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Progress and potential

Magnesium-ion batteries (MIBs) show great potential as an alternative to lithium-ion batteries for
energy storage. However, the sluggish kinetics, originated from the strong electrostatic interactions
between the high charge density of Mg?* and host materials, has plagued the further development
of MIBs. Owing to the low charge density of S and Se, transition metal chalcogenides (TMCs) are
regarded as promising cathodes for Mg?" that can weaken these detrimental interactions.
Unfortunately, the shuttle effects of TMCs are known to degrade electrochemical performance. To
facilitate TMC cathode design, we fabricate a heterostructure comprised of cobalt sulfide
(C03S4/CoS2) hollow nanospheres, in which built-in electric fields generated in heterointerfaces
boost the electronic conductivity, binding energies, and therefore the efficiency of Mg?" migration.
We found Co3S4 to have an adsorption effect on magnesium polysulfides, inhibiting the dissolution
of these intermediates from CoS,, which will significantly boost the performance of MIBs. As MIBs
in pouch cells have been poorly studied, we examined the use of our MIB system in pouch cells.
Our pouch cells produce an energy density of 203 Wh kg! after 100 cycles at 40 mA g’!, strongly
hinting practical application. The results of this study can pave the way for optimization of cathodes

in MIBs.



Summary

Transition metal chalcogenides (TMCs) with 3d-orbitals have been intensively studied for use as
cathodes in magnesium-ion batteries. However, their poor electronic conductivities, and sluggish
electrochemical kinetics severely restrict their electrochemical performance to prevent wide
applicability for these materials. Here we propose a heterointerface structure of cobalt sulfide
(C03S4/CoS>) hollow nanospheres to enable built-in electric fields generated in heterointerfaces, as
also verified in density functional theory (DFT), finite element simulations (FES), and ab initio
molecular dynamics (AIMD) results. Compared to other TMCs, our cathode exhibited a substantial
capacity of 597 mAh g'! after 120 cycles at 50 mA g*!. When evaluated in a pouch cell, the electrode
can sustain 100 deep cycles at 40 mA g'!, with an energy density of 203 Wh kg™! that displays
potential for practical applications. Finally, rational heterostructure engineering of transition metal-
based sulfides provides new insights into developing cathodes for high-performance sustainable Mg
batteries.
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Introduction

Despite the massive global usage of lithium-ion batteries (LIBs), the drawbacks associated with
LIBs such as safety and limitations in capacities have spurred extensive research in identifying and
constructing suitable replacements.!”” To this end, many candidates to replace LIBs have been
proposed including sodium, calcium, magnesium, as well as aluminum-ion batteries.®'* Among
these, magnesium-ion batteries (MIBs) have been considered to be the most promising next-
generation storage devices, owing to their low cost, high theoretical capacities, and low reduction
potential (Mg/Mg?*, -2.37 V vs. standard hydrogen electrode (SHE)).!>-!7 Unfortunately, sluggish
electrochemical kinetics resulting from strong electrostatic interactions between the lattices of host
materials and multivalent ions (Mg?") continue to hinder the development of MIBs for practical

applications. 82!

A number of solutions have been proposed to overcome these limitations, including the possible use
of transition metal chalcogenide (TMC) cathodes, as the weak interaction between Mg?* and low
charge-density anions (e.g., S, Se, and Te) facilitates ion insertion.??* Additionally, studies have
revealed that transition metal cations and chalcogen anions can both undergo redox chemistry
reactions in some TMCs to enhance the charge storage capability.>>-3! Conversely, the dissolution
and diffusion of soluble polysulfide intermediates in TMCs reduce the capacity and cycling stability
of MIBs. To date, little has been done to understand and inhibit the shuttle effect of magnesium
polysulfides in TMC cathodes for MIBs. Overall, it remains a great challenge to construct TMC
cathodes for prospective MIBs that offer high capacities, high energy densities, and long cycling

stabilities.



