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The present study shows the electrochemical performance of a room-temperature magnesium/sulfur (Mg/S)
battery with a newly designed sulfur (3—-0.5 mMgsyiur cm™d) composite cathode. Operando Raman
spectroscopy is employed to investigate the formation of polysulfide species at the cathode of Mg/S cells
during the charge/discharge process, while density functional theory (DFT) calculations are used to correlate
the Raman modes with a series of polysulfide species (S,"~, x = 1-8). Operando Raman spectroscopy
proves the chemical transformation from elemental sulfur (Sg) via long and short chain polysulfides to
magnesium sulfide upon discharge and conversion back to elemental sulfur during charging. Furthermore,
the spectral measurements indicate the formation of a nanocrystalline magnesium sulfide with a cubic zinc

blende phase at the end of discharge. The changes in the open circuit potential of the Mg/S cell during the
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Accepted 20th October 2019 resting period are investigated with the help of various spectroscopic techniques. These studies conclude

that cell impedance is dominated by the anode side impedance due to the formation of a passivation layer

DOI: 10.1039/c9ta09155¢ under static conditions. Finally, the impedance studies under dynamic conditions verify that the applied
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1. Introduction

Amongst the several battery chemistries possible, the most
appealing alternatives for Li involve the use of multivalent
cations like magnesium (Mg). This has several reasons. The
primary one is the abundance of Mg raw materials (Mg is the 8
most abundant element in the Earth's crust, vs. Li being the
25™), making them 20 to 50 times cheaper than Li, e.g., $265 per
ton vs. $5000 per ton for MgCO; and Li,CO;, respectively.!
Performance-wise, the low cost alternative Mg yields a standard
reduction potential of —2.37 V (Mg/Mg>") vs. SHE (standard
hydrogen electrode) and a large theoretical electrochemical
capacity (~3832 mA h cm™?).2 In spite of recent achievements in
case of Mg based rechargeable batteries, especially in the field
of electrolyte and cathode development,”®* a fundamental
understanding of the battery chemistry is still missing and
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electrode potential plays a significant role on the evolution of the anode interfacial impedance.

needs further exploration. The main challenges in Mg batteries
come from the slow kinetics of the multivalent (MV) ions (Mg*>")
at the cathode and the identification of appropriate electrolytes,
which should be compatible with cathode/anode interfaces.
Electrolytes capable of efficient and reversible stripping/plating
of MV ions at the anode, and also supporting reversible inter-
calation against a high voltage cathode, remain a significant
and fundamental scientific challenge. In this regard, high
energy density conversion type cathode materials like sulfur (S)
are promising in combination with Mg anodes because of the
high theoretical capacity (1672 mAh g " or 3459 mA h cm ), as
well as their abundance and low cost.* Table 1 compares the
theoretical energy density of a sulfur cathode with that of
various alkali/alkaline earth metal anodes.””® The combination
of a Mg anode and a sulfur cathode yields a high energy density
of ~1722 W h kg ', assuming a two-electron conversion reac-
tion (Mg>* +S +2e~ — MgS). This is three times higher than the
energy density of a Li ion battery with graphite as the anode and
cobalt oxide as the cathode."

High energy density cathode materials, such as sulfur
(electrophilic in nature) in Mg rechargeable batteries, need
a non-nucleophilic electrolyte to guarantee the stability of the
latter. Electrolytes, which are simultaneously Mg-ion-
conducting and compatible with sulfur, represent a particular
challenge. Facing this challenge, our group has recently devel-
oped two new working electrolytes for the Mg/S system. The first

This journal is © The Royal Society of Chemistry 2019
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Table 1 Comparison of different sulfur based battery chemistries and a Li-ion battery with a graphite anode and cobalt oxide cathode®®

AG Energy density Energy density
Electrochemical reactions (kJ mol ™) Voltage (V) (Whkg™) Whr™h
Mg +S 2 MgS —341.8 1.77 1722 3200
2Li +S 2 Li,S —432.6 2.24 2500 2780
2Na + S & Na,S —357.8 1.85 1273 2363
2Al + 3S 2 Al,S; —213.3 1.11 1340 2676
Zn+S & ZnS —201.3 1.04 574 2162
Co00, + LiC 2 LiC00, + Cq —347.4 3.60 568 1901

one is based on Mg-bishexamethyl disilazide (Mg(HMDS),),
which was treated with aluminum chloride in different
solvents." The second one is a non-corrosive (Cl™ free) fluori-
nated alkoxyborate magnesium electrolyte (Mg[B(hfip),],) in
glyme solvent,” being compatible with currently used Mg
electrode materials. In the meantime, Cui et al. developed
a boron-centered anion-based magnesium electrolyte by facile
one-step mixing of tris(2H-hexafluoroisopropyl)borate and
MgF, in 1,2-dimethoxyethane.”” The same group also synthe-
sized organic magnesium borate electrolyte that mainly
contains tetrakis(hexafluoroisopropyl)borate anions [B(HFP),]”
and [Mg,Clg(DME)s]** solvated cations.* Both of these electro-
lytes showed promising electrochemical results in magnesium-
sulfur/selenium batteries. Chilin Li et al. proposed a Mg battery
with a dual-salt Mg>"/Li" electrolyte and FeS, conversion
cathode, and this cell showed a reversible capacity of more than
200 mA h g~ after 200 cycles.*

