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ABSTRACT

The hexagonal polytype of molybdenum trioxide (h-MoOs) was prepared
through the hydrothermal method. The anisotropic growth of the particles yields to
micro rods with prismatic geometry. Theoretical calculations were carried out to
simulate the insertion of magnesium in the framework of h-MoOs. The electrochemical
behavior of single-phase h-MoQO3 in non-aqueous magnesium cells was studied, and for
that purpose, Mg metal or activated carbon (A.C.) was used as a counter electrode. This
is the first report about the insertion of a divalent cation into h-MoO3. The experimental
capacity vs. Mg is only around 20-50 mAh g'!. Nevertheless, whether Mg metal is
replaced by A.C. as the counter electrode, the electrochemical behavior of h-MoOs is
improved, and the reversible capacity is about 100 mAh g after 130 cycles. The
combination of h-MoO3 and A.C. forms a hybrid or asymmetric electrochemical
capacitor. The mechanism of the reaction in the working electrode is more complex than
a Mg**-insertion. Anion (TFSI) adsorption and redox of oxygen ions in the lattice of h-
MoOs; also contribute to the reversible capacity. Consequently, h-MoOs is a dual-ion
electrode material. For higher mass ratio A.C./h-MoOs3, the experimental maximum
reversible capacity is up to 350 mAh g' (equivalent to nominal composition

Mgo.94M0O:3).

KEYWORDS.
Magnesium batteries; post-lithium; supercapacitors; anion intercalation; computer

simulations.






10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

1. Introduction

One of the main scientific and technological challenges is to develop new
systems to store electrical energy. For example, magnesium batteries could be very
competitive in terms of energy density, natural abundance and safety compared to
lithium ones. None of the rechargeable magnesium batteries reported in the literature is
completely ideal yet. Unfortunately, finding host materials that can intercalate
magnesium ions is much more difficult in comparison with lithium insertion materials,
the chemistry behind magnesium insertion is not well understood and magnesium
insertion or intercalation is a controversial topic [1-4]. The low compatibility between
the most common electrolyte solutions and Mg metal is a drawback. Perchlorate ion,
acetonitrile, and carbonates-based solvents form a blocking layer on Mg, while ethers
are solvents more compatible with Mg [4, 5]. The high charge density and chemical
hardness of Mg?" cause strong interactions with the oxide ions in the framework, high
activation energy for diffusion and sluggish kinetics. A way to resolve this drawback
can be to use sulfides hosts instead of oxides, as it was proposed by Aurbach’s group
[6]. Another strategy could be shielding the charge of Mg?* by solvation with certain
molecules [2, 7]. The structural water previously intercalated in the electrode material
could provide enhanced diffusion for the accommodation of cations and bonds that

prevent structural degradation during electrochemical cycling [8, 9].

Irrespectively of the possible advantages of Mg compared to Li, a common way
to achieve better cycling stability of the working electrode in magnesium cell is to
replace the Mg counter electrode by an electrode based on carbon [3, 10, 11].

Throughout this strategy, one circumvents the poor electrochemical behavior of Mg
4
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metal and can explore the insertion of magnesium ion in the working electrode. There
are many papers in the literature about combining a (faradic type) cation-intercalating
electrode with a (non-faradic type) anion-adsorbing carbon electrode and using lithium
(or sodium)-based non-aqueous electrolyte [12, 13]. Several of the anions that can be
intercalated or adsorbed are PF¢", BF4", TFSI" and AlCls. Gunawardhana et al. proposed
a new strategy and they studied lithium-intercalating «-MoQOs; anode vs. anion-
intercalating graphite cathode [14]. Little attention has been paid to the role played by
the activated carbon using a non-aqueous electrolyte based on a divalent cation such as
magnesium. Likely to lithium supercapacitor with TFSI" anion described in the
literature, it is expected that adsorption/desorption of anions (TFSI') and the electrical
double layer contribute to the capacity of A.C. in a magnesium battery or in a hybrid

battery-capacitor device.

The synthesis of MgMoyO, compounds by the ceramic method was first
attempted as early as 1954 [15], and the only compound initially obtained of the Mg-
Mo-O system was Mg>Mo30s (hexagonal) [16]. In the 1990’s decade, several Mg-Mo
binary oxides with molybdenum reduced below Mo®" were prepared and characterized,
including a-MgMoO (triclinic) [17]. Besides, molybdenum trioxide was proposed as a
potential candidate for the electrode in rechargeable batteries, including magnesium
batteries [10, 18]. Layered-type a-MoOs was studied as Mg-intercalating material [19]
and expansion of the interlayer spacing was reported for MgosMoO3 compared to
pristine .-MoQ3 in the form of thin-film electrode [10], although the exact mechanism
of the electrochemical reaction between MoO3 and magnesium is still under discussion
[2]. One of the ambiguities in the understanding of this electrochemical system is the

