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Introduction

The global “energy transition” that is currently underway
requires the development of efficient and environmentally-
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The development of intrinsically safe and environmentally sustainable energy storage devices is a signifi-
cant challenge. Recent advances in aqueous rechargeable lithium-ion batteries (ARLIBs) have made con-
siderable steps in this direction. In parallel to the ongoing progress in the design of aqueous electrolytes
that expand the electrochemically stable potential window, the design of negative electrode materials
exhibiting large capacity and low intercalation potential attracts great research interest. Herein, we report
the synthesis of high purity nanoscale Chevrel Phase (CP) MogSg via a simple, efficient and controllable
molecular precursor approach with significantly decreased energy consumption compared to the con-
ventional approaches. Physical characterization of the obtained product confirms the successful for-
mation of CP-MogSg and reveals that it is crystalline nanostructured in nature . Due to their unique struc-
tural characteristics, the MogSg hanocubes exhibit fast kinetics in a 21 m lithium bis(trifluoromethanesulfo-
nylimide (LITFSI) electrolyte as a result of the shorter Li* ion diffusion distance. Full battery cells com-
prised of MogSg and LiMn,O4 as negative and positive electrode materials, respectively, operate at 2.23 V
delivering a high energy density of 85 W h kg™ (calculated on the total mass of active materials) under 0.2
C-rate. At 4 C, the coulombic efficiency (CE) is determined to be 99% increasing to near 100% at certain
cycles. Post-mortem physical characterization demonstrates that the MogSg anode maintained its crystal-
linity, thereby exhibiting outstanding cycling stability. The cell outperforms the commonly used
vanadium-based (VO (B), V,Os) or (NASICON)-type LiTi>(PO4)3 anodes, highlighting the promising char-
acter of the nanoscale CP-MogSg as a highly efficient anode material. In summary, the proposed synthetic
strategy is expected to stimulate novel research towards the widespread application of CP-based materials
in various aqueous and non-aqueous energy storage systems.

friendly strategies for energy conversion and storage. Extensive
research is being conducted towards the efficient exploitation
of renewable energy sources. However, their intermittent
nature in combination with a relatively low power output make
the integration of renewable energy into the main electricity
grid a challenging task." Development of a large-scale
rechargeable energy storage system (ESS) is necessary to miti-
gate these issues. Among various energy storage systems,
lithium-ion batteries have long been regarded as the primary
power storage solution for portable electronic devices. Their
long-term application in transportation and stationary systems
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is limited by safety issues associated with flammability and
thermal instability of the organic electrolytes used.>® The
latter under certain conditions of improper usage could poten-
tially lead to fire or explosion.”® Aqueous Li-ion batteries
(ARLIBs) are a highly promising alternative to conventional
designs since they can potentially offer prolonged stability
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while maintaining high efficiency and complying with the
necessary safety requirements.® For these reasons, research on
ARLIBs has gradually attracted attention since their introduc-
tion by Dahn et al.” However, the main drawback of ARLIBs
which prevents their wide application is the significantly
narrow potential window of electrolyte stability (1.23 V) result-
ing from solvent degradation (water splitting).® This means
that the vast majority of the electrochemical couples used in
conventional Li-ion batteries cannot be used for ARLIBs, since
the anode suffers severe degradation even when a minimal
amount of hydrogen gas is present at the anode side during
cycling.® These inherent limitations that arise from water elec-
trolysis pose a major barrier to the development of high
voltage ARLIBs (>2.0 V) and high energy density devices (>50
W hkg™).°

As a way of circumventing the limitations posed by the
decomposition of water, Suo et al. have reported a new class
of electrolytes, namely “water-in-salt” (WIS) electrolytes
offering the possibility to form a solid electrolyte-interphase
(SEI) in an aqueous electrolyte. In such systems, the potential
window of electrolyte stability is significantly increased to 3.0
V from 1.23 V.'® The expanded potential window is due to
the smaller water-to-salt ratio in the electrolyte, which results
in the decrease of the number of free water molecules that
can participate in the overall water oxidation process.
Grimaud et al. studied the fate of water molecules in WIS
electrolytes and demonstrated that the hydroxides produced
during the hydrogen evolution reaction (HER), react chemi-
cally with the bis(trifluoromethanesulfonyl)imide TFSI™
anions and catalyse the formation of the SEI that prevents
further water reduction.’ An alternative mechanism for the
SEI formation is the preferential decomposition of TFSI
anions at the anode side, which contributes to the expanded
potential window.'?

