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Abstract: Finding effective cathode materials is currently one of the key barriers to the development
of magnesium batteries, which offer enticing prospects of larger capacities alongside improved
safety relative to Li-ion batteries. Here, we report the hydrothermal synthesis of several types
of WS, nanostructures and their performance as magnesium battery cathodes. The morphology
of WS, materials was controlled through the use of sodium oxalate as a complexing agent and
different templating agents, including polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), and
hexadecyltrimethyl ammonium bromide (CTAB). A high capacity of 142.7 mAh/g was achieved after
100 cycles at a high current density of 500 mA /g for cathodes based on a nanostructured flower-like
WS,. A solution consisting of magnesium (II) bis(trifluoromethanesulfonyl)imide (MgTFSI,) and
magnesium (II) chloride (MgCl,) in dimethoxyethane (DME) was used as an effective electrolyte,
which contributes to favorable Mg2+ mobility. Weaker ionic bonds and van der Waals forces of WS,
compared with other transition metal oxides/sulfides lay the foundation for fast discharge/charge
rate. The enhanced surface area of the nanostructured materials plays a key role in enhancing both
the capacity and discharge/charge rate.

Keywords: magnesium-ion batteries; tungsten sulfide; XRD; impedance spectroscopy; hydrothermal
synthesis

1. Introduction

Lithium-ion batteries have emerged as the most prominent electrochemical energy
storage systems over the past two decades, and much progress has been achieved in the
design of lithium-ion battery materials and systems [1-4]. In recent years, magnesium—ion
batteries have been the subject of intensive research towards so-called post lithium batteries,
particularly for applications in electric vehicles [5]. In contrast to lithium, which sources
are of limited geological availability, magnesium has a high abundance in Earth’s crust (ap-
proximately 1.5 wt%). When compared with lithium-ion batteries, magnesium-ion systems
possess numerous advantages, including a high theoretical volumetric energy density of
3833 mAh/mL (vs. 2046 mAh/mL for Li-metal anode) and a high gravimetric capacity of
2205 mAh/g, alongside a lower tendency for anodic dendrite formation, which alleviates
one of the key safety concerns associated with Li-ion batteries [6]. Additionally, compared
with other anode candidates, metallic magnesium has a strongly negative reduction poten-
tial of —2.3 V versus a standard hydrogen electrode [7]. Despite these advantages, there
remain significant obstacles to the future implementation of magnesium-based batteries [8].
The first challenge is that the solvent of traditional electrolytes used in lithium-ion batteries
tends to react with magnesium anodes to form a dense passivating layer, blocking both elec-
tron and cation transport, thus limiting potential cathode/electrolyte material combinations.
Further hurdles lie in low ion mobility and poor performance of existing cathode candidates.
Metal oxides, including V,0s5 and TiO,, have commonly been adopted as experimental
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cathodes in magnesium batteries as these materials are expected to exhibit high energy
capacity and stability [9]. However, divalent magnesium ions experience significant elec-
trostatic barriers at interfaces in such metal oxide cathodes, leading to sluggish solid-state
diffusion of magnesium ions and slow interfacial charge transfer [10]. Ion mobility is fur-
ther impeded in some commonly used electrolytes such as tetrahydrofuran (THF) solution
of organomagnesium chloroaluminate complex Mg(AICl, BuEt),, where Bu and Et are butyl
and ethyl groups, respectively, (denoted as DCC) and THF/phenylmagnesiumchloride
(PhMgCl)/ AlCl3 (all phenyl complex electrolyte, denoted as APC) that consist of large
molecules [5,11]. In order to increase electrochemical performance in battery tests, various
alternative cathode materials have been investigated in the past several years, notably metal
sulfides. Chevrel phase MogSg was the first identified cathode material for magnesium
batteries that exhibited relatively good reversibility, charging kinetics, and life-span [12].
However, this cathode material and its analogs bring about rather low operating voltages
and energy densities [13]. Relative to oxides, transition metal (TM) chalcogenides, such
as TiSp, MoS,, and TiSe, offer the scope for improved cathode performance due to their
electrostatic interactions with Mg2+ ions [8-10]. For TM chalcogenides, metals and sulfur
atoms firstly bond covalently to form the two-dimensional S-TM-S tri-layers, which leads
to a sandwich structure through weak van der Waals forces between layers. This structure
allows the production of nanostructured materials such as nanosheets, nanotubes, and
fullerene-like nanoparticles, which provide space for ion intercalation, thus enabling faster
kinetics and better cycling and rate performance. Recently, promising results have been
reported for cathodes based on TM chalcogenides [14-22]. Compared with transition metal
oxides, they exhibit relatively good compatibility with electrolytes and have shown higher
operating voltage, energy density, and stability compared with Chevrel phases [5,10]. In
the presently reported study, novel nano WS, cathodes with different morphologies are in-
vestigated as cathodes in Mg-ion batteries [23]. Tungsten disulfide was chosen for this work
because both ionic bonds and van der Waals forces in WS, are weaker in comparison with
other TM chalcogenides, which should enhance ion mobility, with implications for perfor-
mance as magnesium battery cathodes [24]. Moreover, due to weaker bonding forces, WS,
can readily be produced with various nanostructured morphologies [25]. WS; is considered
a desirable intercalation host material for magnesium batteries as guest ions are expected
to intercalate in the lattice host reversibly and diffuse quickly through its looser stacked
layers [26]. Here, we target the fabrication of magnesium batteries based on WS, cathodes
with high ion mobility and good capacity/reversibility. Sodium oxalate, NayCyOy, is used
as a complexing agent, and different organic templates are added to modify the morphol-
ogy of the obtained WS, nanostructures. We further compared two electrolyte candidates
based on dimethoxyethane (DME)/magnesium (II) bis(trifluoromethanesulfonyl)imide
(MgTFSI;)/magnesium (II) chloride (MgCl,) (referred to here as DMM) and APC elec-
trolyte for use with the investigated cathode materials. APC electrolyte is a commonly
used magnesium battery electrolyte, while DME is a better ethereal solvent than the THF
used in APC owing to faster ion mobility and reduced toxicity [5,11]. MgCl, was used
to stabilize the DMM electrolyte and dissolve the passivation film formed during battery
cycling [11]. Compared with more commonly used Mg battery electrolytes, such as APC,
this electrolyte provides a broader electrochemical window, reduced corrosion of current
collectors due to a lower MgCl, content, higher Mg ion mobility, and better reversibility
and cycling performance [5].