The electrochemical performances of sulfur cathodes in Mg/S
batteries, especially with high sulfur loading (>1 mgu,: cm ™),
usually show the large overpotential between charge and
discharge, rapid capacity fading, and poor cycling efficiency,
etc.''® Most of these issues strongly correlate with the formation
of soluble polysulfide species at the cathode and their shuttling to
the anode, and the sluggish redox kinetics of Mg with sulfur.*
Recent studies proved that the presence of small amounts of
sulfur species at the Mg anode enhances the cell resistance and
overpotential considerably and may lead to large hysteresis
between charging and discharging.>” In addition, the loss of
sulfur active material from the cathode to the anode via dissolu-
tion also causes capacity fading. In both cases, a good confine-
ment of polysulfide species at the cathode is indeed very
important. At the cathode of a Mg/S battery, the interfacial elec-
trochemical kinetics depend on two factors. First, the adequate
binding affinity of sulfur/S,”” (x = 1-8) with the host matrix
allows the adsorption of these species with sufficient surface
coverage on the adsorbent surface. Second, the efficient charge
transfer at the cathode/electrolyte interface requires the fast
transport of the electrons, generated during the redox reactions of
the adsorbed sulfur species, through the cathode. This can be
achieved using a polar conductive host matrix which provides
a large surface area for a more efficient binding of the polar pol-
ysulfide species at the cathode and, moreover, maintains an effi-
cient electron transport.** Methods for blocking the undesired Mg
polysulfide (Mg PS) transport to the anode side include the use of
additional carbon coated or chemically modified separators and
special binders.>*

This journal is © The Royal Society of Chemistry 2019

To investigate the redox processes of Mg/S cells, various
characterization techniques have been reported previously.**>*
Recently, Zhao-Karger et al. showed by XPS that a Mg/S cell with
Mg[B(hfip),], electrolyte undergoes many step process, trans-
forming from bulk sulfur to S, .> Nakayama et al. investigated
the charge/discharge reaction mechanism of a Mg/S cell with
sulfone-based magnesium electrolytes by various ex situ tech-
niques like XPS, X-ray absorption near edge structure (XANES)
spectroscopy, XRD, high-energy XRD (HE-XRD), transmission X-
ray microscopy (TXM) and solid-state NMR.*? These studies
conclude that MgS with the zinc blende (ZB) structure type
forms as the final discharge product on the cathode side. In
another report, Robba et al investigated the reduction
processes in Mg/S cells with Mg(TFSI),-MgCl, electrolyte by
operando XRD and S K-edge X-ray absorption (XANES) studies.*®
From this study, they concluded that the electrochemically
formed MgS phase has a different local structure than chemi-
cally synthesized MgS. Elemental sulfur as well as different
polysulfide species in Li/S batteries, which are formed as reac-
tion intermediates at different stages of the discharge/charge
cycle, are Raman active. Hence, the operando Raman analysis
of the sulfur cathode in a Mg/S cell can provide additional
information about the redox reaction mechanism. Based on the
above-discussed findings, we have designed new cathodes for
Mg/S batteries with different sulfur loadings (3-0.5 mgguifur
em ), using a nitrogen doped hybrid nanocomposite of
multiwall carbon nanotubes (MWCNTSs) and graphene as the
host matrix, and investigated the formation of various poly-
sulfide species during the discharging/charging of a Mg/S cell
by operando Raman spectroscopy and XPS. Furthermore, we
have studied the evolution of the Mg/S cell impedances at the
cathode and anode sides separately under static and dynamic
conditions and correlated these results with the findings of
operando Raman spectroscopy. The combination of operando
spectral measurements with DFT calculations allows us to gain
a deeper understanding of the reaction mechanisms in the Mg/
S system and may help to develop new design strategies and
improvements for Mg/S batteries.

2. Experimental section

2.1. Synthesis of materials

Design of the cathode. Graphite oxide (GO) was prepared
from graphite by Hummers' method.** MWCNTSs were prepared
by chemical vapor deposition (CVD), using acetylene as the
carbon precursor.”® The as-synthesized GO was mechanically
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mixed with MWCNTs in a weight ratio of 1:1 and further
stirred in deionized (DI) water for proper mixing. The suspen-
sion was then dried in a vacuum oven (at 50 °C). The final
suspension was loaded into a quartz tube and flushed with
argon gas for 15 min at room temperature. Subsequently,
hydrogen (99.99%) gas was admitted and the temperature was
increased to 500 °C for 2 h. After that, heating was stopped and
the sample was cooled back to room temperature. In the
following, the hybrid structure of graphene and MWCNTs will
be labeled as G-MWCNT. Nitrogen plasma treatment of the G-
MWCNT sample was performed using a sputtering system
with nitrogen gas (99.999%) as a plasma source.?® About 500 mg
of sample was taken in a glass Petri dish and kept at the
substrate side of the plasma chamber for 30 min. The chamber
pressure and plasma power were maintained at 0.1 mbar and
130 W, respectively. During this experiment, graphite was used
as the sputtering target to avoid the presence of any other
impurities within the sample. For the rest of the manuscript,
the final nitrogen doped carbon support will be referred to as
NC. Finally, sulfur was loaded into the NC host matrix by melt
infiltration at 155 °C in an argon gas atmosphere (from now on
labeled as ‘S/NC’).

Synthesis of the electrolyte. Solid Mg[B(hfip),], was dissolved
in a flask together with an appropriate amount of dimethoxy-
ethane (DME) solvent. The molar concentration of the electro-
lyte (0.4 M) is based on the molar mass of Mg[B(hfip),],-3DME.
The detailed synthesis procedure for the Mg[B(hfip),],-3DME
electrolyte is available in our previous report.*

Synthesis of magnesium sulfide. Magnesium sulfide in the
cubic rock salt phase was synthesized by ball-milling of magne-
sium powder (Alfa-Aesar, 99.8%) and sulfur powder (Sigma-
Aldrich, 99.5%) in a molar ratio of 1:1. The ball milling was
carried out at 300 rpm for 32 h in a planetary ball mill (Fritsch
PULVERISETTE 6) with an 80 mL silicon nitride vial and silicon
nitride balls. The ball-to-powder ratio was 1 : 20. All samples were
loaded into the ball mill vial inside an argon filled glovebox.