exact rolled played by the electrolyte [20]. Another problem for the experimental study
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of these magnesium batteries is to find an adequate reference electrode. There are five
polytypes of MoOs [21-24]: orthorhombic a-MoOs, monoclinic 3-MoO3, monoclinic
B’-Mo0Os, hexagonal h-MoOs, and the high-pressure modification MoOs-II. The
thermodynamically stable phase is a-MoO3, with the so-called double-layer planar
structure (2D), and it has been much more extensively studied as an electrode for
batteries [25]. However, the metastable polymorph h-MoO3 possesses an open-structure
(3D) with channels (~3.5 A in diameter) that can contain mobile cations and it can be
very suitable for insertion reactions. The tunnels in the structure of h-MoOs usually
contain a small amount of ammonium cation and water molecules which come from the
preparation route. The electrochemical behavior of h-MoOs3 in lithium cells has been
reported [26, 27]. Recently, no electrochemical activity was experimentally found for
layered-Mg>oMo30Og (space group P6smc) in magnesium cell, while chemical
demagnesiation was successful but leads to destabilization of the parent lattice and
amorphization [28]. The theoretical explanation of this result is based on the high

activation barrier for magnesium diffusion in MgMo030s.

The theoretical capacity of molybdenum trioxide is 372.3 mAh g™ for 2 F mol!
(Mo®/Mo*") or 1117 mAh g for 6 F mol! (Mo®"/Mo) and, consequently, it is worthy
to study it. Thus, in this work, the main novelty is that the mechanism of the
electrochemical reaction of h-MoO3 in magnesium cell is explored by using both
theoretical calculations and experiments by the first time, and for that purpose, both Mg
metal and activated carbon (A.C.) are used as the counter electrode. It is found that the
discharge/charge process is far from being a simple intercalation/deintercalation of

magnesium.
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2. Materials and methods

For the preparation of h-MoOs3, the hydrothermal method was followed [21, 24].
Firstly, 18.54 g of ammonium molybdate tetrahydrate (NH4)sMo07024-4H>0) (Sigma-
Aldrich, 99% purity) were dissolved in 50 mL of water. Secondly, 50 mL of 3 M HCIO4
were slowly added to the solution of molybdate while it was stirred to homogeneity.
The resulting gel was aged for two weeks. The aged gel was transferred into a Teflon-
lined stainless-steel autoclave, sealed, maintained at 180°C for 30 h and then cooled to
room temperature. After the hydrothermal treatment, the resulting solid product was

separated by centrifugation, washed with water and dried under vacuum at 100°C for 24

h.

The crystalline phases were characterized by X-ray diffraction (XRD). The XRD
patterns were recorded using Bruker D8 Discover A25 equipment provided with CuK«a
radiation, Ge monochromator, and Lynxeye detector. The XRD pattern of the pristine h-
MoOs phase was refined by the Rietveld method. The XRD patterns of electrodes at
selected states of charge/discharge were obtained after opening the cells in the glove-
box and protecting the samples with Kapton-tape, and the unit cell parameters of the
phases were calculated using the full pattern matching method, as implemented in the

commercial software Topas 4.2.

X-ray photoelectron spectroscopy (XPS) measurements were implemented in a
SPECS Phoibos 150 MCD instrument, equipped with Al monochromatic source, to
study the elements at the sample surface. The electrodes retrieved from the
electrochemical cells for XPS measurements were previously rinsed with dry

acetonitrile and dried under vacuum.
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Infrared spectra were recorded using an FT-MIR Bruker Tensor instrument. For
thermal analysis, a TGA/DTA Shimadzu instrument was employed, with a heating rate
of five degrees per minute under a static air atmosphere. To study the particle
morphology an SEM JEOL JSM 7800F apparatus was used, and the composition was

analyzed by EDS detector coupled to this SEM apparatus.

EPR experiments were carried out on an X-band Bruker EMX-Micro

spectrometer. The spectra were recorded at room temperature.

For the electrochemical experiments, two or three-electrode Swagelok-type cells
were mounted in a glove-box filled with Ar. The three-electrode cell was T-shape.
Whatman glass fibers discs impregnated with electrolyte solution were used as
separators. The working electrode was MoO3 (80%), carbon black (10%) and binder
(PVDF, 10%) supported on Ti foil (Sigma-Aldrich). Magnesium (Sigma-Aldrich) or
A.C. (Honeywell Fluka) were used as the counter electrode. The A.C. counter electrode
can act as a quasi reference electrode with a potential of ca. 2.45 V vs. Mg [29]. When
Mg was used as a counter electrode, another piece of Mg was used as a reference
electrode. The A.C. was previously dried at 200°C under vacuum for one week, and
after mixing with PVDF (10 %) it was deposited on Ti. The electrolyte solutions were
prepared after drying the magnesium salt at 200°C under vacuum for 24 h and drying
the solvents with a molecular sieve. Two electrolyte solutions were used. One
electrolyte solution was 0.5 M Mg(TFSI)2 (magnesium
bis(trifluoromethanesulfonimide)) (Sigma-Aldrich,) in anhydrous dimethoxyethane
(DME, Sigma-Aldrich, 99.5% purity). When using A.C. as a counter electrode, the
employed electrolyte solution was 0.1 M Mg(TFSI), in anhydrous acetonitrile (AN,

