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Compatibility of Molybdenum Disulfide and Magnesium
Fluorinated Alkoxyaluminate Electrolytes in Rechargeable

Mg Batteries

Omar Falyouna,*® Mohd Faizul Idham,” Osama Eljamal, and Toshihiko Mandai*™ ¢

Molybdenum disulfide (MoS,)-based cathodes have exhibited
good electrochemical reactions in all phenyl complex (APC)
electrolytes. However, APC electrolytes are highly corrosive and
susceptible to oxidation. Alternatively, magnesium fluorinated
alkoxyaluminate electrolyte (Mg[AI(HFIP),],) is a pioneering
chloride-free electrolyte with remarkable electrochemical activ-
ity in rechargeable Mg batteries (RMBs). This study aims to
investigate the compatibility of various MoS, nanomaterials
with Mg[AI(HFIP),], in RMBs. Seven MoS, nanomaterials were
synthesized under different hydro/solvothermal conditions and
evaluated as cathode materials in RMBs. The results revealed
that the electrochemical activity of the as-synthesized MoS, in
RMBs significantly varied and MoS, with high content of 1T-

1. Introduction

Nowadays, owing to their remarkable energy density and
cycling stability, LIBs are widely used in various portable
electronic devices, e.g., cameras, laptops, mobile phones,
etc.™ However, the development of next-generation LIBs is
hindered by several issues related to safety and cost. For
example, Li metal anodes are suspectable to thermal runaway
due to the growth of dendrites.””’ Furthermore, the scarcity of
natural lithium resources (0.0017 wt% in earth’s crust, Table S1)
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phase (M5) exhibited the best specific capacity of ca.
35 mAhg™". Heteroatom doping, graphene oxide (GO) incorpo-
ration, and dual-salt electrolytes were employed to enhance the
electrochemical performance of M5. The electrochemical tests
showed that all doped-MoS, and GO-MoS, delivered poor
specific capacities (<20 mAhg™), properly due to the disorder
of the cathode material and the entrapment of Mg** ions. In
contrast, dual-salt electrolytes (0.3 M Mg[Al(HFIP),],/0.3 M LiCl)
improved the initial specific capacity by 242 %. This is attributed
to the preferential intercalation of Li* ions that reduces the
diffusion energy barrier and facilitates the intercalation of Mg*?
ions.

increases the prices of LIBs.” Rechargeable magnesium bat-
teries (RMBs) are one of the promising post-LIBs because of
their high theoretical specific capacity (i.e.,, 2205 mAhg™").58
The superior characteristics of RMBs over LIBs stem from the
intrinsic properties of Mg. For instance, Mg is highly abundant
in the earth’s crust (2.1 wt%, Table S1) and inexpensive (2700
$/ton of Mg vs.64,800%/ton of Li) which opens the door for a
novel storage technology with a specific energy capacity
(3833 mAhcm™ vs. 2046 mAhcm™ for LIBs) suitable for large-
scale applications at affordable prices.”® Moreover, RMBs are
more environmentally friendly and safer than LIBs because
metallic Mg is stable when exposed to air and doesn’t form
dendrites under reversible electrochemical reactions.” Never-
theless, the development of RMBs faces two critical challenges.
The first challenge is the sluggish diffusion of Mg?™ ions in the
cathode material due to the high charge density of the divalent
Mg?*.l%""! The second challenge is that most of the suitable
electrolytes for RMBs promote the formation of a surface
passivation layer that inhibits further electrochemical
reactions."? Therefore, current research efforts are devoted to
finding compatible cathode materials and electrolytes that
allow the fast insertion/extraction of Mg*™ and prevent the
formation of passivation layers on the surface of the Mg anode.

Molybdenum disulfide (MoS,), a well-known layered tran-
sition metal dichalcogenide, has been extensively used as
excellent electrode material in many battery applications
because of its unique layered structure that facilitates the
intercalation/deintercalation of single and multivalent ions such
as lithium (Li),"*" sodium (Na),"*'® zinc (zZn),"”"® etc. Further-
more, several studies demonstrated that MoS,-based cathode
materials promoted the intercalation/deintercalation of divalent
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Mg?" ions reversibly. For instance, Liang etal. showed that < | = - = = - = - H
graphene-like MoS, cathode materials delivered an excellent | = = = =2 = = o %
specific capacity of 170 mAhg™" with a capacity retention of Ef
95% after 50 cycles."” Also, Liu et al. illustrated that graphene- & 2
like MoS, coated with carbon (MoS,/C) achieved an initial % g
specific capacity of nearly 220 mAhg~' in RMBs.”” Although the > z
previous studies reported excellent electrochemical perform- g o . . %
ance of MoS,-based cathodes in RMBs (25-170 mAhg™') and § < < < g
Mg®*/Li* hybrid-ion batteries (MLIBs) (125-1009 mAhg™"), our ‘§ E E E %
recent mini-review highlighted that most of these studies used SR o 2 | | | i g
all phenyl complex (APC) electrolytes.?"” APC electrolytes are a3
highly corrosive due to the chloride species and can damage S g
cell casings and most conventional current collectors at high 3 %
potentials.”?*! On the other hand, magnesium-fluorinated | g - ° - < o g
alkoxyaluminate (Mg[AI(HFIP),],) is a chloride-free electrolyte s § § g § % % = 8
that exhibited remarkable electrochemical activity in RMBs, low g
overpotentials (<60 mV), high Coulombic efficacy (>99 %), and . 8
high anodic stability (3.8 V vs. Mg/Mg**).?*** Thus, for a step < j%
forward toward the realization of RMBs in practical applications, § © g ! © 5 3 3 s
this research aims to investigate for the first time the §
compatibility of various MoS,-based cathodes with Mg[AI- o §
(HFIP),],, as a promising electrolyte, in RMBs and MLIBs. The = | 2 2 & 8 3 3 8 s
objectives of this study are as follows: (I) investigate the effect 2
of hydro/solvothermal synthesis conditions on the electro- - é}
chemical activity of MoS,, (Il) explore the electrochemical _':% g
competence of heteroatom doped-MoS, in RMBs, (lll) discuss ® 3
the influence of graphene oxide incorporation on the electro- § §
chemical performance of MoS, in RMBs, and lastly (IV) examine _‘2 §
the performance of MoS, in Mg?*/Li™ dual-salt electrolytes. g ;
n =3
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2. Materials and Methods .| 2 g g § § § § |
gle | |2 | | |2 |®

