemental mapping visually confirms the reversible
magnesiation/demagnesiation process, namely Mg is uniformly distributed within
the nanosheets in the discharged state (Fig. 5i) but significantly diminished in the
charged state (Fig. 5j). Based on these comprehensive analyses, the conversion
reaction mechanism is summarized in Fig. 5k. Discharge involves Mg?*
intercalation, S—S bond cleavage (S>*>" to S?°), and Co’" reduction, stepwise forming
CoS/MgS and ultimately CooSs/MgS. The charge process reverses these steps,

demonstrating a stepwise, reversible anion-cation co-redox mechanism that
16



underpins the high-performance Mg storage in anion-rich CoS..
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Figure 5. (a) Ex-situ XRD patterns of c-CoS: electrode at different discharge/charge
states. Ex-situ Raman spectra of (b) a-CoS; and (c) a-CoS. Ex-situ Co 2p and S 2p
XPS spectra of (d) a-CoS: and (e) a-CoS electrodes at discharge/charge states. (f)
TEM image of a-CoS; electrode after 50 cycles. HRTEM images and EDS mapping
images of a-CoS, electrode at (g,i) discharged state and (h,j) charged state. (k)
Schematic illustration of magnesium-storage mechanism of CoS; electrode.

4. Conclusions

In this study, we derived amorphous cobalt sulfide hollow nanoleaves from
Co-MOF templates as high-performance RMB cathodes. Compared to amorphous
CoS (containing only S?°) and crystalline CoS, the amorphous a-CoS, demonstrates

significantly enhanced Mg-storage activity, kinetics, and cycling stability.
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Specifically, it delivers a reversible capacity of 195 mAh g at 50 mA g! and 76.1

mAh g at 1 A g'!, with a capacity retention of 74.6% after 300 cycles at 200 mA

1

g’!. Kinetic analyses reveal lower charge-transfer resistance and higher Mg?*
diffusion coefficients for a-CoS;. These superior properties are attributed to its
unique structural design, namely the polyanionic (S2*") framework offers abundant
redox-active sites, while the amorphous hollow nanosheet architecture enlarges the
reaction interface, shortens Mg?" diffusion pathways, and accommodates volume
changes during conversion reactions. Mechanistic studies confirm a reversible
conversion mechanism involving the synergistic redox couples of Co*"/Co*" and
S»*/S*. This work establishes an anion- activated synergistic redox chemistry,

providing a new direction for designing high-capacity cathode materials for

next-generation multivalent-ion batteries.

Electronic Supplementary Material: Supplementary material (XRD, TG,
ICP-OES, Raman, SEM, TEM, CV, charge/discharge curves, performance
comparison, impedance simulation results, calculation of Mg?" diffusion coefficients
and pseudo-capacitive capacity contribution, ex situ XRD, XPS, TEM analyses) is

available in the online version.
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Figure S1. (a) XRD pattern and (b) TGA curve of Co-MOFs.
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Figure S2. XRD patterns of samples prepared with different Co/S raw ratios.



Table S1. ICP-OES analysis results of a-CoS and a-CoS; samples

Element content Element ratio
Sample
Co (ug mg™) S (ng mg") Co/S

a-CoS 476.647 241.160 1:0.93
a-CoS; 359.745 375.770 1:1.92
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Figure S3. Raman spectra of samples prepared with different Co/S raw ratios.

Figure S4. SEM image of Co-MOFs.



Figure S5. SEM images of the samples prepared with Co/S raw ratios of (a,b) 1:6,
(c,d) 1:15.

Figure S6. HAADF STEM image and EDS element mapping images of ¢-CoS:

sample.



Figure S8. EDS spectra of the samples prepared with Co/S raw ratios of (a) 1:6,

1:15.
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Figure S9. CV curves of (a) a-CoS, (b) a-CoS: and (c) c-CoSz cathodes at a scan rate
of 0.1 mV s'between 0.1 and 2.5V
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Figure S10. Charge/discharge profiles of (a) a-CoS and (b) ¢-CoS cathodes at 50 mA
¢ ! between 0.1 and 2.5 V.
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Figure S12. Charge/discharge curves of (a) a-CoS and (b) c-CoS: cathodes at various
current densities.



Table S2 Comparison of Mg-storage capacity of as-prepared a-CoS: cathode with

previous reported chalcogenide cathodes.