2.2. Physico-chemical characterization

The X-ray diffraction (XRD) measurements were conducted using
a Stadi P diffractometer (STOE & Cie) with a MYTHEN detector
using a Cu K, X-ray source. Thermogravimetric analysis (TGA) of
the samples was carried out along with differential scanning
calorimetry (DSC) using a Setaram thermal analyzer SENSYS evo
instrument. The measurements were conducted from room
temperature to 450 °C under a helium flow (20 mL min~") with
a heating rate of 10 °C min '. Brunauer-Emmett-Teller (BET)
surface area analysis of the samples was performed with
a Micromeritics ASAP 2020 MP system. The morphology of the
samples was studied using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).

The chemical state of the sample surfaces was determined by
X-ray photoelectron spectroscopy (XPS) measurements using
monochromatized Al K, (1486.6 eV) radiation (PHI 5800 Mul-
tiTechnique ESCA System, Physical Electronics). The measure-
ments were conducted with a detection angle of 45°, using pass
energies of 93.9 and 29.35 eV at the analyzer for survey and
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detailed spectra, respectively. To avoid surface contamination,
the samples were transferred in an inert gas atmosphere to the
sample load lock of the XPS system. During XPS measurements
the samples were neutralized with electrons from a flood gun
(current 3 pA) to compensate for charging effects at the surface.
For binding energy calibration the C 1s peak of graphene was
set to 284.6 eV. Peak fitting was done with CasaXPS using
Shirley-type backgrounds and Gaussian-Lorentzian peak
profiles. For the S 2p peaks, doublets with a peak area ratio of
2 : 1 and a spin-orbit splitting of 1.2 eV were used.

2.3. Electrochemical experiments

The electrode slurry for the cathode was prepared by mixing S/NC
powder (90 wt%) with a PVDF binder (10 wt%, Kynar) using NMP
as the solvent. Next, the obtained slurry was cast onto Al foil by the
doctor blade technique and thereafter dried at 60 °C for 24 h. The
electrodes were prepared with two different sulfur loadings of
~3 mg cm™ > and 0.5 mg cm 2. All cells were assembled inside an
argon filled glovebox (MBraun GmbH) and consisted of a sulfur
cathode, Mg anode, and polypropylene separator (EL-Cell). The
electrolyte was 0.4 M Mg[B(hfip),], in DME solvent. 100 pL elec-
trolyte was used in each assembled cell. All electrochemical
measurements were performed using a three-electrode cell (PAT-
Cell from EL-CELL) with an Mg ring as the reference electrode
(Mggrg) and Mg metal as the counter electrode (Mgcg).

The electrochemical performances of the cells were evalu-
ated by galvanostatic and voltammetric experiments using
a battery tester (Bio-Logic VMP-3) at room temperature (~25 °C).
Cyclic voltammetry (CV) experiments were carried out at a scan
rate of 0.5 mV s~ '. The charge/discharge specific capacities
mentioned in this paper were calculated based on the mass of
sulfur (1C = 1672 mA gyurur ') by excluding the carbon content.
Electrochemical impedance spectroscopy (EIS) experiments
were conducted using a three-electrode cell (EL-CELL® GmbH)
with an applied sinusoidal excitation voltage of 10 mV in the
frequency range from 500 kHz to 0.7 Hz.

Operando Raman spectroscopy. Operando Raman measure-
ments of the Mg/S cells were carried out using an ECC-Opto-Std
[EL-CELL® GmbH] 3 electrode electrochemical cell connected
with a confocal Raman microscope (InVia, RENISHAW). The
sulfur loading at the cathode of the operando cell was ~3 mg
cm 2, while the electrolyte volume was 100 pL. The cathode side
of the cell was sealed with a thin optical glass window (0.15 mm)
and made air-tight with a rubber seal. Battery testing was con-
ducted using an Interface 1000™ Potentiostat/Galvanostat/ZRA
(Gamry Instruments, Inc.) electrochemical workstation. Oper-
ando Raman spectra were collected at room temperature (ca. 22
°C) in the spectral range of 100-800 cm * using a laser with
a wavelength of 532 nm and laser power of 2.5 mW as the
excitation source. A grating was used as a dispersion element
with a groove density of 2400 L mm ™. The laser was focused on
the sample using a 20x objective. Raman measurements were
made in a backscattering configuration using a thin glass
window in the upper electrode that is accessible through a hole
in the current collector. The probed sample spot was continu-
ously focused during the experiment using an autofocus

This journal is © The Royal Society of Chemistry 2019
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function. Every spectrum recorded resulted from the average of
2 acquisitions of 3 s each. The data were analyzed using inVia
WIRE 4.4 Software.

3. Results and discussion
3.1. Structural and morphological study

A nitrogen doped graphene and multiwall carbon nanotube
hybrid nanocomposite (NC) was used as a host matrix for the

e)

S2p

Intensity (a.u.)

166 164

Binding energy (eV)

168

Fig.1

Quantity adsorbed (cm® g™)
N

.