Co-based sulfides (Co9Ss, CoS, Co3S4, and CoS»), especially Co3zS4 and CoS,, have been considered
promising materials for battery electrodes, owing to their electrical conductivity and thermal
stability.>~* The unique spinel structure of Co3S4 contains many intrinsic nanopores for hosting
metal ions, with the Co atoms occupying both tetrahedral and octahedral sites to allow reversible
insertion/deinsertion of metal ions.3%37 At the same time, the presence of (S2)*> in CoS,, originating
from the near band levels between the Co 3d and S 3p orbitals, enhances charge capacity owing to
the anionic redox chemistry (S?/(S2)?") involved.?® We postulate that it would be promising to
combine Co3Ss and CoS; in the form of hybrid heterostructures to achieve synergistic effects.
However, previous studies on Co-based sulfides have only explored single-component Co3S4 or
CoS; as MIB cathodes. Moreover, to the best of our knowledge, Co-based sulfides have been rarely
studied in pure magnesium electrolytes without lithium salts.?® Though the use of lithium salt
additives helps to improve the sluggish reaction kinetics, it complicates the study of Mg

insertion/conversion processes in TMC cathodes, leading to poor mechanistic understanding.

Here for the first time, we propose the rational construction of heterostructure interfaces in
C03S4/CoS; hollow nanospheres to be evaluated as cathodes in MIBs. Electron transport and Mg?*
mobility can be enhanced by the internal electric field, which are produced at two different energy
band structures and Fermi levels in heterostructure interfaces. As such, the electrode (comprised of
Co03S4/CoS; hollow nanospheres) exhibits excellent electrochemical performance in serving as
cathodes in MIBs, even without lithium-based electrolyte additives. We found a high capacity of
597 mAh g' to be maintained after 120 cycles at 50 mA g, which is a satisfactory cycling

performance of TMCs in magnesium storage performance recorded under this current density. At a



larger current density of 100 mA g’!, the electrode can also maintain a capacity of 483 mAh g! after
200 cycles, showing a respectable cycling stability. When tested at the pouch cell level, the full cell
delivered a capacity of 152 mAh g after 100 cycles at 40 mA g!, with a high energy density of 203
Wh kg (based on the mass of cathode), that enhanced the possibility of practical applicability. Using ex-situ
technologies of X-ray absorption spectroscopy, X-ray diffraction, and transmission electron
microscopy revealed a reversible hybrid insertion/conversion mechanism of Co3S4/CoS; in the
charge/discharge process, explaining the stability of its electrochemical processes. The mechanism
of the charge/discharge process was also confirmed by calculation results of density functional
theory (DFT), finite element simulation (FES), and ab initio molecular dynamics (AIMD). We
believe that our strategy for fabricating heterostructure interfaces in Co03S4/CoS: hollow

nanospheres can offer new insights to designing promising cathodes in MIBs.



Results and discussion
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Figure 1. Characterization of morphology and simulation. (a, b) SEM images of Co3S4/CoS»
hierarchical hollow spheres. (¢, d, and e) TEM images and high-resolution TEM images of
C03S4/CoS; hierarchical hollow spheres, (f, g, and h) STEM image and corresponding elemental
mapping images of Co and S, respectively. FE Simulations: (i-k) stress distributions (i) under
external fixed boundary conditions, (j) under all fixed boundary conditions, (k) displacement under
all free boundary conditions of hierarchical hollow nanospheres, (I-n) stress distributions (1) under
external fixed boundary conditions, (m) under all fixed boundary conditions, (n) displacement under
all free boundary conditions of hollow nanospheres, (o, p) stress and displacement distributions of

solid spheres under all fixed and free boundary conditions.

We studied Co3S4/CoS; and Co3S4/CoS;-8 that were prepared with different cobalt/sulfur precursor

ratios (Co/S: 1/4 for Co3S4/CoS, and 1/8 for Co3S4/CoS,-8). For comparison, Co3S4 was synthesized

from Co3S4/CoS; treated at 400 °C for 2 h. The heterostructure Co3S4/CoS, hollow nanospheres



were prepared via a one-step solvothermal process (Figure S1) using Ostwald ripening. To ensure

this mechanism of formation, samples with different reaction times (0.5, 4, and 8 h) were prepared.

