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HIGHLIGHTS GRAPHICAL ABSTRACT

e The MoO,@ACC interlayer is prepared
by a simple method.

e The shuttle effect of the magnesium-
sulfur battery is effectively blocked.

e The kinetics of the magnesium-sulfur
battery is significantly improved.

o The magnesium-sulfur battery exhibits a
high voltage plateau and high capacity
retention of 80.3% at 0.5 C.
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ARTICLE INFO ABSTRACT

Keywords: The main challenges faced by magnesium-sulfur (Mg-S) batteries are the polysulfide shuttle effect and slow
Mg-S batteries kinetics of S cathode, causing the severe self-discharge behavior and rapid capacity decay. Herein, we elaborately
Interlayer

design a MoOa-loaded activated carbon cloth (denoted as MoO2@ACC) functional interlayer to realize high-

[C\:ts:lﬂiic effect performance Mg-S batteries. The ACC possesses a remarkable adsorption effect, which can effectively mitigate
Self. d};scharge the polysulfide shuttle effect and enable the Mg-S batteries with a high voltage plateau. Besides, the MoO5 can

observably reduce the polarization during charge/discharge process attributed by the fast reaction kinetics due to
the catalytic effect. The Mg-S battery with this MoO,@ACC interlayer achieves a high energy density and good
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capacity retention (80.3 %) after 100 cycles (0.5 C) and effectively mitigates the Mg-S battery’s self-discharge as
well. This work illustrates the significant role of the interlayer with both adsorption and catalytic functions to
boost the usability of the Mg-S batteries.

1. Introduction

The revolution in energy technology is driving an increasing demand
for advanced energy storage systems [1-3]. Lithium-ion batteries, which
have been extensively employed as energy storage devices for portable
electronic devices, are unable to satisfy the expectations of an expanding
market in the future due to the fact that the resources for cobalt and
lithium are running low [4,5]. Therefore, developing alternative batte-
ries based on elements with higher crustal abundance is urgently desired
and has become a current research hotspot. Rechargeable magnesium
batteries (RMBs) are one type of classical next-generation “beyond
Li-ion” battery system among numerous candidates, which are attrib-
uted to high abundance of magnesium resources [6-10]. Besides,
compared to other alkaline and alkaline earth metals, Mg metal anode
has unique advantages of high chemical stability and low tendency to
dendritic deposition, which can relieve safety anxiety effectively. Mg
metal’s divalent nature enables it to have a high theoretical volumetric
capacity (3833 mA h cm’a), but at the same time, it causes an exces-
sively high charge density for Mg?" ion, resulting in a strong Coulomb
interaction between cations and intercalation-type material as well as
extremely sluggish Mg?" ion diffusion kinetics, along with the troubles
of crystal structure collapse and rapid capacity decay.

As a conversion material, sulfur (S) achieves reversible Mg storage
through electrochemical reaction rather than intercalation/dein-
tercalation process, which can inherently avoid sluggish Mg?" ion
diffusion behavior in host materials [11-13]. Moreover, when the high
crustal abundant S cathodes are matched with Mg anodes, the Mg-S
batteries are expected to exhibit a considerable specific energy with
low-cost [14]. Following the proposal of the first Mg-S battery by Kim
and Muldoon, great efforts have been made in past few years on
fundamental reaction mechanism study [15-20]. In general, Mg-S bat-
teries undergo a solid-liquid-solid transformation mechanism during the
reaction process, in which the S cathode is first transformed into soluble
long-chain magnesium polysulfide (Mg-PS), and then further combines
with Mg?* ions to form short-chain Mg-PS, which is ultimately trans-
formed into the final product, MgS [16]. During this process, the severe
shuttle effect can not only passivate the Mg anode but also cause irre-
versible and fast capacity decay [21,22]. Besides, Mg-S batteries face
the obstacle of slow diffusion of Mg?" ions in the solid phase during the
liquid-solid transition process, leading to the slow kinetic [23,24].

