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The theoretically high energy densities and wide availability of active materials have led to great interest in the
development of magnesium-sulfur (Mg—S) batteries. However, poor electronic conductivity of sulfur, active
material dissolution, polysulfide shuttling, and poor cycling stability are major challenges that need to be
tackled. Herein we observed the pristine Mg—S cell faces significant overcharging issues and cell failure is
common within 30 cycles with significant capacity decay. With the help of XRD and elemental mapping realized
that the dissolved liquid polysulfides are metastable in nature. Due to the high sulfophilic nature of the separator,
polysulfide absorption leads to slow crystal growth inside the separator. This active material trapping might be
the reason for quick capacity decay. We attempted to revive the dissolved polysulfides by introducing conductive
nitrogen-doped graphene (N-gpn)@Carbon cloth(CC) interlayer between the electrodes and separator. This
interlayer has a high polysulfide absorption nature, which allows the battery to demonstrate an initial capacity of
1075 mAh g~! and increased cycling stability to 100 cycles. However, this stability was further enhanced to 300
cycles by protecting the anode. Theoretical considerations suggest that among all polysulfides, MgSg, has the
strongest interaction with N-gpn and can be trapped most favorably in a defective N-gpn. This leads to enhanced
utilization of the active material and improved cycling stability.

1. Introduction Most importantly, it is believed that the low tendency of dendrite for-

mation of Mg metal during stripping/platting provides better safety than

The steadily increasing demand for efficient, clean energy storage
technology brings lithium-ion batteries forefront of the global market,
owing to the high energy density, long cycle life, and lightweight lithium
(Li). [1,2] However, considering its practical energy density limitations,
safety issues, and limited natural resources for the electrode materials of
present Li-ion batteries, researchers are motivated to investigate alter-
native battery technologies based on sustainable materials. In this view,
magnesium-sulfur (Mg—S) battery chemistry is promising due to the
high theoretical energy density (1722 Wh kg~! and 3200 Wh L™1), high
availability of raw materials, and potential cost-effectiveness [3-8].

Li metal batteries [9,10].

Though Mg—S batteries possess high theoretical energy density
values, their practical achievements till now are limited due to the
battery chemistry complications that might originate from the anode,
cathode, and electrolyte of the cell. More importantly, the fundamental
drawback of the sulfur cathode, such as its low electrical conductivity (5
x 107305 em™! at 25 °C) makes it difficult to accept electrons from the
current collector, causing low active material utilization in the first
discharge, this process continuously happening in the consecutive cycles
[11-15]. Furthermore, during the reaction, the soluble magnesium
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polysulfide in the ether electrolyte participates in the shuttle process
[16-18]. This unavoidable polysulfide shuttle in ether-based electro-
lytes forms a passive layer on the anode by reducing itself, which con-
sequences overcharging, low Coulombic efficiency, and fast capacity
decay of the battery [19-21].

One of the effective approaches is using a conductive interlayer
inserted between the cathode and separator. This interlayer acts as a
filter to obstruct and trap the polysulfides and reactivate them [22,23].
In this scenario, due to its outstanding electrical, thermal, and me-
chanical properties, graphene has attracted considerable interest
[24-26]. However, the weak interaction of nonpolar graphene with
polar polysulfides displays low binding behavior, leading to the
detachment of the reaction product (magnesium sulfides) from the
electrode, which results in loss of electrical contact and capacity
degradation [27,28]. Therefore, heteroatom (nitrogen, sulfur, phos-
phorus, oxygen, and boron) doping is introduced in the graphene ma-
trix, which plays a significant role in enhancing polysulfide capture and
improving cell performance in Li—S batteries [29-32]. Specifically, ni-
trogen doping has a distinct impact because it offers more active sites for
ion absorption and improves electrochemical activity in addition to
enhancing the electronic conductivity and wettability of the carbon.
Hence, N-gpn shows tremendous importance in sulfur batteries.