The wide voltage window permits a wider choice of elec-
trode materials than would otherwise be possible in conven-
tional aqueous batteries.”® The proper selection of active
electrode material is one of the key parameters that influ-
ences battery performance. So far, compounds such as
LiCoO,, LiMn,0,, and LiFePO, have been used as cathode
materials in ARLIBs, which show a flat dis/charge
plateau.'®'® However, few active materials demonstrate
stable cycling performance when it comes to choosing an
anode side with a suitable redox potential. Compared to the
cathode, the proper selection of anode material is a more
challenging task."®

Transition metal chalcogenides are promising anode
materials, due to their unique structure and physical pro-
perties.”” In particular, Chevrel phase (CP) compounds with
the formula M,MogXs (M = metal, X = S, Se, or Te),"® have
been attracting great interest, because of their characteristic
crystal structure, involving six Mo atoms embedded on the
faces of a slightly distorted cube, formed by eight chalcogen
atoms occupying its corners.'® In between the closely packed
clusters, relatively open cavities are formed by three-dimen-
sional (3D) channels, which allow the incorporation of various
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cationic species. Because of the unique structural character-
istics, CPs have generated interest in electrocatalysis,>* >
superconductivity,”> and secondary ion batteries.
Following their application to prototype Mg ion batteries,>”
CPs have been also utilized in various metal-ion batteries,
including mono and multivalent cations (Li*, Na*, Mg*", Zn*",
AI’").>* However, these devices suffer from a decreased cycling
stability and low specific capacity, both arising from the slug-
gish kinetics of the prepared micrometre-sized Chevrel
phases.*® In this respect, it has been suggested that electrode
kinetics can be accelerated by switching to nanomaterials,
due to the decrease in ion diffusion length."® Such nano-
structures also have the advantage of accommodating strains

24-26

occurring during the ion insertion and removal processes.”
Developing synthetic routes to obtain controlled nanosized
CPs is inherently attractive and directly related to the electro-
chemical performance of energy storage systems. So far, little
progress has been made towards this goal. Jun Liu et al
reported a method for synthesizing CP nanocubes and
showed that the material exhibits increased reversible capacity
and improved kinetics, compared to larger particles.”® The
preparation procedure was carried out at 1000 °C for 7 hours
under the flow of forming gas (4% H, and 96% Ar, 100 sccm).
However, the use of hydrogen gas as a reducing agent at high
temperatures requires rigorous safety protocols making the
method less industrially attractive.”® Several alternative
methods have been reported in the literature, including solid-
state-reaction synthetic routes,'® molten salt approaches,®
high-energy mechanical milling strategies,> homogeneous
chemical methods with appropriate soluble precursors,® a
self-propagating high-temperature technique,®® and micro-
wave-assisted methods.>”> Most of these processes consume
high amounts of energy, and the final product exhibits a low
degree of purity with uncontrolled particle size most often in
the micrometre range.

In recent years, the molecular precursor route was success-
fully used by one of the current authors to synthesize a series
of binary, ternary, and quaternary metal chalcogenides, where
in all cases the resultant materials exhibit structural features
in the nanoscale range.*' Following a similar approach, we
have recently reported the successful preparation of a nano-
scale MoeSg which offers improved electrocatalytic perform-
ance towards HER in acidic media (0.5 M H,S0,).>° Inspired
by the successful preparation of these nanostructured
materials and their ability to host different cations, we investi-
gate herein the performance of such nanoscale CP MogSg elec-
trodes as an anode material for ARLIBs. Since, the insertion
potential of MogS; is close to the stable potential limit of WIS
electrolyte, the full cell can offer an average discharge voltage
of 1.8 V when paired with an appropriate cathode material,
such as LiMn,O,. Compared to the micro-structured MogSg
reported before,'®*>*3 the prepared nanosized MogSs anode
shows excellent electrochemical performance and increased
stability, with the main advantages being the simplicity of the
preparation route and the improved cycle life of the electrode
materials.

This journal is © The Royal Society of Chemistry 2022
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Experimental section
Synthesis of MosSs Chevrel phases