2.1. Materials S| 3 S 8 R R ] g
Section S2 in the supporting information summarizes the S = ‘;1
chemicals used in this research. All chemicals were of analytical v 2 v 5 &
grade and used as received without prior treatment. Also, all % 'g § < g
chemical solutions were prepared by using ultrapure water E § :::c; g - ‘g - g g’? g E g § f\’;
(UPW) (18.2 MQcm at 25 °C, Direct-Q® 3 UV, Merck Millipore). % .‘_% £ _E = _E E _E ) .-E é .-% o .-% §
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2.2. Synthesis of Active Materials & £ £ £ £ %
2.2.1. MoS, Nanomaterials & 2 B % % % % i §
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MoS, was synthesized via the hydrothermal and solvothermal | & g3 o S S S S - 3
techniques. In the literature, there are a variety of synthesis T _*2 s 3 —é‘ é‘ é‘ 5 é‘ 3 3
protocols for MoS, in terms of Mo and S sources, Mo and S g &|E = £ £ e 5| ¢ = g
concentrations, solvent type, thermal temperature, thermal 3 § g - g 2 2 - 2 % 2 é g
treatment time, and so on. Therefore, to recommend a synthesis i g % LR > £ 2 g 9 g E £ o E &
procedure, seven different synthesis methods were carefully ug 128|882 |E|ES 88 g
selected to produce MoS,. The synthesis conditions of each = s
method are summarized in Table 1. Method 19 2,2 3% and | 8 g 5_3
4% were chosen because their MoS, exhibited a good initial = 3 g
specific capacity as cathode materials in RMBs (i.e, 5 5| - ~ n < " © ~ é
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were selected because they were designed to produce MoS,
with a high content of 1T-phase. The 1T-phase of MoS, is
known to be metastable and more electronic conductive than
the 2H-phase.*'*? Hence, producing MoS, with high contents of
1T-phase is beneficial and may improve the electrochemical
performance of MoS, as a cathode material.?*** The detailed
procedures for synthesizing MoS, are summarized in section S3
in the supporting information. The produced MoS, materials via
each method were denoted as M1, M2, M3, M4, M5, M6, and
M7.

2.2.2, Heteroatom-Doped MoS, Nanomaterials

Heteroatom-doped MoS, nanomaterials namely, Mg—MoS,,
Cu—MoS,, Co—MoS,, Ni—MoS,, Fe—MoS,, Al-MoS,, were synthe-
sized following the procedures of method 5 (Table 1) except
the addition of the dopant to the mixture of Mo and S
precursors before the hydrothermal process. The molar ratio of
(Mo:dopant) was selected as (30:1).

2.2.3. Graphene Oxide-Supported MoS, (GO-MoS,)

Graphene oxide (GO) was prepared according to the Hummer
method and following the steps reported by Idham et al.®®
Previous articles mentioned that the incorporation of GO, after
being thermally reduced at elevated temperatures (e.g., 800-
1100°C) under Ar or Ar/H, atmosphere for a specific period
(e.g., 30-2 h), remarkably improved the electrochemical activity
of MoS,-based cathodes in RMBs.®****¢3% However, the thermal
reduction of GO increases the cost of rGO-MoS, and compli-
cates its synthesis procedures. Hence, to reduce the cost of GO-
MoS, production and simplify the synthesis process, GO without
any treatment, was incorporated with MoS, in a one-step
hydrothermal process according to the conditions of method 5
(Table 1). Detailed information on the synthesis of GO and GO-
MoS, is provided in sections S4 and S5 in the supporting
information.

2.3. Characterization of MoS, Nanomaterials

The external morphology of MoS, nanomaterials was revealed
by scanning electron microscopy (SEM, SU8200, Hitachi, Japan).
Moreover, the surface elemental composition of MoS, nano-
materials was obtained by energy dispersive spectroscopy (EDS,
X-maxN, Horiba, Japan). X-ray diffraction analysis (XRD, Smar-
tLab, Rigaku, Japan) was also performed to provide information
about the crystalline structure of MoS, nanomaterials. The d-
spacing and the crystallite size of MoS, nanomaterials were
calculated using Bragg’s and Scherrer’s equations, respectively.
In addition, X-ray photoelectron spectroscopy was conducted
to analyze the valance state of elements on the surface of MoS,
nanomaterials using the K-Alpha model from Thermo Fisher
Scientific. Furthermore, the specific surface area of MoS, nano-
materials was measured using Quantachrome Nova 3200e.
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Before analysis, the samples were degassed for 4 h at 200°C
under vacuum. Then, N, adsorption/desorption isotherms were
obtained at 77.3 K. The specific surface area of MoS, nano-
materials was estimated from N, adsorption/desorption iso-
therms using the theory of Brunauer-Emmett-Teller (BET).