In this work, we explore the critical role of protecting electrodes from
polysulfide attack in Mg—S batteries. We introduce a novel N-gpn
interlayer positioned between the cathode and separator. This interlayer
tackles two key challenges: it enhances conductivity within the cathode
for better sulfur utilization, and its nitrogen dopants effectively trap
dissolved polysulfides, preventing them from reaching the anode. This
dual functionality is evident in our findings. The N-gpn interlayer
significantly extends cycling stability, from 30 to 100 cycles when
placed near the cathode, and even further to 300 cycles near the anode.
Additionally, the N-gpn may activate intermediate solid polysulfides,
improving capacity retention. To further validate these results, we
employed periodic density functional theory (DFT) calculations to
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understand the interaction between N-gpn and polysulfides.

In addition, we used conductive lithium polysulfide solution as a
novel sulfur source in the cathode for the first time in the Mg—S battery.
This conductive sulfur source along with the interlayer, resulting in a
high initial capacity of 1075 mAh g~! in the Mg—S battery. Unlike the
traditional sulfur cathode prepared by the melt-diffusion method, this
sulfur precipitation approach is way simple and accurate in case of
material loading and allows uniform distribution of sulfur over the
electrode.

2. Results and discussions
2.1. Structural analysis

The calculated density of states (DOS) of graphene, N-gpn, and the
defective N-gpn (paired N-doped with carbon vacancy) with carbon
vacancy derived from periodic DFT calculations are shown in Fig. 1a,
along with their corresponding optimized structures. The filled valence
band is predominantly of C-p character (green and blue) with some C-s
orbitals (yellow) contribution. Carbon forms spZ-hybrid orbitals are
lying in the plane of the graphene sheet, with an angle of 120". The
bonding in-plane orbitals (green) are filled, and the antibonding orbitals
are empty, explaining a honeycomb lattice of carbon atoms. The carbon
p-orbitals oriented perpendicular to the graphene sheet (blue) are the
states that dominate the band structure near the Fermi level. In the N-
gpn, a carbon atom is substituted by a nitrogen atom, forming in the
plane sp?-hybrid orbitals with the carbon atoms. The perpendicular p-
orbital of nitrogen contributes to the band structure near the Fermi level.
In comparison to graphene, the Fermi level shifts upward by 1 eV, as
shown in Fig. 1a. The defective N-gpn, paired N-gpn with carbon va-
cancy, shifts the Fermi level downward compared to the graphene, and
the in-plane orbitals (green) contribute to the band structure close to the
Fermi level (see Fig. 1a). Hence, the defective N-gpn might provide more
reactive anchoring points to interact with the magnesium polysulfides
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Fig. 1. Density of states (DOS) derived from DFT calculations of a graphene sheet, N-gpn, and the defective N-gpn (paired N-doped with carbon vacancy) from top to
bottom, along with their corresponding optimized structures. The total DOS is given in black and gray. Staeked plotted on top of each other are the perpendicular p-
orbitals (blue), the p-orbitals in the plane (green), and the s-projected density of states (yellow). Unoccupied states are drawn in a lighter color than the filled states.
The energy zero is set to the top of the valence band. (b-c) Visual comparison of polysulfide adsorption test (e¢) Raman spectra of polysulfide solution before and after
adsorption. (f, g) EDX elemental mapping of carbon and sulfur of N-gpn@CC after adsorption. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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than the pristine graphene sheet. In the experimental step, the structural
properties of N-gpn were investigated by scanning electron microscopy
(SEM) and the corresponding results are shown in Fig. S1. The 2D
layered N-gpn particles have an average width of ~5 pm and are
randomly distributed over the carbon cloth (CC) (Fig. Sla-c). A cross-
sectional SEM image and corresponding elemental mapping results of
N-gpn@CC are shown in Fig. S1d-f.