We report here an experimental study conducted to examine whether WS, serves to im-
part favorable battery performance in terms of ion mobility and examine the role of different
cathode morphology and electrolyte compositions (APC and DMM) on overall electrochem-
ical performance. We produced nanostructured WS, with different morphologies by means
of a hydrothermal method and applied these materials as cathodes in magnesium-ion
batteries. The morphologies were formed by adding Na,C,0O4 as a complexing agent and
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), or hexadecyltrimethyl ammonium
bromide (CTAB) as templates. APC and DMM electrolytes were adopted as electrolytes
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in this research. WS, samples were named as follows: WS,-bulk (without the use of addi-
tives), WS,-OX (with sodium oxalate complexing agent), WS,-OX-PEG (sodium oxalate
and PEG), WS,-OX-PVP (sodium oxalate and PVP), and WS,-OX-CTAB (sodium oxalate
and CTAB), respectively.

2. Materials and Methods

Reagents and materials: All reagents were purchased from Sigma-Aldrich with a purity
of >99.9%. Nickel (99.9%) and magnesium (99.9%) foil were acquired from Goodfellow.
MgTFSI,, MgCl,, and AICl; were dried under vacuum at 120 °C prior to synthesis.

Hydrothermal synthesis of WS, powders: In a typical synthesis, 1.50 g sodium tungstate
dihydrate, Na,WO4-2H,0, 1.50 g thioacetamide. C;HsNS and 2.00 g of sodium oxalate,
NayC,04 were dissolved in 25 mL deionized water by vigorous stirring for 5 min. Sub-
sequently, 0.50 g quantities of PEG, PVP, and CTAB were added as organic templating
surfactants to the solution under vigorous stirring with continued ultrasonication for
10 min. The obtained clear solution was adjusted to pH 1 by HC], sealed in a 50 mL stain-
less steel autoclave (Teflon-lined), and kept heating at 220 °C for 20 h. The autoclave was
opened after cooling to room temperature, and the dark grey precipitate was collected
and purified by repeated centrifugation with ethanol and water. The product was vacuum
dried at 80 °C overnight and annealed at 950 °C in an argon atmosphere overnight.

Preparation of electrolyte: The APC electrolyte solution was synthesized in a glove box
under argon following the procedure described in reference [11]. First, 1.34 g AICl; was
added slowly to 15 mL THF solvent under vigorous stirring to obtain the targeted concen-
tration. Subsequently, the acquired solution was dropwise added to a 10 mL PhMgCl/THF
solution (2 M PhMgCl), followed by stirring for 16 h at room temperature. The process of
electrolyte preparation is exothermic.

MgTFSI; is the only ether-soluble magnesium salt and was therefore selected for
this work. The practicality of MgTFSI, solution as a viable electrolyte for Mg batteries is
hindered by the poor electrochemical performance of Mg anodes in MgTFSI, solutions.
MgTFSI, /DME solutions, on the other hand, have been shown to dissolve a large amount of
MgCl, and produce electrolyte solutions with good performance. The DMM electrolyte was
prepared in a glove box following the process detailed in reference [27]. In this synthesis,
1.46 g MgTFSI, and 0.12 g anhydrous MgCl, were added to 10 mL DME followed by
stirring for 6 h at 70 °C and filtering.

Before battery testing, the electrolyte was processed by galvanostatic conditioning
(CHI600E Potentiostat, CH Instruments Inc., Shanghai, China), involving a repeated pas-
sage of constant current while following the over-potential of the cathodic process (Mg
deposition). In the initial stage, a high over-potential for deposition of 0.8 V for the first few
cycles was exhibited in fresh MgTFSI, /MgCl, solution. During cycling, the over-potential
of Mg deposition stabilized at a low value of less than 0.2 V after decreasing from cycle
to cycle, indicating an optimal composition was reached for the solution. The behavior of
the DME/MgTSFI, /MgCl, solutions used as the DMM electrolyte is reflected by cyclic
voltammetry (CV) data, which reveals a wide electrochemical window of >3.1 V, over
99% Mg deposition/dissolution efficiency, and a low Mg deposition over-potential of less
than 0.2 V.