Tetrakis(diethyldithiocarbamato) molybdenum(iv) [Mo(S,C
(NEt,),], abbreviated Mo(DTC), was synthesized following the
method described by Lewis et al.*' In brief, 3.0 g molybdenum
hexacarbonyl (1.0 eq., 7.57 mmol, Sigma Aldrich, 98%), and
6.75 g tetraethylthiuram disulfide (2.0 eq.,15.15 mmol, Sigma
Aldrich, >97%) were refluxed in 50 mL acetone with a tempera-
ture set at 80 °C for 2 h. After cooling, the mixture was stored
in the freezer overnight to facilitate complete crystallisation.
Using vacuum filtration, dark brown crystals were collected
and rinsed with n-hexane to collect Mo(DTC), (6.721 g,
85.84%). Fourier-transform infrared spectroscopy (FTIR)
(solid) vmax/em™: 2974(w), 2947 (w), 2894 (w), 1518 (m), 1418
(sh), 1372 (sh), 1350 (m), 1316 (sh), 1288 (m), 1255 (sh), 1223
(m), 1166 (m), 1113 (sh), 1066 (m), 1018 (sh), 995 (m), 966 (sh),
932 (m), 865 (m), 805 (sh), 783 (m), 660 (m), 610 (m), 589 (m).
Anal. Calc. for C,oH,4oN,SgMo: C, 34.86; H, 5.85; N, 8.13; S
37.23; Mo, 13.93%; Found: C, 35.04; H, 5.80; N, 8.08; S 37.38;
Mo, 13.79%. The resultant FTIR spectrum was consistent with
previous literature.>* For the preparation of Cu,MogSs, briefly,
stoichiometric amounts of Mo(DTC), (1.4 g, 2 mmol), Mo
(0.2 g, 2 mmol), and copper(u) dibutyldithiocarbamate (Cu
(BDTC),), (0.5 mg, 1.3 mmol)) powders were ground perfectly
using a pestle and mortar. After that, the powdered mixture
was compressed into pellets using an 11 mm diameter mold
and a 20 Ton Hydraulic Press to ensure homogeneity. The
pellet was placed in a ceramic boat inside a tube furnace,
which was gradually heated to 800 °C at 3 °C min~" and kept
under Ar atmosphere for 7 hours at the peak temperature.
Following this, Cu ions were chemically leached from the
molecular precursor derived Chevrel phase by immersing the
sample into a 6 M HCI (Fischer Scientific, Inc.) solution with
stirring for 10 h under constant O, bubbles in order to acceler-
ate the Cu leaching process. Finally, the reaction solution was
centrifuged, with the resulting MosSg being washed with de-
ionized water several times, followed by drying at 80 °C over-
night to obtain the leached Mo¢Ss.

Material characterisation

Powder X-ray diffraction (P-XRD) patterns were recorded from
10° to 80° (26) using Cu Ka radiation source operating at 40 kv
and 40 mA using the XRD5-PANalytical X'Pert Pro diffract-
ometer. The surface morphologies combined with the energy-
dispersive X-ray (EDX) elemental analysis were performed with
an FEI (Quanta 650) field emission gun scanning electron
microscope (SEM) using an accelerating voltage of 15 kV. A
substrate of conductive carbon tape was used to hold the
samples during imaging to reduce the effect of charging.
High-resolution scanning transmission electron microscopy
(HR-STEM) was performed using a Thermo Fisher Titan STEM
(G2 80-200) equipped with a Cs probe corrector (CEOS), a
high-angle annular dark-field (HAADF) detector, detector and
0.7 srad solid angle Super-X EDX detector, operating at 200 kV.
The particle diameter distributions of the CP were directly

This journal is © The Royal Society of Chemistry 2022
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measured from HAADF-STEM images. The elemental compo-
sition of the sample was characterized by EDX in STEM mode.
The STEM samples were prepared by dispersing the CPs
powders in methanol, with subsequent sonication of the
mixture for 5 min and drop-casting onto a copper grid coated
with an amorphous holey carbon film. The Raman spectra
measurements were performed using a Renishaw inVia
Confocal Raman microscope with a 523 nm excitation laser
and a 20x objective lens. X-ray photoelectron spectroscopy
(XPS) spectra were recorded using a SPECS ultra-high vacuum
(UHV) surface analysis system (base pressure 5 x 10™'° mbar)
with a micro-focused Al-Ka source (1486.6 eV). The spectra
were analysed using CasaXPS software, and the peak fitting
was performed using Voigt-type functions and Shirley back-
grounds. All binding energies were charge calibrated to the
adventitious C 1s peak at 284.8 eV. For post-mortem analysis
(ex situ), such as XRD measurements, the negative electrode
(Chevrel phase) is recovered from the coin cells after cycling,
washed with water to remove the electrolyte, and then dried
before further measurement.