The scanning electron microscopy (SEM) images (Figure S2a-c) reveal the presence of irregular

nanoparticles at a reaction time of 0.5 h (denoted as C03S4/C0S,-0.5 h). The nanoparticles were

gradually formed and trace amounts of nanosheets were observed when the reaction time increased

to 4 h (Figure S2d-f). Many hierarchical spheres composed of nanosheets were obtained when the

reaction time reached 8 h (Figure S2g-i). The corresponding XRD patterns of these three samples

(C03S4/C0S2-0.5 h, Co3S4/CoS2-4 h, Co3S4/CoS»-8 h) (Figure S3) suggest increased crystallinity in

Co03S4/CoS, samples as the reaction proceeds. Based on these results, we postulate a gradual

formation process of heterostructure Co3S4/CoS; hollow nanospheres. We verified the successful

preparation of C03S4/CoS; with XRD patterns and XPS characterization of the samples (Figure S4;

Table S1; see supporting information).

The detailed morphology and structure of the C03S4/CoS; hierarchical hollow nanospheres (Figure

la-d) were elucidated with scanning electron microscopy (SEM) and transmission electron

microscopy (TEM). The SEM image (Figure 1a) reveals that the hierarchical hollow nanospheres

in Co3S4/CoS; are composed of interlaced nanosheets, suggesting a highly porous structure (Figure

1b). Meanwhile, the samples of Co3S4 and Co03S4/CoS;-8 all maintain morphologies similar to that

of C03S4/CoS, (Figure S(5, 6)). The corresponding TEM images confirm the presence of hollow

structures in the two samples (Co3S4 and C03S4/CoS,-8), indicating that the calcination process and

the increasing amounts of sulfur in the preparation process have no effects on their formation (Figure

S7).



The presence of a hollow interior in Co3S4/CoS; is confirmed (Figure 1c) with high resolution TEM,
as the features of the nanosheet in the outer region of Co3S4/CoS; (Figure 1d). The interplanar lattice
fringes of 0.29 nm and 0.24 nm observed in TEM images (Figure 1e inset) are separately attributed
to (311) and (210) planes of Co3S4 and CoS; respectively, agreeing with results from XRD and XPS
analyses. To further support the existence of Co3Ss and CoS; in Co3S4/CoS, composites, TEM
images and corresponding selected area electron diffraction (SAED) patterns were collected from
five different marginal places of Co03S4/CoS; hollow nanospheres (Figure (S8, S9)). The planes of
(440), (422), and (311) are ascribed to the characteristics of Co3S4. And the plane of (210) is related
to CoS,, which is consistent with the observations made from HRTEM images. We further verified
the hollowness of the nanospheres through the use of STEM and related line EDS images (Figure
1f inset), with the distribution of Co and S shown in the correlated EDS images of nanospheres

(Figure 1g, 1h).

FE simulations were performed with regards to the morphologies of hierarchical hollow
nanospheres, hollow spheres, and solid spheres of cobalt sulfides (Figures 1i-p). The modulated
results show that with an external fixed boundary, the stress is distributed evenly around the
hierarchical hollow spheres with an average value of 1.82 x 10"~° N/m? (Figure 1i). The
modulated stress within the interior of the hollow structure is higher than that of the outer region, in
which the strain induced in the electrochemical process can be effectively retarded (Figure 1i). On
the other hand, the hollow spheres exhibit a larger average stress of 2.50 X 10"~° N/m? under the
same condition (Figure 11). For the all-fixed boundary conditions, the stress is distributed evenly

around the entire hierarchical hollow sphere, with a maximum stress of 6.05 x 10”5 N/m? (Figure