Materials Electrolyte Voltage gsrzftn; Capacity Ref
range(V) (mA g (mAh g™
a-CoS» Mg(HMDS),-AICI3-MgCl/G4  0.1~2.5 50 195.1 This work
1000 71.5 This work
CoS 0.25 M Mg(AICLI:EtBu),/THF  0.1-2.0 50 125 [1]
150 112 (1]
MosSs 2(PhMgCl)-AlCl;/THF 0.5~1.75 20 92.0 [2]
120 51.5 (2]
TiS: 1 M Mg(ClO4)2/ACN 0.1~2.0 50 97 [3]
MoS» 0.25 M Mg(AICLEtBu),/THF  0.01~2.2 50 76.0 (4]
VS, 0.4 M (PhMgCl),—AICI;/THF ~ 0.5-2.0 120 64.5 (5]
600 41.5 (5]
CuzxMoS, Mg(HMDS),-AICI;-MgCL/G4  0.2-2.7 50 180 (6]
1000 45 [6]
WS, 1.3 M Mg(AICLEtBu),/THF  0.01-2.5 20 82.5 [7]
VS, 2(PhMgC1)-AlCl:/THF 0.2-2.2 50 75 (8]
300 60 (8]
Ag>S Mg(HMDS),-AICI;-MgCl/G4 ~ 0.1-2.5 50 120 9]
500 75 9]
NiCozSes Mg(HMDS),-AICI;-MgCl/G4  0.01~2.8 50 145 [10]
2000 40 [10]
H-CoSe> Mg(HMDS),-AlCL-MgCl/G4  0.01~2.6 50 110 [11]
5000 77.6 [11]
Co0.855¢/CNTs Mg(HMDS),-AICI3-MgCl./G4 50 194 [12]




Table S3 EIS simulation results of a-CoS, a-CoS; and ¢-CoS; cathodes at the 1st and
50th cycles using the equivalent circuit as below.

Rs 1 Ei
| ] ||
| I
Csal Ca
a-CoS a-CoS: c-CoS:
Cycle
Rs (Q) Rt () Rs (Q) R (Q) Rs () R (Q)
ISt 60.2 752.7 12.5 522.9 58.2 899.7
50th 16.9 545.5 52.1 90.4 89.6 82.9

Rs and R are the resistances of solid electrolyte interface (SEI) film and charge

transfer, respectively.
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Figure S13. CV curves of (a) a-CoS and (b) c-CoS:> cathodes at different scan rates.



Table S4 Calculation results of apparent Mg?* diffusion coefficients (Dwmg*") from CV.

a-CoS a-CoS; c-CoS:
Peak
ip/M? D (x10"em?s") /2 D (x10" em?st)  ip/v'? D (x10M em?sT)
C 0.0123 0.6155 0.0175 0.8704 0.0096 0.5816
A 0.0201 1.1836 0.0372  2.1813 0.0117 1.0267

The Mg?* diffusion coefficient is calculated by the following equation:
i =2.69x10°n*?AD"V'?C,

(S1)

where i, is the peak current (A), n is the number of electrons per molecule during the

reaction, 4 is the contact area between the electrode and electrolyte, D is the diffusion

coefficient of Mg?* (cm?s™!), Cy is the concentration of Mg?" in the electrode material

(mol m), and v is the scan rate (V s™").
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Figure S14. A single GITT titration and the corresponding linear behavior of E vs. !/
relationship of a-CoS; electrode (a, b) discharged from 1.11 V to 0.95 V, (c, d)
charged from 2.10 V to 2.32 V.
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The Mg-ion diffusion coefficients (Dmg®") can be calculated based on the
following equation:

2 2
D, . =— |2V | [ AL, (52)
Me© e\ M4 ) | AE,

where Vm, Mg and mp are the molar volume, the molar mass and the weight of the
compound, respectively, 4 is the active surface area of the electrode, 7 is the charging
or discharging time within one procedure, AE: and AEs represent the total voltage

change during the current pulse and the steady-state voltage change at the plateau
potential, respectively.
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Figure S15. (a) Linear relationship of log (peak current) versus log (scan rate) plots of the redox
peaks and (b) pseudo-capacitive capacity contribution comparison at different scan rates of
a-CoS, a-CoS; and c-CoS». Pseudo-capacitive capacity contribution of (¢) a-CoS, (d)
a-CoS; and (e) c-CoS; at 1.5 mV s,

The b value is calculated by following equation:
i=av’ (S3)
here i is current, a is a constant and v is the sweep rate. The b-value can change from
0.5 (semi-infinite diffusion) to 1 (capacitive processes).
The pseudocapacitive contribution is calculated following the equation:
i =kiv+ kov'? (S4)
where k; and k: are coefficients of capacitive and diffusion contribution, respectively.

The ki-values could be acquired by following the equation through the linear
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relationship of i/v/”? versus v/ at fixed potentials.
i = k12 + oy (S5)
a Co 2p b 2 S 2p
2p 2 s,z S
12 P32z o3t A
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Figure S16. Ex-situ (a) Co 2p and (b) S 2p XPS spectra of c-CoS; electrodes at
discharge/charge states.

Figure S17. (a) TEM image, (b) HRTEM image, (c) corresponding SAED pattern,
(d-f) HAADF STEM image and EDS element mapping images of a-CoS; electrode
after 50 cycles.
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Figure S18. TEM image of c-CoS; electrode after 50 cycles.
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Figure S19. Ex-situ XRD patterns of a-CoS: electrode at discharge and charge states
after 50 and 100 cycles
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