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Accelerated Kinetics of Desolvation and Redox
Transformation Enabled by MOF Sieving for High-Loading

Mg-S Battery

Qinghua Guan, Quan Zhuang, Wenlong Xu, Yongzheng Zhang, Shuang Cheng,

Jing Zhang, Meinan Liu, Hongzhen Lin,* and Jian Wang*

Magnesium-sulfur (Mg-S) batteries have attracted growing interest

as a promising candidate of post-lithium-ion battery systems due to their high
energy density, natural abundance of Mg and S, and superior safety. However,
they are severely inhibited by the sluggish electrochemical kinetics of
interfacial Mg?* desolvation and successive sulfur redox species conversions,
leading to dissatisfactory “shuttling effect”. Herein, a strategy of combining
porous sieve desolvation and molecular electrocatalysis is proposed

to dissociate Mg2*-solvents structure, stimulate free Mg?* diffusion,

and further improve the kinetics of sulfur redox conversion. As a protocol,

the metal-organic frameworks (MOF) of representative MIL-101(Cr) with pore
structure is capable of sieving larger Mg(solvents),>* cluster to release free
Mg?* to react with sulfur species, and also the Lewis acid site of central Cr(lll)
can effectively adsorb and transform polysulfides, as thoroughly revealed

by experimental and in situ/ex situ characterizations. Consequently, the
as-fabricated Mg-S batteries employed with MIL-101(Cr)-decorated separator
can deliver the capacity of 974 mA h g~ after 250 cycles, and exhibit a high-rate
performance of 694 mA h g~ at 2 C. Impressively, the high-mass-loading

cell of 6.4 mg cm~2 stabilizes for more than 60 cycles, demonstrating the
polar MOF with pore sieving effect for practical application of Mg-S batteries.

1. Introduction

In pursuit of developing ecological, large-
scale, high-efficiency energy storage
systems,l!l  magnesium-sulfur  (Mg-S)
batteries have become one of the most
attractive battery systems due to superior
volume energy density (3221 Wh L), high
safety, low cost of abundant resources.l?]
Currently, the development of Mg-S bat-
teries is still in the preliminary stage and
there are still some problems that needs
to be solved urgently: 1) Screening and
designing the compatible electrolyte sys-
tem for Mg-S batteries;®! 2) Activating the
Mg passivation layer to accelerate mag-
nesium ions diffusion;!*! 3) Accelerating
the dissociation and conversion kinetics
by decreasing high barriers of “solid-
liquid-solid” multistep aiming at intrinsic
non-conductivity of sulfur, large volume
changes, and severe polysulfide shuttling.l®!

To address the problems of sulfur cath-
odes in Mg-S batteries, current efforts
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mainly focused on looking for suitable electrolytes in match with
magnesium anode and sulfur cathodes;**% constructing conduc-
tive carbon/sulfur composites with excellent structure to achieve
high conductivity and adapt to the volume change in the sulfur
conversion process;’! designing and introducing active sites to
inhibit the shuttle effect of soluble magnesium polysulfides (Mg-
PSs), adsorb MgPSs physically or chemically and further pro-
mote MgPSs transformation.®) However, whatever electrolytes
and sulfur systems are, the electrochemical performance of bat-
teries are far from practical expectation due to the high transfor-
mation barriers among sulfur species.[’) Meanwhile, as known,
the Mg?*-solvents clusters are the main charge carriers in the
electrolyte or at the interface, and less attention or strategies
centered on the status or roles of Mg?" in the inner Helmholtz
plane layer on the effects of polysulfide conversions.[') In the
current electrolyte systems, the Mg?* is easy to coordinate with
solvents to form large Mg(solvents), 2" structures with huge steric
immobilization, which will render slow diffusion kinetics and
affect the successive redox performance.**!!l The most com-
mon strategy for regulating the dissolved structure is to optimize
the electrolyte compositions of adding various additives such as
electrolyte diluent.['?] Different from electrolyte engineering, our
group also explored another strategy of adopting interfacial cat-
alytic desolvation method to strengthen the Li/Zn ion dissocia-
tion process.!"3] Thus, the ideal solution to accelerate the dissoci-
ation of Mg(solvents),?* structure is constructing interfacial cat-
alytic sites to form more isolated Mg?*, promoting the kinetics of
sulfur redox reaction.