Electrochemical characterisation

The electrochemical properties of the prepared MogsSg based
ARLIBs were studied in a three-electrode configuration and
CR2032-type coin cell. In three-electrode measurements, the
working electrode was prepared by mixing the active material
with 10% w/w of carbon black Super P (Alfa Aesar, 99+%
metals basis) in a total quantity of 10 mg active material/
carbon. Then, the mixture was dispersed in 1 ml of a 3:1
water/ethanol mixture, to which 50 pL of Nafion® solution was
added. To obtain a homogeneous slurry, the suspension was
sonicated for 2 h. Using a micropipette, the desired amount of
slurry was withdrawn from the suspension, and was then drop
cast onto a polished glassy carbon (GC) substrate with a geo-
metric area of 0.07 cm? The final active material electrode
loading was about 1.5 mg cm™2. For the half-cell configuration,
Pt mesh was used as the counter and Ag/AgCl as the reference
electrode. The aqueous electrolytes are 21 m solution (where
m is moles solute per kg of solvent) of lithium bis-trifluoro-
methane sulfonyl-imide, (LiTFSI, Fluorochem, 99%). The elec-
trolyte was made by dissolving the required amount of salt in
ultra-pure water (Millipore Milli-Q), which was previously
purged with N, gas for 30 min. Cyclic voltammetry (CV)
measurements were performed using Metrohm PGSTAT302N
potentiostat, equipped with the FRA32 module and controlled
via Nova 1.11 software. For full-cell assembly, either MogSg for
the anode or LiMn,0, (MTI Corporation) for the cathode are
mixed with 10 wt% carbon black and 10 wt% poly (vinylidene
difluoride, PVDF) binders (60 wt% in water, Aldrich), to form a
homogeneous free-standing slurry with the help of ethanol.
Afterward, the blended slurries were pressed onto a 316 stain-
less steel grid for use as the negative electrode and a titanium
substrate current collector for the positive electrode, followed
by overnight drying at 80 °C. Full cell assembly was performed
in a CR2032-type coin cell using a hydraulic crimping machine
(MSK-160D), with MogSs anode (4-6 mg cm™?), glass fibre

Nanoscale, 2022, 14,10125-10135 | 10127
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(Whatman) as a separator, and a LiMn,O, cathode (5-8 mg
cm™?). The cells were galvanostatically charged and discharged
on a Battery Test System (BaSyTec GmbH, Germany) under
ambient atmospheric conditions.

Results and discussion

In the conventional processing route for the preparation of
Cu,MosSg, CuS, MoS,, and elemental Mo are mixed in a stoi-
chiometric ratio and subsequently heated at 1000 °C for
24 h.' Here, we employed a different molecular approach to
prepare Cu,MogSg, where, Mo(DTC), acts as the MoS, source,
and Cu(BDTC), supplies the CuS upon its decomposition (see
Experimental section). These precursors decompose concur-
rently in the presence of Mo metal to form the target CP as
reported in our previous work.>® The P-XRD, Raman spec-
troscopy and XPS were used to characterise the materials struc-
turally and to identify the chemical composition of the as-pre-
pared materials. The XRD patterns of the synthesised
Cu,Mo06Sg, and MogSg are shown in Fig. 1(a). The Cu,Mo04Sg
provided a diffraction pattern that is in excellent agreement
with the standard pattern of Cu,Mo4Sg (ICSD#158985).

View Article Online

Nanoscale

Moreover, the presence of a strong peak at 13.8° and the
minimal appearance of the peak at 14.4° being indexed to
MoS,, confirms the high purity of the synthesised Cu,MosSg
compound.®® Pure MogSs was obtained following chemical
leaching of Cu from Cu,Mo04Sg in 6 M HCI (see Experimental
section). In this study, the obtained powder pattern in Fig. 1(a)
can be indexed to rhombohedral MosSg (ICSD#252376), which
exhibits the intense peak of the (101) plane characteristic of
Cps.*®

The Raman spectrum (Fig. 1(b)) of the material shows dis-
tinctive peaks at 136, 233, 316, 376 and 404 cm™' corres-
ponding to the various vibrational phonons of Mo/S in
MogSg.***® The Raman spectra from aged and fresh leached
MogSg are also similar (Fig. S1t) suggesting that the MogSg
material is stable over a time period of 6 months. The surface
states and chemical composition of MogSg were examined by
XPS and the survey spectrum is shown in Fig. S2.1 The narrow
window in the Mo 3d binding energy range (Fig. 1(c)), shows
the characteristic doublet peaks centred at 228 and 231.1 eV
attributed to Mo** and those at 229.1, 232.2 eV corresponding
to the Mo®" oxidation state in MogSs.'®*° Doublet peaks
located at 232.7 and 235.3 eV are consistent with the presence
of an oxide surface film due to exposure of the samples in
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Fig. 1 Characterization of the prepared materials: (a) P-XRD pattern of the as-synthesized Cu,MoeSg and MogSg along with their corresponding
standard patterns, (b) Raman spectrum of MogSg, (c) high resolution XPS spectra of the Mo 3d/S 2s region and (d) S 2p region.
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ambient air prior to the measurements.”” The S 2p high
resolution spectrum (Fig. 1(d)) can be fitted with two com-
ponents related to Sps, at 162.0 €V and S,y at 163.2 eV
attributed to the sulfur with an oxidation state of S~ co-
ordinated to Mo atoms.'® Notably, the peak profiles and their
corresponding binding energy positions are commensurate
with the previous literature reports on the MogSg CP.**2° For
a detailed study of the surface state and chemical composition
of the prepared MoeSg samples, we refer the reader to our pre-
vious work in which XPS photon depth profiling with tunable
synchrotron radiation was presented.>®