To address the challenges of polysulfide shuttle and sluggish kinetics
in Mg-S batteries, designing a highly conductive interlayer with strong
adsorption is an effective tactic to mitigate the effect of Mg-PS on the Mg
anode and enhance the Mg-S batteries’ electrochemical performance.
This is attributed to that the interlayer acts as a physical barrier for Mg-
PS to limit the shuttle effect, at the same time, increases the utilization of
S and Mg-PS via the conductive effect. According to this design princi-
ple, for example, Yu et al. proposed a useful interlayer by depositing an
active carbon nanofiber layer on the separator to serve as the upper
current collector and a barrier layer for Mg-PS. By capturing and reusing
Mg-PS, this interlayer improves the utilization of S and cycling perfor-
mance of Mg-S batteries [25]. Besides, Dasari Bosubabu et al. intro-
duced a graphene-polyaniline-carbon cloth interlayer into the Mg-S
batteries, which has been shown to mitigate the self-discharge observ-
ably [26]. Although the current researches have suppressed the shuttle
effect and improved the cycling performance of Mg-S batteries, the
capacity decay problem is still unsolved and the rate performance re-
mains to be improved [27-29].

In this work, we elaborately design an activated carbon cloth (ACC)
supported with MoO, catalyst (denoted as “MoO2@ACC”) with the

function of adsorption-catalysis. This difunctional interlayer enables
Mg-S batteries with both the high capacity retention and good rate
performance. This unique interlayer possesses the following advantages:
i) MoO2@ACC has a strong adsorption effect on Mg-PS and can effec-
tively block the diffusion of Mg-PS to Mg anode, and effectively reduces
the self-discharge behavior. (ii) The MoO;@ACC interlayer provides an
orderly electron transport network, which can overcome the short-
coming of low conductivity of MoOy and improve its electrocatalytic
performance. iii) MoO; can serve as the catalyst to promote the con-
version of Mg-PS, which accelerates the S cathode reaction kinetics, and
reduces the polarization during the charge/discharge process and im-
proves capacity retention of Mg-S batteries.

2. Experiment section
2.1. Fabrication of the MoO2@ACC

The MoO2@ACC was synthesized by a simple dissolution-drying-
carbonization process. Firstly, 9.98 g of (NH4)oMo00O4-4H20 (Sino-
pharm Chemical ReagentCo., Ltd) was dissolved in 80 mL deionized
water to obtain clear solution with a concentration of 0.1 mol/L. The
ACC (Guangdong Canrd New Energy Technology Co, Ltd) was divided
into round disks of 18 mm and then immersed in the above solution for
1 h via bath sonication. The as-prepared ACC was dried in a vacuum
oven at 80 °C for 3 h. Finally, the as-prepared ACC was placed in a
porcelain boat and heated under an argon atmosphere at 800 °C for 4 h
with a heating rate of 5 °C/min, followed by natural cooling to room
temperature to obtain MoO2@ACC. The ACC without soaking into the
above solution was treated with the same carbonization process to
obtain ACC. The details of the interlayer are shown in Table 1.

2.2. Preparation of the cathode

The CMK-3/S material was prepared by the melt diffusion method:
0.6 g of S powder (Sigma-Aldrich) and 0.4 g of CMK-3 (XFNANO) were
thoroughly mixed by grinding, then the mixture was encapsulated in a
vacuum glass tube and placed in a tube furnace, heated at 160 °C for 16
h. The cathode was composed of 80 wt% CMK-3/S, 10 wt% Ketjenblack
and 10 wt% polyvinylidene fluoride and was casted on a carbon-coated
Al foil. The cathode was further dried at 80 °C under vacuum overnight
and then was divided into round disks of 12 mm for use. The mass
loading of S was 0.8-1.0 mg cm ™2,

2.3. Preparation of the electrolyte and MgSy

0.5 M Mg [B (hfip)4]o/DME was chosen as the electrolyte for the
Mg-S batteries [30]: The MgSx were prepared by leaving S powder and
Mg powder in the 0.5 M Mg [B (hfip)4]o/DME electrolyte for 1 week
followed by filtration [31].