As known, metal-organic frameworks (MOF) are famous for
their porosity and structural adjustability, which are widely used
in electrochemical fields.['* For example, Zhou et al. developed
a MOF modified electrolyte, in which solvent molecules can be
screened for free Li* by MOF with suitable pore size.[**] Graft-
ing conductive carbon on the MOFs can also serve as the siev-
ing skeleton for realizing increased numbers of Li* flux with en-
hanced transport for fast redox conversion kinetics.!*d However,
most reports mainly utilize the pore morphology to sieve larger
size cluster and there are seldom reports focused on the effect
of metal center site. Among the various metal centers, the Lewis
acidic Cr(III) center shows the stronger capability in polysulfide
adsorption through Lewis acid-based interaction.[*®! Therefore, it
is of significance to investigate the Lewis acid-based MOFs on
the kinetics improvement toward Mg?* dissociation and further
sulfur redox conversions.
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Herein, MIL-101 (Cr) with Lewis acid center is selected as the
porous MOF material, to fabricate a modified glass fiber sepa-
rator coating (MIL101-GF) through a simple vacuum filtration
method. The MIL101-GF is applied to the side of the cathode and
played the role of upper fluid collection on the sulfur cathode. The
multistage pore structure of MIL-101 (Cr) can effectively acceler-
ate the dissociation of Mg(solvents), 2", release a large amount of
free Mg?*, which subsequently participate in the transformation
reaction of MgPSs. Moreover, due to the presence of Lewis acid
Cr(III) centers, MgPSs can be adsorbed and quickly converted.
The as-fabricated Mg-S batteries employed with MIL101-GF sep-
arator could maintain a high capacity of 974 mA h g! after 250
cycles at 0.5 C, also operate stably at 2 C with high-rate perfor-
mance of 694 mA h g='. More excitedly, the cell with MIL101-GF
demonstrated stable performance over 60 cycles even at a high
sulfur loading of 6.4 mg cm=2. It is proved that MIL101-GF coat-
ing can effectively accelerate the dissociation of Mg(solvents),**,
inhibit the transfer of MgS, and promote the transformation of
polysulfide, effectively improve the electrochemical performance
of Mg-S batteries, and prolong its working life.

2. Results and Discussion

The density functional theory (DFT) calculations were con-
ducted to gain insights into the decoupled transportation of
MgCl, (THF), into THF and MgCl,-THF in liquid electrolyte and
on MIL-101(Cr) substrate.['!] As shown in Figure 1A,B, the des-
olvation barrier of MgCl, (THF), on MIL-101(Cr) is 0.75 eV, lower
than the case in liquid electrolyte. Therefore, MIL-101(Cr) is more
conducive to decoupling MgClL,(THF), and thereby easily disso-
ciating to form free Mg?*. Then the interactions and catalytic
functions of MIL-101(Cr) in sulfur species adsorption and de-
composition were displayed in Figure 1C and Figures S1 and S2
(Supporting Information).l¥¢17] All structures and free energies
of the Sg and various MgS, (x =1, 2, 4, 6, 8) species were opti-
mized on MIL-101(Cr) substrate and carbon structure. As shown
in Figure 1D, the adsorption energies of MgS, (x =1, 2, 4, 6,
8) species on the MIL-101(Cr) substrate are higher than the case
on carbon structure. For example, the MIL-101(Cr) displays the
improved binding energy of 2.25 eV to MgS,, 3.2 times higher
than that on carbon structure. It is worth noting that S exists as
a cyclic molecule with a symmetric structure and uniform elec-
tron cloud distribution, lacking polarity or active sites, which hin-
ders its ability to form strong chemical bonds with MIL-101(Cr).
On the other hand, MgS, possesses relatively high polarity and
hence shows enhanced adsorption affinity to the porous MOF
of MIL-101(Cr) containing Lewis acidic metal sites through Cr-
S.>~ interactions. The nonpolar surface of carbon materials fa-
vors hydrophobic attractions to the Sg molecules, while exhibits
low affinity toward polar species such as MgS,. A high adsorp-
tion energy of MIL-101(Cr) for MgS, can suppress polysulfide
dissolution and shuttling and enhance the catalytic conversion
efficiency, thereby improving cycling stability, whereas the pref-
erential adsorption of Sg on the carbon surface facilitates the re-
deposition of Sg onto the electron-conductive network for elec-
trochemical reduction in the following cycle. Admittedly, there
is a risk that the catalytic sites in MIL-101(Cr) would be covered
by non-soluble MgS, and MgS deposits. The soluble long chain
MgPSs can serve as redox mediators for activating the MgS, and
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Figure 1. Systematic self-tandem catalysis of MIL101-GF revealed by theoretical simulations. Desolvation barrier of MgCl, (THF), into THF and
MgCl, - THF A) on MIL-101(Cr) substrate and B) in liquid electrolyte. C) The adsorption configurations and adsorption energies of MgS, MgS,, MgS,,
MgSg, MgSg, and Sg on MIL-101(Cr) catalysts. D) Comparison of adsorption binding energies between sulfur species and various matrix. E) The pro-
jected density of states (PDOS) for the adsorbed configuration of MgS¢ on MIL-101(Cr) substrate. F) COHP for the interactions between O and Mg
atoms for MgSg adsorption on MIL-101(Cr) substrate. The negative and positive COHP denote bonding and antibonding interactions.