The surface morphology of the synthesised materials was
examined by SEM. Fig. 2(a-d) shows the SEM images of
Cu,Mo4Sg and MogSg. As we can see in Fig. 2, Chevrel phases
with agglomerated nanocubes are revealed by the SEM. It is
worth noting that the surface morphology is not affected by
the acid leaching process and well-defined nanocubes similar
to those in the as-prepared material are clearly seen in Fig. 2(c
and d). The complete removal of Cu following the leaching
process was confirmed by the disappearance of the Cu peak in
the EDX spectrum of MoeSg (Fig. S3(a and b)f).

To provide further insights into the surface morphology
and crystal structure of the prepared material, we performed
HAADF-STEM measurements (Fig. 3). The MogSg CP crystal
structure can be clearly observed from the atomic resolution

1000 nm
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HAADF-STEM images and is distinct from the layered structure
of MoS,.%® MogS; particles in the nanoscale range are observed
(Fig. 3(a)) consistent with the SEM data. The interplanar
spacing of the two sets of crystal planes marked by yellow lines
in Fig. 3(b) are measured to be 0.614 nm and 0.629 nm, which
correspond respectively to the (101) and (111) planes of the
MogSg CP. Fig. 3(d) shows the corresponding fast Fourier trans-
form (FFT) pattern, which can be indexed by [121] zone-axis of
MogeSg (P63/mmc space group). The overlay in Fig. 3(c) shows
the model crystal structure of MoeSg viewed along the [121]
direction, which matches our results, and indicates the single
crystalline structure of the prepared MogSs nanocubes.'®
Furthermore, the chemical composition and elemental distri-
butions were probed by STEM EDX mapping (Fig. S4t1) where
the uniform distribution of the elemental constituents in both
the as-prepared and leached materials is highlighted.

Energy storage performance of Chevrel phase Mo4Sg

The prepared CP materials were used as anodes in ARLIBs and
their performance was evaluated via a series of electrochemical
and spectroscopic techniques. Initially, the electrochemical Li"
ion intercalation/deintercalation in both as-prepared and Cu-
leached nanosized CPs was studied by means of cyclic voltam-
metry in a 21 m LiTFSI electrolyte, using a three-electrode con-
figuration. As seen in Fig. 4(a), the non-leached Cu,Mo¢S; elec-

Fig. 2 SEM images of the as-prepared (a and b) Cu,MogSg and (c and d) MogSg at different magnifications.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 HAADF-STEM images of MogSg particle at low (a), medium (b) and high magnifications (c). The atomic resolution image in (c) reveals the
expected crystal structure of MogSg viewed along [121] with an atomic model overlaid bottom left. (d) Fast Fourier Transform (FFT) obtained from (b)

which can be indexed to the [121] zone-axis of MogSs.

trode exhibits a pair of redox peaks located at —1.0 V and —0.9
V vs. Ag/AgCl, that can be assigned to the insertion and
removal of Li*, respectively. On the contrary, in the case of the
pure MogSg electrode (Fig. 4(b)), two distinct pairs of redox
peaks appear, where the two cathodic peaks observed at —0.59
V and —1.01 V vs. Ag/AgCl are related to the insertion of Li
ions into the Li,Mo¢Sg (where, 0 < x < 4), with their anodic
counterparts at —0.48 V and —0.81 V vs. Ag/AgCl corresponding
to the removal of Li* ions from the CP of Li,MogSg. These find-
ings are in line with what has been previously reported for
pure MogSg electrodes in similar highly concentrated electro-
lytes.'® The appearance of two pairs of peaks in the Cu-leached
electrode can be attributed to the widening of the pseudo-
cubic cavity 1 in CP’s crystal structure upon Cu chemical dis-
solution, which removes any energetic/steric barriers for Li"
ion insertion and thus results in a higher degree of Li" ion
accommodation within the structure of the material.*’
Furthermore, it is noteworthy that Cu,MoSg anodes show a
much smaller Li" ion insertion current response than MogSs,
further indicating that the presence of Cu in the CP crystal
structure partially hinders the insertion process.