Table 1
The details of the interlayer.

ACC Thickness Mass

' 0.199 mm 13 mg-14 mg

The mass loading of MoOy

~3mg (1.17 mg cm’z)
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2.4. Preparation of the glass fiber separators and Mg foil electrodes

Glass fiber separators (Whatman, GF/B) were divided round disks of
19 mm and were further dried at 80 °C under vacuum overnight and
then was transferred into the glovebox for further use. The pristine Mg
foils (200 pm in thickness, >99.9%) were thoroughly polished by 2000
grit sandpapers for three times and then washed with pure DME solvent
in an argon-filled Braun glovebox (oxygen and water contents were less
than 0.5 ppm). These fresh Mg foils were divided into round disks of 16
mm for use.

2.5. Material characterizations

The surface morphology and elemental distribution of the materials
were investigated by scanning electron microscope (SEM, HITACHI
TM3030) and energy dispersive X-ray spectrometer (EDS). The crystal-
lographic information was characterized by X-ray diffraction (XRD,
Rigaku Corporation, Japan) with a Cu Ka radiation. Specific surface area
data of the materials were measured by ASAP 2020. Raman tests were
performed using a Raman spectroscope (Horiba Xplora) and the exci-
tation intensity is 523 nm. X-ray photoelectron spectroscopy (XPS)
spectra were obtained using a PHI Quantum 2000. All Ultra-
violet-visible (UV-vis) spectroscopy measurements were used UV-2600
(Japan).

2.6. Electrochemical measurements

Coin cells of the CR-2016 type were assembled for testing of cycling
and rate performances on the Neware standard battery tester. The
amount of the electrolyte for coin cells was 120 pL. The MoO,@ACC
interlayer was placed between the S cathode and the separator. The tests
of Mg-S full cells were conducted with a charging/discharging voltage
range from 0.5 V to 2.55 V. The CV measurements were tested on an
electrochemical workstation (CHI 730 E, Chenhua) with a voltage range
from 0.5 V to 2.8 V at a scan rate of 0.5 mV s *. In the galvanostatic
intermittent titration technique (GITT) tests, the Mg-S batteries were
discharged/charged at 100 mA g~ for 1 h and paused for 4 h until their
voltage decline below than 0.5 V. The temperature for all electro-
chemical measurements was 25 °C.

2.7. Quantum chemistry calculation methods

Quantum chemistry calculation was performed by Gaussian09 E01
[32]. The functional B3LYP along with D3 Dispersion correction and def
2-SVP basis sets were used to optimize the geometries and obtain the
molecular orbital wave function [33-35]. Bond order analysis were
performed by Mulitwfn [36].

3. Results and discussion

In general, the freshly assembled battery needs to age for a certain
time to allow the electrolyte to fully infiltrate the positive and negative
materials and thus reduce the interfacial impedance and form a good ion
channel. However, Mg-S batteries undergo serious self-discharge during
this aging process [31,37]. Active S materials can be dissolved and
diffused to the anode, generating Mg-PS through a non-Faraday reac-
tion, causing the passivation of the anode and the depletion of battery
capacity (Scheme 1). Therefore, in view of the inhibition of the loss of
active material and the diffusion of Mg-PS, we designed a conductive
interlayer with excellent adsorption and catalytic effects to enhance
Mg-S batteries’ electrochemical performance. In detail, the ACC inter-
layer with good adsorption and conductivity can effectively adsorb
dissolved S as well as Mg-PS and reuse them to improve the utilization of
cathode materials. Besides, laminated MoO; grown on the conductive
ACC serves as a catalyst to accelerate the Mg-S battery’s reaction ki-
netics, which is beneficial to reduce polarization and enhance Mg-S
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Scheme 1. The classical capacity-voltage curve and internal reaction sche-
matics of Mg-S batteries in blank sample and MoO,@ACC.

battery cycle stability.