The polysulfide adsorption ability of the interlayer plays a vital role
in the confinement of polysulfide. We tested this adsorption ability by
adding N-gpn@CC to a lithium polysulfide (LPS) solution in DME. Fig. 1
(b-d) shows images of LPS, taken right after the addition of N-gpn@CC in
LPS solution and after four hours; a clear decolorization becomes
evident from the reference sample. To assess the degree of polysulfide
adsorption, the LPS in DME solution was tested before and after N-
gpn@CC absorption (after four hours of soaking) by Raman spectros-
copy (Fig. le). For this purpose, the solution received after N-gpn@CC
addition was transferred into a 0.7 mm glass tube and sealed with Teflon
paste inside an Ar-filled glove box before starting the Raman measure-
ment. The absence of polysulfide peaks below 500 cm ™! (cf. to the result
of the pure LPS in the 200-500 em! region [Fig. le]) indicates a
complete removal of polysulfide from the solution (Fig. le), which
confirms the strong polysulfide adsorption nature of the interlayer (both
CC and N-gpn). Furthermore, elemental mapping was carried out on the
vacuum-dried N-gpn@CC after polysulfide adsorption (Fig. 1f, g); the
mapping confirms that the adsorbed polysulfides are uniformly
distributed throughout the N-gpn@CC. Taken together, these test results
demonstrate that the interlayer is highly efficient in absorbing poly-
sulfides formed during the operation of a sulfur battery, and controls
polysulfide shuttling (discussed later).

2.2. Electrochemical analysis

2.2.1. Discharge-charge stability analysis

Galvanostatic charge-discharge cycling experiments were performed
with LPS@N-gpn cathode without and with an interlayer (N-gpn@CC)
vs Mg/Mg?* in a voltage window of 0.5-2.5 V at 0.1C. The LPS loading
was maintained at 1 mg cm™2 by adding 0.1 M concentrated solution to
each cathode. Interestingly, the LPS is oxidized to elemental sulfur in the
Mg[B(hfip)4]12/DME electrolyte which is confirmed by Raman spec-
troscopy (Figs. S2-4). The charge-discharge profiles of without and with
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interlayer cells are shown in Fig. 2. During the discharge process in both
LPS@N-gpn (without interlayer) and N-gpn@CC (with interlayer) cells,
two plateaus were observed at ~1.5 V and 1.1 V, representing the
conversion of higher-order polysulfides to lower-order polysulfides
(Fig. 2a,b). In contrast, the charging process showed only one plateau at
~2 V due to the conversion of solid magnesium sulfide to elemental
sulfur through a polysulfide intermediate. [33] The interlayer cell
initially showed a higher polarization (AE = 0.8 V), but decreased
within 10 cycles to AE = 0.52 V and was also accompanied by an
improvement in cell capacity. Interestingly, unlike in the LPS@N-gpn
cell, an interlayer cell has a sloppy plateau below 1.1 V with high ca-
pacity (around 600 mAh g~!) and this plateau was stable. This might
indicates improving the reaction kinetics of lower-order polysulfides.
Fig. 2c presents the cycling stability of cells with LPS@N-gpn and N-
gpn@CC interlayer cathodes. The LPS@N-gpn cathode showed an initial
discharge capacity of 638 mAh g ™! at 0.1C rate, after 30 cycles discharge
capacity dropped to 293 mAh g,_l and the cell experienced the over-
charging problem (this result is an average of 6 cells). The low capacity
for this cell is most probably caused by self discharge of the cell (the high
amount of polysulfide dissolution in the initial cycles, which cannot be
returned in consecutive cycles due to lack of surface protection).
Introducing the N-gpn@CC interlayer over the LPS@N-gpn cathode not
only improved the capacity to 1153 mAh g~! (3rd cycle)but also the
cycle number to 100 cycles with a final capacity of 558 mAh gL, This
indicates improved self discharge due to the polar interlayer, more
dissolved polysulfide could be retained in the initial cycles and reac-
tivated in the following, which results in improved performance.The
initial low Coulombic efficiency of the interlayer cell might be due to the
high porosity of interlayer may result shuttle effect. Inaddition, different
sulfur loading 0.5, 0.75, 1, and 1.5 mg cm 2 were also tested with the
same strategy (Fig. 2d). In this sequence, cells with lower sulfur loading
had higher initial capacities, however, all cells showed degradation in
capacity with cycle number. This is expected to be due to the trapping of
irreversible crystalline polysulfide (discussed below). Corresponding
coulombic efficiency plots of Fig. 2 (c, d) are shown in Fig. S5 (a, b). The
rate studies of LPS@N-gpn, LPS@N-gpn interlayer cells are studied at
various current densities (Fig. S6 a-c).