Weight Loss (%)

View Article Online

Journal of Materials Chemistry A

sulfur cathode. The morphology of the nitrogen doped G-
MWCNT sample was verified by TEM and SEM as shown in
Fig. 1(a) and S1.7 As expected, the overview images indicate the
presence of coupled one- and two-dimensional carbon nano-
structures within the sample.

The presence of MWCNTSs between graphene sheets prevents
them from restacking, thus retaining the large surface area for
the adsorption of the sulfur active material during the redox
process; simultaneously, MWCNTs enhance the electronic
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(a) TEM image of the nitrogen doped G-MWCNT nanocomposite. (b) BET surface area of NC. (c) EDX mapping of the sulfur impregnated in

NC. (d) TGA results of the sulfur impregnated NC. (e) S 2p and (f) N 1s detailed XP spectra of sulfur loaded NC.
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conductivity of the whole cathode composite. The surface area
and pore size distributions of the as-prepared NC samples were
determined by nitrogen adsorption/desorption measurements
(Fig. 1(b)), and a high BET surface area of ~644 m> g~ ' was
obtained, as compared to that of pure MWCNTSs (~283 m* g™ %).
The total pore volume for the nitrogen doped carbon matrix was
~1.65 cm® g™, with the sample containing both micro- and
mesopores. SEM and EDX (Fig. 1(c)) images of the S/NC sample
show the uniform distribution of sulfur. TGA (Fig. 1(d)) more-
over gives a high sulfur loading of ~76.2 wt% for the S/NC
sample. Fig. 1(e) and (f) show the S 2p and N 1s XPS detailed
spectra of the as-prepared S/NC sample. The S 2p spectrum
shows a peak doublet at 164.0/165.2 eV, which is assigned to
elemental sulfur.”” The N 1s spectrum (Fig. 1(f)) features three
different peaks at 398.5 eV, 399.5 eV and 400.6 eV, which are
ascribed to pyridinic N (17%), pyrrolic N (59%) and graphitic N
(24%), respectively.” The total nitrogen content at the surface of
the S/NC sample amounts to ~5 at%, and it is clearly dominated
by pyrrolic nitrogen functional groups. During the functionali-
zation of the carbon surface, the type of nitrogen functional
group is indeed very important. The doping of nitrogen into
a graphene lattice can typically create the three types of bonding
configurations mentioned above, pyridinic N, pyrrolic N and
graphitic N (quaternary N).?® Pyridinic N binds with two C atoms
at the edges or defects of graphene and donates one p electron
into the 7 system.? Pyrrolic N atoms donate two p electrons to
the 7 system, while graphitic N substitutes for C atoms in the
graphene hexagonal ring. A previous theoretical study of N-
doped carbon nanotubes with pyrrolic nitrogen showed that
these functional groups result in a comparatively higher posi-
tive charge on nearby carbon atoms than other nitrogen func-
tional groups.*® Similarly, another study from our group proved
that the addition of nitrogen dopants into the graphene lattice
can result in a polar nature of the host matrix, which increases
the binding strength of polysulfides to the N-doped graphene.*”
The C 1s spectrum of S/NC (Fig. S21) is dominated by a peak at
284.6 eV, which is assigned to graphene (sp>-hybridized C).
Furthermore, the peak at 285.1 eV is related to carbon in sp*-
hybridized C-C, C-H or C-S bonds, while the other two and
rather small peaks at higher binding energies (286.6 eV and
287.9 eV) are due to carbon in C-O and C=O0 bonds.*”

3.2. Electrochemical studies

The electrochemical performance of the S/NC cathode in the
Mg/S cell was investigated by cyclic voltammetry (CV) and gal-
vanostatic discharge/charge cycling. The experiments were
carried out using a three-electrode cell setup with a Mg ring as
the reference electrode (Mggrg), Mg metal as the counter elec-
trode (Mgcg), and a S/NC cathode as the working electrode
(WE). Fig. 2(a) shows the CV curves of the S/NC cathode (3
Mgurr M 2) with respect to the Mggg and Mgcg electrodes.
During the CV scan, the S/NC cathode showed a main reduction
peak at 1.51 V, while the oxidation peak appeared at ~2 V with
respect to the Mgy electrodes. It is interesting to note that the
reduction peak potential of S/NC shifted slightly to 1.41 V with
respect to Mgcg, while the oxidation peak moved to 2.39 V,
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indicating a much higher overpotential in the Mg/S cell during
the cathode oxidation. Fig. 2(b) shows the Mgcg potential (vs.
Mggg) in the Mg/S cell with respect to the scan time, together
with the cathode current density. It demonstrates that the
contribution to the overall Mg/S cell overpotential is dominated
by the anode side. Moreover, it is evident that this overpotential
at the anode is higher during the cathode oxidation (~381 mV)
as compared to the cathode reduction (~100 mvV). This indi-
cates that the energy barrier for the reduction of Mg®" ions to
Mg° and further deposition on the Mg anode is comparatively
high in the Mg/S cell, which could have been augmented by the
presence of dissolved polysulfide species on the Mg anode
side.” This is corroborated by the fact that the overpotential at
the anode side is directly proportional to the amount of poly-
sulfide species dissolved in the electrolyte from the sulfur
cathode. To investigate this in detail, we first synthesized Mg
polysulfide (Mg PS) in glyme solvent as described in our
previous report,® and then added different concentrations of Mg
PS to the electrolyte. The amount of sulfur in the polysulfide
solution was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES), yielding a concentration of 68
mmolg e, L', Afterwards, galvanostatic stripping/plating of
symmetrical Mg/Mg cells (~4100 pA cm ™2, teharge/tdischarge = 30
minutes) was carried out with pure Mg electrolyte in DME
solvent, with Mg electrolyte containing low amounts of poly-
sulfide additives (sulfur content: ~14 mmol L"), and with Mg
electrolyte containing high amounts of polysulfide (sulfur
content: ~54 mmol L™"). The results of these experiments (see
Fig. S31) showed that the overpotential at the Mg electrode
increased from 100 mV for pure electrolyte, to 340 mV for low
sulfur containing electrolyte. It further increased to 1400 mV
when the same electrolyte containing high amounts of sulfur
species was used. This clearly proves the negative impact of
dissolved polysulfide species at the Mg anode side.

