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Magnesium sulfur (Mg S) battery is receiving much research attention because of its high theoretical

energy density, low-cost and sustainable electrode materials. However, the major issues such as self-

discharge, low sulfur utilization in cathode and magnesium anode passivation severely hamper the

battery operation. In this study, spontaneous magnesium polysulfide formation is observed in the Mg

[B(hfip)4]2, Mg(TFSI)2 MgCl2 electrolytes, which leads to severe self-discharge of Mg S cells.

Interestingly, unlike in lithium sulfur battery, these magnesium polysulfides forms as crystalline

magnesium polysulfide on the magnesium foil, which could escalate the self-discharge of the cells. The

incorporation of graphene polyaniline coated carbon cloth (GPN PANI@CC) as a protective interlayer

which effectively adsorbs the polysulfide and inhibit the self-discharge of Mg S cells in the non-

corrosive Mg[B(hfip)4]2 electrolyte. This interlayer not only improve the polysulfide retention in cathode

but also the capacity values in Mg[B(hfip)4]2 electrolyte compared to Mg(TFSI)2 MgCl2 electrolyte. The

cells with interlayer show the initial capacity of 1121 mA h g 1 and maintained a capacity of

500 mA h g 1 after 150 cycles with coulombic efficiency of >99%. This cell design strategy provides

a promising approach for improving metal sulfur batteries.
The worldwide demand for advanced rechargeable batteries
with higher energy density, lower cost and longer lifespan is
continuously growing to meet the requirements for global e-
mobility and grid-scale electricity storage.1,2 With the perspec-
tives of the high energy density and low cost, metal–sulfur
batteries are stimulating tremendous research interests.3 5

Besides lithium–sulfur (Li–S) battery, multivalent metal–sulfur
systems such asmagnesium–sulfur (Mg–S), calcium–sulfur (Ca–
S) and aluminum–sulfur (Al–S) batteries are emerging as
promising post-lithium technologies.6 11 In the quest for a suit-
able metal anode for sulfur-based batteries, Mg represents an
attractive candidate in terms of the high volumetric capacity
(e.g. 3833 mA h cm�3 for Mg vs. 2205 mA h cm�3 for Li), ample
availability in earth crust (�13.9% Mg compared to �0.0007%
of Li) and good safety (less dendrite formation and less reactive
at ambient conditions).12 15 Hence forth, an electrochemical
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couple of a magnesium anode with a sulfur cathode exhibits
a high theoretical energy density (1722 W h kg�1 and 3200 W h
L�1), which could result in a high-energy and economical
battery system.16 19 Compared to the intensive research and
progress made for Li–S batteries, the research of the Mg–S
system is still in an early stage of R&D.18,20 22 Large efforts have
been devoted to discovering a sulfur compatible electrolyte with
favorable electrochemical and chemical properties.23 26 The
electrolytes are based on different chemical combinations such
as Mg(HMDS)2–AlCl3 (HMDS ¼ hexamethyldisilazide) and
Mg(TFSI)2–MgCl2 (TFSI ¼ bis(triuoro methanesulfonyl)imide)
have been initially utilized for Mg–S batteries due to their
chemical compatibility with sulfur.27 31 Recently developed
chloride-free Mg-ion conductive salts represent new generation
non-corrosive and efficient electrolytes.32 37 In particular, highly
reversible sulfur redox mechanism and discharge/charge
chemistry have been demonstrated by using the magnesium
tetrakis(hexauoroisopropyloxy)borate Mg[B(hp)4]2 (hp ¼
OC(H)(CF3)2) electrolytes.38 40

Nevertheless, the Mg–S battery is still facing critical funda-
mental issues, including (i) rapid self-discharge (ii) passivation
of Mg anode due to the dissolved sulfur species in the electro-
lyte (iii) inferior conversion rate for recharging the cell due to
the ionically and electronically insulating nature of sulfur and
MgS.37 41 In particular, a foremost challenge that needs to be
addressed is the serious self-discharge behavior of the Mg–S



batteries, where Mg can react with the dissolved sulfur in the 
electrolyte forming soluble magnesium polysuldes without 
applying any external circuit.30 Richter et al. have compared the 
self-discharge behavior of both Li–S and Mg–S batteries via 
computational studies and suggested that the rate of self-
discharge in the Mg–S system is much higher than in the Li–S 
system.42 Most recently, Ford et al. experimentally examined the 
self-discharge phenomena with various electrolytes and 
unveiled that the Mg–S cells severely suffered from self-
discharge in the Mg(TFSI)2–MgCl2 electrolyte, losing up to 
96% of the capacity in the rst cycle aer a certain open circuit 
potential (OCP) hold period.43 These results manifest that there 
is an imperative need to address the self-discharge problem for 
enhancing the performance of Mg–S batteries.44

