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The giant wheel-shaped Naj5{[Mo1540462H14(H20)70]0.5[M01520457H14(H20)68]0.5} - ca. 400 Hy0 (Mo1s4) is
one of the fascinating clusters with the open host framework, which is designed by simple metal-oxygen
fragment—linked coordination modes. The generation of structural vacancies (here referred to as de-
fects), the substitution of ligands, and incorporation of heterometallic centers in Mo1s4 could offer several
attractive possibilities to achieve good electrochemical performance such as high specific capacity and
stability in multivalent batteries. Herein, we have introduced electronically rich giant nanowheel Mo1s4
as a potential cathode material in magnesium-rechargeable batteries (MRBs). The experimental evidence
indicates that the Mojs4 wheels offer a reversible capacity of ~150 mAh g~ at 50 mA g~ in MRBs, which
was retained to about 55 mAh g~ ! after a long cycling life (>500 cycles). Typically, the divalent alkali
metals (Mg?*) suffer from diffusion and insertion reactions in host materials; however, the stable and
high rate performance against cycling with good Coulombic efficiency was achieved for Mo1s4 electrodes.
Thus, the work demonstrates that the complex inorganic clusters are promising cathode materials in
multivalent ion batteries.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The next-generation energy storage devices based on multiva-
lent metals such as magnesium (Mg) and calcium (Ca) metals as
anode materials are acquiring increasing interest [1]not only
because of their dendrite-free nature with improved safety and
cycle life but also because of their multivalent nature, which can
offer higher energy density (for Mg, gravimetric: 2205 mAh g,
volumetric: 3832 mAh cm—3) than the lithium-ion batteries based
on graphite anodes (~370 mAh g~!) [2]. Moreover, magnesium-
rechargeable batteries (MRBs) are very promising with intrinsic
low reduction potential, small ionic radius, and highly reversible
nature. It may also provide an opportunity for battery cost re-
ductions because of its natural abundance in the earth's crust (5th
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most abundant element, approximately 24 times cheaper than Li)
[1]. However, to explore the full potential of the MRBs, high-
energy-density electrodes (especially cathode materials) need to
be developed to guarantee high-energy output and structural sta-
bility to ensure long cycling performance. Recent studies have
shown that the discovery of cathode materials is mainly inhibited
by the nature of divalent Mg?* ions: the high charge density (a
double charge divided by a small radius of 0.74 A) leads to reduced
diffusivity within common polar crystalline hosts due to strong
Coulombic interactions [3].

Despite the recent advancement in materials development for
MRBs, including metal sulfides/selenides [1a,4], MgMSiO4 (M = Fe,
Mn, Co), [5], MgFePOg4F, [6], organic compounds, [7], Prussian blue,
[8], the suitable cathode-host materials with fast charge kinetics is
a bottleneck. So far, the most suitable cathode material with su-
perior Mg?* storage characteristics is still Chevrel phases (CPs)
MogSg reported in the pioneering work of Aurbach et al. [9] The
unusual activity of CPs in the reversible processes of Mg+ inser-
tion/extraction can be attributed to the presence of octahedral Mo
clusters in the crystal structure of these materials [10]. Because the
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crystal structure of CPs is composed of octahedral clusters of six
Mo sites with metal-metal single bonds (the MogTg blocks) face-
capped by eight chalcogen ions, they can accommodate up to 4
electrons, thereby enhancing the kinetics of Mg?* insertion [10]. In
this regard, we have introduced another kind of material with Mo
clusters as cathode materials for MRBs. The isolation of blue single
crystals from the historical ‘mysterious blue waters’ enabled Miiller
and coworkers in 1995 to finally formulate Mo blue compound as a
{Mo154} = [M01540445(NO)14H14(H20)70]*®~ giant nanowheel [11].
In the past 20 years, several different wheel-shaped nanocontainer
molecules were characterized by single-crystal X-ray structure
determination and several other physical techniques, which
broadly follow in two different classes: Mois4, the big wheel and
the Moq76, the Bielefeld wheel [11]. Although the giant nanowheels
and their derivatives have structurally been characterized, the po-
tential of such remarkable clusters as functional materials has not
been explored so far.