3.1. Study of self-discharge behavior of Mg-S batteries

First, after assembling the Mg-S batteries, we investigate their self-
discharge behaviors by aging for 1 h, 3 h, 5 h, and 7 h. Then, the
open-circuit voltage (OCV) curves of these Mg-S batteries are recorded
by a standard battery tester (Fig. 1a). The OCV of all freshly assembled
Mg-S batteries is between 1.70 and 1.73 V, exhibiting their good con-
sistency. Subsequently, the OCV of all the Mg-S batteries drops rapidly
to about 1.45 V. The voltage of the Mg-S battery gradually stabilized at
about 1.43 V as the resting time increased. The rapid voltage drops
during the aging process and the appearance of a stable voltage plateau
indicate that Mg-S batteries undergo a severe self-discharge as soon as
assembling completion [38]. The Mg-S batteries with different aging
times are further charged/discharged at the same rate of 0.2 C (1 C =
1670 mA h g’l) (Fig. 1b and c). After aging for 1 h, 3 h, 5h and 7 h, the
Mg-S batteries can deliver specific capacities of 504 mA h g~*, 389.5
mAhg!,317mAh g~ and 162.2 mA h g7}, respectively. Interestingly,
the capacity of the first discharge plateau around 1.36 V gradually de-
creases as the aging time increases. The first discharge plateau corre-
sponds to the shift of Sg to the MgS, polysulfide (4 < x < 8) during the
discharge process, revealing that the active Sg materials are gradually
lost from the positive electrode with the prolongation of the aging time
[39]. It is noteworthy that the stabilized self-discharge voltage plateau is
similar to the discharge plateau voltage of Mg-S batteries, implying that
the reaction occurring during the aging process is the same as the first
discharge stage, which means the transformation of Sg to MgSx poly-
sulfide (4 < x < 8). In conclusion, excessively long aging process can
lead to the loss of the most S material, which ultimately causes the
disappearance of the first discharge plateau.

To confirm the conversion of Sg to Mg-PS during the aging process,
we disassemble Mg-S batteries with different aging times and observe
the changes of separators (Fig. 1e). As the aging time increases, the color
of separators gradually turns yellow, demonstrating the formation of
soluble Mg-PS and gradually increases [38]. Furthermore, regarding the
Mg-S battery that has a 7-h aging time, yellow solid particles begin to
appear on the separator, and this phenomenon can also be found in
previous studies [31]. It indicates that during the aging process, the
transformation of Sg to Mg-PS occurs, as well as the further conversion of
Mg polysulfide to solid polysulfide. The content of Mg-PS in the sepa-
rator is further investigated by ex-situ UV-vis (Fig. 1d). The separators
with different aging times are immersed in 2 mL DME, and then the clear
solution was filtered out and subjected to UV-vis testing. The gradual
increase in the absorbance of Mg-PS with the increase in aging times
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Fig. 1. (a) The OCV test with different aging times. (b) The 1st cycle charge-discharge profiles for Mg-S batteries after different OCV test. (c) 1st cycle discharge
capacity for Mg-S batteries after different OCV test. (d) Respective UV-vis spectra in various OCV test. (e) The optical photograph of GF/B in various OCV test.

indicates that the concentration of Mg-PS in the separator rises on ac-
count of the ongoing self-discharge. Moreover, the subsequent shuttle
effect of soluble Mg-PS also leads to the rapid decay of the capacity of
Mg-S batteries (Fig. S1). Therefore, from the perspective of inhibiting
the dissolution and diffusion of S and Mg-PS, an interlayer with strong
adsorption and catalysis is designed to enhance the kinetics and cycling
stability.