To control the self-discharge behavior, various approaches 
could be adopted concerning the matured similar Li–S system.45 

Integration of an interlayer has shown many benecial prop-
erties for mitigating the polysulde shuttle effect, such as (i) 
acting as an upper current collector to facilitate electron 
transport and high active material utilization; (ii) as a lter to 
intercept/absorb the migrating polysuldes and thereby 
suppress the polysulde diffusion; (iii) reutilizing the trapped 
active materials and stabilizing the active materials in the 
cathode compartment.46 48 Very recently, it has been demon-
strated that the functionalized separator or interlayer can 
signicantly improve both capacity retention and coulombic 
efficiency for Mg–S batteries using the Mg[B(hp)4]2 electro-
lytes.49,50 However, no focused attention has been paid to the 
self-discharge behavior in these studies. Herein, the self-
discharge behavior of the Mg–S cells in the Mg[B(hp)4]2 

(denoted as MBR) electrolytes has been extensively investigated. 
Furthermore, interlayer strategies have been developed towards 
the inhibition of the self-discharge of the Mg–S cells. Among the 
various studied cells, graphene (GPN)–polyaniline (PANI) 
@carbon cloth (CC) interlayer cell exhibits less self-discharge 
and high capacity retention. Besides, GPN–PANI coating can 
suppress the polysulde diffusion and reactivate the non-
conductive active material inside the cathode compartment. 
As a result, the self-discharge can be minimized and the 
reversible capacity of the cells can be improved. In addition, the 
electrochemical performance of the Mg–S cells was also 
compared in Mg[B(hp)4]2 and Mg(TFSI)2–MgCl2 based 
electrolytes.

Experimental section
Preparation of S@GPN–PANI composite and the cathode

20 mg of graphene nanoplatelets (Sigma Aldrich), 20 mg of 
polyaniline (Emerald) (Sigma Aldrich) were mixed in 50 ml of 
dimethylformamide (DMF) (A), and the solution was sonicated 
for 2 h. Similarly, 60 mg of sulfur was dispersed in 50 ml of DMF 
under sonication (B). Solution (C) contained 5 mg poly-
vinylpyrrolidone (PVP) in 1000 ml deionized water. When (A) + 
(B) was transferred into (C), the solution turned immediately 
from colorless to a white color indicating colloidal sulfur 
formation. Unlike orthorhombic sulfur, this colloidal sulfur was 
hydrophilic which disperse evenly in water and the PVP in the
water covers the surface of colloidal sulfur and the carbon
composite. This mixture was stirred overnight until the
colloidal sulfur was adsorbed by the carbon. The formed
composite (S@GPN–PANI) was ltered by vacuum ltration and
dried at 60 �C for 12 h.48,51 54 95 wt% of S@GPN–PANI was mixed
with an additional 5 wt% PVP binder in water. The slurry was
coated on a lightweight activated carbon cloth and dried over-
night at 70 �C. The sulfur loading is 1 mg cm�2 of the electrode.
The electrode was used as the cathode in the Mg–S cells.
Fabrication of GPN–PANI@CC interlayer

Initially, 45 mg of GPN and 45 mg of PANI were added in 25 ml
of dimethylformamide (DMF) individually in two beakers and
ultra-sonicated for 60 minutes. Both the solutions were mixed
and stirred together for an hour. This composite solution was
diluted with water followed by vacuum ltration, and the ltrate
was dried overnight at 80 �C to obtain the dry GPN–PANI
composite. Subsequently, 90 mg of GPN–PANI composite was
mixed with 10 mg of PVP in an aqueous solution and coated on
a carbon cloth by drop-casting. Finally, the coated carbon cloth
was dried at 80 �C. The concentration of binder and GPN–PANI
solution was optimized to obtain a thin coating (�1 mg cm�2).
Electrolyte preparation