Sigma-Aldrich, 99.8% purity).
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For the geometry optimization and total energy calculations of the hypothetical
intercalated phases, we used density functional theory (DFT) as implemented in the
CASTEP software [30] (a full detailed description can be found in the S.I.). After the
calculation of the energy (E) of the different phases, the average voltage (V) was

calculated as:

AG E(MgyMo0, )—E(Mgy,_,Mo0;)—x E(Mg)
V[Mg”_xMaUEIMg”MoUE]=—;=_ gnMo0, x: xMo0g
(1)
3. Results and discussion
3.1. Microstructure and composition

The structure of the as-prepared MoO3 sample was studied by XRD (Fig. 1). The
XRD pattern agrees well with the PDF number 21-0569 and it can be ascribed to single-
phase h-MoOs. For the Rietveld refinement of the XRD pattern, space group P63/m (n°
176) was employed, and the starting atomic parameters were those published by Guo et
al. [24]. Table S1 includes the refined structural parameters and reliability factors. The
refined lattice cell parameters are a = 10.5523(9) A and ¢ = 3.7246(3) A, in good
agreement with the previous description of the structure [24]. The structure of h-MoOs
(Fig. 1) is based in octahedral MoOs units, but the connection between the octahedra is

different compared to a-MoOs.

The SEM micrographs of the sample h-MoOs; show that the particles are of
micrometric size, with rod shape and hexagonal prism-like geometry (Fig. 2A, B). The

hexagonal morphology of the particles reflects the crystallographic structure. The
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diameter of the hexagons is ca. 5 um and the length of the prisms is in the order of tens
of microns. The individual prism-like microrods in some cases merge to form larger
particles, indicating and assembly process. According to the X-ray microanalysis
coupled to SEM, besides molybdenum and oxygen, there is a small amount of nitrogen
in the sample. The approximate composition tentatively obtained from the
microanalysis is MoNo.040233, although this formula should be taken with caution
because the quantification of light elements by X-ray microanalysis is not very
adequate. The results of FTIR and thermal analysis can help to give a more adequate

composition as it is discussed below.

The FTIR spectra are very important to characterize MoO3 samples [23, 24, 31,
32] (Fig. 2C). The traces of water provide the bands at around 3600-3300 and at ca.
1620 cm™ which are visible for h-MoOs. Another characteristic feature of h-MoOs is the
band at ca. 1400 cm™ which can be assigned to bending vibration of H-N-H of
ammonium ion (from the preparation method, as usually found in the literature). The
band at ca. 3200 cm™! is ascribed to ammonium vibrations. The bands in the range of
1000-400 cm™ are assigned to O-Mo-O stretching and bending with different Mo-O
bond lengths. The relatively sharp peak at ca. 975 cm™ and the band at ca. 912 cm™ are
ascribed to the characteristic stretching vibrations of the Mo=0 double bond in h-MoOs.

Other bands at 710, 600 and 520 cm™" are attributed to Mo-O vibrations in h-MoOs.

10
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Figure 1. Top: Refined XRD pattern of h-MoOs by the Rietveld method. The Miller
indexes of the most relevant Bragg reflections are shown. Bottom: projection of the
structure in the ab plane, showing the tunnels of the structure along the c-axis. The
octahedra represent the [MoOs] units. The small circles inside the tunnels correspond to

the theoretical position of O (from H20) and N (from NH4") present in the structure.
11
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Figure 2. (A, B) SEM micrographs, (C) FTIR spectrum and (D) TGA/DTA results for

h-MoOs sample.
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The thermal behavior of the as-prepared sample h-MoOs was studied by
simultaneous TGA/DTA measurement (Fig. 2D). The little mass loss (0.7%) observed
before 90°C and the corresponding endothermal event can be ascribed to water
physically adsorbed on the sample surface. There is an exothermal peak near 330-420°C
with ca. 4% of mass loss that is ascribed to water and ammonium in the framework of

h-MoO3 and the concomitant transformation to a-MoQO3. According to the literature this

compound is converted to a.-MoOs at 420°C [21].