Characterization: X-ray diffraction (XRD) patterns were collected from specimen pow-
ders in a Bruker AXS D8 ADVANCE X-ray diffractometer (Bruker, Billerica, MA, USA)
with Co K« radiation (A = 0.1789 nm). The measurements were conducted between 10°
and 90° 20 value (step size-0.02; 8 s per step).

A scanning electron microscopy (SEM, LEO 1530, Zeiss, Jena, Germany) was used to
analyze the microstructure of synthesized powders. The samples were prepared by putting
a small amount of powder on the adhesive carbon tape. An accelerating voltage of 5 kV
was used for collecting images.

X-ray photoelectron spectroscopy (XPS) measurements were conducted on an ES-
CALAB 250Xi instrument (Thermo Fisher Scientific, Waltham, MA, USA). The X-ray spot
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size was 100 pm. Powders were sprinkled on the carbon conductive tape in the glove
box for the preparation of samples. The C 1s core line with a binding energy of 284.8 eV
was used for calibration of all XPS spectra. The data were processed by using XPS Peak41
software. The Lorentzian-Gaussian ratios in peak fitting have been constrained between
20 and 30. Shirley backgrounds were used in all fittings.

A QuadraSorb Station 4 instrument (Quantachrome, Boynton Beach, FL, USA) was
used for the nitrogen sorption tests in this research. After degassing under a vacuum at
150 °C for 12 h, we recorded isotherms at 77 K before the measurement. Brunauer-Emmett—
Teller (BET) calculations were used for the calculation of the surface area. The Quan-
tachrome/QuadraWin software version 5.05 was used to analyze all nitrogen sorption data.

Preparation of coin cells: All the following procedures were conducted in a glove box
under an inert atmosphere with H,O and O, less than 0.1 ppm. Coin cell cases (CR2032
type), spacers, springs, and o-rings produced by Mitsubishi® were used. A slurry of
75 wt.% active material, 10 wt.% Super-P carbon back and 15 wt.% polyvinylidene fluoride
dispersed in N-methyl-2-pyrrolidone (NMP) were prepared by wet grinding for 1 h. For
the working electrode (cathode) fabrication, this slurry was then tape-cast on nickel foil
and dried, first in the air at 50 °C and then under vacuum at 100 °C. The resulting mass
loading of the active cathode material was 1.2 mg/cm?. The coated working electrodes
were then pressed at a pressure of 80-120 kg/cm? and were cut into circular forms of
16 mm in diameter. Magnesium foil, having the same diameter with a thickness of 0.25 mm,
was adopted as the anode material. Whatman® glass fiber filter paper (GF/A) was adopted
as a separator.

Coin cell testing: Battery testing was conducted using a CT2001A battery tester sys-
tem (Wuhan LAND, Wuhan, China). Galvanostatic discharge-charge measurements were
conducted in the potential range of 0.05-2 V versus Mg?* /Mg at 500 mA /g. Data points
were collected every 3 s. Cyclic voltammetry (CV) was carried out on a CHI660B elec-
trochemical workstation with a 1 mV/s scanning rate in the potential window of 0-2 V.
WS,-OX-PVP and DMM are used as cathode and electrolyte in the CV measurement. Pulsed
discharge/charge tests and electrochemical impedance spectroscopy (EIS) measurements
were conducted on coin cells with the selected WS,-bulk and WS,-OX-PVP electrodes
with DMM electrolyte and WS,-OX-PVP electrodes with APC electrolyte. A Zahner Im6ex
workstation (Zahner, Kronach, Germany) was used for the measurement conduction in
potentiostatic mode with 5 mV amplitude between 50 mHz and 1 MHz. The tested cell was
firstly discharged to 5 mV and then charged to 2.0 V at 75 mA /g. The tested cells were
discharged and charged with pausing intervals at certain cell potentials (0.3, 0.6, 1.0, and
2.0 V) and were rested for two hours prior to EIS measurement.