Magnesium hexauoroisopropyl borate salt (Mg[B(hp)4]2) was
synthesized according to our previous reports.38 0.4 M Mg
[B(hp)4]2 electrolyte was prepared by dissolving some amount
of the salt into a proper amount of DME and used as the
chloride-free electrolyte. 0.4 M Mg(TFSI)2 in 0.4 M MgCl2 was
mixed in a proper amount of DME and used as a chloride-
containing Mg(TFSI)2–MgCl2 electrolyte. The magnesium poly-
sulde (MgxSy) was prepared by placing 50 mg of sulfur powder
and Mg foil in a vial along with in 2 ml electrolyte, the solution
is aged for 10 days. The yellow supernatant was collected and
used as the MgxSy solution.
Mg–S cell assembly and electrochemical measurements

The aforementioned S@GPN–PANI electrode was used for the
cathode. The interlayer was placed above the cathode. The glass
ber lter paper (GF/C Whatman) was used as a separator
soaked with 100 ml chloride-free non-nucleophilic 0.4 M Mg
[B(hp)4]2/DME or chloride containing 0.4 M Mg(TFSI)2–MgCl2
in DME, respectively. The inert top layer on the Mg foil was
removed with the help of a knife inside the glovebox and used as
the anode. The 2032 type coin cells were fabricated inside the
glovebox (MBRAUN) with the H2O < 0.1 ppm and O2 level of
<0.1 ppm.

Galvanostatic charge–discharge measurements and
symmetric cell measurements were conducted using an elec-
trochemical workstation (ARBIN Instruments). The Mg–S cells
were cycled between 0.5–2.5 V and 0.3–2.4 V vs. Mg2+/Mg in
0.4 MMBR electrolyte and 0.4 MMg(TFSI)2–MgCl2 electrolyte at
room temperature, respectively. The OCV, CV, and EIS tests
were performed using a Biologic VMP3 potentiostat.



Structural characterization

The Bruker D8 advance powder X-ray diffractometer with a Cu 
Ka source was used for conducting X-ray diffraction (XRD) 
analysis. Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) were performed in a Zeiss 
LEO 1530 with EDX detector X-max N from Oxford instruments. 
Absorption spectra were collected using a Cary 5000 UV-Vis-NIR 
spectrophotometer. BET analysis was done by using the 
micromeritics ASAP 2020 instrument.
Results and discussion
Graphene–polyaniline based sulfur composite and interlayer

The graphene–polyaniline based sulfur composite (denoted as 
S@GPN–PANI) with a high sulfur content of 60% was prepared 
by the ultrasonic dispersion method.51,52,55 The surface 
morphologies of the composites were examined by eld emis-
sion scanning electron microscopy (FE-SEM) as depicted in 
Fig. 1. The graphene exhibits a two-dimensional sheet-like 
structure with multiple lamellar layers Fig. 1a, and the pris-
tine PANI comprises the polymer particles that are agglomer-
ated and cross-linked Fig. 1b and c reveals that the GPN–PANI 
composite has a sponge-like structure, in which the PANI is 
enclosed, together with the crumpled graphene sheets. Aer 
sulfur incorporation, the structural integrity of the composite 
was maintained Fig. 1d. The elemental mapping of the S@GPN–
PANI sample indicates a homogeneous distribution of nitrogen, 
and sulfur throughout the carbon sample (Fig. 1f–h).