2.4. Cathode Preparation and Electrochemical Measurements

The cathode materials were prepared by mixing MoS, nano-
materials with acetylene black and polyvinylidene fluoride
(PVDF) by a mass ratio (wt%) of 80:10:10 in a proper amount
of N-methyl-2-pyrrolidone (NMP, FUJIFILM Wako Pure Chemical
Corporation, Japan).”” The formed slurry was uniformly spread
on a carbon-coated aluminum foil and dried in a vacuum oven
at 80°C for 24 h. Then, the cathode sheet was pressed (10.5 kN)
and punched to provide a @16 mm cathode disc. The average
mass density of the loaded materials was 2.50 mgcm™2,
Polished Mg foil, Whatman glass microfiber filter (GF/A, GE
HealthCare, USA), and 0.3 M of Mg[AI(HFIP),], dissolved in
diethylene glycol dimethyl ether (G2; >99.5%, Kanto Chemical
CO., INC, Japan) were used as an anode, separator, and
electrolyte, respectively. The synthesis of Mg[AI(HFIP),], powder
is described elsewhere.”” The battery cell was assembled in an
argon-filled glovebox using a two-electrode cell. As a reference
to the as-synthesized MoS, nanomaterials, a commercial MoS,
(99%, Kojundo Chemical Laboratory Co. Ltd, Japan) was also
used to prepare a cathode material named C—MoS,.

Galvanostatic discharge/charge experiments were con-
ducted using a discharge/charge system (HJ1001SD8 C, HD
Meiden Hokuto, Japan) at a voltage window of 0.3-3 V and 0.1-
2V vs. Mg?*/Mg at room temperature (i.e., 25°C). The cyclic
voltammetry analysis (CV) was performed using an automatic
polarization system (HSV-110, HD Meiden Hokuto, Japan) over a
voltage range of 0.3-3 V and 0.1-2 V vs. Mg?*/Mg at a scan rate
of 1 mVs™' vs. Mg**/Mg.

3. Results and Discussion
3.1. Characterization of MoS, Nanomaterials

The as-synthesized MoS, nanomaterials were characterized via
different techniques to reveal their physicochemical properties.
Liang et al" and Wu et al.”® reported in their articles that M1
and M2 exhibited excellent electrochemical performance as
cathode materials in RMBs, i.e., 170 and 130 mAhg™’, respec-
tively. However, as shown in Table 1, the yield of these materials
after the synthesis didn't exceed 100 mg which made the
preparation of electrodes from these materials difficult. There-
fore, M1 and M2 were excluded from the current research, and
C—MosS,, M3, M4, M5, M6, and M7 were only considered for
further investigation and analysis.

The external morphology of MoS, nanomaterials was
observed by SEM as displayed in Figure 1. Figure (1.a) manifests
that C—MoS, was composed of several sheets stacked and
layered in an irregular plate form. On the other hand, Figures
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Figure 1. SEM observation of (a) C—MoS,, (b) M3, (c) M4, (d) M5, (e) M6, and (f) M7.

(1.b)-(1.f) show that the as-synthesized M3, M4, M5, M6, and
M7 consisted of thin sheets grown in a flower-like structure.
Moreover, the EDS elemental mapping of all MoS,, presented in
Figure S1, demonstrates that both S and Mo were evenly
distributed over the scanned area for all MoS, nanomaterials.
The crystallographic and phase structure of MoS, nano-
materials were identified via XRD analysis. The characteristic
peaks of pure MoS, were identified in the XRD spectrum of
C—MoS, as seen in Figure 52.5%4'#4 These strong and sharp
peaks are indexed to the hexagonal 2H-phase of MoS,. In
addition, Table S2 illustrates that the d-spacing and crystallite
size of C—MoS,, calculated from the strong peak (002) at 14.34°,
are 0.62nm and 80.6 nm, respectively. This indicates that
C—MoS, is highly crystalline and its layers are well-stacked along
the c-axis.?>** On the other hand, the XRD patterns of the as-
synthesized MoS, nanomaterials emphasize that each material
had a distinctive phase structure (Figure 2). For instance, M3,
M5, and M7 exhibited a 2H-phase structure. While M4 and M6
belong to the 3R-phase. Furthermore, Figure 2 illustrates that
the XRD patterns of the as-synthesized MoS, nanomaterials
consist of few broad and weak peaks. These broad peaks may
result from the amorphous structure and the small crystallite
size of the as-prepared MoS, nanomaterials (i.e., <10 nm)
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compared to the C—MoS, (i.e, ~80nm) as presented in
Table S2.*¥ The weak and broad peaks in the XRD profiles of
the as-synthesized MoS,, particularly at the (002) plane, imply
that these materials are highly exfoliated with a few layers
stacked in the c-axis."*® Furthermore, Table S2 demonstrates
that the d-spacing of the as-prepared MoS, materials is slightly
larger than that of C—MoS,. The expansion of the d-spacing of
the as-produced MoS, will promote the electrochemical
performance of RMBs by reducing the energy barrier of Mg**
intercalation/de-intercalation during the discharge/charge
processes.204

XPS analysis was carried out to identify the chemical
composition of MoS, nanomaterials. The full XPS spectra of
MoS, nanomaterials are shown in Figure S3. It illustrates that all
MoS, materials are mainly composed of Mo and S with trivial
concentrations of O and C. The valance state of Mo and S is also
investigated via XPS analysis and the high-resolution spectra of
Mo 3d and S 2p for all MoS, materials are presented in Figure 3.
Figure (3.a) demonstrates that the high-resolution spectra of
Mo 3d for C—MoS, mainly consists of three distinctive peaks at
binding energies of 232.28, 229.18, and 226.48 eV, which are
assigned to 3ds,, Mo*", 3d;, Mo*", and S 2 s, respectively.*"
On the contrary, the high-resolution spectra of Mo 3d for M3
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Figure 2. XRD patterns of the as-synthesized M3, M4, M5, M6, and M7.