3. Results and Discussion

XRD patterns of synthesized WS, materials (Figure 1a) are well matched with the
calculated reference pattern of the reported structure of WS, (JCPDS No. 08-0237) [28-31],
indicating that the obtained products crystallize in a hexagonal crystal structure with space
group P63 /mmc (No. 194). No diffraction peaks of any impurity phases were observed in
the XRD patterns, and all peaks are well defined, indicative of a well-crystallized single
phase after heat treatment. Anisotropic broadening in XRD reflections was observed to
varying extents in XRD patterns of all samples, suggesting an anisotropic crystallite size in
the synthesized WS, phase. This anisotropic crystal growth is consistent with the formation
of 2D-like structures of WS,, in which the (002) reflection indicates the number of stacked
WS, layers along the c-axis. Similar to graphite, the average number N, of WS, stacking
layers can be estimated from interplanar spacing dgg, and crystallite size along the c-axis
(L¢) [32,33]. To gain further insights into lattice parameters, crystallite size, and width of
stacking layer in the samples, a Le Bail whole-profile fitting method [34] was applied to
diffraction patterns using FULLPROF software [35] with the profile function 7 (Thompson—
Cox-Hastings pseudo-Voigt convoluted with axial divergence asymmetry function) [36].
The resolution function of the diffractometers was obtained from the structure refinement
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of a LaBg standard. Figures 1a and S1 show the observed, calculated, and difference for
the final cycle of the profile fitting of the whole XRD pattern for WS;-bulk. As shown in
Figure S1, the XRD pattern fitting using a sphere model with isotropic peak broadening
for all XRD reflections in initial refinement attempts yielded poor fitting (convergence
factors Ryp = 18.5% and X? = 9.3). In contrast, the use of an anisotropic broadening model
(IsizeModel = 6, in which the broadening is considered only for reflections of the form: (h0l))
for crystallite size resulted in better fitting with good convergence factors Ry, = 9.3% and
X2 = 2.1 (Figure S1). Similarly, the XRD patterns of other samples are better fitted with the
anisotropic size broadening model rather than the isotropic model. These results confirm
the formation of 2D WS; materials in all samples. The lattice parameter, unit cell volume,
interplanar spacing dg;, crystallite size, and the average number N, of WS, stacking layers
determined from XRD analysis are listed in Table S1. As shown in Table S1, all samples
show very close values of lattice parameters, which are in good agreement with previously
reported values [28-31]. These results confirm the formation of stoichiometric pristine WS,
containing tetravalent W4* cations under the present experimental conditions. The XRD
pattern of WS,-bulk shows the sharpest (002) reflections because it has the largest crystallite
size and the highest number of stacking layers along the c direction. In contrast, the WS,-OX
sample has the smallest L. and lowest N¢; thus, it exhibits the broadest (002) reflections.
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Figure 1. (a) XRD patterns of WS;-bulk, WS;-OX, WS,-OX-PEG, WS,-OX-PVP, and WS,-OX-CTAB.
The calculated pattern of WS, reference (JCPDS No. 08-0237) is shown at the bottom. (b) Nitrogen
sorption isotherms BET of WS;-bulk, WS,-OX, WS,-OX-PEG, WS,-OX-PVP, and WS,-OX-CTAB.
(c,d) High-resolution X-ray photoelectron spectra of W4f and S2p for WS,-bulk, WS,-OX, WS,-OX-
PEG, WS;,-OX-PVP, and WS,-OX-CTAB.

In Figure 1b, BET analysis of the different WS, materials reveals curves exhibiting
reversible type IV isotherms, which is one of the main characteristics of mesoporous
materials. Based on the measured absorbed volume of each sample, WS; materials with
ordered nanostructures (WS;-OX-PEG, WS,-OX-PVP, and WS,-OX-CTAB) have larger
specific surface areas than that with disordered structure. WS; with nanoflower-sphere-
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morphologies (WS,-OX-PVP and WS,-OX-CTAB) show the largest specific surface area
of 80 and 70 m? /g, respectively, while randomly stacked WS, nanosheets in the WS,-OX
sample present a lower specific surface area of 28 m? /g and the WS,-bulk sample possesses
the lowest specific surface area of 10 m?/g. WS, with nanorods morphology (WS,-OX-PEG)
also shows an average surface of 57 m?/g. Usually, cathode materials with a high surface
area are expected to provide more magnesium ion intercalation spots, in particular when
the exposed plane and the kinetically probable diffusion axes are matching [9,11].

Figure 1c,d displays XPS of WS, materials. The W 4f spectra of all samples are
composed of a doublet peak at around 32.3 and 34.4 eV, corresponding to 4f;/, and 4f5,,
transitions, respectively, implying the presence of W#* ions in all samples. Similarly, the
S2p spectra can be deconvoluted into a doublet at 163.2 and 161.9 eV, corresponding to the
2p1 /7 and 2p3; transition. These values are in good agreement with previous reports for
2H-WS; [37] that report 32.3/34.4 eV for W4f; ,, and W4fs5,, and 161.9/163.2 eV for S2pq /»
and S2pj3/,, respectively. No shift in the binding energy is observed for any samples. In
addition, the fitting of the W and S spectra revealed that the surface elemental composition
was found to be 65.9 at% to 33.6 at% of W and S, respectively, in all samples, confirming
the formation of stoichiometric WS, containing tetravalent W4+ cations in all samples [38].
The XPS fitting results and parameters are summarized in Table S2.

Figure 2 shows SEM micrographs of materials prepared using different templating
agents. WSy-bulk clearly presents a well-ordered stacked microstructure, while the SEM
image of WS,-OX reveals a disordered morphology of randomly stacked nanosheets. The
comparison of the two figures (Figure 2a,b) can serve to interpret the difference shown
by XRD patterns of WS,-bulk and WS,-OX (Figures 1a and S1). Figure 2c—e present SEM
images of WSy-OX-PEG, WS,-OX-PVP, and WS,-OX-CTAB, respectively. It can be seen
that WS,-OX-PEG, WS5,-OX-PVP, and WS,-OX-CTAB, respectively, present morphologies
of nanorods, nanoflower-spheres, and nanoflower-aggregates. For WS,-OX-PEG, the
diameter of nanorods ranges from 100 nm to 200 nm, and the length is several micrometers.
WS,-OX-PVP and WS,-OX-CTAB both exhibit flower-like forms consisting of numerous
nanosheets with a thickness of several nanometers. The morphologies of WS,-OX-PVP
and WS,-OX-CTAB differ in that the nanoflowers of WS,-OX-PVP are present in the form
of numerous submicron spheres while those of WS;-OX-CTAB combine to form larger
continuous nanoflower-aggregates. Additionally, the nanosheets formed in WS,-OX-PVP
are thinner and more uniform than those of WS,-OX-CTAB. The morphology comparison
results of WS,-OX, WS,-OX-PEG, WS,-OX-PVP, and WS,-OX-CTAB are consistent with
the XRD analysis results above.