The surface and porous properties of the composites and the 
individual components were analyzed by N2 physisorption 
Fig. S1.† Compared to the graphene with a specic surface area 
of 783 m2 g�1, the GPN–PANI composite still maintains 
a moderate surface area of 298 m2 g�1, indicating the fairly
Fig. 1 FE-SEM images of (a) GPN (b) PANI (c) GPN PANI (d) S@GPN PAN
PANI.
uniform distribution of the PANI on the surface of the gra-
phene. Aer the sulfur incorporation, most of the voids in the
GPN–PANI composite host were lled, resulting in a low surface
area (34 m2 g�1) and reduced pore volume (0.117 cm3 g�1) for
the S@GPN–PANI composite. The XRD patterns of GPN and
GPN–PANI composite show two broad diffraction peaks at 2q ¼
27�, 43� corresponding to (002), (101) planes of the hexagonal
graphitic carbon Fig. S2.† The composite S@GPN–PANI exhibits
dominant sulfur reections, implying some amount of sulfur is
located on the surface of the carbon. The Raman spectra of the
S@GPN–PANI composite shows that the graphitic feature rep-
resented with the G-band at 1592 cm�1 was retained while the
intensity of the D-band at 1350 cm�1 notably decreased due to
the lattice defects/distortions Fig. S3.† The missing vibration
stretching bands at 1246 cm�1 for the C–N bonds of the
benzenoid rings of PANI could be ascribed to the strong
adsorption of sulfur.

The functional interlayer was fabricated by casting the GPN–
PANI composite mixed with PVP (10%) in an aqueous solution
on the activated carbon cloth (CC). The mass loading of the
composite is approximately 1 mg cm�2, and the thickness of the
interlayer is 1.224 mm (Fig. S4†).
Self-discharge in Mg–S cell

As mentioned earlier, the rate of self-discharge of the Mg–S
batteries can be extremely high, depending on the used elec-
trolytes.43 This demands meticulous attention to control this
problem for enhancing the battery performance. The self-
discharge in Mg–S cells should be induced by the internal
chemical reactions between sulfur and Mg. In this work, these
reactions were rst examined by simply mixing some amount of
sulfur powder and a piece of polished Mg foil in the solutions of
Mg[B(hp)4]2 (denoted as MBR) and Mg(TFSI)2–MgCl2 in
I (e h) elemental mapping of carbon, nitrogen, and sulfur in S@GPN



dimethoxymethane (DME), respectively. Fig. 2 displays the 
digital photographs of spontaneous polysulde formation 
during the aging periods. The colorless fresh MBR electrolyte 
turned yellow aer the 24 h rest period, indicating the sponta-
neous polysulde formation in the electrolyte. Aer 10 days of 
aging, impressively, most of the sulfur had dissolved in the 
electrolyte and dark yellow solids at the bottom of the glass 
bottle appeared. This demonstration indicates that magnesium 
polysuldes can be spontaneously converted from soluble 
species to insoluble precipitates in the electrolyte. The forma-
tion of solid magnesium polysulde (Mg3S8) has been identied 
in other studies on Mg–S batteries.56 For conrmation, a similar 
test was also conducted with sulfur and MBR electrolyte without 
Mg foil where no noticeable color change, i.e. polysulde 
formation was not observed even aer 10 days of the resting 
period Fig. S5.† This veries that the Mg metal can react with 
dissolved sulfur and forming magnesium polysulde. Even 
when sulfur has relatively low solubility in ethereal solvents 
(�10 mM saturated in DME),57 the thermodynamically favored 
formation of the highly soluble polysulde can spontaneously 
proceed and drive the sulfur continually to dissolve into the 
electrolyte and further react with the Mg. Similar results were 
also observed with the Mg(TFSI)2–MgCl2 electrolyte Fig. S6.† 
However, in MBR electrolyte solid MgxSy crystals grown as
Fig. 2 Digital photos indicating the polysulfide formation in MBR electro
glass cuvette containing sulfur powder, Mg foil, and MBR electrolyte: (g
periods.
a needle-like structure whereas polyhedrons were observed in
the Mg(TFSI)2–MgCl2 solution Fig. S7.† Hence, these experi-
ments suggest that in a real cell, the active sulfur material could
dissolve into the electrolyte and react with the Mg anode during
the rest period, if it is not well restrained within the cathode
compartment and diffuse to the anode side. Subsequently, the
cell befalls severe self-discharge followed by reduction of
capacity.