1j). Hollow and solid spheres demonstrate higher stress values of 8.59 X 10"~> and 1.04 x 10"~*
N/m? respectively under the same condition (Figure 1m and lo). The corresponding total
displacement in hierarchical hollow nanospheres is smaller than that of simulated hollow and solid
spheres (Figure 1k, 1n, and 1p). The FE mode results support the ability of well-designed
hierarchical hollow nanospheres to effectively relieve the stress and displacement in the

magnesiation process.
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Figure 2. Electrochemical performances of cathodes. a) Cycling performance of Co3S4/CoS; at
50 mA g, inset is the related Voltage-Time curves. b) The corresponding dQ/dV profiles of
C03S4/CoS; after different cycles. ¢) The corresponding charge-discharge curves after 30, 60%, and
90™ cycles. d) Electrochemical performance comparison of transition metal chalcogenides cathodes
in MIBs. e) Cycling performance of C03S4/CoS, at 100 mA g'. f) EIS of Co3S4/CoS; at varied
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temperatures after 5 cycles. g) The related activation energy of Co3S4/CoS; after 5 cycles. h) The

comparison of activation energy for Co3S4/CoS,, C03S4/CoS,-8, and Co3Ss.

To understand the structure of the Co3S4/CoS; heterojunction cathodes (Figure 2), we evaluated the
electrochemical performance of the cobalt sulfide electrodes. At a current density of 50 mA g™, the
Co03S4/CoS; electrode indicated a stable capacity of 597 mAh g! after 120 cycles, with a charge-
discharge time of 2100 h (Figure 2a). By contrast, the Co3S4/CoS;-8 and Co3S4/C0S,-20 electrodes
indicated lower capacities of 457 mAh g' after 40 cycles and 108 mAh g after 80 cycles,
respectively, while the Co3Ss electrode indicated the lowest capacity of 15 mAh g! after 200 cycles
at 50 mA g (Figure S10, S11, and S12). The cycling performances and corresponding Coulombic
efficiencies indicate the advantage in Co3S4/CoS;, in which the detrimental shuttle effects are also
suppressed (Figure S13-16). The dQ/dV curves of Co3S4/CoS, show increased intensity after
different cycles, a trend which suggests a stepwise activation process (Figure 2b). Moreover, the
corresponding charge-discharge curves of Co03S4/CoS; after the 30", 60", and 90™ cycles show
similar profiles when overlapped, pointing to a stable electrochemical process (Figure 2¢). Notably,
the Co3S4/CoS; electrode (Figure 2d) shows the highest capacity of 597 mAh g at 50 mA g!
compared to other TMC-based cathodes (Table S2).222%3-43 Cycling stability is further
demonstrated by the sustenance of 200 cycles with a capacity of 483 mAh g! at a current density
of 100 mA g! (Figure 2¢). The cycling performances of the Co3S4/CoS; hollow nanospheres were
tested at 50 mA g!, using carbon paper and Al as collectors. The cathodes performed poorly
electrochemically, highlighting the advantages of the Cu collector (Figure S17).26:31:44-46

To validate the electrochemical performance of Co03S4/CoS,, electrochemical impedance spectra

(EIS) at different temperatures (303 K, 293 K, 283 K, 273 K, 263 K, and 253 K) were obtained after
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5 cycles (Figure 2f). The EIS of Co3S4/CoS: show the lowest activation energy of 22.5 kJ mol!

(Figure 2g) 47 using the following equation:

-Eq

i, = A,e RrRT (1
Where E, is the activation energy, i, isthe exchange current density, T is the temperature, and R is
the molar gas constant, and A, is a constant character. In contrast, the EIS of C03S4/CoS;-8 and Co3S4
(Figure S18a, b) indicate the corresponding activation energies to be 27.2 kJ mol™! and 34.1 kJ mol"!
(Figure 2h), based on the correlation plots between InR, ' and 1/T (Figure S19). We thus postulate
that the lowest energy for Mg?" migration and electron transfer resistance come from the heterostructure
interfaces of Co03S4/CoS,. CV curves at increased scan rates were plotted to investigate the capacity
contribution from capacitance and diffusion-controlled processes (Figure S20). The correlation between
redox peak current and scan rates is explained from the following equation:

i=av’ )
In which i, a,and v represent peak current, constant, and scan rates, respectively. The values of b are
calculated to be 0.59 and 0.90 from the reduction and oxidation peaks, respectively, indicating that the
reduction and oxidation process are separately dominated by diffusion-controlled and capacitance effects.
The specific contributions from diffusion-controlled and capacitance are estimated based on the
following equation:

i= kw+kyvt/? 3)
in which i, v, k,, and k, are current, scan rates, constants, and constants, respectively. The capacity
is mainly affected by diffusion-controlled process when the scan rate is below 1 mV s™! (Figure S20).
Density functional theory (DFT) calculations have been used to elucidate the electrochemical
performance of Co3S4/CoS,. The density of states (DOS) for these three electrodes (Figure 3a-c) show

12



that CoS; is semi-metallic, i.e., the electron spin-up channel is metallic (no band gap) while the spin-

down channel has a band gap, as shown in previous studies.*® CoS, thus behaves as a conductor, and

Co3S4 as a semiconductor. The resulting Co3S4/CoS; interface is also semi-metallic, i.e., the spin-up

channel remains metallic, and the spin-down channel exhibits a reduced band gap as compared to CoS»,

showing the improved conductive nature of the interface. Meanwhile, the Mg insertion energy for CosS4

is 0.16 eV (Figure S21), while that for CoS; is 1.17 eV (Figure S22). This means that the inserting Mg

into the structure of CoS; is more exothermic (favorable) than doing the same for CosS4. The calculated

theoretical capacities for CoS; and Co3S4 are 653 mAh g! and 288 mAh g!, respectively. Thus, the

Co03S4/CoS; heterostructure can combine the advantages of both Co3Ss; and CoS; in substantially

enhancing magnesium storage performance.

We obtained time-of-flight secondary ion mass spectrometry (TOF-SIMs) of Mg*, Co*, and S*

distributions after full discharged/charged states to investigate the dynamic evolution process of

C03S4/CoS». The distribution of Mg* is stable between the internal and outer region at 0.01 V, while the

intensity curves at open circuit voltage (OCV) and fully charged state (2.0 V) exhibit notable variations

with sputtering time (Figure 3d-f). This is consistent with the expectations for Mg?* insertion/de-insertion

behaviors. The reconstructed 3D sputtered volume of the secondary ion fragments of Mg, Co*, and S*

at different potential states agree closely with observations for specific ions distributions (Figure 3g). We

used a series of ex-situ studies to elucidate the storage mechanism of the discharge-charge process.

Scanning transmission electron microscopy (STEM) (Figure 3h) confirms the maintenance of the hollow

spherical structure during the discharge/charge process. This result indicates that the strain induced in

the insertion/de-insertion of Mg?* can be alleviated by the hollow structure, corroborating the results

from the FE simulation. The corresponding EDS-mapping images of these electrodes reveal the even

13



distribution of the elemental Co, S, and Mg.
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Figure 3. Theoretical calculations and qualitative analyses of electrochemical process. Band
structures of (a) Co3Ss, (b) CoS,, and (¢) Co3S4/CoS,, respectively. TOF-SIMS normalized time profiling
of several typical secondary ion fragments of (d) Mg*, (e) Co", and (f) S*, at different potential states. (g)
3D reconstruction of the sputtered volume of several secondary ion fragments of Mg*, Co™, and S* at
different potential states. (h) EDS-mapping images of Co3S4/CoS; hollow spheres at different potentials

in the discharge/charge process.

We investigated the mechanism of the discharge/charge process at the Co3S4/CoS, cathode using ex-situ

TEM images, XAS spectra, and XRD patterns (Figure 4). When discharged to 0.9 V, the lattice fringes

from the marginal areas of the Co3S4/CoS; hierarchical hollow spheres measured 0.17 nm and 0.28 nm,

which have been separately assigned to (110) and (311) planes of CoS and Cos3Sa, respectively. (Figure

14



4a). During the discharging process to 0.5 V, we obtained the characteristic lattice fringe of (400) and