The Mos4 wheels are ‘reduced protonated hydrated molybde-
num oxides’ as they can be expressed as [(M00O3)11nHn(H20)s5,]"
where n = 14/16, and the presence of these 14 or 16 subunits can be
monitored directly through scanning tunneling microscopic im-
aging and spectroscopic imaging [12]. The formulas can also be
expressed in terms of their building blocks as [{Mog}n{-
Moz }n{Mo1}n]"". The {Mog} core clusters with metal-metal chem-
ical bonds, which can be regarded as a pseudo single-transition
metal ion that can accommodate up to 28 electrons (compare to
one or two electrons for a usual transition metal ion) [12]. Such
cluster materials can be a promising host for multivalent ion
because of the ability of redistribution of the bivalent cation charge
of Mg?* within the local crystal structure. This prompted us to
investigate and introduce the role of Mo154 nanowheels as cathode
material in magnesium ion and sodium-magnesium hybrid batte-
ries. Based on the aforementioned considerations, we first report
on giant nanowheel Mo1s4 as a potential cathode in MRBs. The
Mo1s4 cathode delivered a reversible Mg?+ storage capacity of ~150
mAh g~! at a current density of 50 mA g~ !, which was retained to
about 55 mAh g~ over a long cycling life (>500 cycles). A stable
high rate cycle performance at 500 mA g~ was also achieved with a
Coulombic efficiency close to 100%. Owing to the unique structure
of Moqs4, the issue in MRBs such as slow Mg?* diffusion and
complex bivalent charge redistribution were bypassed, which is
investigated in detail using various materials characterizations and
electrochemical analysis. Finally, we have proposed leveraging of
Mo cluster compounds as host materials for a wide range of diva-
lent metal ions, thereby opening new opportunities for next-
generation energy storage applications.

2. Results and discussion

The Mos4 nanowheel was synthesized using a unique solution-
based method (Supporting Information), yielding dark blue crys-
tals. The unit cell parameters of these blue crystals are identical to
the literature values. The polyhedral, ball and stick view of the
Mos4 wheel is depicted in Scheme 1, displaying the original co-
ordination geometry of the Mo-centers.

The experimental and simulated (from the crystal data) powder
X-ray diffraction (PXRD) patterns (Debye type) of Mo1s4 (Support-
ing Information, Figure S1) reveals the close resemblance with large
unit cell of Mo1s4, which confers a large number of reflections with
the separation less than the resolution of the diffractometer at the
Cu-K, wavelength, as well as by particle size broadening. The
presence of a large number of lattice water molecules in the crystal
structure of Mojs4 leads to the reduction of crystallinity [13].
Scanning electron microscopy (SEM) and high-resolution (HR) SEM
images demonstrate the agglomeration of Ilarge crystals

(Supporting Information, Figure S2). Further, the Fourier trans-
formed infrared (FT-IR) spectrum measured between 400 and
2000 cm™! (Supporting Information, Figure S3) of Mo1s4 exhibited
peaks at 1618 (m) (0m20), 978 (m), 912 (w-m) (Vmojo), 810 (sh), 745
(s), 628 (s), 555 (S) (VMo-0 and dMo-0) cm ™~ L. The electronic absorption
(Supporting Information, Figure S4) spectrum shows two bands,
which are characteristics for almost all molybdenum blue species.
The intervalence (Mo¥ — Mo"") charge transfer (IVCT) transitions
contribute to 5 x 10% per MoV sites in the visible/near-infrared [14]
and thereby the lower energy transition reflects the presence of 28
electrons, which are inhomogeneously delocalized throughout the
cluster skeleton showing a stronger preference for residence in the
{Mog} cores [12]. Furthermore, high-resolution transmission elec-
tron microscopy HR-TEM and selected area diffraction pattern
studies (Supporting Information, Figure S5) were displayed large
particles (supporting SEM analysis) but mostly of par reduced
crystallinity becasue of higher weathering inside the microscope
column. The presence of molybdenum was also additionally
confirmed using energy-dispersive X-ray (EDX) analysis (Support-
ing Information, Figure S6). The electronic structure of the sample
was examined by using X-ray photoelectron spectroscopy (XPS).
The HR XPS scan of Mo 3d is shown in Fig. 1. The spin-orbit com-
ponents of Mo 3ds;; and Mo 3d3p; can be fitted to well-resolved
doublets. The major peaks at 233.3 and 236.4 eV could directly be
ascribed to molybdenum (VI), whereas the minor peaks at 231.9
and 235.1 eV are correlated to molybdenum (V). The values and the
corresponding oxidation states of Mo are well in agreement with
the crystal structure of Moqs4, as well as to the previous MoOx
materials reported in the literature [15]. In the O 1s spectra, the
peaks at 531.1,532.2 eV, and 533.4 eV could be assigned to the py/us
—type O atoms, protonated O sites, and the water molecules of the
crystal structure, respectively.