The observed overpotential for Li* ions intercalation/dein-
tercalation in the prepared MoeSg is lower compared to that
reported for conventional anode materials such as vanadium-

10130 | Nanoscale, 2022, 14, 10125-10135

based (VO, (B), V,0s) or (NASICON)-type LiTiy(PO,); electro-
des, while the small separation between the anodic and catho-
dic peaks in the cyclic voltammograms (CVs), demonstrates
the faster Li" intercalation kinetics. The latter can be attribu-
ted to the unique structural morphology in the nanoscale
range of the prepared materials that decreases the diffusion
length of Li" ions [17]. The effect of potential scan rate on the
intercalation/deintercalation process was also investigated and
the results are displayed in Fig. 4(c and d). It can be seen that
an increase in the potential scan rate leads to a larger peak
separation between the anodic and cathodic peaks in the CVs
of Fig. 4(c) (up to 200 mV for 10 mV s '), which suggests the
diffusion limitation of the ions at higher scan rates.*" By
further increasing the potential scan rate at 25 and 50 mV s~
(Fig. 4(d)), the anodic/cathodic peak separation increases to ca.
320 and 400 mV respectively, where the ions’ diffusion limit-
ation phenomenon becomes more evident, in line with what is
reported in the literature for various battery materials.*” To
consider the charge storage mechanism of the prepared MogSg
during the charging process in more detail, the relationship
between the peak current (i) and potential scan rate (v) was
studied, based on the power-law formula i = al®, where the
exponent b (the slope of log (i) vs. log (v) plot) reveals the
charge storage mechanism. For processes dependent on inter-

This journal is © The Royal Society of Chemistry 2022
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actions at the surface, the current response is proportional to
the scan rate (b = 1), whereas for a diffusion-controlled mecha-
nism, i is proportional to the square root of v (b = 0.5). As seen
in Fig. 4(e), the fitting results show that the calculated b values
are ca. 0.6, indicating that the charge storage mechanism of
nanosized MogSg anodes is mainly controlled by the lithiation/
delithiation during charge and discharge processes.

Since it has been reported that the CP can reversibly inter-
calate different cations from organic electrolytes, we investi-
gated whether Na*, and Mg>" could intercalate from aqueous
electrolytes. Towards this end, we studied the performance of
the prepared CPs in 2 M Na,SO, and the WIS electrolyte
mixture of 40 m CsOAc (OAc = acetate, Alfa Aesar, 99.9%)
+10 m NaOAc (Sigma-Aldrich, 99%). As can be seen in
Fig. S5(a),t no electrochemical features related to intercalation
were observed in the 2 M Na,SO, electrolyte, due to the
restricted stable potential window (ESPW). On the contrary,
when using the WIS-based acetate electrolyte mixture
(Fig. S4(b)),t two clear de-intercalation peaks appear at —1.5 V
and —1.2 V vs. Ag/AgCl, with an ill-defined cathodic shoulder
at —1.55 V (within the HER potential range) that might be
attributed to the reverse process. However, since the intercala-
tion process was found to occur at potentials very close to the
onset of HER, no reliable and reproducible charge/discharge
data could be recorded. Similar studies were also conducted
for the intercalation of Mg®" ions in the synthesized MogSg

This journal is © The Royal Society of Chemistry 2022

anodes using 1 M MgSO,. From the data presented in Fig. S61
it can be inferred that the process occurs at potentials located
at the immediate vicinity of the HER potential range and thus
Mg>* cannot be reversibly intercalated. The same outcome has
been recently reported using highly concentrated 4 m Mg
(TFSI),, where the cathodic limit was found to be ca. —0.9 V vs.
Ag/AgCL.*® Despite these unsuccessful preliminary attempts,
we believe that MogSg will play a dominant role as anode
material for aqueous Na/Mg-ion batteries with appropriately
engineered electrolytes able to offer a wider potential window.

Having characterized the electrochemical processes at play
in the MogSg anode, we turn to investigate the cathode side.
For these measurements, the spinel LiMn,0, was selected as
the cathode material. Similar to the studies involving the
anode, a three-electrode configuration was used to evaluate the
electrochemical performance of the LiMn,0,. Fig. 4(f) shows
the typical CV plot of LiMn,0O, electrode at a scan rate of
0.5 mV s in a potential range between 0 and 1.35 V vs. Ag/
AgCl. Two pairs of redox peaks can be resolved from the rele-
vant CVs, suggesting that Li" ions are inserted into/extracted
from the LiMn,O, by a two-step process. It is known that these
two pairs of current peaks originate from the different oxi-
dation states of Mn**/Mn** upon delithiation and lithiation
processes.°