Further, UV/Vis spectra were recorded to analyze the spon-
taneously formed sulfur species in the electrolyte. In an Ar-lled
glove box, a quartz glass cuvette was lled with 2 ml of MBR
electrolyte along with 50 mg of sulfur, and a polished Mg foil
was submerged. The electrolyte to sulfur ratio was 40 ml per mg
of sulfur to mimic the real Mg–S cell conditions. The color
change aer 24 h is shown in Fig. 2g and h. The dissolved
polysulde species were monitored by recording UV/Vis spectra
over a holding time from 1 to 168 h. As depicted in Fig. 2i, the
1 h spectra display the peaks at 280 and 370 nmwhich represent
S8 and S6

2� species, respectively.58 This indicates a rapid initi-
ation of the spontaneous formation of Mg polysulde when Mg
is in contact with the sulfur molecules in the solution. Aer 2
hours, the absorption intensities were amplied and the peak
shied from 280 to 292 nm, along with peak broadening at
370 nm. Aer 24 h, the width and height of the absorption
lyte: (a and d) fresh, (b and e) after 24 h, (c and f) after 10 days; quartz
) fresh, (h) after 24 h, (i) respective UV/Vis spectra in various holding



bands were considerably enlarged and beyond the measuring 
range due to the signicantly increased concentration of the 
polysuldes. Despite the limitation of these measurements for 
identifying the individual sulde species, the merged broad 
absorption band in the range from 230–450 nm recorded aer 
24 h could imply that the high-order Mg polysuldes undergo 
a spontaneous transformation and disproportionate reactions 
forming various polysulde species.58,59

In addition, the inuence of these polysuldes on electrolyte 
performance was also investigated. Symmetric cells with the 
conguration of MgkelectrolytekMg and similar cells with 0.1 M 
of MgxSy in the MBR electrolyte were fabricated. The symmetric 
cells were subjected to Mg plating/stripping at a current density 
of 1 mA cm�2 for a time duration of 700 h. In the case of 
MgkelectrolytekMg cell, the stripping/plating proceeded 
smoothly as reported in the literature.38 While the cell with 
MgxSy additive showed higher stripping/plating voltages, and 
this polarization behavior was maintained over the cycling 
period Fig. S8.† This could be caused by the MgxSy shuttle effect 
and the passivation of the Mg surface, which can increase the 
interfacial resistance of the cell. This conrms the detrimental 
effect of MgxSy on the electrolyte properties.
Electrochemical studies

The interlayer strategy has been employed to minimize the self-
discharge of the Mg–S cell in this study. Using the S@GPN–PANI 
cathode, Mg anode and MBR electrolyte, three cell congura-
tions were constructed i.e. the pristine cell (no interlayer) and 
the cell with an additional CC or GPN–PANI@CC interlayer,
Fig. 3 (a) OCV test on pristine, CC interlayer, and GPN PANI@CC interl
OCV test, charge discharge profiles of pristine, GPN PANI@CC interlay
pristine and GPN PANI@CC interlayer cells.
respectively. The static electrochemical stability of these
batteries was monitored via the voltage drop with the rest time
as shown in Fig. 3. The open-circuit voltages (OCV) of three cells
were measured to be between 2.16 � 0.015 V immediately aer
the cell assembly. Irrespective of the conguration, all the cells
showed a decrease in the voltage indicating the polysulde
formation via an internal chemical reaction. These higher-order
MgxSy species could dissolve and diffuse into the ether elec-
trolyte. As a result, the OCV of batteries decreases slowly with
time. Aer 10 days of rest, the OCV of the cells with CC, GPN–
PANI@CC interlayers was 1.89 V and 1.98 V, respectively, which
was higher than that of cells without interlayer (1.83 V) as
shown in Fig. 3a. This increment of OCV implies that the
coating of GPN–PANI on carbon cloth served as an excellent self-
discharge inhibitor for the Mg–S batteries. Electrochemical
impedance spectra (EIS) were conducted to analyze the changes
of the cell before and aer the OCV test Fig. 3b. Initially, the
pristine cell showed low impedance but aer the OCV test, the
impedance of the cell was drastically increased, which might be
caused by the passivating layer on the electrode surface. Irre-
spective of the cell conguration this behavior is similar
Fig. S9.† Moreover, aer 10 days of a rest period, the pristine,
GPN–PANI@CC interlayer cells were investigated by galvano-
static cycling as shown in Fig. 3c. The pristine cell delivered
a poor initial capacity of 70 mA h g�1, displaying a higher
overpotential, which could be due to the severe polysulde
dissolution in the electrolyte and passive layer on the elec-
trodes. Interestingly, a gradual increase in capacity with the
cycle number has been perceived, implying that the dissolved
ayer cells (b) impedance of pristine cell fresh after OCV (c and d) after
er cells (e and f) schematic representation of polysulfide control in the



polysuldes (active cathode material) can be reactivated in the 
cell. In the initial cycle, no capacity was observed in the voltage 
range above 1.5 V (this might be a higher-order polysulde 
region). When the cycle number increased, the sloping plateau 
gradually appeared in the voltage range of 1.75 to 1.5 V. Aer 10 
cycles, the cell reached its maximum capacity of 600 mA h g�1 