In conclusion, the results of XRD, FTIR, TGA/DTA and microanalysis of the as-
prepared sample agree well with a composition of h-MoO; close to the formula
previously in the literature (((NH4)20)0.09-'M00O3-0.3H20) [21]. Also, it seems that the
reasonable mechanism of the employed synthesis involves the dissolution of molybdate,
re-precipitation in the form of hexagonal ((NH4)20)0.09-M003:0.3H2O and particle

growth in the crystallographic direction of the 63 axes.
4.2 Computational calculations for magnesium insertion into h-MoQOj3

The structure of the h-MoO; can be described as parallel chains of edge-sharing
[MoOg] octahedral, assembled in groups of three by sharing a vertex, and forming
trigonal prismatic holes potentially available for insertion. These groups are ordered in
3D to form large approximately hexagonal tunnels (Fig.1-bottom) which are also
available for insertion. This phase is usually accompanied by the presence of large
cations, such as NH4" or K7, that are in these tunnels [33, 34]. In the web page Materials
Project the calculated results for orthorhombic MgMoO3 were reported, the calculated
average voltage for MgMoOs is 2.2 V [35], and the main theoretical difference after

magnesiation is the expansion in the c-axis direction from 7.548 A to 7.85 A, while the

13
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space group is preserved. However, to the best of our knowledge, there are no reports in
the literature about divalent cations, such as magnesium, in h-MoOs. The expected

reaction of electrochemical insertion of magnesium can write as:

xMg?" + 2xe” + h-MoO3 = h-MgxMoOs ()

We started by optimizing the structure of the h-MoOs phase assuming empty
tunnels, before the inclusion of Mg in the structure. Then, different crystallographic
sites were considered for locating the inserted Mg atoms: 2a, 2b, 2c, 2d, 4e, 4f, and 6h.
The calculations showed that the most stable site for Mg insertion is the crystallographic
site 6h, where the inserted atoms are located inside the tunnel, close to the octahedra
defining that tunnel, as shown in Figure 3. It results in a stoichiometry MgMoOs, with a
reduction from Mo(VI) to Mo(IV). This insertion theoretically takes place at ca. 2.9 V
vs Mg. Further reaction with Mg does not result in an additional Mg insertion, but in a

conversion reaction, according to:

MgMoOs; +2 Mg — Mo + 3 MgO 3)

We also analyzed the possibility of having ammonium and magnesium
simultaneously in the structure. Firstly, we optimized the structure of (NH4)0.083M00O3,
and ammonium cations were placed in the tunnels, as previously described [24]. Then
we tried the Mg insertion (for further details, see the S.I.). At the light of the previous
results, we studied the insertion in the crystallographic site 6h. The average voltage of
the reaction is ca. 2.7 V, slightly smaller than in the previous case. The calculated V-
composition curve for Mg insertion is represented in Fig. 4. It is worth noting that the
expected voltage for the Mg insertion in the hexagonal phase h-MoOs is somewhat

higher than the voltage calculated by other authors for the orthorhombic phase a-MoO3

14
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(2.2 V) [35] and, consequently, the hexagonal phase could be advantageous for

achieving higher energy density.

Figure 3. Structure of hexagonal MoO; and the possible site for Mg insertion. The

octahedra represent the [MoOgs]. The blue circles correspond to Mg atoms in the

crystallographic site 6h.
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Figure 4. Calculated voltage profile for the reaction of h-MoOs with Mg.
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4.3 Electrochemistry vs. Mg metal

The electrochemical behavior of the molybdenum trioxide sample was studied
by carrying out experiments in magnesium cells using Mg metal (full Mg cell) or A.C.
(half Mg cell) as the counter electrode. The electrochemical behavior of h-MoO3 against
Mg metal is poor, and the resulting capacity in the full Mg cell is only around 5-50 mAh
g which is equivalent to 0.013-0.13 Mg per Mo (Fig. 5). The average voltage is ca 0.9
V, which is lower than the voltage predicted by first-principles calculations for h-MoOs,
and lower than the voltage predicted by for Mg insertion in a-MoOs [35]. The voltage
range of cycling is within the window of stability of the electrolyte (up to a maximum
of 3.5 V) [36] and higher than the voltage for magnesium plating. The capacity in the
first few cycles is higher for the AN solvent (ca. 50 mAh g') (Fig. 5B) compared to
DME solvent (ca. 5 mAh g') (Fig. 5A), and this fact cannot be due to the higher
concentration of magnesium in DME solution (0.5 M) compared to AN solution (0.1
M). Most probably it is due to the easier desolvation of magnesium from monodentate
AN [37] compared to bidentate DME [36-38]. Thus, Aurbach’s group found that DME
impedes magnesium intercalation into V:0s due to strong solvation effects [39].
Recently, Attias et al. reported that TFSI" forms a layer on the surface of V20s that
impedes magnesium intercalation [40]. On the other hand, it is known that the
electrochemical activity of Mg metal is not very compatible with the AN solvent, due to
electrolyte decomposition and formation of a non-conductive layer on the surface of
Mg. After looking at these results, one could conclude that experimentally only a small
amount of magnesium could be intercalated into h-MoOs, in contrast to the theoretical
calculations. The main reasons for the experimental low capacity could be the sluggish

diffusion of magnesium, the low compatibility between the electrolyte solution and the