The electrochemical properties of Mois4 in traditional MRBs
were studied in a potential window of 0.01-2.0 V vs. Mg>"/Mg.
Fig. 2a shows the galvanostatic charge/discharge curves of the
Mojiss electrode at the current density of 50 mA gL The cell
exhibited sloping potential curves similar to that observed in
electrochemical double-layer capacitors, and the initial discharge
capacity was around 150 mAh gL The absence of the reaction
plateau indicates capacitive behavior. This can be attributed to the
open structure and abundant defect sites of Mo1s4, which highly
enlarged the exposed active sites and enhanced the kinetics of
charge transfer. The postmortem HR-TEM analysis shown in
Figure S7 suggests the amorphous nature of Mo1s4 without obvious
fringes. After fully charging and discharging, the Moqs4 still shows
an amorphous network with numerous vacancies. The XPS HR
spectra of Mg 2p of cycled Moqs4 further confirm the successful
storage of Mg?* ions (Figure S8).

The cycling stability of Moqs4 electrode is shown in Fig. 2¢c. The
cell retained a reversible capacity of around 55 mAh g~! after 500
cycles at 50 mA g~ L. The obvious capacity decay during the first few
cycles was observed, suggesting inaccessibility of some electro-
chemical active sites of Mois4; however, the performance is still
very promising compared with other Mo-based materials with
different structures and compositions as tabulated in Table S1.
Further, the rate performance of Mois4 is also encouraging as
shown in Fig. 2b. The capacity obtained at high current rates was
recovered when the current density switched back to low, indi-
cating good structural stability of Moqs4 at high current density. The
high capacity retention over long-term cycling reflects the good
stability of Mojs4. The long-term stability of Moqs4 in Magnesium
ion batteries (MIBs) was further recorded by cycling the battery at
500 mA g~ ! for 500 cycles (Fig. 2c). The Mo1s4 electrode maintained
a discharge capacity of ~30 mAh g~! after 500 cycles. The
Coulombic efficiency was maintained at 100%, which can be
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Scheme 1. Polyhedral (a) and ball and stick (b) representation of Mo;s4 nanocapsule exhibiting different subunits [Mo1s4 = (Mo0g)14(M02)14(Mo01)14] in various color. The {Mog} units
are colored in blue, whereas the {Mo,} and {Mo} units are represented in red and yellow, respectively. The central pentagonal bipyramidal coordination of Mo-centers is epit-
omized in light blue whereas approximate octahedrally coordinated Mo sites are in dark blue.
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Fig. 1. The deconvoluted XPS high-resolution spectra of (a) Mo 3d and (b) O 1s. XPS, x-ray photoelectron spectroscopy.

attributed to negligible charge trapping at the cathode in subse-
quent cycles, as well as the highly reversible and dendrite-free
nature of the Mg anode. Therefore, the present work shows that
the Mo154 with the open framework crystal structure can efficiently
host divalent insertion cations at high rates to produce unprece-
dented cycle life and coulombic efficiencies.

An alternative battery concept that takes full advantage of the
metallic Mg anode but bypasses the need for an efficient Mg
cathode material is the hybrid Mg-Li/Na battery. This hybrid design
could integrate the advantages of the Mg metal anode and the Li*/
Na' storage cathode for providing a device with much better cycle
performance, which has been investigated in several recent proof-
of-concept reports [1]. Particularly, the Mg-Na hybrid battery
(MNIB) system has a potential advantage to fully exploit the cost
benefits when compared with Mg-Li hybrid system by simply
shifting from Li-containing electrolyte and Li cathode chemistry to
Na-based alternatives. With this motivation, we have investigated
the performance of Moys4 in MNIBs, as shown in Fig. 3. The 0.2 M
[Mg2Cl>][AICl4]2/DME electrolyte, was chosen as the MNIB elec-
trolyte. The capacity of the MNIB system can reach ~250 mAh g~!