In the next stage, MoeSg and LiMn,0, were assembled as
coin cells and were tested for their rate capability and cycling

Nanoscale, 2022, 14,10125-10135 | 10131
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stability. As shown in Fig. 5(a), the CV of the full cell recorded
at a scan rate of 1 mV s™*, shows two distinct reversible redox
couple peaks of lithiation/delithiation reactions at 1.57 V and
2.0 V for the anodic scan with their cathodic counterparts
recorded at 1.42 V and 1.75 V, respectively. It is emphasized
that no obvious water decomposition signature is seen within
the applied potential range. Moreover, the CV profile remains
stable, apart from the 1% cycle where some irreversible lithium
consumption is caused by SEI formation.” The galvanostatic
charge/discharge profiles for the 1%, 3™, 5% and 10" cycles at
0.2 C show two sloping discharge plateaus at 1.6 V and 1.95
V. These observations, together with the differential capacity
(dQ/dVv) profile calculated from the charge/discharge profile
(Fig. 5(b)), are in good agreement with the results of the CVs.
Also, we emphasize the fact that the coulombic efficiency
increased to 99% within the first five cycles, (Fig. 5(b)), reveal-
ing the formation of a stable and protective SEI over as few as
five cycles. The latter is also consistent with the CV profile. To
examine the rate capability of the fabricated Li-ion battery, the
cell was cycled at different charging/discharging rates and the
results are depicted in Fig. 5(d). At 4 C rate the full cell shows
a capacity of ca. 18 mA h g™' corresponding to 42% of the
capacity obtained at 0.2 C (42 mA h g™'). This decrease in
capacity at high rates (4 C) is mainly caused by the slow rate of

10132 | Nanoscale, 2022, 14, 10125-10135

internal Li" ion diffusion, and not due to the electrode degra-
dation (see Fig. 7 and the relevant discussion therein).
Notably, when the cycling rate returns to 0.2 C, the recorded
capacity is ca. 38 mA h g~ which corresponds to a capacity
retention of ca. 91% compared to the first cycle. This obser-
vation demonstrates the excellent high-rate performance of the
cell. An approximate estimation of the energy density from the
two average discharge voltages and their corresponding
capacities leads to a value of ca. 85 W h kg™" at a 0.2 C rate
and based on the mass of active materials.

The cycling stability and capacity retention of the MogSs/
LiMn,O, cell was tested at 0.2 C and 4 C-rates for different
cycles as shown in Fig. 6(a and b). The specific capacity with
respect to the total mass was 40 mA h g™' at 0.2 C and 25 mA
h g" at 4 C, for the first cycle. Excellent cycling stability and
high capacity retention of 31 mA h g~' within 145 cycles,
corresponding to a capacity retention of 77% under the harsh
conditions imposed by the low (0.2 C) rate. Moreover, at high
rates (4 C) the capacity retention is determined to be 80% after
1000 cycles. In both cases, the coulombic efficiency was ca.
100%. The excellent cycling capability can be interpreted in
terms of the nanostructure crystalline features of the prepared
CP material that (i) form three-dimensional Li* ion diffusion
paths and (ii) shortens the diffusion path of Li" ions and ions,

This journal is © The Royal Society of Chemistry 2022
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thereby accelerating ion transportation during the charge/dis-
charge process. This is also supported by the electrochemical
impedance spectra (EIS) measurements recorded at different
charging/discharging cycles (Fig. S7t). The qualitative features
of the Nyquist plots include: (i) the high-frequency intercept
related to the electronic conductivity of the cell, (ii) a
depressed semicircle in the intermediate frequency region
where its diameter roughly corresponds to the charge transfer
resistance associated with Li" (de)intercalation processes at the
electrode/electrolyte interface and (iii) an inclined line of
higher than 45° angle slope relative to the real axis in the low-
frequency range (Warburg resistance, showing the diffusion
rate of Li* in the active material).** It can be inferred from the
Nyquist plots that the interfacial resistance remains stable at
around 30 Q during the first 10 cycles, followed by a slight
increase to 40 Q after the 100th cycle, before reaching the final
value of 54 Q. The observed increase in the charge transfer
value (as qualitatively estimated by the diameter of the
depressed semicircle observed at the intermediate frequency
range) may be attributed to the capacity fade of the positive
electrode (LiMn,0,) during cycling, as has been recently
reported for systems using 21 m LiTFSI electrolytes. This
phenomenon is ascribed to the low conductivity of LiMn,O,
and the Jahn-Teller distortion arising from the thermo-
dynamic instability of the spinel lattice.>*>*¢