16
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electrode materials, the formation of side-products on electrodes surface and the

consequent impedance rise.
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Figure 5. Results of galvanostatic experiments of h-MoOs in full magnesium cells,

using Mg as a counter electrode, another Mg as a reference electrode, Mg(TFSI): in

DME (A) and AN (B) as the electrolyte solution. Current density: 10 mA g™
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According to the literature [26, 27], around two Li per Mo can be inserted into h-
MoO:s in the voltage range between 1.5 and 3.5 V vs. Li with no severe structure
changes, although the site of lithium insertion has not been elucidated. With the further
reduction, h-MoOs becomes amorphous at 0.9 V, and conversion to Mo metal and Li-O
occurs at 0.1 V. Compared to lithium, the experimental capacity to insert magnesium is
smaller, unless under these experimental conditions. However, the capacity can be
increased by changing the experimental conditions, for example by replacing Mg by

A.C. in a half magnesium cell, as it is discussed below.

4.4 Electrochemistry vs. activated carbon

We have employed A.C. to replace the Mg electrode. The electrochemical
device comprising h-MoOs and A.C. (half Mg cell) is rather a hybrid system
battery/supercapacitor (Fig. 6). It is worth to note here that it has been previously
reported that magnesium ion is reversibly adsorbed on A.C. electrode in hybrid battery-
capacitor devices based on aqueous electrolytes [41]. In the voltage-capacity curves
corresponding to molybdenum trioxide vs. A.C. (Fig. 6A, C) both curved and nearly
linear profiles are observed, and this fact is characteristic of the hybrid battery/capacitor
systems. Faradic process, non-faradic process, and cell polarization can contribute to the
apparent electrochemical behavior. Irrespectively of the cell polarization, the A.C.
electrode strongly improves the electrochemical cycling of h-MoOs compared to using
the Mg electrode. The voltage range of this electrochemical system, between -1.5 V and
+2.0 V, precludes its direct use in a commercial application, but these experiments serve
for studying the reaction mechanism and unveiling new insights from post-lithium
batteries. Thus, the voltage measured using A.C. can be correlated to the voltage vs. Mg
by considering the open-circuit voltage of A.C. vs. Mg as it is currently found in the
literature, although the voltage of A.C. is not constant during the charge/discharge. The

18
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average discharge/charge voltage is ca 1.9 V vs. Mg. The discrepancy between the
experimental voltage and the calculations can be due to the reaction mechanism, to the
cell polarization and the change of A.C. potential. The capacity of the first discharge is
ca. 60 mAh g' (equivalent to Mgoi1sMoQs), and this capacity value can be ascribed to
magnesium insertion into h-MoOs simultaneously to TFSI™ adsorption in A.C. When the
lower voltage limit is ca. -1.5V and the upper voltage limit is +1.5 V, the resulting
reversible capacity is only around 35-50 mAh g', but when after a few cycles, the
imposed upper voltage limit is raised to +1.8 V the resulting capacity increases up to
around 60-70 mAh g' (Fig. 6A, B). Analogously, the maximum reversible capacity of
90-180 mAh g' is observed for an upper voltage limit of +2.0 V (Fig. 6C, D).
Interestingly, the capacity of the first charge up to 2.0 V vs. A.C. (ca. 188 mAh g™) is
higher than the capacity of the previous discharge. Since there are not enough cations to
be deintercalated from h-MoOs to sustain this charging capacity, this fact involves that
the anion TFSI is adsorbed in h-MoOs during the oxidation process. In this sense, there
is a change of the slope in the voltage-capacity curve of the first charge after around 40-
60 mAh g, and it could be related to different reaction mechanisms. Firstly, at the
beginning of the charging process in the region between -1.0 and +1.4 V, magnesium is
deintercalated. In a second step, between +1.4 and +2.0 V, TFSI is adsorbed in the h-
MoO:s working electrode and simultaneously removed from the A.C. counter electrode.
These two voltage regions also are visible in the successive cycles (Fig. 6C). Thus, to
achieve a reasonable specific capacity, the contributions of the two voltage regions are
needed. In contrast to A.C., the Mg metal counter electrode does not adsorb a great
amount of TFSI' and, consequently, the resulting capacity is higher using A.C.
Irreversible electrolyte decomposition also could contribute to the charge capacity and
the capacity loss upon cycling, particularly oxidation of TFSI" can contribute to the

apparent capacity over ca. +1.4 vs. A.C. which is equivalent to ca. +3.8 V. against Mg.
19
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If the electrochemical cycling begins directly by charging (Fig. 6E, F), the
resulting capacity in the region between +1.4 and +2.0 V is 297 mAh g, while the
capacity is negligible below 1.4 V, and there is only a voltage region. This experimental
capacity of the direct charge cannot be ascribed to any cation deinsertion but it must be
due to anion adsorption (or absorption) and oxidation of the working electrode. After
the first charge-discharge cycle, when magnesium also has been inserted into h-MoOs
during the discharge, the second charge curve shows two voltage regions: cation
deinsertion below 1.4 V and anion adsorption over 1.4 V. Thus, h-MoOs behaves as a
dual electrode in which both cations and anions contribute to the capacity. The
irreversible electrolyte decomposition at high voltage also can contribute to the apparent
charge capacity, decreasing the Coulombic efficiency and driving to capacity fall upon
cycling. The maximum discharge capacity is 200 mAh g". Consequently, the charge

capacity should be limited to achieve better cyclability.