(220) for CosS4 (Figure 4b). At the end of the discharge cut-off voltage of 0.01 V, the lattice fringes

measured 0.29 nm and 0.23 nm, which are ascribed to the presence of CoS and Co3S4 respectively (Figure

4c). During the reverse charge process, the typical lattice fringes of 0.17 nm and 0.19 nm were detected

at 1.2 V, which are associated with the (440) and (102) planes for Co3S4 and CoS, respectively (Figure

4d). Charging to 1.7 V reveals the interplanar lattice for CoS,, indicating the CoS, being gradually

reformed. At the end-of-charge cut-off voltage (2.0 V), the characteristic (211) plane of CoS; is observed,

indicating a hybrid conversion/insertion mechanism for Co3S4/CoS,. X-ray absorption spectroscopy

(XAS) of Co K-edge (Figure 4g) shows no obvious shift in the rising edge for discharge vs. charge

samples, leading us to believe there is no significant change in the oxidation state of Co. Thus, we

postulate that the hybrid conversion/insertion mechanism largely consists of the following two reactions:

Co3S, + xMg?* + 2xe™ - Mg, Co3S,; 4)

CoS, + Mg?*t + 2e~ > CoS + MgS; )

To further support the above proposed mechanism, we obtained ex-situ XRD patterns during the

electrochemical process after 5 cycles (Figure 4h and Figure S23). In the discharge process, the peaks

for CoS, weaken, accompanied by the emergence of peaks for CoS. When discharged to 0.01V, there are

no peaks for CoS,, but peaks for Co3Ss4 and CoS are present. During the corresponding charge process,

there are no diffractions observed for CoS, until 2.0 V, while the peaks of CosS4 are observed. This is

attributed to the probable presence of reformed CoS,. XPS spectra collected from different charge states

are presented in Figure S24 to support the above observations. Notably, the evolved peaks of S* appeared

at discharge state of 0.01 V, with the disappearance of (S»)*. When charged to 2.0 V, the characteristic

peaks of (S2)> and S* can be noticed. In contrast, there are no significant differences between the full

15



discharge (0.01 V) and charge states (2.0 V) in XPS spectra of Co 2p. Therefore, the XPS spectra results
support our postulation that a hybrid storage mechanism is responsible during the discharge/charge
process.
The oxidation states of Cu after discharge/charge states were also investigated with XPS spectra (Figure
S25). The peaks of Cu 2p spectra for cathodes in a fully charged state (2.0 V) and Cu metal are at lower
binding energies than those for cathodes in a fully discharged state, which are consolidated by the cryo-
STEM, HRTEM and corresponding EDS mapping images (Figure S26).
These results support the occurrence of the reversible reaction:

Cu,S + 2e™ + Mg** o xCu + MgS$ (6)
Previous studies have shown that the Cu collector has a positive effect on electrochemical performance

via the evolution of Cu,S.20-!
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Figure 4. Structure evolution of C03S4/CoS: during the electrochemical process. Ex-situ TEM
images of Co3S4/CoS, at different potential of (a) 0.9V, (b) 0.5V, (¢) 0.01V, (d) 1.2V, (e) 1.7V, and (f)
2.0 V. Ex-situ (g) XAS spectrum, and (h) XRD patterns.

The structural stability of the Co3S4/CoS; hollow spheres are revealed by cryo-TEM, which is particularly
suited for reducing beam damage in battery materials (Figure Sa-c). The integrity of the hollow structure
can be maintained after 200 repeated insertion/extraction processes (Figure 5a, b), highlighting this
advantage. The corresponding STEM-EDS mapping images demonstrate the even distribution of Co and
S elements around the hollow spherical structure (Figure S27). The high-resolution TEM image reveals
lattice fringes of 0.32 nm at different orientations, which are indexed to (111) plane of Co3S4 (Figure 5c¢).
A pouch cell was assembled to evaluate the practical applicability of the cathode. To verify the flexibility

of the pouch cell, the CV curves of pouch cells treated at different angles were found to share overlapping
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profiles, indicating the electrochemical processes to be stable (Figure 5d, S28). When tested at a current
density of 40 mA g*!, the pouch cell indicated a capacity of 152 mAh g after 100 cycles (Figure Se),
with a gravimetric energy density of 203 Wh kg''. The corresponding charge/discharge curves after the
80 cycle show wider plateaus than in the 40" and 20™ cycles, which agree closely with the activation
cycling performance (Figure 5f). The electrochemical properties of cathodes in the magnesium-ion
batteries at the pouch cell level (Table S3) demonstrate a competitive electrochemical performance in
terms of capacity and cycling stability for C03S4/CoS,. 254958