Furthermore, the redox voltages could also be identified by cyclic
voltammetry (CV) measurements (Fig. 2e, f). The CV of the N-gpn@CC
cell showed two cathodic peaks at 1.4 V and 1.0 V, which are nearly
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consistent with the two-step reduction process of sulfur to sulfide in
Fig. 2b. Similarly, one anodic peak at 2.4 V represents sulfide-to-sulfur
conversion. Interestingly, similar to the findings of Fig. 2b, the decrease
in the polarization with cycle number is also visible in the CV mea-
surements. However, with the increase in the scan cycle the 2.4 V peak
shifts to lower voltage. Fig. 2f shows the charge transfer resistance of N-
gpn@CC interlayer cell at different points of discharge and charge,
corresponding impedance plots are shown in Fig. S7. The huge charge
transfer resistance during charging is due to the thick solid electrolyte
interface (SEI) layer on Mg anode. After initial discharge, charge transfer
resistance is decreased to three order of magnitude. However, the charge
transfer resistance increased after charging due to the formation of
nonconductive sulfur on the surface of the electrode.

2.3. In-situ XRD
Fig. 3a displays in-situ electrochemical X-ray diffraction patterns

from the LPS@N-gpn cell measured at different voltage steps during the
first galvanostatic discharge and charge cycle. At the OCV stage, the
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cathode shows amorphous nature. During initial discharge to 1.3 V, a
new set of Bragg peaks is arising and these peaks intensify during
complete discharge to 0.5 V. Interestingly, these new peaks do not match
with elemental sulfur and MgS. We believed these are coming from solid
magnesium polysulfides. Due to the absence of literature (JCPDS) XRD
patterns of MgPS, we synthesized solid magnesium polysulfides on our
own in the Ar atmosphere, the corresponding EDX measurements
confirm an elemental composition of Mg: S of 2.07: 6.73 (Figs. S8-10),
the electrolyte is also involved in crystal formation. In the next step, the
synthesized MgPS was characterized with XRD, which evidenced the
crystalline nature of the product (Fig. 3a, MgxSy crystals). Furthermore,
a good agreement was found between this pattern and the results for the
cathode material of the discharged LPS@N-gpn cell, confirming the
formation of crystalline magnesium polysulfides during the discharge of
the cell. The absence of a feature from the complete discharge product
(MgS) might indicate that the reaction is not completed at this voltage.
During the charging process, the intensity of these solid MgyS, peaks
gradually decreased again, which specifies that the formation of these
polysulfides is partially reversible during cycling. However, at the end of
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Fig. 3. (a) In-situ XRD measurements in an LPS@N-gpn cell. (b) XPS detail spectra in the S 2p region from a cycled separator of an LPS@N-gpn cell. (c-e) SEM and
corresponding EDX elemental mapping results from a cycled separator of an LPS@N-gpn cell. (f) Schematic illustration of in-situ generated crystalline polysulfides on
the separator in an Mg—S battery. Postmortem analysis of separator from N-gpn@CC cell after 100 cycles; (g) SEM image (circles indicates Mg,S, crystals) (h, i)
corresponding EDX elemental mapping with Mg and S elements. Kinetic Evaluation of Polysulfide Conversion with and without interlayer. (j) PITT measurements of
Mg|LPS@N-gpn cells with or without interlayer, the cells were discharged from 1.4 to 0.5 V with a step of 20 mV. (k) PITT measurements of Mg| LPS@N-gpn cells
with or without interlayer, and the cells were charged from 1.6 to 2.5 V with a step of 20 mV.



D. Bosubabu et al.

charging (2.5 V), the polysulfides were not fully converted back to sul-
fur, and traces of these crystalline polysulfides could still be observed in
the XRD pattern of the charged electrode.