during the first three cycles at a current density of 50 mA g~ . As
shown in the charge-discharge curves, it can be observed that
charge capacity is larger than that of the discharge capacity, which
can be attributed to the existed delocalized Na™ ions associated
with the giant wheel-shaped clusters
Nai5{[M01540462H14(H20)70l05  [M01520457H14(H20)68]0.5} - ca.400
H,0 that gradually released during cycling. The Na™ ions are
removed from the host structures with the reversible partial
concomitant oxidation of the Mo clusters [16]. This does not
happen in the MRBs, where no extra capacity contribution was
observed during the charging process, indicating that Mg?* inser-
tion or storage does not involve the release of Na* as well as the
oxidation of Mo. This can be confirmed in the cyclic voltammetry
(CV) curve of MRB and MNIB shown in Fig. 4, where no peaks are
shown in MRB CV curve, indicating a capacitance behavior.
Whereas, the CV curve of MNIB shows a large anodic peak around
1.2 V in the first scan, which disappeared in the following cycles,
confirming the extra Na® extraction from the Mois4 in the first
charging process. The Na' ions, which lie in the ion migration
pathway, can be removed or exchanged with Mg?* to allow better
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Fig. 2. (a) First five charge-discharge profiles of Mo;s4 at 50 mA g~' in MRBs. (b) Rate performance of Moys4 at various current densities in MRBs. (c) Cycle stability of Mojs4 at
50 mA g~' and 500 mA g~ of Moys4 as cathodes for MRBs. MRBs, magnesium-rechargeable batteries.

Mg?* extraction. Despite the improved capacities, the poor cycle
stability of MNIB is still a bottleneck, which needs further
investigations.

Besides the large electrostatic interaction between insertion
ions and host anions, the difficulty in redistributing the divalent
charge of Mg?* to achieve local electroneutrality leads to slow ki-
netics and poor cycle ability [10,17]. For most of the commonly
studied intercalation compounds, it is difficult to undergo electro-
chemical processes with a charge transfer of more than one elec-
tron per ion. Besides, the abrupt change in the oxidation state of
transition metal cations upon multielectron redox processes should
result in the drastic local deformations in the crystal structure of
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Fig. 3. Voltage curves of the Moys4 applied as cathode material for Mg-Na hybrid
battery at 50 mA g~ .

the host [18]. Here we have compared the performance of Mojs4
with other Mo-based materials that applied in MRBs. As summa-
rized in supporting information Table S1, Mo154 showed a capacity
of ~110 mAh g~ ! at 50 mA g ! after 20 cycles and ~91 mA g~ ! after
50 cycles, which are higher than most of the reported materials.
After 500 cycles, it still delivered comparable capacity retention at
similar current density, indicating good stability among the re-
ported results [9,19]. The charge storage mechanism has not been
fully elucidated, however, based on the previous attributions
several hypotheses may help to explain the enhanced performance
of Moq54, some of them are as follows:

(1) Moqs4 clusters belong to the ‘Robin-Day classification III
because of the complete delocalization of the two 4d elec-
trons in the {Mos0g} compartment. This electron delocal-
ization, which is responsible for the intense blue color
of these clusters, exhibits two intervalence charge trans-
fer bands at the wavelength of 750 nm and 1050 nm.
Quantitative characterization is also possible via the
extinction coefficient of the higher wavelength band
(e = 5000 mol~'dm>cm~!/MoV centers) [14]. Because a giant
wheel-shaped clusters Mois4 comprise 14 incomplete
cubane-type {Mos0g} compartments, each containing two
delocalized 4d electrons, the Mo1s4 cluster has 28 delocalized
4d electrons. Upon insertion of one Mg?* ion per formula
unit, the formal charge of the individual Mo ion in the cluster
changes only by 1 of 14 electron. This is a great advantage to
help redistribute the divalent charge to achieve local elec-
troneutrality. As a result, the Moys4 clusters may not only
enable the fast and reversible storage of Mg?* but also be
favorable for various cations, including monovalent (Li*, Na™,
Cu'), as well as other divalent cations (Zn?*, Ca?*, Cd?*, Ni?*,
Mn?*, Co®*, Fe?*) at ambient temperatures.
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Fig. 4. Cyclic voltammograms of Moys4 in (a) MRBs and (b) MNIB at a scan rate of 0.2 mV s~'. MNIB, Mg-Na hybrid battery; MRBs, magnesium-rechargeable batteries.