[Figure (3.c)], M4 [Figure (3.¢)], M5 [Figure (3.9)], M6 [Fig-
ure (3.))], and M7 [Figure (3.k)] and Table S3 show that the
characteristic peaks of Mo*" (3ds,, and 3d,,) shifted to lower
binding energy due to the likelihood formation of the metallic
1T-phase of MoS, along with the 2H-phase.”®* For instance,
Figure (3.9) proves that M5 consists of approximately 76% of
the 1T-phase, represented by the evolution of the 3ds, Mo**
and 3d;,, Mo*" of 1T-MoS, at a binding energy of 228.48 and
231.68 eV, respectively."’*® While the 2H-phase in M5 (24%) is
evident from the emergence of the 3ds,, Mo** of 2H-phase at a
binding energy of 229.28 eV [Figure (3.9)1."""" Besides the
oxidation state Mo*", the broad peaks of Mo 3d for the as-
synthesized MoS, nanomaterials suggest that different oxida-
tion states of Mo might exist®” For example, the high-
resolution spectra of Mo 3d for M3 [Figure (3.c)], M5 [Fig-
ure (3.9)], and M7 [Figure (3.k)] manifest the evolution of two
extra small peaks at 235.48 eV and 232.88 eV which are
assigned to the 3d,, and 3ds, of Mo®*, respectively.“®*? The
appearance of such peaks may arise from the possible oxidation
of MoS, by air.>?

Figure (3.b) describes the high-resolution scan of S 2p
spectra for C—MoS, and it elucidates that the two peaks that
emerged at 162.08 and 163.28 eV are corresponding to the 2p,,
, and 2p,,, orbits of S*°, respectively.®” The same peaks were
observed in the high-resolution spectra of S 2p for M3
[Figure (3.d)], M4 [Figure (3.f)], M5 [Figure (3.h)], M6 [Figure (3.j)],
and M7 [Figure (3.)] but at lower binding energy, as shown in
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Table S3, further supporting the formation of the 1T-phase of
Mosz_ms,ss]

The BET surface area analysis of MoS, materials indicates
that C—MoS, had a small BET-specific surface area (SSAgy) of
3.11 m?g™" (Table S4) due to the micro-size of C—MoS, [Fig-
ure (1.a)l. On the contrary, Table S4 shows that some of the
hydrothermally synthesized MoS, nanomaterials such as M3,
M4, and M5 exhibited higher SSAgy; of 25.80, 20.44, and
25.73 m*’g~', respectively. While the hydrothermally produced
M6 and M7 exhibited trivial SSAg; values of 0.24 and
0.30 m?g~', respectively (Table S4).

3.2. Electrochemical Performance of MoS,-Based Cathodes in
RMBs

The compatibility of various MoS,-based cathodes with Mg[Al-
(HFIP),], electrolyte was evaluated using two-electrode battery
cells. Figure 4 represents the galvanostatic discharge/charge
curves of MoS,-based cathodes in RMBs at a current density of
20 mAg~' within a voltage window of 0.3-3 V at room temper-
ature. Figure (4.a) illustrates that C—MoS, exhibited an initial
discharge capacity of nearly 5.5mAhg™' and gradually de-
creased to approximately 3 mAhg™' after 20 cycles. The poor
performance of C—MoS, highlights the fact that Mg®" can
barely de/intercalate in a well-stacked and highly crystalline
MoS, material due to a high energy barrier (i.e., 2.61 eV) caused
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Figure 3. High-resolution XPS spectra of Mo 3d and S 2p for C—MoS, (a,b), M3 (c,d), M4 (e,f), M5 (g,h), M6 (i,j), and M7 (k).

by the large charge density of Mg ions.*****” In addition, the
low SSAger of C—MoS, (i.e., 3.11 m?g™") could limit the number
of electrochemically active sites on the surface of C—MoS, which
restricts the Mg? " insertion/extraction reactions.*®*”

On the other hand, Figures (4.b)-(4.f) elaborate that the
electrochemical activity of the as-synthesized MoS, nanomate-
rials (e.g., M3, M4, M5, M6, and M7) significantly varied in RMBs.
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For instance, Figure (4.b) shows that M3 delivered an initial
discharge capacity of 27 mAhg™". Nevertheless, M3 started to
experience an overcharging state from the 3™ cycle until it
reached its maximum in the 5" cycle (i.e., ~200 mAhg~") where
the Coulombic efficiency abnormally increased to nearly 580%
[Figure (S4.b)]. Likewise, M4 also exhibited irregular and over-
charging reactions in the 10™ and 20™ cycles [Figure (4.c)]. Du
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Figure 4. Galvanostatic discharge/charge curves of MoS,-based cathode materials in RMBs at 20 mAg ™' and 25 °C. (a) C—MoS,, (b) M3, (c) M4, (d) M5, (e) M6,

and (f) M7.