The calculated adsorption energies between Co3S4 and MgSx (x=1, 2, 4, 6, and 8) (Figure 5g) support
this capacity and cycling stability.>>°! The adsorption energies of -5.07 eV, -4.72 eV, -3.74 eV, -4.55 eV,
and -4.16 eV calculated f CosSs and MgSy (x=1, 2, 4, 6, and 8) are all negative and verify the presence
of an adsorption effect between Co3Ss and MgSy (Figure 5h). This adsorption effect inhibits the
detrimental shuttle effects of soluble magnesium sulfide intermediates formed by CoS, during the
conversion process, accounting for the excellent cycling stability of the Co3S4/CoS; cathodes. Results of
ab initio molecular dynamics simulations (AIMD) conducted to further elucidate the dynamic evolution
processes support this stable cycling performance (Figure 5 i-n). The interface modes of CosSs-Mg,
CoS,-Mg, Co3S4-MgSs were constructed to monitor the dynamic variation kinetics. The Co3Ss-Mg
interface was found to be stable, with negligible inter-diffusion after 100 ps. In contrast, S atoms in CoS,
can diffuse into the structure of the bulk Mg, with Mg atoms also reversibly diffusing into CoS; after 100
ps. These results indicate that CoS, reacts with Mg to form MgSy, while Co3Ss works by insertion,
without new compounds being formed. Using MgS¢ interacting with CosS4 as an example, the Co3Ss-
MgSg interface was found to be stable, with minor changes observed after 100 ps. Some Mg atoms diffuse

to the interfacial regions, but cannot diffuse into the CosS4 region, which validates the adsorption effect
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of Co3S4-MgSe observed through DFT calculations.
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Figure 5. Structure integrity characterization, pouch cell performances, DFT and AMID
simulations. (a-c) Cryo-TEM images of Co3S4/CoS; after 200 cycles, (d) CV curves at a sweep rate of
0.5 mV s under different conditions, (e) cycling performance of RMBs pouch cell at 40 mA g'. Inset
shows the pouch cell with an open circuit voltage of 1.01 V. (f) Charge-discharge profiles of pouch cell
after 20", 40", and 80" cycles. (g) Optimized atomic structures of MgS, MgS,, MgSs, MgSe, and MgSs
cluster adsorbed on facet of Co3S4. (h) The corresponding adsorption energies between Co3S4 and MgSy
(x=1, 2, 4, 6, and 8). Interface modes of (i, j) Co3Ss-Mg, (k, 1) CoS,-Mg, and (m, n) Co3Ss-MgSs before

MD simulation and after MD simulation processes.

Conclusions
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In this study, Co3S4/CoS, heterojunction hollow nanospheres were prepared via a one-step solvothermal
process and used as cathodes in magnesium-ion batteries. We found the migration of Mg?* to be enhanced
by the heterojunction between Co3S4 and CoS,, and the hollow nanostructure to retard large volume
variation induced in the electrochemical process (supported by ex-situ TEM images and FE simulations).
More importantly, we found an adsorption effect by Cos3S4 on magnesium polysulfides, inhibiting their
dissolution from CoSy; this is confirmed by DFT and AIMD simulations. Consequently, we found the
C03S4/CoS; electrode to deliver a capacity of 597 mAh g™! after 120 cycles at a current density of 50 mA
g’!. At a larger current density of 100 mA g!, a capacity of 483 mAh g*! was maintained after 200 cycles.
When evaluated in a pouch cell, a stable capacity of 152 mAh g was retained after 100 cycles at 40 mA
¢!, showing promise for practical applicability. The hybrid electrochemical mechanism of conversion
insertion has also been verified by ex-situ XRD patterns, TEM images, and XAS spectra during the
discharge/charge process. The results of our study can point the way to the fabrication of high-
performance cathodes in magnesium-ion batteries by retarding shuttle effects with metal sulfide

heterojunctions.