3.2. Characterization of the structure and morphology of the interlayer

The preparation process of the MoO,@ACC interlayer is shown in
Fig. 2a. First, the ACC is soaked in 0.1 M ammonium molybdate solution
and ultrasonicated for 1 h. After drying, the as-prepared ACC interlayer
is heated for 4 h at 800 °C under an Ar atmosphere to obtain the
MoO,@ACC interlayer. As shown in Fig. 2b and c, the ACC exhibits an
ordered fiber structure, which provides a continuous electron transport

network [40]. The diameter of a single carbon fiber is about 10 pm, with
relatively smooth surface. Furthermore, the BET method is adopted to
assess the specific surface area, and the results show that the ACC has a
high specific surface area of 922.1 m2/g (Fig. S2 a, b). This unique
structure can favorable the physical adsorption and blocking of Mg-PS.
The MoO,;@ACC prepared by a simple solution
soaking-drying-carbonization method showed a more complex surface
morphology (Fig. 2d). The optical photograph (shown in the inset in
Fig. 2d) shows that the color of MoO>@ACC is gold purple, which is
clearly different from the original ACC. As shown in Fig. 2d, MoO,
presents a sheet-like structure uniformly loaded on the surface of the
ACC, which provides more voids for MoO>@ACC. The unique structure
is favorable for electrolyte infiltration and ion transport and is more
effective in blocking Mg-PS [41]. In addtion, the uniformly distributed
MoO; on the ACC substrate are more likely to obtain electrons to form
more active sites with electrocatalytic functions. Besides, EDS analysis
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j) Raman spectra of ACC and MoO,@ACC.

(Fig. 2e-h) also indicates the uniform distribution of Mo, O and C ele-
ments on the MoO,@ACC. The structure of MoO;@ACC was investi-
gated by Raman spectrum and XRD. As shown in Fig. 2i, the two typical
peaks of 1600 ecm ™' and 1356 cm™! can be attributed to the G-band of
graphitized carbon and the D band of disordered carbon, respectively
[42,43]. Besides, a clear Raman signal of MoOs, is exhibited in the range
of 200-800 cm ™! [42]. The XRD pattern (Fig. 2j) shows the character-
istic peaks of MoOs (x26.4, 37.4, 54, 60.45 and 67.0°), which matches
with the standard card of the MoO; crystal phase (PDF#00-033-0929).
All of these results, in conclusion, further demonstrate the successful
synthesis of MoO2@ACC.

3.3. Verification of adsorption function

As shown in Fig. 3a, the adsorption effect of ACC and MoO,@ACC
interlayers on Mg-PS is investigated. Mg-PS is synthesized according to
the literature, and the original color of the Mg-PS solution is clearly
yellow [31]. Subsequently, the ACC and MoO;@ACC interlayers are

immersed into the Mg-PS solution, respectively. After aging for 24 h, the
colors of the two solutions are both obviously lighten, while the
discoloration of solution with MoO2@ACC interlayer is more obvious.
The solutions after static adsorption were detected by UV-vis absorption
spectroscopy (Fig. 3a). The original Mg-PS solution exhibits a strong
absorbance of s%* (260-280 nm), S%’ (~355 nm), and S%’ (~410 nm)
ions [27,44,45]. The MoO,@ACC interlayer has a stronger adsorption
effect compared to ACC, and the peak of Mg-PS is observably weakened.
Moreover, the intensity of S2~ and S5~ almost disappeared, indicating
that MoO2@ACC is an effective blocking layer for Mg-PS adsorption. To
further verify the interaction between Mg-PS and MoO;@ACC, the
MoO,@ACC interlayer is first immersed in Mg-PS solution for 3 days and
then characterized by XPS. As shown in Fig. 3b, MoO2@ACC before
soaking shows characteristic Mo 3 d peaks and the four typical peaks
that can be attributed to Mo** (229.50 eV and 232.76 eV) and Mo®"
(231.60 eV and 234.80 eV). The Mo®t could be generated from the
oxidation of MoOy [46-48]. The MoO;@ACC immersed in Mg-PS shows
that both binding energy is slight shift and relative intensity is changed,
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in which the peak of Mo®" is slight shifted toward the direction of lower
binding energy and its intensity is enhanced, while the peak intensity of
Mo** is weakened, implying that the MoO,@ACC can interaction with
Mg-PS and anchoring the Mg-PS [28].