et al. reported a similar overcharging behavior for the [Mg |
0.3 M Mg(AICL,EtBu),/THF | CuSe] cells.”® The unstable charge
voltages of M3 and M4 during cycling could be explained by
the rapid degradation of the cathode material and the
decomposition of the electrolyte during discharge in the first
cycles®™ Thus, the unstable overcharging phenomenon indi-
cates that M3 and M4 are not compatible with Mg[AI(HFIP),]./
G2 electrolytes at wide working voltages (e.g., 0.3-3V). In
comparison, M5 achieved an initial discharge capacity of
31 mAhg™" through stable and reversible discharging/charging
processes [Figure (4.d)]. The discharge capacity of M5 slightly
increased to approximately 35 mAhg™' after 20 cycles [Fig-
ure (S4.d)] and sustained for 40 cycles (FigureS5). It was

Batteries & Supercaps 2024, 7, e202400231 (7 of 13)

previously mentioned that Lui et al. optimized the hydrothermal
reaction of ammonium molybdate tetrahydrate and thiourea at
160°C to produce M5 with a high content of 1T-phase (~70%)
to facilitate the insertion of zinc ions (zZn**).l"”

With that being said, the high content of the metallic 1T-
phase in M5 improves the electric conductivity of the cathode
material and ensures a smooth transfer of electrons during the
reversible intercalation/deintercalation of Mg®* in RMBs. On the
contrary, M6 and M7 exhibited a less attractive electrochemical
performance with a discharge capacity of less than 5 mAhg™
after 20 cycles [Figures (4.e) & (4.f)].

Among the as-synthesized MoS, nanomaterials, M3 was the
only material used in RMBs. Liu et al. stated that M3 achieved a

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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specific capacity of 50 mAhg™' at 100 mAg™' and improved to
nearly 100 mAhg™' after 100 cycles.”” Initially, it was assumed
that the difference between the performance of M3 in both
studies was due to the difference in electrolytes. Liu et al. used
0.4 M of APC electrolyte in their study which might play an
important role in enhancing the electrochemical activity of M3
in RMBs. However, some articles showed that hydrothermally
synthesized MoS, with 0.4 M APC electrolyte exhibited a specific
capacity of less than 25 mAhg'? Another difference that
could affect the electrochemical performance of M3 was the
anode side as Liu et al. used AZ31 Mg alloy instead of pure Mg
foil. Thus, to study the effect of the anode side, a battery cell
was fabricated using AZ31 Mg alloy as anode and M5, the best
MoS, material, as a cathode. Figure S6 elucidates that the initial
specific capacity of M5 decreased from 31 mAhg™' [Figure (4.d)]
to approximately 25 mAhg™" after replacing the pure Mg foil
with AZ31 Mg alloy. Consequently, the reason behind the
difference in the electrochemical performance of M3 in the
current study and the study of Liu et al. remains unclear.

Cyclic voltammetry analysis (CV) was conducted to describe
the electrochemical reactions of the as-synthesized MoS, with
MglAI(HFIP),], in RMBs. Figure S7 summarizes the CV profiles for
all MoS, materials within a voltage window of 0.3-3V at a
scanning rate of 1 mV s, In the first cycle, C—MoS, exhibited
weak current densities with only one single cathodic peak at
0.75V [Figure (S7.a)]. The neglectable current densities indicate
that Mg ions can barely intercalate in the interlayer distance
of C—MoS, due to the high energy barrier. In contrast, the
required energy for Mg?" adsorption is only 0.48 eV which
suggests that the trivial discharge capacity of C—MoS, (i.e.,
5.5 mAhg™, Figure (4.a)) might result from the adsorption of
Mg?" ions on the surface and the edges of C—MoS,.%? As the
reversible reactions proceeded, the current densities of C—MoS,
became weaker, but two small anodic peaks emerged at 0.72 V
and 2.17V in the 5™ cycle. Also, Figure (57.a) shows that the
cathode peak in the 5™ cycle became smaller and broader and
shifted to a higher voltage of around 1 V. Similar CV profiles
were obtained when M6 [Figure (57.e)] and M7 [Figure (S7.f)]
were used as cathode materials, further confirming the
inadequacy and ineffectiveness of these materials in RMBs.
Conversely, the CV profiles of M3 [Figure (S7.b)], M4 [Fig-
ure (S7.c)], and M5 [Figure (S7.d)] emphasize that the electro-
chemical reactions in RMBs substantially enhanced and the
anodic and cathodic peaks can be easily recognized. For
instance, a cathodic peak appeared at 1.04-1.1V in the CV
curves of M5 which was ascribed to the intercalation of Mg**
ions into the lattice of M5 [Figure (57.d)]. While the anodic peak
of M5 was located near 1.36-1.42V, corresponding to the
deintercalation of Mg”>* ions from the lattice of M5 [Fig-
ure (S7.d)]. The strong current densities in the CV profiles of M5
clearly state that M5 is more compatible with Mg[AI(HFIP),],
than the other as-synthesized MoS, nanomaterials.

The outcomes of this section conclude that the conditions
of the thermal synthesis of MoS, can greatly affect the electro-
chemical properties of MoS, nanomaterials in RMBs. Although
M5 exhibited a good electrochemical performance compared to
the other MoS, nanomaterials, its efficiency as a cathode

Batteries & Supercaps 2024, 7, e202400231 (8 of 13)

material for RMBs s still far from the practical applications and
different enhancement technologies such as heteroatom dop-
ing, graphene incorporation, and Mg*?/Li* dual-salt electrolytes
were applied to promote the electrochemical performance of
M5 in RMBs.