Fig. 2(c) and (d) show the galvanostatic charge/discharge
voltage profiles and cycling performances of the Mg/S cell
with a S/NC cathode (3 mgguisor cm™2), cycled at a current rate of
C/50 in the potential range of 2.25-0.5 V (vs. Mggg). The
discharge capacities for the 1%, 2"% and 50™ cycles were 431, 406
and 228 mA h g™ ', i.e., the electrode retains 94.2% and 53% of
its initial capacity after the 2" and the 50" cycle, respectively.
The decrease in the discharge capacity during the cycling could
be due to the high sulfur loading at the cathode and the slow
kinetics of cathode redox reactions, which prevent the complete
utilization of the active material. As we decreased the cathode
sulfur loading to ~0.5 Mgy, M~ > (20 Wt% sulfur loaded NC),
the Mg/S cell capacity increased to ~1384 mA h g~ ' after the
first cycle and 1117 mA h g~ * after the 5™ cycle (see Fig S4t). We
noticed that there was an increase of the cell voltage hysteresis
as we deep-discharged the Mg/S cell with high sulfur loading (3
Mguiear €M 2) to 0.2 V. The high sulfur loading on the cathode
can augment the loss of polysulfide species to the anode side via
dissolution during the cycling, thus reducing the cycling
performance. The XPS spectra of the surface of the cycled Mg
anode for the Mg/S cell with high sulfur loading (3 mgsuifur
ecm?) indeed show the presence of a small amount of sulfur
species (0.23 at%) (Fig. S5at). These species can form a highly

This journal is © The Royal Society of Chemistry 2019
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resistive passivation layer on the Mg anode surface by the
formation of an electrochemically inactive MgS and augment
the detrimental side reactions of the electrolyte with the elec-
trode materials."*' In addition to the sulfur species, the XPS
spectra of the cycled Mg anode also show the presence of
species like fluorine, carbon, and oxygen on the surface layer
(see Fig. S51). The deconvoluted F 1s spectrum gives rise to two
peaks at the positions 685.3 eV and 688.4 eV. The first low
intensity peak may be due to the formation of some MgF,, while
the high intensity second peak is possibly due to the formation
of some organic fluorine species (-CF3).*> The XPS study of the
cycled Mg anode points to the formation of an interface
passivation layer with organic/in-organic species.

3.3. Mechanistic studies

The charge/discharge reaction mechanism or more precisely
the change of the chemical state of sulfur during the cycling of
the Mg/S cell was investigated in detail by operando Raman
spectroscopy. The high sulfur loading (~3 mggu: cm ) and
the use of the same electrolyte amount (100 pL) as that for
previous electrochemical experiments were maintained in the
operando Raman cell also. Fig. 3(a) and 4(a) show the operando
Raman spectra for the S/NC cathode of the Mg/S cell during the
discharge and charge processes.

Before starting the operando Raman experiment, Raman
spectra and a Raman map of the pristine S/NC cathode were
obtained as shown in Fig. 5(a) and (b). The spectrum of pristine

This journal is © The Royal Society of Chemistry 2019

S/NC (Fig. 5(a)) shows peaks at 153 cm™', 219 ecm™ ', and

473 cm™*, which correspond to the signals of elemental sulfur
with an orthorhombic crystal structure, as also supported by
XRD (Fig. S6T). The Raman mapping of sulfur in the S/NC
cathode (Fig. 5(b)) was carried out using the intensity of the
band at # = 219 cm™ ", which again indicates the high sulfur
loading on the cathode. Since the pure electrolyte does not show
any Raman peaks (see Fig. S7t) in the frequency range of 100-
600 cm ™', its contribution can be neglected in the analysis of
the sulfur and polysulfide spectra. With the help of density
functional theory (DFT) calculations, the observed peaks in the
measured spectra were assigned to different polysulfide species.

Consequently, DFT calculations were conducted for a series
of polysulfide di-anions S,”>~ and radical mono-anions S, (n =
2-8), applying the Gaussian 09 code,* with the B3LYP func-
tional and a 6-311G(2df,p) basis set. In addition, solvation
effects were taken into account using the polarizable
continuum model (PCM), mimicking the impact of the elec-
trolyte. For both scenarios, with and without solvation effects,
the molecular geometries for polysulfides of different lengths
were optimized and Raman spectra were obtained. Fig. S8 and
S91 show the calculated Raman spectra for different polysulfide
di-anions and mono-anions, elemental sulfur and bulk MgS
(zinc blende). In this study, we first optimized the structures in
avacuum to then use the resulting equilibrium configuration as
a starting point for calculations including solvation effects
within the PCM. This approach models the solvent as
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cell during the discharge. (b) Formation of various polysulfide species
during the discharge.

a polarizable continuum, which surrounds a cavity with the
shape of the respective solvated molecule. To simulate condi-
tions close to the experimental setup, an adapted electrolyte
with a dielectric constant of ¢ = 7 was used in the PCM. Here it
should be noted that the main impact of solvation in our study
is to shift the Raman peaks to slightly higher frequencies, while
the overall appearance of the spectra is not strongly altered.
Polysulfides typically form unbranched chains or ring-like
molecules, including a number of conformers for a given
chain length. For our Raman study, we only investigated the
conformer that was found to have the lowest energy for the
respective chain length. In addition, periodic DFT calculations,
using the VASP code and the projector augmented wave (PAW)
method,**** were applied to determine the vibrational spectra of
bulk sulfur and bulk MgS. The periodic calculations were con-
ducted with the exchange-correlation energy being described by
the generalized gradient approximation in the formulation of
Perdew, Burke and Ernzerhof.*® On the sulfur side, the rhombic
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modification is the energetically most stable one (at 0 K), while
the monoclinic phase is energetically slightly unfavorable. Due
to the presence of Sg like rings in both phases the vibrational
spectra are, however, very similar.