It is important to mention that the measured in-situ XRD reflections
are a combination of signals from the cathode and separator (the Mg
anode was eliminated by keeping a hole in the center of Mg metal in the
cell). Hence, to disentangle the different parts of the cell ex-situ exper-
iments of cycled separator (Fig. 3b-e), cathode, and anode (Fig. 4) were
carried out separately. For this purpose, the cell was dismantled inside
the glove box for post-mortem analysis. The cycled electrodes and
separator were recovered from the cell, washed with DME several times,
and dried inside the glove box. Further, this separator was also analyzed
by XPS and SEM to understand the structural and morphological
changes of the separator during electrochemical cycling in more detail.
Fig. 3b displays the XPS detail spectrum in the S 2p range of the cycled
GFC separator, which confirms the presence of magnesium sulfide and
magnesium polysulfide after cycling. Fig. 3 (c-e) shows the ex-situ SEM
of a cycle separator. The separator contained solid particles with a
diameter of around 18 pm, EDX elemental mapping of one of the par-
ticles confirms the existence of Mg and S. However, the amount of these
polysulfides increases with cycling, and most of the time these solid
particles are observed inside the separator (Fig. S11). Interestingly, solid
particle formation was observed not only for the LPS@N-gpn cell
(without interlayer) but also in the N-gpn@CC cell (with interlayer), but
the size of the particles was much smaller in the latter case (with an
average diameter of around 6 pm after 100 cycles) Fig. 3(g-i). This
confirms the low Coulombic efficiency of interlayer cells in initial cycles.
The slow crystallization process of MgySy on the separator is shown in
Fig. 3f schematic.

To elucidate the impact of the interlayer on sulfur redox kinetics,
potentiostatic intermittent titration technique (PITT) was employed to
quantify the actual potential and capacity associated with MgS deposi-
tion and dissolution. PITT discharge profiles for the sulfur cathode
typically exhibit two distinct regions (Fig. 3j). The first region
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corresponds to the liquid-to-solid conversion, where long-chain poly-
sulfides are electrochemically reduced to short-chain solid polysulfides
(MgySy). The second region signifies the solid-to-solid conversion,
characterized by the deposition of MgS.

The pristine cathode displayed an immediate onset of the liquid-to-
solid conversion at 1.4 V, manifested as a broad peak. Conversely, the
interlayer cell exhibited a sharper peak, suggesting that the interlayer
modifies the electrochemical equilibrium and accelerates the kinetics of
this conversion process. The peak current for the cell without the
interlayer reached 0.07 mA at 2.6 h, whereas the interlayer cell dis-
played a significantly higher peak current of 0.3 mA at only 0.5 h. This
earlier peak time and higher peak current in the discharge PITT profile
indicate faster kinetics for Mg,Sy deposition in the presence of the
interlayer. However, the interlayer cell exhibited a lower deposition
capacity (113 mAh g~! compared to 143 mAh g~! for the cell without
the interlayer) indicating lower amount of Mg,Sy deposition.

Fig. 3k depicts the PITT curves for the charging process, which
probes the dissolution of solid MgS. Fully discharged Mg | MgS cells
were subjected to a potentiostatic charge for 1.0 h at the initial stage,
followed by a series of potentiostatic charge steps of 1.0 h each, starting
from 1.25 V with a voltage step size of 20 mV and maintained 2 h during
phase transformation. The dissolution of MgS commenced at 2.20 V, as
evidenced by prominent current peaks signifying the phase transition.
Interestingly, the interlayer did not demonstrably influence the disso-
lution process, as evidenced by the comparable current responses and
peak times observed for both cell configurations.

To further understand the impact of GFC separator on polysulfides
and advantage of the interlayers, Mg—S cell is constructed by placing
the interlayer between the separator and anode (separator || anode)
(Fig. S12). This configuration allows polysulfides directly on the sepa-
rator, the corresponding cell shows significantly less initial capacity
compared to the interlayer between the cathode and separator (cathode
|| separator) cell and the capacity gradually drops with cycle number.
This confirms that gradually dissolved polysulfides are trapped inside

Fig. 4. (a) EDX elemental mapping of Mg anode from LPS@N-gpn cell after 30 cycles. (b, ¢) SEM images of Mg anodes with N-gpn@CC interlayer (d) cycled

interlayer on Mg side with Mg trapping.
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the separator and become crystalized and further not accessible due to
the non-conductive nature of the separator. Interestingly, the cell cycle
life of the battery increased to 300 cycles (Fig. 4b). This high cycle life is
believed to be the protection of the Mg anode from polysulfide attack,
which is not observed in LPS@N-gpn cells. The postmortem analysis of
LPS@N-gpn and interlayer between the separator || anode cell are shown
in Fig. 4a-d. The elemental mapping (Fig. 4) of Mg metal in the LPS@N-
gpn cell provides evidence of a significant amount of Mg loss, with the
surface being composed of electrolyte and magnesium polysulfides.
However, this undesirable scenario is mitigated with the protective
measures in place.