Figure 2. SEM images of WS,-bulk (a), WS,-OX (b), WS,-OX-PEG (c), WS,-OX-PVP (d), and WS,-
OX-CTAB (e) showing the different morphologies of WS, in the samples after heat treatment.
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The morphology of the electrode materials can influence the specific surface area
and the available void space between the neighboring nanosheets, which is beneficial
to the great improvement of electrochemical performance. To examine this conjecture,
electrochemical tests were conducted.

Figure 3 shows the performance of WS, as cathodes in magnesium batteries at
500 mA /g in different electrolytes. In cells using an APC electrolyte, discharging capacities
for all cathode types (WS,-bulk, WS,-OX, WS,-OX-PEG, WS;-OX-PVP, and WS,-OX-CTAB)
declined sharply with the cycle number. Capacities achieved in the first full cycle are 10.4,
24.3,98.5,126.1, and 125.2 mAh/g, respectively (Table S3). For the final cycle, the capacities
are 0.7, 3.5, 47.2, 64, and 55.1 mAh/g, respectively. In cells using DMM electrolytes, the
discharge capacities showed a little decline over cycles. The trend indicates that coulombic
efficiencies reached almost 100% showing very good reversibility. The highest capacities
achieved for WS,-bulk, WS,-OX, WS,-OX-PEG, WS,-OX-PVP, and WS,-OX-CTAB are 6.4,
24.9,133.5, 146.4, and 144.3 mAh/g, respectively (Table S3). These capacities remained
stable over the first 100 cycles at a very high current density of 500 mA /g. For the final cycle,
the capacities are 5.9, 23.7, 127.8, 142.7, and 137.6 mAh/g, respectively. It was observed that
the battery performance was improved by using DMM instead of APC as the electrolyte.
The retained charge capacities in cells using DMM electrolyte after 100 cycles are notably
higher than those in APC cells after a few initial cycles. Moreover, the WSy-bulk and
WS,-OX samples show very low specific capacity, indicating the electrochemical inactivity
of these samples. These results might be explained by the small specific surface area of
the WS,-bulk (10 m?/ g) and WS5,-OX (28 m?/ g) samples. In contrast, the nanoflower mor-
phology of WS,-OX-PVP and WS,-OX-CTAB samples resulted in a high specific area with
80 m?/g and 70 m? /g, respectively; thus, they show the best electrochemical performance.
Although the WS,-OX-PEG sample shows a different morphology (i.e., nanorods), it still
exhibits an average surface area of 57 m?/g and a reasonably good electrochemical perfor-
mance. Although the WS;-OX sample exhibit similar morphology to that of WS,-OX-PVP
and WS5,-OX-CTAB, it shows a much lower electrochemical capacity than the latter two
samples due to its low specific surface area (28 m?/g). Similar electrochemical inactivity
was reported for MoS, /C cathodes due to the reduction in the specific surface area [19,23].
It is well known that a higher surface area of electrode materials in batteries could increase
the contact area with the electrolyte, accessibility to the active sites, and utilization of the
electrode capacity, often resulting in a higher specific capacity [39].

In order to understand the storage mechanism of Mg?* in the cathode materials and
to estimate their theoretical capacities, cathodes were studied by XRD and SEM following
discharge. Figure 4a,b show micrographs of the WS,-OX-PVP-based electrode in DMM
electrolyte in charged and discharged states. No clear change in morphology is evident
as a result of the discharging process. Similarly, Figure 4c, showing the XRD patterns
for these samples, reveals that all the main XRD reflections remain after discharging,
confirming the retention of the hexagonal structure of WS,. However, it is seen that the
(002) reflection is shifted to notably lower 20 angles after full discharge. The single fitting
of this reflection reveals that it shifted from 20 = 16.64°, corresponding to an interplanar
d-spacing of 0.618 nm, before discharging to 26 = 15.71°, corresponding to an interplanar
d-spacing of 0.655 nm. In contrast, no remarkable shift is observed for the other reflections
(e.g., (110) and (100)) after discharge. These results are consistent with the electrochemical
intercalation of Mg?* ions between the WS, layers during the discharging process, leading
to an increase in the interlayer distance dgg, of the cathode host lattice. This implies that
except for intercalation, no chemical modification occurs during the discharging process.
Unlike several proposed Mg-S batteries [40], no new sulfide phases are formed here, nor
do any exchange reactions take place during discharge, as is the case in conversion-type
electrodes [41]. Figure S2 presents the schematic diagram of the magnesium intercalation
process. The Mg?* intercalation/deintercalation process during discharging/charging
could be substantiated by the cyclic voltammetry, which is shown in Figure 4d. As Figure 4d
shows, the battery undergoes reversible Mg?* intercalation and deintercalation reactions,
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which correspond to the reduction peak (around 0.5 V) and the oxidation peak (around
1.0 V). From Figure 3d, during the discharging—charging process, the discharging plateau
appeared at around 0.5 V, and the charging plateau appeared at around 1.0 V. Therefore,
the CV results are consistent with the discharging—charging profile shown in Figure 3d.
The reduction peak at 0.5 V is related to the intercalation process (magnesiation), and the
oxidation peak at 1.0 V is related to the deintercalation process (demagnesiation). Similar
discharging—charging plateaus and the reduction-oxidation (intercalation—deintercalation)
peaks could be found in the previous work with WS, as a working electrode [42-44], which
substantiates the results in this research.
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Figure 3. The discharge—charge profiles of different morphologies of WS, as magnesium battery
cathodes in (a) APC and (b) DMM electrolyte at 500 mA /g after 100th cycle. (c,d) The cycling
performance of different morphologies of WS, as magnesium battery cathodes in (¢) APC and
(d) DMM at 500 mA/g.