In conclusion, the replacement of Mg by A.C. as a counter electrode does not
only allow achieving the reversible charge/discharge process at the working electrode
but also influences on the reaction mechanism of the working electrode, as it is further
discussed below. The reaction mechanism was studied by using XPS and XRD of

electrodes at selected states of charge.

4.5 XPS
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XPS measurements were performed to study the valence state of molybdenum
(Fig. 7A) and oxygen (Fig. 7B) atoms in the surface of the electrodes. For the raw h-
MoOs; sample, the spin-orbit doublet of Mo 3d is shown in Fig. 7A-a. The peaks of Mo
3dsp at 232.8 eV and Mo 3ds;» 235.9 eV correspond to Mo®" in stoichiometric MoO:.
The spin-orbit coupling splits the 3d core level into 3ds» and 3ds» with splitting energy
of 3.1 eV. The O Is peak is comprised of two contributions. The major component at
530.7 eV corresponds to oxide ion (O7) in the framework of MoOs;, and the minor
component at 532.6 eV corresponds to oxygen species adsorbed on the surface of
MoO;s. The binding energy difference AB.E.(Ols — Mo3ds») = 297.9 eV agrees well

with Mo®* [25,42].

After the first discharge of h-MoOs. to -1.5 V vs. A.C, besides the doublet of
Mo®" two new components of smaller intensity were used for the fitting of the spectrum
in the region of Mo 3d (Fig. 7A-b). These two new components are due to a partial
reduction from Mo®" to Mo**. Three oxygen species contribute to the spectrum in the O
Is region (Fig. 7B-b): oxide in the framework of MoO3 (Mo-O at 530.8 eV), oxygen in
TFSI" (S-O at 532.2 eV), and oxygen in organic compounds (C-O at 535.3 eV).
Similarly, Sun et al. found TFSI" chemically bonded to manganese dioxide electrode
that could not be removed by washing with solvent [43]. The binding energy difference
between the minor component of molybdenum and oxide in the lattice, AB.E.(Ols —
Mo3ds;n) = 299.2 eV, agrees well with the presence of Mo*". These results involve that
the first reduction process yields to some reduction of Mo®" to Mo*" and the formation
of a surface layer on the particles of h-MoOs. This surface layer contains electrolyte and

products of electrolyte decomposition.
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The XPS results after the first discharge-charge cycle are displayed in Fig. 7A-c
for Mo 3d and in Fig. 7B-c for O 1s. The O 1s core level of the oxidized electrode
markedly changes compared to the raw material and compared to the reduced electrode.
The spectrum for the cycled electrode becomes more broadened and it must be fitted
with five components placed at 536.6, 535.2, 532.5, 531.6 and 529.9 eV, respectively.
The peak at higher binding energies (536.6 eV) tentatively could be ascribed to
adsorbed dioxygen [44,45] or superoxide Oz [46]. Oxygen in organic compounds
contributes to the peak at 535.2 eV. The O 1s peak of TFSI" anion appears at 532.5 eV.
The large peak at 531.6 is ascribed to O/O2" [47]. The peak at 529.9 eV is due to O™ in
the crystalline network. In the region of Mosgq (Fig. 7A-c), the doublet is more
broadened compared to raw h-MoOs, which indicates several types of molybdenum;
and the peaks are slightly shifted toward lower binding energies, corresponding to
higher electronic density. Four peaks were used for the fitting, located at 235.1, 234.9,
232.0 and 231.9 eV. Rather than the position of the Mo 3d peaks, it is more significant
the fact that the binding energy difference from O? in the lattice, AB.E.(O1ls — Mo3ds))
=298.0 eV is the same than that of raw h-MoO3, and it corresponds to Mo®". Thus, it is
concluded that both molybdenum and oxygen atoms participate in the redox processes
during the charge/discharge. Most probably, molybdenum atoms interact with the TFSI

anion and the spectrum of Mo 3d is affected for that interaction.

The spectra after the direct charge (no previous discharge) are shown in Fig, 7
A-d, and B-d. Six peaks were used for fitting the region of O 1s core level which
corresponds to several oxidation states and covalence. The peak placed at lower binding
energy, centered at B.E=530.7 eV is due to O* in the Mo-O framework). Oxygen from
the electrolyte and oxidized forms of oxygen also contribute to the spectrum. In Figs.