In addition, Mg-PS species identification via Raman spectroscopy
was done. First, the electrolyte with Mg-PS is detected by Raman
(Fig. S3) and the characteristic peaks of the Mg-PS are marked out. As
shown in Fig. 3c, Raman spectra in the electrolyte with Mg-PS and pure
electrolyte are compared, and the typical species in Mg-PS have been
assigned. Raman spectra indicates that the peak of MgSg appears around
221 em ! and the broad peak at 450-490 cm ™! is ascribed to MgS, [18,
49]. Subsequently, the blocking effect of the MoO,@ACC interlayer is
further investigated by focusing on the changes of the separator at the
anode side during the discharge process via the in-situ Raman spectra
technique (Fig. 3d and e). There is no obvious characteristic peak of
Mg-PS in the anode electrode of MoO>,@ACC interlayer Mg-S battery
during the discharging at 0.2 C, disclosing that MoO,;@ACC restricts
soluble Mg-PS diffusion to the Mg anode. As Mg-S batteries are used
without MoO,@ACC, the MgSg peak remains, indicating a serious
shuttle effect. At the same time, the concentration of Mg-PS initially rose
and then fell as the discharge continued. To sum up, MoO>@ACC has
excellent adsorption properties for Mg-PS, inhibiting the migration of
dissolved Mg-PS to the Mg metal anode.

3.4. Electrochemical performance

0.5 M Mg [B (hfip)4]o/DME is used as the electrolyte in the elec-
trochemical test [30], and the performance of the electrolyte is exam-
ined by Mg symmetric cells (Fig. S4). The morphology and elemental
distribution of cathode CMK-3/S are shown in Fig. S5. As shown in
Fig. 4a, at a high rate of 0.5 C, the Mg-S battery with MoO,@ACC
interlayer delivers a specific capacity of 355.1 mA h g~! in the first cycle
and possesses the best capacity retention of 80.3% after 100 cycles with
a remarkable remaining capacity of 286.3 mA h g~!. Nevertheless, the
Mg-S battery with ACC interlayer possesses a poorer capacity retention
of 21.2% and the discharge capacity of 78 mA h g~! after 100 cycles. In
sharp contrast, the Mg-S battery without modification exhibits a specific
capacity of about 30 mA h g! only after 30 cycles, indicating the
irreversible and rapid capacity decay for unmodified Mg-S batteries.
Besides, Fig. S8 displays the corresponding contribution capacity con-
tributions of the ACC and MoO>@ACC interlayer without cathode at the
same current density of 0.5 C. It can be seen that the stable capacity of
MoO,@ACC and ACC is less than 10 mA h g™}, indicating that the ca-
pacity contribution of the interlayer can be ignored. Fig. S7a shows the
charging/discharging curves of the Mg-S battery with the MoO;@ACC
interlayer for the first 5 cycles. The high consistency of the discharging
curves from the second to the fifth cycle suggests the great reversibility
of the Mg-S battery with the MoO,@ACC interlayer. Besides, the voltage
gap between charge curve and discharge curve gradually decreases,
exhibiting the activation process of MoO, catalysis during charge/di-
scharge [13]. Compared with Figure S7b, Figure S7a shows that the
presence of MoO3 can indeed reduce the polarization of the Mg-S bat-
teries during cycling compared to the ACC group, demonstrating the
catalytic effect of MoO; [50,51]. Notably, the capacity contribution of
the blank group during the discharge process is mainly contributed by
the higher voltage plateau (1 V) and the ramp region (<1 V) (Fig. S7c¢).
With the battery cycle progresses, the capacity of the higher voltage
plateau of the Mg-S cell in the blank group decays severely and finally
even disappears. In contrast, the capacity of this higher voltage plateau
in the Mg-S batteries with the MoO>@ACC interlayer hardly decays,
which can make full use of the high energy density of Mg-S batteries
[52].