The capacity of WS, to host Mg?* ions during discharging is given by x in Equation (1)
and is associated with the release of two electrons, as shown by Equation (2).

WS, + xMg?t +2xe” = Mg WS,, (1)

xMg = xMg?" + 2xe~ (anode), (2)
The theoretical capacity Cyy,,, is calculated according to Equation (3).

X N,
3
e ®)

where Ny is Avogadro’s number, e is the elementary charge, 7, is the number of electrons
needed, i.e., 2, for the oxidation of magnesium to Mg2+, M is the molar mass of the
cathode material, which for tungsten sulfide is 247.98 g/mol, and x as in Equation (1), is
the number of ions hosted per formula unit of the cathode (i.e., mols Mg?* intercalated
per mol of WS;). The highest observed discharge capacity found for materials in this work
was 146.4 mAh/g for WS,-OX-PVP cathode, which substituting in Equation (3) implies

Ctheor= Nae
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that our WS, cathode was able to host a minimum of 0.68 mol of Mg?* ions per formula
unit of WS;. In reality, the intercalated quantity is likely to be larger due to polarization
and ohmic losses. This intercalated amount of Mg?* in WS, is close to that reported for the
MoS, cathode (MgyMoS,, x = 0.67) [19].

= discharged state | _
2 <
S g 0.01

= =
@ charged state §
[0] =

= 3901 1st cycle

= 5th cycle

PDF# 08-0237 0.2 —— 10th cycle

i N " - .| N - 1 — 1 b1 . : . | :

10 20 30 40 50 60 70 0.0 0.5 1.0 15 2.0
20(°) Potential (V vs. Mg/Mg*")

Figure 4. SEM micrographs of WS; electrode (WS,-OX-PVP) in DMM electrolyte before the 1st cycle
at charged state (a) and after the 100 cycle at discharged state (b); the corresponding XRD patterns
are shown in (c); cyclic voltammetry of WS,-OX-PVP at a scan rate of 1 mV /s in DMM electrolyte in
the potential window of 0-2 V is shown in (d).

Theoretical first principles studies into magnesium intercalation using density func-
tional theory have indicated that values as high as x = 2 might be achievable. However, the
ability of density-functional-theory (DFT) methods to accurately quantify battery material
performance is questionable, and such high levels of intercalation have not yet been experi-
mentally observed [45]. Experimental results for cathodes based on WS, have generally
achieved lower specific capacities compared to the performance we have observed for the
nanostructures reported here, as discussed below. An intercalation capacity at a level of
x = 0.28 was reportedly achieved in WS, in an earlier study [23]; however, no conclusive
limiting intercalation capacity has been determined for this cathode material.

For the cathode materials examined here, the highest discharge capacities we achieved
using a DMM electrolyte are 146.4 mAh/g and 144.3 mAh/g for WS,-OX-PVP and WS,-
OX-CTAB cathodes, respectively. In APC, solution capacities for these materials were lower,
126.1 mAh/g (WS,-OX-PVP) and 125.2 mAh/g (WS,-OX-CTAB), illustrating the role of
electrolyte/cathode compatibility. The highest discharge capacities of WS,-OX-PVP and
WS,-OX-CTAB in DMM correspond to a minimal level of intercalation of approximately
0.68 mol Mg2+ per mol WS, producing Mg 4sWS,. Table S3 presents a summary of
reported performance data from previous studies into WS, and other metal sulfide cathode
materials in magnesium batteries [17-20,23,46-54]. Figure 5 is drawn to compare this work
with the publications mentioned above in the dimension of power density and energy
density. From Table S3, the performance we observed in this study for WS, in terms of
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the highest achieved capacity lies inside the range of capacities observed for other sulfide
materials. However, compared with other materials, this work shows better stable cy-
cling performance and less capacity loss during cycling even under higher current density
(Table S3). Furthermore, in consideration of power density and energy density, this work
shows the best performance among others (Figure 5), implying possible applications in the
field of electric vehicles. Cathodes based on CuS and TiS, often rely on conversion reactions
between Mg and Cu/Ti and, therefore, generally do not show the kind of stable cycling
performance shown here. The capacities of WS, cathodes fabricated here were signifi-
cantly higher than those reported in earlier studies into exfoliated WS, and WS,—graphene
composites as Mg battery cathodes [23]. This demonstrates the efficacy of templating and
nanostructuring in conjunction with optimized electrolyte selection. The nanostructured
WS; cathodes used here with DMM electrolyte present very good reversibility / cyclability
and rapid kinetics, showing little capacity decline between 1st and 100th cycles even un-
der a high current density of 500 mA/g. When one considers the cycling stability and
initial/final capacities, the materials we studied here compare quite favorably with prior
reported studies into analogous sulfide materials. The outstanding performance of our
WS, cathodes can be related to the unique morphology and microstructure, high specific
surface area of WS;, good electrochemical properties of electrolytes, fast electron transfer,
and insertion/extraction of Mg?* ions, as discussed extensively below.