(2) The addition of Na™ can further promote the performance of
Moiss in Mg?* storage, where the exchanged Na* can form
diffusion channels for Mg?" transport, despite the fast ca-
pacity decay.

(3) The Mo1s4-type wheels having an average external diameter

of 3.4 nm and height 1.5 nm (small ionic radii, Mg>*: 0.72 A)

[20] are not compact. This exposed flatness of the Mo1s4-type

wheel might increase the accessibility of its surface

toward the ions in the electrolyte and contribute to rapid
ionic diffusion [21]. Moreover, the labile corner-shared

[M0,05(H50),]?* may also be reversibly replaced, as known

for several nicked structures, [14], and therefore, it can pro-

duce additional sites for the placement of Mg>* ions.

the crystal [(Mo0O3)11nHp(H20)5,]" " (n = 14/16) contains a

large number of lattice water molecules, [12], which can

transform Mg?* into much less polarizing solvated ions,
thereby alleviating the host-guest interaction and increasing
the ion diffusivity [19b].

(5) The origination of hydrophilic surface is consistent with the
option for the {HO—Mo=0} functional groups to exist in
another orientation such as {O=Mo—OH,}, which triggers
the polymerization of the lower charges wheels via the for-
mation of Mo—0O—Mo linkages resulting 2D chain or layer
structures in specific cases [ 14]. Furthermore, this type of fast
tumbling of protons may constitute its basis for the very high
alkali/alkaline earth metal conductivity.

(4

~

3. Conclusion

In conclusion, we have investigated the Mg?* storage properties
of giant nanowheels-shaped
Nai5{[M01540462H14(H20)70]0.5[M01520457H14(H20)68]0.5}-ca. 400
H,0 (Moqs4) clusters. The Moqs4 wheels exhibited a reversible Mg2+
storage capacity of ~150 mAh g~ at a current density of 50 mA g~
in MRBs and retained of about 55 mAh g~! after a long cycling life
(>500 cycles). The stable high-rate cycle performance at
500 mA g~ with a coulombic efficiency close to 100% can be
attributed to the unique crystal structure and electrical properties
of the materials. These features described vide supra make Mo1s4
uniquely suited for multivalent ion storage, thus opening up broad-
ranging applications beyond multivalent ion storage, such as ion
sensing, ion separation, and wastewater treatment. However,
further investigation, such as synchrotron X-ray diffraction and
extended X-ray absorption fine structure is required to fully un-
derstand the roles of lattice water molecules, crystal vacancies, and
the easy divalent charge redistributing in assisting the insertion
process in Mojs4 local structure.

4. Experimental section
4.1. Chemicals

All chemical reagents (analytical grade) were used as received
without any further purification. Deionized water was used
throughout the experiment.

4.2. Characterization

PXRD patterns were obtained on a Bruker AXS D8 advanced
automatic diffractometer equipped with a position-sensitive
detector and curved germanium (111) primary monochromator
using Cu Ko radiation (A = 1.5418 A). FT-IR spectra were recorded on
a Thermofisher Nicolet iS5 IR spectrometer (ATR-Diamond). Ul-
traviolet-visible (UV-vis) spectra were monitored on an Analytik
Jena Specord S600 spectrophotometer and the WinAspect 2.3.1.0
software package using a 1 cm quartz cell at room temperature.
Inductively coupled plasma atomic emission spectroscopy was
carried out in a Thermo Jarrell Ash Trace Scan analyzer. The samples
were digested in aqua regia, and the average of three reproducible
independent experiments has been presented. SEM was carried out
on an LEO DSM 982 microscope integrated with EDX (EDAX, Apollo
XPP). Data handling and analyses were achieved with the software
package EDAX. TEM was accomplished on an FEI Tecnai G2 20 S-
TWIN transmission electron microscope (FEI Company, Eindhoven,
Netherlands) equipped with a LaB6 source at 200 kV acceleration
voltage. EDX analyses were achieved with an EDAX r-TEM SUTW
detector (Si [Li] detector), and the images were recorded with a
GATAN MS794 P CCD camera. The SEM and TEM experiments were
conducted at the Zentrum fiir Elektronenmikroskopie of the TU
Berlin. XPS spectra were acquired on a Kratos Axis ULTRA X-ray
photoelectron spectrometer. The binding energies were calibrated
relative to the C 1s peak energy position as 285.0 eV. Data analyses
were carried out using Casa XPS.