3.3. Electrochemical Performance of Heteroatom Doped-MoS,
in RMBs

According to our recent mini-review,”"" heteroatom doping of
MoS, is rarely applied to enhance the electrochemical perform-
ance of MoS, nanomaterials in RMBs. Therefore, this study
would be the first to explore the influence of doping various
elements, for example, Mg, Cu, Co, Ni, Fe, and Al, on the
electrochemical performance of MoS, in RMBs.

Figure S8 shows that the XRD patterns of Mg—MoS,,
Cu—MoS,, and Al-MoS, didn't significantly differ from the XRD
pattern of M5 (Figure 2). On the other hand, new peaks have
emerged in the XRD patterns of M5 after doping Co, Ni, and Fe
which indicates that new phase structures of MoS, were formed
(Figure S8). For example, the analysis of XRD data revealed that
the phase structure of M5 has changed from 2H-phase (Fig-
ure 2) to 3R-phase because of doping Co and Ni. Although the
phase structure of some doped-MoS, has changed after the
doping process, Figure S8 manifests that the peak (002) for all
doped-MoS, can still be observed at a diffraction angle (26) of
14.1° corresponding to an interlayer distance (d) of 0.63 nm.
Since the interlayer distance of all doped-MoS, is close to that
of M5 (Table S2), it indicates that the elements were deposited
on the surface of M5 rather than being intercalated in the
interlayer space of M5.

The as-synthesized doped-MoS, nanomaterials were used to
prepare cathodes and tested as positive electrodes for RMBs.
Figures 5 and S9 illustrate that all doped MoS,-based cathodes
exhibited initial capacities of less than 35 mAhg™' which
severely deteriorated to less than 10 mAhg™' after 10 cycles
(Figures 5 & S9). Meanwhile, M5 maintained a discharge
capacity of 35 mAhg™" for 40 cycles (Figure S5). One of the
possible reasons for this performance is that the doping
percentage was high enough to disturb and destroy the
structure of the active materials during the discharge/charge
processes. This was obvious when the doped-MoS, nano-
materials were initially tested at an expanded voltage window
of 0.3-3 V where the electrodes experienced irregular charging
reactions. For instance, Figure S10 indicates that when the
doped-MoS, nanomaterials, namely Mg—MoS,, Cu—MoS,,
Co—MoS,, and Ni—MoS,, were cycled at an operational voltage
window of 0.3-3V, all cells exhibited overcharging capacities
more than 200 mAhg™'. Hence, to avoid such unfavorable
conditions, the voltage window was narrowed to 0.1-2 V. In
contrast to these findings, Zhuo et al. disclosed that Cu doping
improved the initial discharge capacity of MoS, from nearly 90
to 156 mAhg™" (+73.33%) while using 0.25 M of MgCl, and
AICl; dissolved in DME as an electrolyte for RMBs.*® However,
neither the synthesis procedures of Cu—MoS, nor the doping
percentage were mentioned in the article which made it
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Figure 5. Galvanostatic discharge/charge curves of doped-MoS, nanomaterials in RMBs at 20 mAg~' and 25°C. (a) Mg—MoS,, (b) Cu—MoS,, (c) Co—MoS,, (d)

Ni—MoS,, (e) Fe—MoS,, and (f) AI-MoS,.

difficult to compare and discuss their results with the current
findings.

3.4. Electrochemical Performance of GO-MoS, in RMBs

Graphene is a 2D carbonaceous material with unique physical,
chemical, and mechanical properties.®™® It stands out as a
perfect substrate to grow MoS, in a one-pot hydrothermal
process, preventing them from aggregating and promoting the
electric conductivity of the electrode to facilitate the intercala-
tion/deintercalation of Mg>* ions in/from the lattice of MoS,
nanomaterials.®%*”

GO-MoS, heterostructure was synthesized in a one-pot
hydrothermal process and was evaluated as a cathode material
in RMBs. Figure (6.a) shows that the phase structure of GO-MoS,

Batteries & Supercaps 2024, 7, e202400231 (9 of 13)

didn't significantly differ from the phase structure of M5
(Figure 2). More importantly, Figure (6.a) confirms that the
interlayer distance of M5 at the (002) plane didn’t expand after
the incorporation of GO with M5 (d-spacing of GO-MoS,=
0.65 nm). Hence, it can be said that GO didn't intercalate
between the layers of M5, but it was used as a flexible network
to grow MoS, and improve its electrochemical properties.
Figure (6.b) represents the SEM image of GO-MoS.. It states that
GO-MoS, retained the external shape of M5 [Figure (1.d)], and
no substantial changes were observed in the morphology of
GO-MoS, after the incorporation of GO. Figures (6.c) and (6.d)
display the galvanostatic discharge/charge and cycling perform-
ance of GO-MoS, in RMBs at 20 mAg~". As a cathode material,
GO-MoS, initially achieved a discharge capacity of 42.5 mAhg™",
slightly better than M5 (35 mhA g™, Figure (4.d)). However, the
discharge capacity of GO-MoS, dramatically dropped to less
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Figure 6. Characterization and electrochemical performance of GO-MoS, in RMBs at 20 mAg~' and 25 °C. (a) XRD pattern of GO-MoS,, (b) SEM image of GO-
MoS,, (c) galvanostatic discharge/charge curves, and (d) cycling performance of GO-MoS..

than 20 mAhg™' and continued to decrease until it stabilized at
less than 15 mAhg™ after 50 cycles [Figure (6.d)]. This behavior
indicates that GO neither expanded the interlayer distance nor
enhanced the electric conductivity of the electrode which
resulted in the fading of the discharge capacity immediately
after the second cycle [Figure (6.d)]."" These findings highlight
the importance of reducing GO before the integration with
MoS, in order to improve the electric conductivity of GO and
ultimately promote the electrochemical performance of GO-
MoS, heterostructures in RMBs.