Fig. 3(b) and 4(b) summarize the progress of various poly-
sulfide species formation during discharge and charge experi-
ments. The Raman intensities of the bands corresponding to
bulk sulfur and possibly Sg rings (at 150, 219 and 470 cm ™)
decreased as the discharge proceeded from the OCV and almost
disappeared at ~1.6 V. This indicates that bulk sulfur is initially
reduced, leading to the opening of Sg rings and the formation of
long-chain polysulfides. Sg"~ (n = 1, 2) species may be formed
while Sg rings are still present, explaining the coexistence of
bands at ~125 and 135 cm ™!, which can be assigned to Sg"~
chains, with the bands of Sg rings at 150, 219, and 470 cm ™"
during the initial stage of discharge (voltages > 1.4 V). The
bands associated with the Sg"~ chains are more visible in the
self-discharge study and will therefore be discussed in the

This journal is © The Royal Society of Chemistry 2019
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corresponding section. The Raman spectra obtained during the
initial stage of discharge indicate that the first electrochemical
reaction is

Sg+ne” = S (n=1,2)

Earlier Li/S cell studies show that the sulfur reduction and
the formation of polysulfides occur in higher discharge voltage
ranges in ether based electrolyte solvents.>”*” Solvent properties
such as the dielectric constant and the donor number can,
however, have a major influence on the redox reactions of
sulfur.*® In low dielectric constant solvents like DME (¢ ~ 7), the
amount of polysulfide species formed through chain-growth

This journal is © The Royal Society of Chemistry 2019

and disproportionation reactions is expected to be significant
because of the low stabilization of these species in such types of
solvents.*® High dielectric constant solvents on the other hand
can lead to the formation of metastable species like S;~ radi-
cals.* It is interesting to note that radicals like S3°~ were not
identified in the present Raman experiment.

As the discharge continued, Raman bands at 200, 400, 435
and 446 cm ™" started to appear and their intensities increased
below ~1.4 V. According to our DFT calculations, these bands
can be associated with the vibrations of polysulfide species in
different configurations as shown in Fig. S8 and S9.7 The band
at 201 cm~ ' was previously assigned to the bending mode of
S,>7,"* and the one at ~446 cm ' was identified as the
stretching mode of S,>~, which agrees with our computational
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findings. The intensity of the S,>~ species reaches its maximum
(Fig. 3(b)) in the voltage range of 1.2-1.0 V, after which it starts
to decrease possibly due to the reduction of S,*~ to S,*~. Short-
chain polysulfides like S, to S,>~ were observed together at
low discharge voltage (1-0.5 V). The formation of short chain
polysulfides on the discharged cathode at 0.5 V was further
confirmed by XPS. Fig. S101 compares the S 2p XP spectra for
the pristine sulfur cathode and the discharged cathode at
~0.5 V. The S 2p spectrum of the pristine cathode is dominated
by a peak doublet at 164.0/165.2 eV, which can be assigned to
bulk sulfur. In addition to the main sulfur peak, additional low
intensity peaks at 169.1 eV and a doublet peak at 162.3/163.3 eV
were observed, indicating the formation of small amounts of
sulfate and reduced sulfur species at the electrode.*® The S 2p
XPS spectrum recorded after discharge gave mainly two peak
doublets at 161.8/163.0 €V and 160.4/161.6 eV, corresponding to
S4>7/S,>” and S*7, respectively.'®