MgS through comproportionation reaction and thus re-expose
the catalytic sites. The interactions can be supported by the pro-
jected density of states (PDOS) and crystal orbital Hamilton pop-
ulation (COHP) analyses (Figure 1E,F; Figures S3 and S4, Sup-
porting Information).[*® For MIL-101(Cr), the hybridizations be-
tween the electronic orbitals of O and Mg atoms are apparent,
which is consistent with the COHP results that the electrons
fully occupy the bonding states for the O—Mg bonds, suggest-
ing strong interactions. As for carbon structure, the anti-bonding
states emerge below the Fermi level, suggesting the relative weak
binding between the C-Mg atoms. The bonding strength can be
quantitively expressed by the integral COHP (ICOHP), the larger

absolute value of ICOHP means a stronger binding. For MgS, ad-
sorption on MIL-101(Cr), values of ICOHP corresponding to the
two O—Mg bonds are —0.96 and —0.99 (Figure 1F), significantly
superior to the C—Mg (ICOHP = —0.14) bond in C-MgS, (Figure
S4, Supporting Information).

As shown in Figure 2A, we selected MIL-101 (Cr) as the ma-
terial to accelerate the dissociation of Mg(solvents),?*, provide a
site for anchoring MgPSs and catalyzing their transformation. It
was fully mixed and dispersed in ethanol with nitrogen-doped
graphene (NG), and then uniformly deposited on the separa-
tor surface by vacuum filtration method (MIL101-GF), corre-
sponding to the sulfur cathode.[®) MIL-101 (Cr) promotes the
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Figure 2. Experimental of interfacial desolvation and sulfur species kinetics catalyzed by MIL101-GF. A) Schematic diagram of preparation and structure
of MIL101-GF. B) The SFG spectra of different adsorption states of Mg (solvents),*-structure in MgCl,-LiCI/THF electrolyte. C) Magnesium ion migration
number for Blank-GF and MIL101-GF. D) The molecular states of the Mg(solvents),**-structure in the MIL101-GF electrode/electrolyte interface after
turning bias voltage on. E) Comparisons of MgPSs conversions in symmetric cell based on the Carbon and MIL-101(Cr), respectively. F) Comparison
of MgS precipitation kinetics on the surface between Carbon and MIL-101(Cr) at a constant potential of 0.7 V, corresponding to a liquid/solid phase

transition. G) The slope about square root of scan rate versus peak current.

dissociation of Mg(solvents),>* structure to release a large
amount of free Mg?*, effectively limits the shuttle of MgPSs
through strong physical/chemical adsorption, and the continu-
ous conductive layer conducts electrons rapidly, efficiently trans-
forming MgPSs at the electrode/electrolyte interface with its
unique hierarchical porous structure and abundant active sites.
The morphology and structure of MIL-101 (Cr) powder are briefly
characterized (Figure S5, Supporting Information). MIL-101 (Cr)
has a clear octahedral particle structure seen from the scanning
electron microscopy (SEM) image, and the energy-dispersive
spectroscopy (EDS) mapping results the elements are evenly dis-
tributed in MIL-101 (Cr) (Figure S5C, Supporting Information).
The X-ray powder diffraction (XRD) patterns in Figure S5D (Sup-
porting Information) clearly demonstrate the characteristic peaks

Adv. Funct. Mater. 2025, 2506397 2506397 (4 of 10)

of the MIL-101 (Cr) powder are consistent with those of the
theoretical calculation results. MIL-101 (Cr) has a hierarchical
channel structure with two apertures: mesoporous cages and mi-
croporous windows.!'! The results of N, adsorption—desorption
isotherms show that it is mainly microporous pores, and there
are also mesoporous pores (Figure S6, Supporting Information).
The thermogravimetric analysis (TGA) test result of MIL-101(Cr)
is shown in Figure S7 (Supporting Information), which could be
seen that the weight loss was low below 150 °C, so there is no
significant influence on the assembled batteries under normal
room temperature experimental conditions.