Mg-S batteries face shuttle effect and polarization problems of Mg-
PS, which leads to rapid loss of active material during cycling, result-
ing in rapid capacity degradation [53,54]. Even with the introduction of
conductive ACC, the capacity retention of Mg-S batteries is still very
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low. Surprisingly, the MoO2 catalyst has the potential to significantly
speed up the conversion of Mg-PS, which further greatly improves the
capacity retention of Mg-S batteries. Furthermore, as shown in Fig. 4b
and c, the Mg-$ battery exhibits discharge capacities of 387.3mAh g},
361.4mAhg 1,321.1 mAhg 'and 221.7 mA h g~ ! at the rate of 0.2 C,
0.3 G, 0.5 C and 1 C, respectively. When the rate reverts to 0.2 C, the
Mg-S batteries still exhibit an outstanding capacity retention, demon-
strating the excellent rate performance and kinetics of Mg-S battery
with the MoO2@ACC interlayer. More kinetics information on the con-
version of Mg-PS is comparatively investigated by cyclic voltammetry
(CV) (Fig. 4d). The Mg-S battery with MoO,@ACC interlayer shows the
highest peak oxidation current and the lowest peak oxidation potential
compared to others at a scan rate of 0.5 mV s™*, verifying a remarkable
improvement of MoO2,@ACC interlayer in kinetic behavior and active
material utilization. Moreover, Fig. 4e indicates that the Mg-S battery
exhibits the lowest charge/discharge polarization and the highest spe-
cific capacity of 391 mA h g™! at the rate of 0.2 C, which are in perfect
agreement with the CV test results as expected. The discharge kinetics
behavior of Mg-S battery with MoOy@ACC interlayer is investigated by
constant current intermittent titration. As shown in Fig. 4f, the Mg-S
battery with MoO,@ACC shows an observably lower polarization and
higher specific discharge capacity than that of the blank, indicating that
MoO,@ACC interlayer can not only accelerate the diffusion of Mg?*
ions and enhance the dynamics of Mg-S batteries, but also improve the
utilization of active materials. In addition, we also added relevant cal-
culations to demonstrate the catalytic effect of MoO5 on Sg and MgSg, as
shown in Fig. S10. The calculated results show that Sg and MgSg tend to
interact with Mo atoms in MoOs, leading to a change in the electronic
structure of Sg and MgSg, which in turn leads to the breakage of S-S
bonds in Sg and MgSg. The results show that MoO5 has both adsorption
and catalytic effects, which is consistent with the electrochemical ex-
periments. In brief, MoO2@ACC interlayer has a strong adsorption effect
on Mg-PS and catalyzes the conversion of Mg-PS, which is benefit to the
Mg-S batteries in the reduction of polarization, and the enhancement of
capacity retention, as well as the improvement of rate performance.