In order to reach complete conversion of the short poly-
sulfides to magnesium sulfide (MgS), a deep discharge of the
Mg/S operando Raman cell to 0.2 V and additional keeping of the
cell at this low potential for a longer time was necessary. Then,
the disappearance of all the peaks attributed to the polysulfide
species and the formation of broad peaks in the spectral range
of 180-350 cm ™' were observed. Fig. 5(c) shows the deconvo-
lution of the broad band of the MgS Raman spectrum of the
discharged cathode at 0.2 V. The intensity based Raman
mapping of the band centered at 276 cm™" is illustrated in
Fig. 5(d), which proves the transformation of polysulfide species
to MgS in the cathode. To confirm the phase of electrochemi-
cally formed MgS, we also synthesized MgS by a mechano-
chemical procedure. XRD (Fig. S6d and ef) confirms the cubic
rock salt structure (space group: Fm3m) of mechano-chemically
synthesized MgS. However, the Raman spectra do not show any
bands for the cubic rock salt MgS phase, as one would expect
from the symmetry of the crystal structure (Fig. S11at). The rock
salt modification is known to be the equilibrium phase of MgS,
which we could also confirm by our DFT calculations. Yet, the
XRD of the discharged cathode (see Fig. S6ft) shows an amor-
phous background, thus pointing to nano-crystalline MgS as the
final discharge product. The Raman spectra of the discharged
cathode indeed point to the formation of the zinc blende
(sphalerite) phase (space group: F43m). They show a broad peak
in the range of ~180-350 cm ', which nearly matches the
calculated Raman band of the zinc blende phase at about
320 cm ™" as shown in Fig. S8 and S9,T while the rock salt phase
is not Raman active at all (see Fig. S10at). The small shift in the
frequency of the calculated and experimental spectra of the
sphalerite MgS phase may be due to electrolyte effects and the
nanocrystalline nature of the discharged cathode. In a recent
report, Nakayama et al. also observed the formation of a meta-
stable zinc blende MgS phase during the discharge of a sulfur
cathode in a Mg/S battery with sulfone-based magnesium
electrolyte.”® This, together with our experimental and compu-
tational findings, makes us conclude that the final discharge
product is indeed MgS in the zinc blende structure type. For
further comparison, we determined the theoretical average
discharge voltage for the conversion of hcp-Mg and rhombic
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sulfur into the zinc blende MgS from our DFT calculations. It
amounts to ~1.42 V, which is in good agreement with the
experimentally determined average voltage (~1.4 V) from the
discharge plateau of the Mg/S cell. The formation of polysulfide
species observed from the operando Raman spectra during the
charging process (Fig. 4) corresponds to the reverse process of
the one observed during discharge. The bands of the short
chain polysulfide species (like S,>~ and S,”") have almost dis-
appeared at around 1.7 V and after that the Sg" polysulfide
species and Sg start to form. The intensity of the Sg bands rea-
ches its maximum at ~2.2 V, which confirms the complete re-
conversion of the lower order polysulfide chains to Sg rings.
According to the above spectroscopic experiments, the main
electrochemical reactions in the whole redox process can be
summarized as follows: (i) reduction of elemental bulk (Sg)
sulfur to long-chain polysulfides (Sg""), (ii) reduction of long-
chain polysulfides (Sg"") to short-chain polysulfides (e.g. S,>7/
S,>7), and (iii) solid-state transformation of short-chain poly-
sulfides to MgS. Fig. 5(e) and (f) show the SEM images of the
pristine cathode and the cathode after 50 cycles. These images
prove that the S/NC sulfur cathode is structurally stable with no
major crack formation during repeated magnesiation/de-
magnesiation. To further understand the adsorption capa-
bility of Mg polysulfides towards polar and non-polar carbon
host matrices, pristine carbon and nitrogen doped carbons
(NCs) were kept in a polysulfide solution for 2 days, which
resulted in a color change of the solution from dark red to light
yellow (see Fig. S121). The color change of the solution from red
to yellow was clearly more significant for the NC carbon matrix
as compared to the pristine carbon matrix, which indicates the
stronger adsorption of sulfur species on the NC carbon matrix
as compared to the pristine one. The electrochemical process at
the cathode of Mg/sulfur batteries can be described through
a solid-liquid-solid transformation.”* In that case, the interfa-
cial electrochemical kinetics is dominated by two main factors.
First, the binding affinity of the initial Sg to the host matrix
surface and the adsorption of S,”” (x = 1-8) on the latter are of
importance to provide sufficient surface coverage. Second,
efficient charge transfer at the cathode/electrolyte boundary
requires the fast transport of electrons through the host matrix.
A non-polar conductive host matrix like pristine carbon is too
inert to bind polar sulfur species, resulting in low adsorption of
S,"” (x = 1-8) on the support. A polar conductive host matrix
like the nitrogen doped G-MWCNT hybrid structure on the
other hand can improve the adsorption of polar polysulfides
and, moreover, support an efficient charge transport.

3.4. Electrochemical processes in the Mg/S cell under static
conditions

The changes in the open circuit potential (OCV) of the Mg/S cell
have been investigated by monitoring separately the cathode
and anode potentials over a resting period of 30 h as shown in
Fig. 6(a) and (b). The electrochemical measurements were
carried out using a three-electrode cell with an Mg ring as the
reference electrode (Mggg), Mg metal as the counter electrode
(Mgcg), and S/NC (3 mggus: ¢cm >) as the working electrode

This journal is © The Royal Society of Chemistry 2019
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(WE). During the resting time at OCV, the cathode potential
decreased from 1.73 V to 1.66 V after 30 h (Fig. 6(a)).

On the anode side, initially the potential was 26 mV with
respect to Mgggr. It then further increased to 43 mvV after
aresting period of 2 hours and finally stabilized at this potential
as depicted in Fig. 6(b). In accordance with the initial increase
of the anode overpotential, the anode impedance also increased
during the first 2 hours from 759 Q cm ™2 to 1292 Q cm ™2, and
stabilized after that (Fig. S13(a) and (b)t). This could be asso-
ciated with the time required for the formation of a passivation
layer on the Mg anode surface.** During the resting period,
some electrochemically inactive species may adsorb on the Mg
metal surface, thus causing the high interfacial impedance and
weakened ion transport properties at the interface.**** Mean-
while, the cathode impedance increased from the initial 190 Q
cm ? to 265 Q cm > over a resting period of 8 h as shown in
Fig. S13(c and d).t The impedance study proves that the total
Mg/S cell impedance is dominated by the anode side imped-
ance, which could be due to the insulating passivation layer
formation at the anode/electrolyte interface. To understand the
reason for the decrease of the cathode potential during the
resting time under OCV, the Raman spectra of the sulfur
cathode (~3 mggue, cm ) were collected during the resting
period of an Mg/S cell. Fig. 6(c) and (d) illustrate the corre-
sponding spectra and the time evolution of the Raman inten-
sities during the resting period. The operando Raman spectra
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show a decrease in the intensity of the bulk sulfur peaks and an
increase in the intensity of the peaks related to long-chain
polysulfides. This indicates that extended contact of the sulfur
cathode with the electrolyte during the resting period could
promote the reduction of bulk sulfur leading to the formation of
higher order polysulfide species, which then results in a reduc-
tion of the cathode potential.*