For the obtained MIL101-GF, we also characterized its mor-
phology and structure, and verified that MIL-101 (Cr) could still
retain its original structure and basic properties on the separator

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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after a series of treatments. As shown in Figure S8A,B (Support-
ing Information), MIL-101 (Cr) particles were evenly dispersed
with NG sheets, and MIL-101 (Cr) particles still had a clear octa-
hedral structure, indicating that the structure of MIL-101 (Cr) par-
ticles was not destroyed during the ultrasonic dispersion and ex-
traction filtration process, which proved that MIL-101 (Cr) has ex-
cellent stability. Figure S8 (Supporting Information) showed that
carbon and nitrogen elements were evenly distributed, which
meant that NG sheets were evenly distributed and completely
covered the surface of the separator, forming a continuous and
uniform modification layer. The XRD diffraction peak of MIL101-
GF is consistent with that of MIL-101 (Cr) powder (Figure S8C,
Supporting Information), which proves that the structural char-
acteristics of MIL-101 (Cr) hardly change in the process of ultra-
sonic dispersion and filtration drying, and the bulged peak near
20° corresponds to the presence of carbon, which is also due to
the incorporation of NG.[?%l As shown in Figure S8 (Support-
ing Information), the MIL-101(Cr) modified layer was uniformly
and tightly deposited on one side of the separator without pass-
ing through the separator. The modified separator was repeat-
edly folded, and no delamination or material fall occurred after
restoration (Figure S9, Supporting Information), indicating that
the MIL101-GF modified layer had good mechanical stability and
flexibility. To test the thermal stability of the coating, a piece of
MOF-modified separator on a heating plate, keeping the temper-
ature at 50, 100, 150, and 200 °C respectively for 10 min before
bending and recovering it. As can be seen from Figure S10 (Sup-
porting Information), the MIL101-GF did not have any cracks or
wrinkles after the above processing. As shown in Figures S11 and
S12 (Supporting Information), the contact angle of the electrolyte
on the MIL101-modified separator is small, confirming that MIL-
101(Cr) introduction effectively enhances electrolyte wettability.
Both CV and LSV results indicate that the MIL101-GF could
maintain stability during the test (Figures S13 and S14, Support-
ing Information).

The porous structure on MIL101-GF promotes the dissolu-
tion of the Mg(solvents) > structure, allowing more free Mg?*
to reach the electrode/electrolyte interface through the MIL-
101 (Cr) modified coating, and further participate in the subse-
quent redox conversion of MgPSs. The interfacial arrangement
of cations/anions can be described by the double-layer model of
the inner Helmholtz layer and the outer diffusion layer.[?!) The
ions in the inner layer can exist in the form of solvated, par-
tially solvated, or free ions without any solvent shell, and the
ions in the outer layer are dominated by solvated ions.[??! In situ
interface-sensitive sum frequency generation (SFG) spectroscopy
(see Figure S15, Supporting Information for setup configura-
tion) was applied to monitor the solvation/desolvation process
at the interface by detecting the variation of interfacial solvent
molecules at open circuit potential or under a certain bias volt-
age (Figure 2B). The C-H stretching vibration of tetrahydrofuran
(THF) at the electrode/electrolyte interface in the range of 2700—
3000 cm™! was studied by SFG spectroscopy with ssp polarized.
Without bias voltage, THF-related SFG resonances at the elec-
trode/electrolyte interface can be clearly divided into two groups:
2812 and 2855 cm™! have similar characteristics to pure THF
and can be attributed to free solvent molecules, while 2770 and
2930 cm™! correspond to THF in the ionic solvated shell.'3l Tt
can be seen from Figure 2B that the SFG strength is signifi-
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cantly reduced and the solvated shell THF signal almost disap-
pears when a bias voltage of 100 mV is applied, while the reten-
tion peak (2812 cm™!) should be allocated to free, non-specifically
adsorbed THF molecules. Two characteristic peaks observed at
2890 and 2960 cm™! can be attributed to other FR patterns of
CH, symmetric stretching corresponding to strong intermolecu-
lar interactions. These results strongly revealed that the catalyst
can accelerate the dissociation of Mg(solvents) ** structure and
release a large amount of free Mg?* at the interface. At the same
time, the Mg?* migration numbers of different separators were
tested and analyzed (Figure 2C; Figure S16, Supporting Informa-
tion). Compared with the Blank-GF, the ion migration number of
MIL101-GF was higher (0.26 vs 0.61), which was attributed to the
rapid desolvation ability of MIL101-GF, indicating that MIL101-
GF could effectively improve the reaction kinetics of Mg?* migra-
tion. Figure 2D and Figure S17 (Supporting Information) graph-
ically describe the above model MIL101-GF catalytic layer pro-
motes the release of Mg?* from the Mg(solvents) >* structure
and diffuses it to the cathode surface and participating in sul-
fur/sulfide conversion.