3.5. Electrochemical Performance of MoS, in Mg”*/Li* Dual-
Salt Electrolyte (MLIBs)

Despite the similarity in the ionic radius (Table S1), the
monovalent nature of Li* ions and the small activation energy
(0.49 eV for Li™ vs. 2.61 eV for Mg*™) ensure the fast diffusion of
Li* ions not only in MoS, but in a broad range of intercalation
cathode materials.**%? Hence, to combine the benefit of using
the free-dendrite Mg anode and the easy-intercalated Li* ions,
many researchers have used the dual-salt electrolyte approach
to facilitate either the solo intercalation of Li* ions (Daniell
battery) or the simultaneous intercalation of Li* and Mg®* ions

Batteries & Supercaps 2024, 7, e202400231 (10 of 13)

(Rocking-chair battery) in the lattice of MoS, and promote the
electrochemical reactions of RMBs.?"!

In this study, the influence of dual-salt electrolytes on the
electrochemical performance of M5 was elaborated. Initially, a
chloride-free Li* source such as Li[B(HFIP),] was selected to
prepare the dual-salt electrolyte as follows: 0.4 M of Li[B(HFIP),]
was dissolved with 0.2 M of Mg[AI(HFIP),], in G2 for 24 h inside
a glovebox and under the protection of argon gas.” Figure 511
shows that M5 experienced an irregular discharge voltage
profile in the first cycle when the dual-salt electrolyte [0.2 M
Mgl[AIl(HFIP),],/0.4 M Li[B(HFIP),]/G2] was used. However, the
discharge/charge voltage profiles stabilized in the second and
fifth cycles where the M5 exhibited improved discharge
capacities of 89.66 and 77.33 mAhg™', respectively. Unfortu-
nately, as the cycling proceeded and in the 10" cycle, the
specific discharge capacity notably faded to less than
22 mAhg™" and the cell experienced an abnormal overcharging
process. This is probably due to the acceleration of the
degradation of the cathode material and/or the electrolyte by
the addition of Li[B(HFIP)] which confirms the incompatibility of
Li[B(HFIP),, as a source of Li* ions, with Mg[AI(HFIP),], in MLIBs.

The majority of the previous articles utilized lithium chloride
(LiCl) as a source of Li*™ ions to improve the electrochemical
performance of MoS, in APC electrolytes.”” For example, Yu
et al. showed that adding 1 M of lithium chloride (LiCl) to the
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APC electrolyte improved the electrochemical performance of
the anion-rich MoSSe/G from 769 mAhg™' (APC) to
299.2 mAhg™' (APC/LIiCl) after 400 cycles® Also, Li etal.
elucidated that adding 0.8 M of LiCl to the APC electrolyte was
enough to shorten the activation time of pristine MoS, from
190 to 50cycles and approximately doubled the specific
capacity after 300 cycles.”” Hene, LiCl was used to prepare
another set of dual-salt electrolytes. Different concentrations of
LiCl, e.g., 0.1, 0.2, and 0.3 M and 0.3 M of Mg[AI(HFIP),], were
dissolved in G2 under the protection of argon gas for 24 h. LiCl
concentration couldn’t be increased more than 0.3 M due to
the solubility limit of LiCl in G2. Figure7 presents the
galvanostatic discharge/charge curves and cycling performance
of M5 using the prepared dual-salt electrolytes. It is evident
from Figure 7 that the addition of LiCl had a positive effect on
the electrochemical activity of M5. For example, Figure 7 shows
that adding 0.1. 0.2, and 0.3 M of LiCl remarkably improved the
initial discharge capacity of M5 from 31 to approximately 80
[Figure (7.a)], 90 [Figure (7.b)], and 106 mAhg ' [Figure (7.0)],
respectively. Furthermore, it can be noticed from Figure 7 that
the voltage difference between the charge and discharge
curves reduced as the concentration of LiCl increased from 0.1
to 0.3 M which indicates that the polarization significantly
decreased.””