7B-c and d, the contribution of oxygen in TFSI™ is lower while the contribution of
24
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oxygen in organic compounds of decomposed electrolyte is higher compared to Fig. 7B-
b Thus, the oxidation of O* to O,/02* in h-MoOs is accompanied by electrolyte
decomposition on the electrode surface at the end of the charging process. In the region
of Mo 3d, the spectrum of the charged electrode (Fig. 7Ad) is very similar to raw h-
MoO3 but more broadened, suggesting certain strain in the framework.

As a conclusion, the surface of the charged electrodes unambiguously contains
oxygen atoms in a more oxidized form that raw h-MoO; and that the discharged
electrode. These results involve that the redox activity of oxygen to compensate for the
charge of TFSI" adsorption yields to oxidation from oxide to peroxide and superoxide. It
is worthy to note here that Guo et al. reported that hexagonal molybdates release oxygen
gas through oxidation with Ce*'(aq.) while molybdenum remains in the Mo®" state

following this reaction

—H,0,—0,
(}1}_ ) ZHEU)MGG—xUJ.B—x [:Hj-?fx—}' —}‘q}'MﬂUE (4)

in which A is a univalent cation [24]. Similarly to this chemical oxidation, the oxidation
from oxide to superoxide or peroxide in the electrochemical cell probably is an
intermediate state before O evolution at higher potentials.

4.6 EPR

Electron paramagnetic resonance (EPR) is a technique very suitable to study
paramagnetic centers diluted in a diamagnetic matrix, such as reduced molybdenum
ions (Mo>"-4d") and oxygen radical species in MoOs [48]. The EPR spectra of uncycled
and cycled h-MoOs electrodes are shown in Fig. 8. Pristine h-MoOs posses an EPR
signal of small intensity centered at g=2.003 which is ascribed to paramagnetic defects,
such as an electron trapped in an oxygen defect [49-51]. In the electrode comprising
active material (h-MoQO3), conductive agent (carbon black) and binder (PVDF), the
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small signal of Mo>* centers is masked by the intense signal of paramagnetic centers in
the carbon phase [52]. The electrode retrieved from the electrochemical cell after
discharge to -1.5 V vs. A.C. also exhibits an EPR line dominated by a paramagnetic
center in the carbon phase at g=2.00, and other contributions (Mo>* and Mo*") are not
very well detected. Nevertheless, the asymmetric line of low intensity which visible at a
higher magnetic field and near g=1.9 can be indicative of the occurrence of new
paramagnetic centers of molybdenum in axial symmetry. The reduction of the intensity
of the EPR signal in the reduced electrode also was previously observed in carbon
electrodes employed in lithium and sodium cells [52]. However, after the first
discharge(-1.5V)/charge(+2.0V) cycle, irrespectively of the high-intensity signal of the
carbon phase, the EPR becomes much more complex due to the contribution of new
paramagnetic centers created by the charge of the electrochemical cell. Several
anisotropic lines are observed near g =2.15, 2.09, 1.93 and 1.88, and other signals may
overlap with carbon signal, which are ascribed to oxygen radical species, typically Oz
and O™ [48,53], while the fraction of O,> is diamagnetic and it can explain the weakness
of the signal due to paramagnetic oxygen. Henceforth, the EPR results agree well with

the XPS results and anionic redox.
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Figure 8. EPR spectra. (A) A general view of spectra for pristine h-MoOs and uncycled

electrode (h-MoOs + carbon + PVDF). (B) Detailed view for uncycled electrode, after

the first discharge and after the first discharge-charge cycle.
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4.7 XRD

Ex-situ XRD patterns of the magnesiated electrodes of h-MoOs; were used to
explore the mechanism of the electrochemical reaction (Fig. 9). The structure of h-
MoO:s is preserved during the electrochemical cycling, and the same space group can be
used for indexing all the electrodes at different sates of charge-discharge. The phase
Mg>xMo30g is not formed. During the first two discharge/charge processes,
irrespectively of the state of charge, the lattice cell parameters remained nearly
unchanged (Table 1). Expansion of the interlayer upon discharge was reported for
orthorhombic a-MoOs in magnesium [10], calcium [25] and lithium [54]. Guo et al.
reported that empty h-MoOs exhibits only slightly larger a-axis compared to the
material chemically intercalated with monovalent cations [24]. The small change of the
lattice found in h-MoQOs could be an advantage compared to a-MoOs. The dual uptake
of cations and anions could contribute to the overall stabilization of the lattice through
the balancing of the electrical charges. The adsorption of TFSI” and the consequent film
formation can impede, or slow down, the diffusion of magnesium into h-MoOs. The
XRD pattern of the discharged electrode retrieved form the electrochemical cell after 67
cycles (Fig. 8f) shows broadening of the reflections towards lower angles, and the
resulting lattice cell parameters indicate that the cell is slightly expanded in both a and ¢
axis (Table 1), suggesting that with further cycling, a limited true (co)insertion of anions
and/or solvent molecules could occur. The formation of new defects, such as oxygen
defects, also could contribute to lattice expansion, microstrains, loss of crystallinity,