1000
MoS: —=—TiS: —#—CuS —=—V3: —=— W3
MoS2 —e—TiS2 —e— CuS —&— V32 * WS: (this work)
McS2 —a—TiS: —&— CuS

o) — MoS2

== MoS:2

i =)

=3

2

‘0

[

(]

[m]

51 004 o

Qo

c

L

LERELE | L] ¥ T W ot o & 5 . % LT A L |
10 100 1000
Power Density (W/kg)

Figure 5. Ragone plots for magnesium batteries with different cathodes (by cathode mass). The
data about WS, and other metal sulfide cathode materials for magnesium batteries are taken from
previous studies reported in the references [17-20,23,46-54].

Cathode performance with DMM electrolyte was markedly improved relative to
APC electrolyte. The significant diminishment of discharge capacities in cells using APC
electrolytes is likely to be attributed to the corrosion of battery components, including
current collectors by the halogen in APC. In the APC electrolyte, PhMgCl is the only
magnesium salt in the electrolyte, and the halogen comes from both PhMgCl and AlCls.
The amount of halogen (Cl) from PhMgCl and AICl; in APC (2 mol/L) is much higher than
that in DMM (0.25 mol/L), in which MgTFSI; is the major magnesium salt, and MgCl, only
exists in a small amount. The improved battery performance achieved using DMM as the
electrolyte can be attributed to the following facts. In the DMM solution, MgTFSI, is not
corrosive and is the only magnesium salt soluble in ether leading to good fluidity inside
the battery [5]. Further, the small amount of MgCl, not only provides an Mg?* source but
also scavenges residual water under the appropriate voltage range [11].

Clearly, the electrochemical performance of cathodes in this research is affected by
the nanostructure morphology that influences the specific surface area and the available
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void space between the neighboring nanosheets. Morphologies were controlled by means
of sodium oxalate and templating agents, which resulted in profound changes to the
formation and structure of tungsten sulfide materials. A closer examination of the formation
and templating mechanisms that take place in the processes applied here is presented
in the supplementary information. Templating agents, which contain hydrophobic and
hydrophilic components, alter the surface energy of solid reactants and products and
thus modify the habit of crystal growth in materials. Upon examining the performance
of the different cathodes, it is evident that the templated nanostructured WS, materials
exhibited notably higher performance in terms of capacity and discharge voltage relative
to non-templated nanostructured WS, and bulk WS,. From inspection of the data in
Figure 3 and Table S3, the capacity of templated nano WS, is much better than that of non-
templated WS,, with nanoflower WS, (WS,-OX-PVP and WS;,-OX-CTAB) showing a clearly
higher storage capacity than that of nanorod WS, (WS,-OX-PEG). The higher surface areas
of nanoflower spheres, as confirmed by BET analysis, result in greater levels of surface
localized magnesium intercalation and thus correspond as postulated to higher levels of
reversible capacity for these materials, as shown in Figure 3 and Table S3. The strength of W-
S bonds and interlayer Van der Waals forces affect Mg?* mobility and intercalation, which
are important in governing the performance of magnesium ion batteries [25,26]. According
to the XPS and BET results, both W-S bonds and Van der Waals forces of nanostructured
materials are weaker than those of bulk WS,, which indicates the layered nanostructure
impacts the electrostatic forces between Mg?* and cathode hosts and increases the ion
mobility and intercalation capacity. Additionally, the templated nanostructured WS; shows
a higher surface and more defect sites. The difference in results between nanoflower WS,
and nanorod WS; can be attributed to the substantial difference in the specific area and
binding energy. The small results difference between forms of nanoflower WS, could
be attributed to the more uniform surface morphology of nanoflower-sphere WS; in the
WS,-OX-PVP sample.

As the XRD measurement revealed a homogenous WS, phase for all samples, a uni-
form intercalation capability is expected in all materials, and so, neglecting microstructure,
the theoretical capacity may be assumed to be constant for all samples. In order to elucidate
the morphological origin of the different measured capacities for the materials studied
in this work, further electrochemical tests on the cells were conducted (Figure 6). Cells
were discharged and then charged in a stepwise manner with pausing intervals of 2 h
each used to relax the cell and allow approximation of open circuit voltages (OCV). Fol-
lowing relaxation, EIS measurements were recorded (circles in Figure 6a). Although the
relaxation process is not able to reach full equilibrium in only two hours, in the following,
the measured potential after the 2 h pause interval is considered as a “pseudo OCV”. The
overpotential of a cell is an important indicator of the efficacy of kinetic processes in the
cell. We expect higher overpotential values to arise in cases where diffusion pathways
are longer and interfacial polarization barriers pose a bottleneck for ion intercalation and
release. In Figure 6, the overpotential can be seen as the difference between the half-cell
potential prior to and following relaxation. The high overpotential of WS,-bulk is expected
based on microstructure and cell performance data and is indicative of the longer diffusion
pathways and lower levels of the surface area resulting in high interface polarization and
more sluggish reactions at interfaces.