Experimental procedures

Synthesis of Cobalt sulfides hollow nanospheres

Cobalt(II) acetylacetonate [Co(AC),, 0.257 g] was dispersed in 30 ml of isopropyl alcohol (IPA) and the
solution stirred for about 5 mins. Thioacetamide (TAA; 0.3 g) was then added to the solution and stirred
for 10 mins to obtain a homogeneous solution. The above mixture was transferred into a 50 ml stainless

steel autoclave and the reaction maintained at 180 °C for 12 hours. The black pellet obtained after
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centrifugation of the solution was washed several times with isopropyl alcohol (IPA) and then dried in a

vacuum oven at 70 °C overnight to obtain Co3S4/CoS,. Repeating the abovementioned steps, but with

0.6 g and 1.5 g of thioacetamide instead yielded Co3S4/CoS,-8 and Co3S4/CoS,-20, respectively. CosSs

was obtained by calcinating Co3S4/CoS, at 400 °C for 2 h in an argon atmosphere. We used CoS»

purchased from Sigma-Aldrich as a reference sample. The samples of Co3S4/CoS; for the refined XRD

pattern were prepared by mixing the specific weight of Co3S4+/CoS; with rutile TiO; in a weight ratio of

12.04 mg/100.6 mg. The Co03S4/CoS,-8 used in refined XRD pattern was prepared following identical

steps described above. Detailed information on calibrating XRD can be found in Supporting Information

(SI).

Characterization of Materials

The crystalline structure was analyzed by X-ray diffraction (XRD, Bruker D8, with Cu-Ka radiation of

1.5418 A). X-ray photoelectron spectroscopy (XPS, Thermo-scientific, with Al Ka radiation of 1486.6

eV) was used to analyze the elemental states. Information on morphologies and interior structures was

obtained using scanning electron microscopy (SEM, Hitachi SU8200) and transmission electron

microscopy (TEM, JEOL2100). Ex-situ TEM images and cryogenic electron microscopy (cryo-EM)

images were obtained with a transmission electron microscope (TEM, TITAN AND TECHNALI). Ion

distributions were determined with time-of-flight secondary ion mass spectrometry (IONTOF GmbH,

Germany measurements).

Electrochemical Measurements

The electrochemical experiments were conducted using CR-2023 type coin cells and pouch cells, which

were assembled in an argon filled glovebox. In preparing the cathode, Co3S4/CoS,, carbon black, and
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polyvinylidene difluoride (PVDF) were mixed in a weight ratio of 7:2:1 and hand milled for 30 mins.
NMP was then added to obtain a homogenous slurry. Following this, the slurry was spread evenly on
copper foil and dried in a vacuum oven overnight to obtain the cathode. A polypropylene Celgard
membrane was applied as the separator. The electrolyte was composed of 0.5 M magnesium
trifluoromethanesulfonate (Mg(OTF),) in 1,2-dimethoxyethane (DME) with the addition of 0.3 M
tetrabutylammonium chloride (TBAC).%2% The electrolyte volume was 75 pl for each coin cell, and Mg
foil was used as an anode. For the pouch cell, the electrolyte volume was increased to 400 ul. The charge-
discharge curves were collected on a battery tester (Neware CT-3008). Cyclic voltammetry and
electrochemical impedance spectroscopy were performed with an electrochemical workstation (Gamry

Interface 1010E). The equation for calculating energy density can be found in the SI.

Density functional theory (DFT) calculations

See SI for detailed information on DFT calculations.

Finite Element Simulation (FIE) Method

See SI for detailed information on FIE calculations.

Ab Initio Molecular Dynamics (AIMD) Method

See SI for detailed information on AIMD calculations.
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