Fig. 3c. The improvement in capacity was �8.5 times to that of 
the initial cycles. It is worth mentioning that the capacity 
recovery observed in this study could be attributed to the utility 
of the carbon cloth for both the sulfur cathode and interlayer, 
which acts as an adsorbent of the dissolved sulfur species.

However, analogous to the above pristine cell, the GPN–
PANI@CC interlayer cell also suffered the initial high polari-
zation and poor coulombic efficiency as shown in Fig. 3d. It 
could be ascribed to the parasitic reactions of polysuldes on 
the Mg metal, which consume more energy during charge. Aer 
the initial cycle, the coulombic efficiencies tended to increase 
and reached 98%, which could again hint at the recovery of the 
dissolved polysulde. Notably, the GPN–PANI@CC interlayer 
cells exhibited a much higher initial capacity of �700 mA h g�1 

and an increase in capacity to a value of 983 mA h g�1 aer 3 
cycles. These results indicate that in the interlayer cell only 
a small quantity of the polysulde was present in the electrolyte 
compared to the pristine cell and it could be recovered within 
a few cycles. More importantly, this cell conguration greatly 
improved the MgxSy retention capability, also enabled the re-
utilization of trapped active material in the conductive inter-
layer. Hence, the GPN–PANI@CC interlayer acts as a good anti-
self-discharge conguration. To further understand, the self-
discharge test of pristine and GPN–PANI@CC interlayer cells
Fig. 4 (a c) Charge discharge cycling curves (d) comparison of initial
pristine, CC, GPN PANI@CC interlayer cells.
aer 5 charge–discharge cycles are carried out (Fig. S10†). The
pristine, GPN–PANI@CC interlayer cells are cycled for 5 charge–
discharge cycles aer that cells are rested for about 72 h. In both
the cells higher potential capacity loss is observed at early stage
of 6th cycle discharge, which might indicates the polysulde
dissolution in the electrolyte. In case of pristine cell the 6th cycle
discharge capacity shows huge capacity decay around
238 mA h g�1 indicates poor polysulde absorption. However,
most of the capacity is regained in the consecutive cycle.
Whereas in GPN–PANI@CC interlayer cell less capacity decay
(39 mA h g�1) is observed, interestingly all the capacity is
retained back in the next cycle. This indicates interlayer cells
shows high self discharge ability than pristine cell. Fig. 3e and f
illustrate the potential advantage of the GPN–PANI@CC inter-
layer to control the polysulde diffusion.

The galvanostatic charge–discharge cycling of pristine, CC,
GPN–PANI@CC interlayer cells was investigated at 0.1C
between the voltage range of 0.5 to 2.5 V vs. Mg/Mg2+ in 0.4 M
MBR electrolyte with an OCV period of 15 min, respectively
(Fig. 4a–c). All the cells show nearly the same potential hyster-
esis (DE) i.e. �0.5 V. Interestingly, in the case of the GPN–
PANI@CC interlayer cell, the polarization (DE) decreased to
0.353 V upon cycling, which indicates that the CC interlayer
coated with GPN–PANI can effectively enhance the electronic
conductivity of the sulfur composite. However, all the cells show
nearly similar charge–discharge plateaus in the initial cycle.
Notably, three plateaus were observed during the discharge
process. The upper voltage plateau at 1.85–1.5 V might repre-
sent the conversion of sulfur to higher-order polysulde, which
is highly soluble in an electrolyte and has rapid formation
cycles (e) capacity vs. cycle number plot (f) coulombic efficiency of