3.5. Self-discharge tests

As was previously established, as magnesium sulfur batteries age,
they experience tremendous self-discharge. (Fig. 5a). To verify the
blocking effect of the MoO,@ACC interlayer on the self-discharge of
Mg-S batteries, the assembled Mg-S batteries are aged for 100 h, and the
voltage changes of the batteries are monitored during the aging process.
The Mg-S battery with MoO2@ACC interlayer shows an OCV of ~2.05
V, which is much higher than that of the blank of 1.71 V (Fig. 5 b). The
voltage of the blank drops rapidly at first, and then gradually stabilizes
at about 1.39 V, which is due to the rapid dissolution of the S cathode
and Mg-PS, resulting in a severe self-discharge behavior [37,55]. In
sharp contrast, the Mg-S battery with MoO,@ACC interlayer shows a
slow voltage drop during the aging stage, indicating that the S and
Mg-PS losses are significantly suppressed, and the self-discharge is
significantly weakened. After aging for 100 h, the Mg-S batteries un-
dergo a discharge test at a rate of 0.1 C. The Mg-S battery with
MoO;@ACC interlayer exhibits a complete Mg-S battery discharge
curve, whereas the discharge curve of the blank sample has only one
slop. According to the mechanism of Mg-S batteries, the first slope
corresponds to the transition from S to soluble long-chain Mg-PS, the
plateau region corresponds to the transition from soluble long-chain
Mg-PS to short-chain Mg-PS, and the last slope corresponds to the
transition from short-chain Mg-PS to MgS [55-58]. The S cathode of the
unmodified Mg-S battery is almost depleted after aging for 100 h, and
the soluble Mg-PS continue to diffuse and deplete. When the battery is
discharged, only a few short-chain Mg-PS are transformed to the final
product MgS, and the capacity loss was severe. On the contrary, the
MoO,@ACC interlayer can adsorb and block the dissolved S and Mg-PS
at the cathode side to avoid their further diffusion to the Mg metal
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Fig. 5. a) Schematic illustration of the self-discharge in Mg-S batteries. b) Comparison of voltage curves of Mg-S batteries with and without the MoO,@ACC
interlayer (aging for 100 h and discharging at 0.1 C). ¢) The ex-situ optical image of the GF separator in the blank Mg-S battery. d) The SEM image and e, f) the EDS
mapping images of the GF separator in the blank Mg-S battery. g) The ex-situ optical image of the GF separator in the Mg-S battery with the MoO,@ACC interlayer.
h) The ex-situ optical image of the Mg foil in the blank Mg-S battery. i) The SEM image and j, k) the EDS mapping images of the Mg foil in the blank Mg-S battery. 1)
The ex-situ optical image of the Mg foil in the Mg-S battery with the MoO>@ACC interlayer.

anode, preventing the self-discharge of Mg-S batteries effectively. A
complete discharge process for Mg-S battery with MoO>@ACC inter-
layer can still occur after a long aging period, and the discharge capacity
is three times higher than that of the unmodified Mg-S battery.

These two discharged completely Mg-S batteries were further dis-
assembled immediately to observe the practical influence of shuttle ef-
fect on the separators and Mg anodes (Fig. 5¢c—k). The separator of the
unmodified Mg-S battery shows distinct yellow granular precipitates.
EDS analysis suggest that the yellow granular precipitation shows a high
content of Mg and S elements, indicating that numbers of solid Mg-PS is
deposited on the separator, causing irreversible capacity loss. As for the
Mg anode of the unmodified Mg-S battery, the optical image also shows
a large yellow area, which is presumed to be the reaction products be-
tween Mg-PS and Mg anode. Besides, the EDS analysis show the presence
of large amounts of S as well. In contrast, the Mg-S battery with
MoO2@ACC interlayer shows no apparent change in either the separator
or the Mg anode (Fig. S9). It shows that the Mg-S battery with
MoO2@ACC interlayer can resist prolonged aging time and keep S and
Mg-PS away from the anode.

4. Conclusions

In this work, a difunctional MoO,@ACC interlayer with adsorption-
catalysis effect has been designed to achieve a remarkable capacity
retention in Mg-S batteries, maintaining a specific capacity of 286.3 mA
h g~! for 100 cycles at a high rate of 0.5 C. The MoO,@ACC interlayer

has a strong adsorption of Mg-PS, which can effectively inhibit the
shuttle effect of S cathode and the self-discharge of Mg-S batteries.
Moreover, the MoO>,@ACC interlayer can not only accelerate the reac-
tion kinetics in Mg-S batteries, but also catalyze the conversion of Mg-
PS, along with reducing the charging/discharging polarization of
Mg-S batteries. This work overcomes the defect of low conductivity of
metal oxides by using highly conductive activated carbon cloth, and
provides a promising way to achieve high performance Mg-S batteries
through bifunctional interlayer modification.
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