Plotting the potential vs. the specific capacity (Figure 6b) reveals relationships between
specific capacities and the overpotentials and the pseudo OCVs (dash/dot line in Figure 6b).
WS,-bulk shows a lower specific capacity and a higher overpotential during relaxation
compared to WSp-OX-PVP. The pseudo OCV curves from the two WS,-OX-PVP samples
are rather similar. The higher overpotential of WS,-OX-PVP APC leads to a lower specific
capacity. The WS;-bulk sample shows higher OCV during charging and a lower one while
discharging. Whether this behavior is driven by structural factors in the cathode material
or by altered relaxation kinetics in the overall system requires further analysis. However,
the decreased capacities seen for WS;-bulk DMM and WS,-OX-PVP APC can be attributed
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to the higher overpotentials in these samples, which results in the cutoff voltage of 2 V
being reached at an earlier stage with a lower capacity.
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Figure 6. (a) Pulsed discharge—charge cycle with 2 h of relaxation at several cell potentials. The circles
mark conducted impedance measurements, red circles: measurements discussed here. (b) The same
cyle plotted vs. specific capacity. The connected end potentials of the relaxation steps approximate
the pseudo OCV curves (dashed lines). (c) Impedance spectra of WS,-bulk DMM (red), WS,-OX-PVP
DMM (blue), and WS,-OX-PVP APC (green) after pausing discharge at 0.3 V for 2 h.

From impedance spectra, we can distinguish the individual —contributions of the
electrolyte resistance R; and the charge transfer resistance Rcr. In Figure 6¢, selected
EIS spectra are plotted. In Table 1, we list the R;, Ret, and R 50,12 (at the measured
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frequency of 50 mHz) and the relaxation time constant of the charge transfer process
Tcr = 1/(2nfimax) from these EIS spectra. R; is constant at approx. 2 () for all samples
and all EIS measurements, indicating a consistent electrolyte conductivity, regardless of
whether DMM or APC was used. However, these values are very low compared to the
Rer and Rf- 50mhz) values. Rer is lowest for WS,-OX-PVP DMM and highest for WS;-bulk
DMM. The same trend is observable for R(- 5mHz)- Rer and Ter can be linked to the high
surface area of the WS,-OX-PVP sample (as described earlier), reducing the charge transfer
resistance and facilitating the reaction indicated by the lower T¢c7. The APC electrolyte in
the WS,-OX-PVP APC sample shows higher resistance values compared to WS,-OX-PVP
DMM. Furthermore, from the EIS spectrum, a second distinct process becomes obvious at
lower frequencies of ca. 0.2 Hz. Since it is not visible for WS,-OX-PVP DMM and WS;-bulk
DMV, it can also be attributed to the APC electrolyte, deteriorating the performance as
shown in the cycling tests above. R - 50,u12) arises due through diffusion processes. From
these EIS measurements in the frequency domain down to 50 mHz the validity of diffusion
processes with their high constants of relaxation times is limited. A better insight into this
issue can be derived from the potential drop during relaxation in the time domain. Here
the influence of the diffusion process manifested by its overpotential can be investigated.
The total voltage drop contains, besides the diffusion overpotential #7igsion, the IR; drop
and charge transfer reaction overpotential #cr and #ection, Tespectively, but they relax
immediately and after a few milliseconds (see Tcr in Table 1) after setting the charge
current to zero. The estimated diffusion overpotentials (Table 1) reveal the same trend as
the EIS results, with the lowest values for WS,-OX-PVP with DMM electrolyte and the
highest for WS,-bulk with DMM electrolyte.

Table 1. Characteristic parameters from impedance spectra from EIS measurement and the relaxation
voltage preceding EIS measurement.

Sample R; () Rer () R(f = 50mHz) () Tcr (ms) Ndiffusion (MV)
method EIS EIS EIS EIS Pause before EIS
WS,-bulk DMM 2 341 1612 2.9 238
WS,-OX-PVP DMM 127 266 0.9 131
WS,-OX-PVP APC 2 242 894 1.2 183

4. Conclusions

We produced nanostructured WS; with different morphologies by means of a hy-
drothermal method and applied these materials as cathodes in magnesium-ion batteries.
The morphologies of nanorods, nanoflower-spheres, and nanoflower-aggregates were ac-
quired by adding Na,CyO4 as a complexing agent and adding PEG, PVP, and CTAB as
templates. APC and DMM electrolytes were both examined for comparison. Results show
that a high capacity of 142.7 mAh/g, which corresponds to 0.68 mol of intercalated Mg?*
ions per mol of WS, was achieved after 100 cycles at a high current density of 500 mA /g
with the flower-like nanostructured WS, cathode in DMM electrolyte. The fast Mg?*
transmission kinetics could be attributed to the smaller molecule size of MgTFSI, /MgCl,
compared with that of PhMgCl/AICl3, weaker ionic bonds, and van der Waals forces
of WS, compared with other transition metal oxides/sulfides and increased surface area
after nanostructurization.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/batteries8090116/s1, Figure S1: Le Bail fit of XRD patterns of WS;-bulk
sample using a model for (a) isotropic size and (b) anisotropic size broadening; Figure S2: Schematic
description of magnesium ion intercalation in WS2 cathode; Table S1: A summary of structural
parameters extracted by Le Bail fitting of powder XRD patterns of samples WS2-bulk, WS2-OX,
WS2-OX-PEG, WS2-OX-PVP and WS2-OX-CTAB; Table S2. Peak energy, peak width, peak area and
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Lorentzian/Gaussian (L/G) ratios of different WS2 samples; Table S3: Summary of reported cycling
stability for metal sulfides as cathodes in magnesium batteries.
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