4.3. Synthesis of Na5{[M01540462H14(H20)70]0.5[M01520457H14
(H20)s8]0.5}-ca. 400 H>0 (Mo1s4)

To a stirred solution of Na;MoOg4-2H,0 (3.0 g, 12.4 mmol) in
10 mL of water, powdered Na;S,04 (0.2 g, 1.15 mmol) was added
which imparted a light-yellow coloration to the solution. 30 mL of
hydrochloric acid (1 M, standardized) was then added to the
mixture at once which immediately changed the solution color to
deep blue. The stirring of the solution was continued for an addi-
tional 15 min to ensure the generation of enough reduced Mo sites
to continue the process of self-assembly. Thereafter, the solution
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was stored undisturbed in a closed flask at 20 °C (optimal). After
one week, the precipitated blue crystals were removed by filtration,
washed very quickly (extremely soluble) with a small amount of
cold water to remove the excess NaCl and dried at room temper-
ature over dry CaCl,. Yield: 0.7 g (28% based on Mo).

4.4. Single-crystal X-ray unit cell determination

Several crystals were mounted and measured using Siemens
AXS SMART system (three-circle diffractometer with CCD-
detector), Mo-K, radiation (A = 0.71073 A), graphite mono-
chromator, crystal size 0.2 x 0.2 x 0.08 mm3, 183 K. The observed
unit cell was triclinic, space group P-1, a = 24.834(5) A,
b = 35.753(4) A, ¢ = 44.598(3) A, a = 93.22(2) °, § = 93.49(4)°,
v = 106.71(1)°, V = 37635(3) A3 which are in very good agreement
with the reported values [22]. The structural graphics was per-
formed using with DIAMOND 2.1 from K. Brandenburg, Crystal
Impact GbR, 2001.

4.5. Preparation of electrolyte

The electrolyte synthesis was carried out inside an argon filled
glovebox. An all-phenyl complex (APC) electrolyte was used in
fabricating the MRB cell and synthesized in a glove box filled with
high purity argon gas. 0.25 M AICI3 (Sigma Aldrich, 563919) in
anhydrous tetrahydrofuran (THF) (Sigma Aldrich, 186562) solution
was slowly added dropwise to 2 M phenyl magnesium chloride
solution in THF (Sigma Aldrich, 224448) under vigorous stirring to
form the APC electrolyte of 0.25 M concentration. As for Mg-Na dual
ion battery, in a typical synthesis of 0.2 M [Mg,Cl>][AlCl4],/DME
electrolyte, 0.267 g AICl3 powder (Sigma Aldrich, 563919) was
added slowly (exothermic reaction) to a suspension of 0.19 g MgCl,
(Alfa Aesar, 42850) in 5-ml DME in a 10-ml glass vial. The mixture
was stirred at 60 °C using a sand bath for 6 h and was cooled to
room temperature. A clear solution was obtained with no pre-
cipitants. The hybrid-ion electrolyte was prepared by dissolving an
appropriate amount of NaAlCly (Sigma Aldrich, 451584) into the
aforementioned electrolyte.

4.6. Preparation of electrode

The Mo1s4 electrodes were fabricated by mixing 80% Mo154, 10%
polyvinylidene fluoride and 10% carbon black. The average active
loading of Mo154 on each electrode is ~0.8 mg. The components
were ground together with a mortar and pestle in a small amount
of 1-methyl-2-pyrrolidinone to form slurry that was then deposited
onto a carbon cloth current collector. These electrodes were dried
under vacuum at 80 °C and assembled into 2032-type coin cells
with magnesium ribbon (Sigma Aldrich, 13103) as the anode and
Celgard 3501 as the separator. The Mg ribbon was polished using
sandpaper to remove the oxide layer.
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