To shed light on the experimental findings of improved polysulfide
activity with N-gpn interlayer, we calculated the interaction energies of
magnesium polysulfides with the N-gpn surface, as listed in Table 1. The
corresponding adsorption configurations are illustrated in Fig. 5. MgSg
adsorbs N-gpn (Fig. 5b), with a binding energy of —1.1 eV. Other pol-
yanions such as MgS, MgSy4, and MgS¢ exhibit slightly lower (weaker)
interaction energies than MgSg species, (Fig. S13). The positive inter-
action energy of MgS, indicates an unstable adsorption configuration.
Interestingly, even for the Sg polyanion (Fig. 5a), the adsorption energy
is about —0.8 eV, showing a weaker interaction with the N-gpn surface
than MgSg. As shown in Fig. 5b, in the most favorable adsorption
configuration of MgSg the magnesium atom does not become part of the
Sg polyanion chain but rather divides it into two parts, binding in total to
four S atoms. Furthermore, despite its high coordination, the Mg atom
still favorably absorbs on the N site of N-gpn. After describing the
adsorption on N-gpn, we address the interaction of MgSg with the N-gpn
with a carbon vacancy, denoted as the defective N-gpn. As shown in
Fig. 5c¢, the magnesium atom of the MgSg is located almost directly
above the defect center, making a bond with the nitrogen atom. The
calculated interaction energy of MgSs@ defective N-gpn is —1.58 eV,
suggesting that the graphitic N located at a carbon vacancy is a favorable
site for MgSg adsorption resulting in a stronger adsorption bond than
other N-doping structures.

To gain additional insights into the chemistry of the Sg and MgSg
interaction with N-gpn and defective N-gpn, Fig. 5d, e displays the
charge density difference, Ap(r), for MgSg@ N-gpn and MgSg@defective
N-gpn, respectively. In the Ap(r) plots, the blue color represents electron
charge accumulation, and the magenta color represents electron deficit
regions upon the interaction of the species with the respective surfaces.
The formation of Mg—N bonds is reflected by the blue-colored charge
accumulation lobes close to the N atom in the MgSg@defective N-gpn
structure. These electron charge accumulation lobes are weaker for
MgSg@N-gpn compared to the defective structure, indicative of the
relatively weak interaction of the single N atom with Mg adsorbed at the
N-gpn surface. For Sg@N-gpn, no significant changes in the charge
density upon adsorption have been found, indicating a negligible
chemical interaction. This means that the interaction energy of 0.80 eV
mainly originates from the dispersion interaction between the molecule
and the surface.

2.4. Ex-situ XPS
The chemical state of sulfur on the LPS@N-gpn cathode and Mg

Table 1
The calculated interaction energies for MgS, (n = 1, 2, 4, 6, 8) and Sg
species on N-gpn.

Species Interaction energy (eV)
MgS@ N-gpn -0.75
MgS,@ N-gpn 0.19
MgSs@ N-gpn —0.60
MgSe@ N-gpn —-0.72
MgSs@ N-gpn -1.10
MgSs@defective N-gpn —1.58
Ss@ N-gpn —0.80
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anode was investigated by XPS analysis at different stages of electro-
chemical cycling. Fig. 6 shows the results for discharged and charged
samples in the 5th cycle, a pristine LPS@N-gpn sample was also carried
out for comparison. Pristine LPS@N-gpn sample survey spectrumand
high resolution N1s spectra are plotted in Fig. S14. The S2p detail
spectrum of the pristine sample (Fig. 6a) shows two main peak doublets
with the S2p3,» peaks at 162.4 and 163.9 eV (all binding energies in the
following are for the S2p3,» peak), which indicates the presence of
bridging (Sp) and terminal (St) sulfur atoms of polysulfide chains in the
sample. In addition, another peak doublet at 169 eV appears at higher
binding energy, which can be assigned to some oxidized S species (like
sulfates). The spectrum of the discharge sample in Fig. 6b displays a
different chemical state with sulfur in different oxidation states. Most
prominently, another peak doublet due to MgS appears at lower binding
energy (161.0 eV) in addition to the signals due to bridging and terminal
S in polysulfides (MgxSy). The persistence of the latter indicates that the
reduction of MgS was not complete even in the 5th cycle discharge
process. Fig. 6¢ shows the spectrum of the charged cathode. Essentially,
a shift back to higher binding energies is observed, which indicates the
transformation to elemental sulfur (164.0 eV) and polysulfides (162.5
eV), this demonstrates that complete conversion of MgS to Sg is not
observed during the charging. Taken together, the XPS analysis of these
sulfur cathodes reflects the persistence of unreacted polysulfides inside
the electrode during cycling.