It is well known that the production and movement of soluble
MgPSs is one of the main causes of the failure of Mg-S batter-
ies, and the huge dissolution/reaction barrier affects the oxida-
tion reduction transformation kinetics of sulfur migration of the
polysulfide migration. As shown in Figure S18A (Supporting In-
formation), MIL-101 (Cr) powder was put into MgPSs solution
with the same initial state. After 72 h of reaction, the color of the
solution in the bottle was significantly lighter when MIL-101 (Cr)
powder was present compared with the blank sample. Since the
experimental conditions of the two bottles of solution are exactly
the same, the color difference after the reaction can be attributed
to the adsorption of MgPSs by MIL-101 (Cr). Figure S18B (Sup-
porting Information) shows the absorption peak near 420 nm in
UV-vis spectroscopy to the presence of short chain S,>~, and the
content of short chain S,?~ in MgPSs solution added with MIL-
101 (Cr) powder is significantly reduced, the MgPSs in the so-
lution corresponding to MIL-101 (Cr) were reduced to 37.85%
of the original content compared with the pure solution, indi-
cating that the MgPSs had a faster conversion in the presence
of MIL-101 (Cr) powder, and the S,>~ in the solution was sig-
nificantly reduced after catalytic conversion.?3] The decrease of
polysulfide concentration is caused by the adsorption and reac-
tion of MIL-101 (Cr) powder, which indicates that there is a good
chemical interaction between MIL-101 (Cr) powder and MgPSs.
Since there is no sulfur present in the MIL-101 (Cr) powder it-
self, the S-peak in the XPS can be entirely attributable to the ad-
sorbed polysulfide. As shown in Figure S18C (Supporting Infor-
mation), the peak of S 2p at 164.5 eV can be identified as the
peak of MgPSs, while the peak at 161.4 eV can be identified as
the peak of MgS, which proves that MIL-101 (Cr) effectively ad-
sorbed MgPSs and promoted its conversion to MgS.!*4 Due to
the high chemical activity of MgPSs under open circuit voltage,
studying the self-discharge behavior of Mg-S batteries is an effec-
tive means to evaluate the ability of the main material to inhibit
the shuttle effect. We restart the discharge after maintaining the
battery cells 24 h at three distinct states of discharge: 0%, 33%,
and 66%, and find that an irreversible capacity decay of the battery
with the MIL101-GF much smaller than that with the Blank-GF
(Figure S19, Supporting Information). The results indicate that
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MIL101-GF can significantly suppress self-discharge behavior by
inhibiting the shuttle effect.