kinetics. The other two sloping plateaus at 1.5–1.4 V and 1.17–
0.5 V are the conversion of lower-order insoluble polysuldes to 
MgS2 and MgS. However, the charging process displays one 
plateau at �2 V which should be the oxidation of MgS to sulfur 
via polysulde intermediate. Particularly, interlayer cells 
showed stable upper discharge plateau (>1.5 V) over 40 cycles, 
which may be attributed to the polar surface of the GPN–PANI 
coating that can anchor the active material and enable redox 
reactions. Fig. 4d shows the comparison of charge–discharge 
curves of pristine, CC, GPN–PANI@CC cells. Notably, at the 
initial charge of the pristine cell, a sudden voltage spikes up to 
2.12 V was seen whereas 2.0 V (CC interlayer) and 1.8 V (GPN–
PANI@CC interlayer) were observed for other cells. This may 
indicate that the discharge product of the cathode in the pris-
tine cell needs activation energy owing to its poor conductivity. 
The interlayer cells displayed a smaller voltage spike that could 
be due to their good conductivity, which could promote the 
reactivity of the nonconductive active materials on the interface. 

Fig. 4e represents the cycling stability of pristine, CC, GPN–
PANI@CC Mg–S cells at a 0.1C rate, respectively. A capacity of 
877 mA h g�1 was measured in the initial cycle of a pristine cell 
whereas, in the case of CC, GPN–PANI@CC cells a capacity value 
of 968 and 1121 mA h g�1 was determined, respectively. The 
high initial capacity of CC, GPN–PANI@CC could be mainly 
ascribed to the good electronic conductivity and the adsorption 
property of the interlayers. Further, the reversible capacity of 
pristine, CC and GPN–PANI@CC cells aer 150 cycles was 
measured to be approximately 205, 305, and 500 mA h g�1, 
respectively. The poor capacity retention of the pristine cell 
could be due to the dissolution and diffusion of higher-order 
polysulde through the separator to the anode compartment. 
Whereas, the CC interlayer cell shows partial capacity degra-
dation might be attributed to the limited polysulde absorption 
capability of the CC interlayer. Compared to other cells, the cell 
with the GPN–PANI@CC interlayer showed superior electro-
chemical performance in terms of good capacity retention, high 
cycling stability and coulombic efficiency (Fig. 4d and f). This
Fig. 5 Visual polysulfide adsorption test. Digital image of (a) 0.1 M MgxSy/
MgxSy/DME with GPN PANI@CC interlayer. (d) The cross section SEM
elemental mapping of GPN PANI@CC interlayer.
can be ascribed to the synergistic effects of the GPN–PANI
composite, i.e. (i) the GPN host has high conductivity and
surface area, which can enhance the reactivity of nonconductive
sulfur material and improve the electrochemical kinetics; (ii)
the conductive PANI with the polar amine and imine groups can
chemically anchor the sulfur species and facilitate the sulfur
redox kinetics.60,61 In addition to this 60% sulfur loaded cell,
other sulfur loading 70%, 80% cells are also studied (Fig. S11†).
It is observed that as the sulfur loading increases the stability of
the cells decreases. For comparison the GPN@CC, PANI@CC
cells are also studied Fig. S12.† The GPN@CC cell shows initial
higher capacities but due to the poor sulfophilic nature capacity
degradation is also higher whereas PANI@CC cells show lower
capacities with comparably good capacity retention due to the
high abundant functional groups present on it. In addition to
this, the electrochemical performance of the GPN–PANI
composite cathode (without sulfur) vs. Mg anode, cells are also
evaluated in similar electrolyte (0.4 MMg[B(hp)4]2/DME), mass
loading (1 mg cm�2), and voltage window (0.5–2.5 V). Corre-
sponding electrochemical data along with charge–discharge
prole are shown Fig. S13.† It is observed that the capacity
contribution from the carbon is minimum (�20 mA h g�1).
Table S2† shows the electrochemical advantages of the GPN–
PANI@CC interlayer cell over previously published Mg–S cells.
The postmortem analysis of cycled cell is carried out inside the
argon-lled glove box. Fig. S14 and S15† shows the SEM and
elemental mapping analysis of the corresponding cathode and
separator.