Fig. 6 (d, e) displays the deconvoluted XPS spectra of the magnesium
anode in the 5th cycle discharged and charged state. Both spectra reveal
the presence of sulfide species on the surface, peak doublets due to MgS
(161.0 eV) and polysulfides (162.6 eV) can be discerned, while the
feature due to terminal S of polysulfides is absent [34,35]. This result
confirms the operation of a polysulfide shuttle from cathode to anode
leading to the accumulation of sulfide deposits on the anode surface
during the cycling process, which may passivate the Mg anode during
consecutive cycles. This might be one of the reasons for the continuous
capacity fading observed in electrochemical cycling.

The cycled Mg anode of an LPS@N-gpn was also investigated by SEM
and EDX mapping, main results are shown in Fig. S15. From the results,
it becomes clear that the Mg anode of such a cell suffers from deterio-
ration during cycling. Furthermore, elements B, F, and S are detected on
the deteriorated anode surface. This indicates that the electrolyte,
including polysulfides, was involved in anode deterioration. For com-
parison, the SEM images (Fig. S15) of the interlayer-protected Mg anode
cell showed much less deterioration indicating a reduction of detri-
mental effects due to exposure of Mg to electrolytes and polysulfides.

3. Discussion

It was reported before that the rate of polysulfide dissolution in
Mg—S batteries is considerably higher than in Li—S batteries and this
might be a major issue for the cycling stability [36]. Here, we noticed in
in-situ XRD (Fig. 5a) experiments that these dissolved polysulfides are
converting to a crystalline solid inside the battery, the ex-situ XPS
(Fig. 6) and SEM results (Fig. 5c, S10) indicate the formation of solid
Mg,Sy on the cathode (XRD, XPS), anode (XPS), and separator (XRD,
SEM). The formation of this solid MgySy might take place during the
discharge process by polysulfide dissolution and migration from the
cathode to the separator. The borosilicate glass fiber (GFC) separator
chemically/physically interacts/absorbs the liquid polysulfides and the
absorbed material might transform over time into a solid due to the
metastable nature of the liquid. The size of this solid particle depends on
the cycle number. Most importantly, the solid particles are completely
electrochemically inactive if they are trapped in/at the separator, and
even in/at the cathode they are not completely active due to the poor
conductivity (Fig. 5a, Fig. 6¢). The continuous loss of active material
from the cathode and precipitation on the separator might be the reason
for the gradual capacity degradation. We also conducted tests with
multiple GFC separators which brings down the cycle life of the cell
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(©

Fig. 5. Structural representations and calculated interaction energies of the investigated (a) Sg and (b) MgSg species absorbed on N-gpn and (c) defective N-gpn. Blue
spheres represent nitrogen atoms, yellow spheres represent sulfur, and orange ones show the magnesium cations. Gray hexagons represent the honeycomb lattice of
graphene. The charge density differences are shown in (d), and (e) for the MgSg species adsorption on N-gpn and defective N-gpn respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. XPS detail spectra in the S2p region of (a) pristine (b) discharged and (c) charged LPS@N-gpn cathode, and (d) discharged and (e) charged Mg anode. The

cycled Mg anodes were recovered in the 5th electrochemical cycle.

quickly. Further, by inserting an interlayer between the cathode and
separator (N-gpn@CC cell) the shuttling of dissolved polysulfide is
significantly reduced; the polysulfides are trapped in the conductive
interlayer during discharge and, due to the conductive nature, can be
reactivated and utilized again during charging. As a result, this type of
cell has higher capacity and better cycling stability. However, the porous
nature of the interlayer still allows a part of the polysulfides to pass to
the separator during cycling and become inactive there, this may cause
the slow capacity fade and crystalline polysulfides are also observed for
the N-gpn@CC cell. However, this cathode protection process increases
cycling stability to 100 cycles but a similar protection strategy on Mg
anode improves cycling stability to 300 cycles.