To investigate ability of MIL101-GF to catalyze polysulfide con-
version electrochemically, we first conducted polysulfide conver-
sion and MgS deposition experiments, and assembled CNT elec-
trode (without sulfur) based symmetric and asymmetric batteries
by adding MgS, to the electrolyte.?*] As shown in Figure 2E, at
the sweep speed of 0.2 mV s, the cyclic voltammetry (CV) curve
based on MIL-101(Cr) symmetric cell easily shows two pairs of
redox-polysulfide peaks with larger peak current and area, indi-
cating that more MgPSs are involved in the conversion, while
there is almost no obvious peak in the cell with the Carbon.[?! In
addition, Figure 2F shows that the cell with MIL-101(Cr) made
a rapid response to the formation of MgS within 15 min, which
means that MgS, was quickly converted into MgS deposits with
the help of MIL-101(Cr). The cathodes used in both MIL-101(Cr)
and Carbon samples are CNT-S.126] After loading sulfur, it can be
seen from Figure S20A (Supporting Information) that there is an
obvious CNT structure in the cathode of CNT-S, while it can be
seen that the distribution of carbon and sulfur elements is uni-
form in Figure S20B,C (Supporting Information), which proves
that the hot melting method can make elemental sulfur evenly
distributed in carbon nanotubes. As shown in Figure S20D (Sup-
porting Information), the characteristic peak of sulfur can be ob-
served in CNT-S, indicating that sulfur has been successfully
impregnated into carbon nanotubes. As shown in Figure S20E
(Supporting Information), TGA shows that the material has par-
tial decomposition after carbonization, and the sulfur mass con-
tent in CNT-S is 75.5%. Rapid ion and electron exchange is
also reflected in the results of electrochemical impedance spec-
troscopy (EIS).[%] As shown in Figure S21 (Supporting Informa-
tion), when the battery has just been assembled, both batteries
show relatively high internal resistance and diffusion resistance,
and cannot show a complete half-arc and diffusion curve, which
can be attributed to the existence of passivation layer on the sur-
face of the magnesium anode.["2] The reason for the large initial
resistance of Mg-S battery is mainly caused by the magnesium
anode. A passivation layer immediately formed on the surface
of magnesium metal upon assembling the cell and the Mg?*-
solvents desolvation energy barrier at the anode interface is also
high, both of which hinder the transfer of Mg?*. The initial cycle
plays an activation role to re-expose the fresh Mg surface. How-
ever, if polysulfides are shuttled to the anode surface, the pri-
mary passivation layer will be turned into MgS, /MgS-rich layer,
which is then difficult to activate and requires multiple cycles to
refresh the Mg surface. The introduction of MIL101-GF can ef-
fectively inhibit the shuttle of polysulfides, and thus prevent the
formation of MgS, /MgS passivation layer on the anode, allowing
the activation process to occur smoothly. As a result, the resis-
tance drops dramatically, and the magnesium plating/stripping
reversibility is also much improved. In order to explore the in-
fluence of MIL101-GF on the conductivity, we supplemented the
test of ionic conductivity, the ionic conductivity of MIL101-GF
is 7 mS cm™!, while the ionic conductivity of Blank-GF is only
3.7 mS cm™!, which indicates that MIL101-GF has high electri-
cal conductivity (Figure S22, Supporting Information). After the
first cycle, the cell with MIL101-GF can show a relatively com-
plete half-arc and diffusion curve, and the battery resistance is
smaller, and the diffusion slope is larger, indicating that MIL101-
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GF can effectively accelerate the transfer of electrons and ions.
At the sweep speed of 0.05 mV s7!, it can be clearly seen from
Figure S23A—C (Supporting Information) that the CV curve of
the cell with MIL101-GF has better reversibility. Compared with
Blank-GF, cell with MIL101-GF catalyst exhibit smaller peak po-
larization and larger peak current, thus accelerating polysulfide
redox kinetics and improving sulfur utilization. The magnitude
of this CV distortion amplifies with increasing scan rates, and
Mg-S cell with Blank-GF exhibits significantly more pronounced
distortion than Mg-S cell using MIL101-GF. This phenomenon
likely stems from the incomplete oxidation of polysulfides at high
potential, forming soluble intermediates, resulting in the tail-
ing of the current platform or the broadening of the peak shape,
which also indicates that MIL-GF can effectively inhibit the shut-
tle of polysulfides. The peak current (ip) in Figure S23D,E (Sup-
porting Information) is linear to the square root of the scan rate,
and the corresponding slope is summarized in Figure 2G, indi-
cating the typical characteristics of ion diffusion controlled reac-
tions. According to the Randles-Sevcik equation, the Mg?* dif-
fusion coefficient is proportional to the slope, and the slope of
the cell with MIL101-GF is significantly higher, indicating that
the modified MIL101-GF separator has faster magnesium diffu-
sion transport.[?’] In conclusion, it is proved that MIL101-GF has
certain catalytic ability in accelerating polysulfide transformation
kinetics and the transport rate of Mg?*.

In order to further verify the improvement and practical feasi-
bility of MIL101-GF for the electrochemical performance of Mg-
S batteries in actual work, we carried out rate, cycling and high
loading tests. As shown in Figure 3A, the cell with MIL101-GF de-
livers outstanding rate performances of 806, 745, 750, 728, and
694 mA h g7! at 0.1, 0.5, 1, 1.5, and 2 C, respectively. When
current density being switched back to 0.2 C, the specific ca-
pacity also recovers 894 mA h g~!. While the cell with Blank-
GF has lower capacity, faster capacity decay, and poor reversibil-
ity. Above results indicate that with the help of MIL101-GF, the
reaction kinetics of the battery is significantly accelerated, and
the reversibility of S/MgS is enhanced. The performance advan-
tages of the cell with MIL101-GF can be seen more clearly in
Figure 3B. Figure S24 (Supporting Information) shows the volt-
age distribution of charge and discharge platforms of the cell
with MIL101-GF and Blank-GF at different discharge rates. The
cell with MIL101-GF always has a stable discharge voltage plat-
form, while the discharge voltage platforms of cell with Blank-
GF disappear when the rate increases to 1.5 and 2 C, which
shows that the cell with MIL101-GF has faster conversion dy-
namics. The slight voltage fluctuations observed during low-rate
cycling in Figure S16 (Supporting Information) can be analyzed
from two perspectives. At the cathode side, this phenomenon
may originate from the incomplete oxidation of dissolved poly-
sulfides at the cathode/electrolyte interface under low current
density conditions, which induces repeated transitions between
different sulfur redox states and consequently leads to voltage os-
cillations. At the anode side, the kinetic mismatch between Mg?*
deposition/dissolution rates and electrolyte diffusion results in
localized current density fluctuations at the Mg metal surface,
which are subsequently reflected in the charging voltage pro-
files. By comparing the charging curves of low rates in Figure
S24A,B (Supporting Information), it can be seen that the fluc-
tuation of Blank-GF is more obvious, while that of MIL101-GF
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Figure 3. High electrochemical performances of Mg-S cells with MIL101-GF catalyst. A) Rate performance for the cells with Blank-GF and MIL101-GF
from 0.05 to 2 C. B) Comparisons of capacity retentions at different current rates. C) Cycling performance of the cells with Blank-GF and MIL101-GF
for 400 cycles at 0.5 C. D) Comparison of the electrochemical properties between the MIL101-GF and previously reported separator modified in Mg-S
batteries (see Table S1, Supporting Information for details). E) The high mass loading with MIL101-GF cycled at 0.1 C. F) The charge/discharge curve