The polysulde trapping ability of the GPN–PANI@CC
interlayer can be visually examined by placing it into the 0.1 M
MgxSy/DME solution Fig. 5. Compared with the blank MgxSy
solution, the GPN–PANI@CC interlayer containing solution
became colorless transparent within 12 h of aging. This
demonstrates that the GPN–PANI@CC interlayer can effectively
adsorb the MgxSy species. To further understand the effect of
the GPN–PANI composite interlayer, cross-section SEM of the
GPN–PANI@CC interlayer containing MgxSy/DME solution aer
DME (b) MgxSy with GPN PANI@CC interlayer (c) after aging for 12 h of
of GPN PANI@CC interlayer after aging for 12 h in MgxSy/DME (e h)



12 h of aging is carried out (Fig. 5d–h). This shows the poly-
suldes and nitrogen are distributed evenly throughout the CC 
interlayer. This further conrms the polysuldes are adsorbed 
on the interlayer.

The advantages of the interlayer have also been studied in 
the Mg(TFSI)2–MgCl2 electrolyte. Here the similar cell congu-
rations with the same cathode, anode, and interlayer were 
implemented. Unlike the MBR electrolyte, the Mg(TFSI)2–MgCl2 

electrolyte is not stable at a voltage higher than 2.4 V,31 so the 
charge–discharge voltage window was set in the range of 0.3–
2.4 V. Fig. 6a, c and e shows the galvanostatic charge–discharge 
cycling curves of pristine, CC, GPN–PANI@CC interlayer cells at 
0.1C. The charge–discharge proles exhibit different features 
with these two electrolytes. In the case of MBR, the voltage 
plateau at �1.5 V was relatively at whereas it was sloping in 
Mg(TFSI)2–MgCl2 electrolyte. In the pristine cell with the 
Mg(TFSI)2–MgCl2 electrolyte, the high-order polysulde region 
was not observed (above 1.4 V) and poor capacity values were 
measured Fig. 6b.
Fig. 6 The electrochemical behavior of the pristine, CC, GPN PANI@C
discharge cycling curves of (b, d and f) capacity and coulombic efficienc
Though interlayer cells (Fig. 6d and f) showed relatively
stable cycling behavior, the coulombic efficiency was rather
unstable, implying the severe degradation of the electrolyte. In
comparison, the GPN–PANI@CC interlayer cells could demon-
strate relatively good capacity retention, delivering a capacity of
approximately 380 mA h g�1 aer 150 cycles. Nevertheless, their
electrochemical performance was inferior to that of the cells
with the borate MBR electrolytes.

Fig. S16† shows the comparison of the charge–discharge
proles of the GPN–PANI@CC interlayer cells in MBR electro-
lyte and Mg(TFSI)2–MgCl2 electrolyte in the rst and 30th cycle,
respectively. Both cells exhibited a nearly similar overpotential
in the initial cycle; however, upon cycling, the DE dramatically
increased in the electrolyte cells. These differences indicate that
high cell resistance can be created in the Mg(TFSI)2–MgCl2
electrolyte, which could be caused by the Mg(TFSI)2 salt
decomposition.62 64 Hence, the MBR electrolyte along with the
GPN–PANI@CC interlayer is more favorable for improving the
Mg–S battery performance.
C interlayer cells in Mg(TFSI)2 MgCl2 electrolyte (a, c and e) charge
y vs. cycle number plot.
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Conclusions

In summary, the self-discharge behavior of the Mg–S cells in 
MBR and Mg(TFSI)2–MgCl2 electrolytes have been investigated. 
The spontaneous formation of various magnesium polysuldes 
in the mixture of sulfur and Mg in both electrolyte solutions 
have been visualized, which can be identied as the cause for 
self-discharge in Mg–S cells. In the self-discharge tests, the 
pristine cell underwent severe polysulde dissolution in the 
OCV period. The interlayer strategy has been employed for 
polysulde mitigation. Among them, the GPN–PANI@CC 
interlayer can effectively control the polysulde diffusion of the 
Mg–S cells due to its chemical functionality for immobilizing 
sulfur species and high electron conductivity for facilitating the 
sulfur redox kinetics. Further, the electrochemical behavior of 
these cells was studied both in MBR and Mg(TFSI)2–MgCl2 

electrolytes. The GPN–PANI@CC interlayer cell in MBR elec-
trolyte showed superior performance in terms of low self-
discharge, good capacity retention and coulombic efficiency 
over 150 cycles.
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