4. Conclusions

In the present work, we noticed in addition to polysulfide shuttling
that large amounts of active material are trapped inside the separator
which could limit Mg—S battery cyclability. Overall, the in-situ and ex-
situ results confirm the formation of intermediate crystalline poly-
sulfides in addition to MgS in the Mg—S battery. Unlike lithium poly-
sulfides in a Li—S battery, these polysulfides are metastable in the
electrolyte and precipitate as solid over the cathode, separator, and
anode. Our calculations identify the stronger interactions of MgSg with
N-gpn compared to other polysulfides, as well as the formation of Mg—N
bonds in the interaction of MgSg and defective N-gpn. Therefore, the
defective N-gpn provides more reactive anchoring points, trapping the
magnesium polysulfides. Further, the active material trapped inside the
separator and the Mg anode corrosion are also noticed during cycling.
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Hence, these are the major reasons for capacity degradation and limited
cyclability in Mg—S batteries. A modified cell configuration (N-
gpn@CC) with an interlayer between the cathode and separator turned
out to improve cyclability considerably by reducing the polysulfide
shuttle. The cell capacity significantly improved after using interlayer
from 638 mAh g~! to 1075 mAh g~ ! and the cell maintained a capacity
of after 100 cycles. However, by protecting the anode the cyclability is
further increased to 300 cycles. This emphasizes that Mg anode pro-
tection is much more important in Mg—S batteries.

5. Experimental section
5.1. Material preparation

Electrolyte preparation: Magnesium hexafluoroisopropyl borate
salt (Mg[B(hfip)4]2) was synthesized according to our previous reports
[37]1, and 0.4 M Mg[B(hfip)4]» electrolyte was prepared in dimethoxy-
ethane (DME) (dried for 3 days in 3-4 A molecular sieves) solvent and
used as the chloride-free electrolyte.

Catholyte synthesis: LiS powder and sublimed elemental sulfur
powder (Sg) were added to the blank electrolyte in a ratio of 3:4 (3 Sg + 4
LisS — 4 LiySe) to obtain a 0.1 M LPS. This solution was prepared in an
argon-filled glove box (H20 < 0.1 ppm, Oz < 0.1 ppm) and stirred
overnight at 50 °C. Further, this solution was left for a week, to allow a
complete reaction. The conversion of the solution from colorless to red-
brown solution indicates polysulfide formation.

Synthesis of electrode: At first, 10 wt% PVP was dissolved in water,
then 90 wt% N-gpn was added, and the composite solution was stirred
overnight. This slurry was cast on carbon-coated Al foil and also on
activated carbon cloth, labeled as N-gpn and N-gpn@CC. The electrodes
are dried overnight in a vacuum oven at 70 °C. Further, N-gpn@CC was
used as an interlayer. The thickness of the interlayer: 270 pm, Areal mass
loading: 9.7 mg cm ™2,

Cell fabrication: The 2032-type coin cells were assembled inside the
glovebox (MBRAUN, H;0 < 0.1 ppm, O3 < 0.1 ppm). The 1 mg con-
taining liquid polysulfides (LPS) was placed above the N-gpn coated Al
electrode (LPS@N-gpn) and used as a cathode. In the case of interlayer
cells, N-gpn@CC interlayer was placed above this cathode. Further, two
glass fiber filter papers (GF/C Whatman) were employed over the
interlayer and soaked with 100 pL of 0.4 M Mg[B(hfip)4]2/DME elec-
trolyte, polished Mg foil was used as anode (the oxide layer on Mg foil
was scratched with the help of a knife inside the glovebox). The active
material loading on each cell was limited to 1 mg cm™2.
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