In order to investigate the intercalation of Li' ions into
MoeSg nanocubes, ex situ post-mortem XRD and XPS measure-
ments were performed on cycled electrodes. The full cell was
charged and discharged at a 0.2 C rate and the negative elec-
trode was recovered from the cell and washed thoroughly with
water before the measurements. As shown in the XRD pattern
of the charged MosSs (Fig. 7(a)), there is a phase transition
from the MogSg to Li,MosSg (where, 0 < x < 4), which is identi-
fied as R-3 structure rhombohedral Li,Mo¢Sg (PDF #01-081-
0859). However, in the fully discharged state, the sharp crystal-
line peak at 18° due to the Li" insertion and the Mo4Sg struc-
ture was recovered, indicating the reversible phase transition.
This can be further supported by the XPS data obtained for

This journal is © The Royal Society of Chemistry 2022

MoeSs at different states of charge, where a high intensity
peak for the Li 1s is observed in the fully charged MogSg
(Fig. 7(a)). On the other hand, this peak was barely seen when
the cell was discharged to 0.5 V, demonstrating the reversible
insertion/deinsertion process during the charge/discharge
process. Furthermore, the stability of MosSg nanocubes in the
21 m LiTFSI aqueous electrolyte upon cycling, was evaluated
in a three-electrode cell system and in the full cell configur-
ation. In the first case, MogSg was scanned in the working
electrolyte for more than 50 cycles at a scan rate of 1 mV s~
in the potential range used for the data in Fig. 4(b). The elec-
trolyte was then subjected to ICP-MS analysis to determine the
molybdenum concentration (for the Experimental process
please see the supplementary data). The results show that
molybdenum concentration (=9 ppb) in the solution is less
than the detection limit of the instrument, i.e., 5 ppb. For the
full cell configuration, a CR2032-type coin cell comprised of
MogSs as anode and LiMn,O, as cathode was assembled
based on the procedure described in the Experimental
section. The cell was then cycled for 15 cycles at low rate of
0.2 C. Following completion of the charge/discharge cycling
procedure, the cell was disassembled, and the glass mem-
brane separator soaked in the electrolyte was carefully
removed. The latter was subsequently digested in nitric acid
and the contents of the solution were analyzed by means of
ICP-MS. A pristine membrane was also analyzed following the
above procedure (blank sample). The analysis results revealed
a molybdenum content of 297 ppb for the membrane
removed from the coin cell and 18 ppb for the blank sample.
The trace amounts of molybdenum detected after digestion of
the membrane soaked in the working electrolyte are attributed
to the presence of MogSg residuals on the surface of the mem-
brane upon cell disassembly as well as the intrinsic molyb-
denum content in the separator as evidenced by the analysis
of the blank sample. The findings from both the three-elec-
trode and coin cells strongly demonstrate the high chemical
and electrochemical stability of MogSg in this electrolyte
during cycling.
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Conclusions

An alternative strategy for the preparation of high purity
Chevrel phase MogS; is proposed, which is based on a facile,
efficient and controllable molecular precursor approach with
a significantly decreased energy input compared to the con-
ventional approaches. The resultant MoeSg material exhibits
unique structural characteristics in the nanoscale range, as
confirmed by a series of physicochemical characterization
techniques. Application of the nanostructured MogSg as the
anode in rechargeable aqueous Li-ion batteries using a con-
centrated electrolyte of 21 m LiTFSI, delivers a high electro-
chemical capacity of 45 mA h g~' at 0.2 C with a discharge
voltage as high as ca. 2 V. The cycling performance of the full
cells using a LiMn,O, cathode, is found to be highly reprodu-
cible as evidenced by the capacity retention of 77% for 145
cycles at 0.2 C and 80% at 4 C for 1000 cycles. In both cases
the coulombic efficiency was determined to be close to 100%
further confirming the increased stability of the system.
These results are interpreted in terms of the three-dimen-
sional Li" ion diffusion network expanding in the nanometre
range and the decreased Li' ion diffusion path, compared to
the conventional microstructured MogSg, that accelerates ion
transportation during consecutive charge/discharge cycles.
Both characteristics arise from the nanostructured mor-
phology of the material, as a result of the synthetic approach
followed. Post-mortem powder XRD of the fully charged/dis-
charged anodes, demonstrate the stability of the material, as
proven by the fact that its crystal structure remains
unaffected, despite undergoing a phase transition during Li*
ion insertion/removal. In summary, we envisage that the
overall strategy introduced in this work will contribute to the
stimulation of novel research towards the wide application of
CP MoSs based materials in various electrochemical energy
storage systems using both aqueous and non-aqueous
electrolytes.
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