The role of Li* and ClI” ions in the enhancement of the
electrochemical activity of M5 in MLIBs was distinguished by
adding 0.1 M of MgCl,, as another source of Cl”, to 0.3 M of
Mg[AI(HFIP),], and used as an electrolyte to prepare the battery
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cell. Figure S12 illustrates that the galvanostatic discharge/
charge curves didn't change after the addition of 0.1 M of
MgCl,. This points out that CI~ ions had a negligible effect on
improving the performance of M5 in MLIBs. Thus, it can be said
that the electrochemical improvements in Figure 7 mainly
resulted from the presence of the highly active Li* ions in the
electrolyte. Inductively coupled plasma optical emission spec-
troscopy analysis (5800 ICP-OES, Agilent) was performed to
confirm the simultaneous insertion of Mg?* and Li* ions in the
lattice of M5. Figure S13 summarizes the results of ICP-OES
analysis for M5 in single and dual-salt electrolytes. The
presented concentrations of Mg and Li in Figure S13 are
normalized with respect to the number of Mo moles. Figure S13
demonstrates that 0.065 of Mg was intercalated into the lattice
of M5 after being discharged to 0.1V in Mg[AI(HFIP),],/G2
electrolyte. On the other hand, the proportion of Mg**
intercalated in the lattice of M5 was increased to 0.12 along
with 0.51 of Li* after the discharge of the cell to 0.1V in the
dual-salt electrolyte [0.3 M Mg[AI(HFIP),],/0.3 M LiCl/G2]. The
simultaneous insertion of Mg®>* and Li* ions emphasizes that
the fabricated cell is a rocking-chair cell where the preferentially
intercalated Li™ ions were responsible for accelerating the
insertion of the divalent Mg* ions and improving the electro-
chemical activity of MoS, nanomaterials in MLIBs. At low
potentials, Li* ions are pre-intercalating in the lattice of M5
because of the low activation energy (i.e., 0.49 V), disordering
the layered structure of M5, and creating faster routes with
lower activation energies that facilitated the intercalation of
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Figure 7. Galvanostatic discharge/charge curves of M5 in MLIBs at 20 mAg~' and 25 °C. (a) 0.1 M LiCl, (b) 0.2 M LiCl, (c) 0.3 M LiCl, and (d) cycling performance

of M5.
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Mg?" ions and enhanced the specific capacity of M5 in
MLIBs.®%47€8 |n addition, the intercalation of Li* ions could be
accompanied by a phase transformation of MoS, from the 2H-
phase to the 1T-phase which ensured a faster electron transfer
during the intercalation of Mg?*.54%?

However, Figure 7 demonstrated that at all concentrations
of LiCl, the initial discharge capacity of M5 decreased in the
second cycle by approximately 50%. As the cycling proceeded,
the specific capacity of M5 gradually stabilized and 55% (0.1 M
LiCl), 63% (0.2M LiCl), and 41% (0.3 M LiCl) of the initial
capacity were attained after 50 cycles [Figure (7.d)]. The out-
comes of ICP-OES state that 25% of the intercalated Mg®" ions
(i.e., 0.03 out of 0.12) and less than 51% of Li* ions (i.e., 0.26
out of 0.51) were extracted from M5 in the first charge cycle
(Figure S13). The proportion of the deintercalated Mg®" ions
further decreased to 20% in the second charge cycle, whereas
the percentage of the extracted Li* ions increased to nearly
60% (Figure S13). These findings point out that the sluggish
extraction of Mg”* ions and the partial entrapment of Li* ions
could be responsible for the rapid decrease in the specific
capacity of M5 in MLIBs.®**® A similar rapid decrease in the
initial discharge capacity was also reported by Yu et al.®® and
Fan et al® when they used MoS,/G and SnS,—MoS,, respec-
tively, as cathode materials in (APC/LiCl) dual-salt electrolytes.

The nature of the electrochemical reaction of M5 with the
dual-salt electrolytes was further clarified by carrying out the CV
analysis. Figure S14 shows that the current density of the CV
curves gradually increased as the concentration of LiCl
increased in the dual-salt electrolytes. This indicates that the
electrochemical reactions were boosted by the addition of LiCl
to Mg[AI(HFIP),],. Figure S14 also demonstrates that the
cathodic peak (~1V) and anodic peak (~1.36V) of M5 in
Mg[AI(HFIP),], [Figure (57.d)] notably weakened by the addition
of 0.1 M of LiCl. However, they became more pronounced after
increasing LiCl concentration to 0.2 and 0.3 M. These redox
peaks are ascribed to the intercalation and deintercalation of
Mg?" and Li™ in a reversible manner.?%!

4. Conclusions

This study investigates for the first time the electrochemical
activity of various MoS, nanomaterials in fluorinated alkoxyalu-
minate electrolytes (Mg[AI(HFIP),],). Seven MoS, nanomaterials,
namely M1, M2, M3, M4, M5, M6, and M7, were synthesized via
different solvothermal and hydrothermal techniques and tested
as a positive electrode in RMBs. Among the as-synthesized
MoS,, M5 exhibited superb electrochemical activity in RMBs by
delivering a specific capacity of 35 mAhg™' over 40 cycles. This
excellent performance was ascribed to the high content of the
metallic 1T-phase in M5 (~70%). Furthermore, M5 was modified
by heteroatom doping, graphene oxide incorporation, and
dual-salt electrolyte to improve its electrochemical performance
in RMBs. The results showed that all doped-MoS, exhibited
unsatisfactory performance in RMBs (<35 mAhg™). This poor
performance might result from the high doping percentage
(Mo:dopant=30:1) that disturbed the structure of the active
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material and impaired its electrochemical activity in RMBs.
Similarly, graphene oxide incorporation didn't improve the
electrochemical performance of M5 in RMBs. On the contrary,
the dual-salt electrolytes (Mg[AI(HFIP),l,/LiCl) remarkably
boosted the electrochemical activity of M5 in MLIBs. The
addition of 0.1, 0.2, and 0.3 M of LiCl to 0.3 M of Mg[AI(HFIP),],
promoted the initial specific capacity from 31 to 80, 90, and
106 mAhg™, respectively. This is due to the presence of the
highly active Li* ions in the electrolyte which played a vital role
in accelerating the charge transfer, reducing the diffusion
energy barrier, and ultimately boosting the electrochemical
performance of M5 in MLIBs. However, the electrochemical
enhancement of M5 in MLIBs was hampered by the solubility
limit of LiCl in G2. Therefore, to further promote the electro-
chemical performance of M5, it is recommended to explore
other Li* sources with high solubility in G2.
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