behaviors of the cells with MIL101-GF after different cycles.

is relatively gentle, which once again indicates that MIL101-GF
can effectively inhibit the shuttle of polysulfide and benefit uni-
form magnesium deposition. As shown in Figure 3C, the spe-
cific discharge capacity of the cell with MIL101-GF and Blank-
GF at 0.5 C occurred some breaks in the early stage, which
was mainly caused by the environmental changes in the early
stage. The capacity of cell with MIL101-GF hardly decay when
the cycling tends to be stable, and even increases slowly in the
middle. The specific discharge capacity is stable at ~1000 mA
h g!, and the specific discharge capacity of 974 mA h g~!

still be maintained after 250 cycles, while the capacity of cell
with Blank-GF is only 280 mA h g~! after 150 cycles, intuitively
shows that the introduction of MIL101-GF solves the problem
of capacity decay in Mg-S batteries. Compared with other sim-
ilar work related to Mg-S batteries, our work can stably main-
tain a high specific discharge capacity over a long period of
time, with significantly excellent electrochemical performance
(Figure 3D). The cells with MIL101-GF have stable voltage plat-
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forms in charge/discharge curves with different cycle numbers,
which also proves that it can effectively inhibit MgPSs shut-
tle, thereby helping the sulfur cathode to stabilize its structure
(Figure S25).12%1 When the Blank-GF is used, the voltage platform
is difficult to maintain stability after 100 cycles. In order to fur-
ther verify the practical feasibility of MIL101-GF, the surface load-
ing of sulfur on the cathode was increased to 6.4 mg cm=2, and
the highest discharge capacity of 668 mA h g~! was shown at 0.1
C (Figure 3E). After 70 cycles, the cathode with a high loading
can still show the surface capacity of 2.90 mA h cm™2, and the
capacity retention rate is 77.0%. It can be seen from Figure 3F,
that there is still a stable voltage platform in the charge/discharge
curves of different cycle numbers, indicating that the struc-
ture is stable and has good reversibility. These results strongly
proved that MIL101-GF promoted the transformation kinetics
of magnesium ion and polysulfide, improved the utilization of
sulfur, and effectively extended the long-lasting life of Mg-S
batteries.
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Figure 4. Catalytic mechanism analysis of MIL101-GF after cycling and during discharge process. A) The 3D reconstructions and top-view surface
mapping of MgS™ species in cycled with MIL101-GF and Blank-GF after 10 cycles at 0.5 C via TOF-SIMS. B) The signal intensity comparisons of MgS~
species in cycled the cells with Blank-GF and MIL101-GF. C) The morphologies and corresponding mapping of the corresponding Mg anodes after
different cycles. D,E) In situ Raman band contours of the Blank-GF and MIL101-GF separators, respectively. F,G) Selected Raman spectroscopy of the
Blank-GF and MIL101-GF separators, respectively. H) lllustrated mechanism of the MIL101-GF to achieve fast Mg?* desolvation and accelerate sulfur

redox kinetics (the symbols referring to Figure 2A,D).