3.5. Impedance study under dynamic conditions

To determine the evolution of the cell impedance under
dynamic conditions, a three-electrode cell was used. During this
study, the cell was kept for an equilibration time of 30 minutes
at each potential. From the impedance study under static
conditions, we have already observed that the total cell imped-
ance is dominated by the anode side impedance. Hence in this
study, we mainly monitored the variation of Mg anode side
impedance with respect to the cathode potential. Fig. 7(a)—(d)
show the Nyquist plots obtained for the Mg anode side
impedances and total cell impedances with respect to the
cathode discharge potentials from 2.1 V to 0.2 V. To get a better
understanding of the processes occurring during discharge/
charge cycling, the Nyquist plots were analyzed using a circuit
model as shown in Fig. S15.1** In the equivalent circuit of the
Mg anode (see Fig. S151), R1 includes the electrolyte and current
collector resistance, and R2//Q2 and R3//Q3 represent the

b
— o0 )
§
[=2]
= .10-
=)
=
. -20
[
>
> 304
E
® 404
€ 43 mV
9 501
o
o
@® -60 T : . - : T
g 00 05 10 15 20 25 30 35
c Time (h
d

12 )
_—
3
L
>
=
(7]
=
(]
L
£
c
(1]
S
']
14

0.0 -—

Time (h)

(a) Voltage profiles of the Mg/S cell kept at open circuit potential (OCV) for 30 h. (b) Increase of the anode potential (vs. Mggg) under OCV

for the first 3.5 h. (c) Operando Raman spectra of the S/NC cathode in Mg/S cell over a resting period under OCV. (d) Time evolution of the
intensity of Raman peaks associated with elemental sulfur and polysulfides.
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Fig.7 Changes in the impedance spectra of the Mg anode of a Mg/S cell under different cathode potentials over the frequency range of (a) 500
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of (c) 500 kHz to 10 Hz, and (d) 500 kHz to 0.7 Hz. The spectra were collected during the discharge of the Mg/S cell.

resistances and constant phase elements (non-ideal capacitance
with regard to the suppressed semicircles) of the layers formed
at the interface of the Mg anode. In the Nyquist plots, the
depressed semicircle in the high frequency (500 kHz to 100 Hz)
region (Fig. 7(a) and (c)) can contribute to a non-blocking
interface layer with comparatively less resistance, as repre-
sented by R2//Q2 in the fitting circuit. As we go to the low
frequency region (500 kHz to 0.7 Hz), the Nyquist plots (Fig. 7(b)
and (d)) become a depressed semicircular capacitive loop with
high charge transfer resistance, corresponding to R3//Q3 in the
fitting circuit.” The circuit fitted values of R1, R2, Q2, R3 and Q3
are summarized in Table S1 (ESIf). As the cathode potential
decreased from 2.1 to 0.2 V (discharge of the Mg/S cell), the
anode side impedance also decreased. From Fig. 7, it is very
clear that the charge transfer resistances of the depressed
semicircles in the high frequency and low frequency regions
decrease when applying an oxidation potential to the Mg anode.
On the other hand, when a reduction potential was applied to
the Mg anode (charging of the Mg/S cell), an increase of the
charge transfer resistances of the depressed semicircles was
observed (Fig. S141). This decrease/increase of the Mg anode
interfacial impedances indicates that the chemical species
contained in the Mg anode passivation layer (especially poly-
sulfide species) could become electrochemically active or

25500 | J Mater. Chem. A, 2019, 7, 25490-25502

inactive according to the application of oxidation/reduction
electrode potentials.>**

4. Conclusion

In summary, we have developed a new cathode for Mg/S
batteries using nitrogen doped graphene and MWCNT hybrid
nanostructures and investigated its electrochemical perfor-
mances with low and high sulfur loadings (0.5-3 mggys,: cm ™).
Operando Raman spectroscopy of the Mg/S cell showed the
formation of MgS at the end of discharge from bulk sulfur (Sg)
through a series of long and short chain polysulfides such as
Sg"/S,"7/S;""/MgS. As the final discharge product, a nano-
crystalline phase, most likely corresponding to the zinc
blende phase of MgS was obtained and compared to the
mechano-chemically synthesized rock salt phase of MgS.
During charging, MgS converted back to Sg, showing the high
reversibility of the process. Separate impedance studies on the
Mg anode and sulfur cathode sides under static conditions
prove that the total cell impedance is mainly dominated by the
Mg anode impedance due to the formation of a passivation
layer. During the cycling of the Mg/S cell, the amount of poly-
sulfide species lost to the anode side via dissolution signifi-
cantly contributes to the increase of the anode overpotential

This journal is © The Royal Society of Chemistry 2019
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and resistances. Impedance studies under dynamic conditions
prove that the oxidation/reduction potentials applied to the
electrodes have a major influence on the evolution of the anode
impedance. This could be due to the oxidation/reduction of
chemical species present at the anode interphase and further
interphase studies are needed in order to fully understand the
process. Effective ways to improve the Mg/S cell performance
include (i) the design of a sulfur cathode with strong adsorption
of polysulfides, and (ii) the protection of the Mg anode from
detrimental species by introducing an electrochemically stable
and Mg ion conductive interphase between the anode and
electrolyte.
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