In order to better understand the catalytic mechanism of
MIL101-GF, SEM, and time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) were performed. Repeated charging and
discharging during a long cycle will lead to the generation and
deposition of MgS in the cathode. From the TOF-SIMS image
(Figure 4A) after 10 cycles (under full charge), it could be seen
that under the action of MIL101-GF, there was only a small
amount of MgS on the top surface of the cathode plate, and al-
most no MgS in the inside. However, more MgS clusters were
found in the cathode corresponding to the Blank-GF, which was
due to the presence of dispersed MIL-101 (Cr) in MIL101-GF,
could effectively improve the reaction kinetics of MgPSs and re-
duce the production of “dead sulfur”. Therefore, there were only
a small number of MgS nanoparticles in the cathode and can be
uniformly dispersed, which further confirms the effectiveness
of MIL101-GF in homogenizing MgS deposition. As shown in
Figure 4B and Figure S26, both the content curve of S~ and the
content curve of MgS~ show that the cathode with MIL101-GF
is lower, indicating that most of the discharge products are con-
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verted into sulfur during the cycling, which realizes the high ef-
ficiency and reversibility of the battery.*”! Then the morphology
and element distribution of magnesium anode after different cy-
cles were characterized and analyzed (Figure 4C; Figure S27).
The surface of the anode in the cell with MIL101-GF is relatively
flat, and no obvious uneven deposition occurs even after 20 cy-
cles, and its morphology is even smoother than that of the an-
ode in the cell using Blank-GF after 10 cycles. For the cell with
MIL101-GF, the presence of sulfur could not be found after 10
cycles at the anode, indicating that there was very little MgPSs
deposited on its surface, and only 0.5% sulfur could be detected
after 20 cycles. However, the anode in the cell with Blank-GF
showed 0.6% sulfur after 5 cycles, and the content of sulfur de-
posited after 10 cycles reached 1.1%. The results showed that the
presence of MIL101-GF effectively inhibited the shuttle effect of
MgPSs and promoted the transformation of MgPSs.[%]

To further explore the catalytic mechanism of MIL101-GF in
the actual work of the battery, in situ Raman spectroscopy test
was implemented during discharge process. The structure of
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the Mg-S battery is shown in Figure S27, where the light enters
the electrode/electrolyte interface from the Mg-anode side.['*]
Figure 4D,F show the in situ time-resolved Raman images of
the Mg-S battery based on the Blank-GF separator during the
0.2 C discharge process. The peak at 484 cm™ is attributed to
the formation of long chain MgS, at the beginning of the dis-
charge, further discharge to 1.22 and 1.1V, S,2~ + S;%~ and S,>7,
S¢>~ corresponding Raman peaks (399 and 220, 338 cm™!) be-
gin to appear, and when the discharge potential reaches 0.83 V
or lower, these peaks did not change much, indicating a serious
shuttle effect.l’d] In sharp contrast, with the MIL101-GF ion dif-
fusion booster, no other short chain sulfur species was formed
on the cathode side during the entire discharge process except
for the formation of a peak at 484 cm~! long chain MgS; at
the beginning of the discharge (Figure 4E,G). These results in-
dicate that MIL101-GF can inhibit MgPSs shuttling and promote
the catalytic conversion of MgPSs. The schematic diagram vi-
sually illustrates that MIL101-GF with multistage pore structure
can effectively catalyze the dissociation of large Mg(solvents), 2+
cluster through pore screening, rapidly form free Mg?* and
then further participate in the subsequent sulfur/sulfide con-
version (Figure 4H). First, MIL101-GF acts as a physical bar-
rier to MgPSs, inhibiting the shuttle effect to a certain extent.
Second, MIL101-GF has electrocatalytic and siphoning functions
that release a large amount of free Mg?* through the separa-
tor to the cathode/electrolyte surface. Finally, the uniformly dis-
persed and abundant active sites combined with the fixed Mg-
PSs and a large amount of free Mg?* at the interface for rapid
MgPSs conversion, and the uniform conductive structure on
MIL101-GF is conducive to rapid electron conduction, which ul-
timately catalyzes the transformation of sulfur species in Mg-S
batteries.

3. Conclusion

In summary, a multistage pore-structured catalytic MIL101-GF
was proposed to regulate Mg?* solvation structure, which helps
to improve Mg?* diffusion, desolvation, and redox reactions to-
ward high sulfur reaction kinetics. Due to the structure and prop-
erties of MIL101-GF, it can effectively promote the release of
free Mg?* from the Mg(solvents) 2" and promote the sulfur re-
dox conversion kinetics. The multistage pore structure of MIL-
101 (Cr) and Lewis acid Cr(III) center can effectively adsorb Mg-
PSs and electrocatalyze their conversion. The key role and work-
ing mechanism of MIL101-GF in inhibiting polysulfide shut-
tling, enhancing magnesium ion migration, accelerating desol-
vation, and catalyzing polysulfide transformation have been in-
vestigated by spectroscopical and electrochemical tests, and the-
oretical simulations. Therefore, the Mg-S cell with the MIL101-
GF maintains a high specific discharge capacity of 974 mAh g™
over 250 cycles at 0.5 C and a high rate performance reaches
up to 694 mA h g7! at 2 C, which effectively extends the work-
ing life of the battery. Furthermore, the cell with a high cath-
ode mass loading of 6.4 mg cm™ delivers a high capacity re-
tention of 77% (the high area capacity of 2.90 mA h cm™?) after
70 cycles at 0.1 C, which provides a reference for the application
of MIL101-GF in practical high-performance magnesium sulfur
batteries.
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