broadening of the XRD reflections and finally capacity fade and battery fail.
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Figure 9. XRD patterns for molybdenum oxide and electrodes. (a) Pristine h-MoOs, (b)
electrode discharged to -1.5 V, (c) discharged to -1.5 V and charged to +1.5 V, (d)
charged to +2.0 V, (e) discharged to -1.5 V and charged to +2.0 V, (f) after the
discharge number 67. Mass ratio A.C.:h-MoOs = 3.0 : 1.0. The Miller indexes of the

main reflections are written. The reflections of titanium foil are marked.
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Table 1. Unit cell parameters of h-MoOs obtained by fitting the XRD patterns with the
Rietveld method for an uncycled sample and full pattern matching method for
electrodes retrieved from the electrochemical half cells. Mass ratio A.C.: active
material=3:1. Current density: 10 mA g'. Space group P63/m. The nominal

compositions are given for electrodes retrieved after the first discharge.

Sample Lattice cell
parameters
a=10.5523(9) A

Uncycled MoOs c=3.7246(3) A
V=359.17 A’

a= 10.5500(32) A
1* discharge (-1.5 V vs. AC), Mgo.1sMoO:s c=3.7303(13) A
V=359.57 A’
a=10.5680(21) A
1* discharge-charge (-1.5 V/+1.5 V vs. AC) c=3.7301(19) A
V=360.78 A’
a=10.5536(12) A
1* charge (+2.0 V vs. AC) c=3.72576(92) A
V=359.372 A’

a= 10.55917(86) A
1* discharge-charge (-1.5 V/+2.0 V vs. AC) c=3.72763(61) A
V=359.934(83) A’
a=10.5980(51) A
67" discharge (-1.5 V/42.0 V vs. AC) c=3.760(47) A
V=365.78 A’
a=10.544(29) A
1* discharge (-1.5 V vs. AC in excess), Mgo.s7MoO3 c=3.732(26) A
V=359.37 A’

4.8 Discussion of the reaction mechanism

Electrochemically reversible insertion of anions in inorganic materials is
relatively rare. Anions use to be larger than cations and require a much greater volume.
It is known that graphite, several metallorganic frameworks (MOF) and some aromatic
organic compounds can be dual cation-anion electrodes [55-57]. On the other hand, it is

known that high-capacity materials towards Li entail cumulative cationic (M™*—>M®*D)

and anionic (O*—0,%) reversible redox processes [47,58]. Recently, it has been found
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that anions (ClO4") can be reversibly intercalated into the interlayer space of layered
transition metal oxide (Nao.sNio25Mno.7502) accompanied by an oxygen reversible redox
process [59], and these authors associated this process with larger polarization and
larger hysteresis than the cationic process, as we similarly observe in our results. The
fundamental aspects of the anionic redox ((O-O)™ with n=1 ¢ 2) in lithium-rich and
sodium-rich transition metal oxides have been explored by Yahia et al. [60]. The release
of oxygen from molybdenum oxide through chemical oxidation (O7/O2) was reported
by Guo et al. [24]. The galvanostatic method provides a method to control the extension
of the redox reaction, and the partial oxidation of oxide ion in h-MoOs instead of
releasing O2(g). The absorption of TFSI™ is concomitant to the partial oxidation of the
oxide ions linked to molybdenum. On the other hand, we checked by SEM that the
particle morphology was preserved-(figure-not-shown), at least after the first discharge-

charge cycle.

In conclusion, a significant amount of oxygen is not released from the
framework of h-MoOs (only surface oxidation according to XPS and EPR), and
conversion reaction does not happen. According to the XPS, XRD and electrochemical
results, we can propose a reaction mechanism based on both reversible cation insertion
and anion adsorption. A first contribution to the discharge/charge capacity must be
ascribed to reversible magnesium insertion in the h-MoOs framework according to

reaction (1). A second contribution to the reversible capacity is due to TFSI™ adsorption:
yTFSI'  + h-MoO; = h-MoOs[TFSIly, + ye
)

Anionic (0%/0,%) redox process in h-MoO; provides charge compensation for

(des)insertion of TFSI in reaction (5), over ca. 4.3 V measured vs. Mg. Simultaneously
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to adsorption of TFSI™ in the working electrode, the same anion is desorbed from the
counter electrode. The use of anion-adsorbing A.C. as a counter electrode allows
preserving the electrical neutrality in the electrolyte solution and enables the anionic
redox and TFSI" adsorption in the working electrode, compared to using Mg metal as
the counter electrode. Yahia et al. have proposed that the mechanism of anionic redox of
transition metal oxides must involve the electron in O, orbital and violation of the octet
rule [65]. We think that the covalence of the bonds between Mo(VI)-d® and oxygen
could mitigate the violation of the octet rule. Nevertheless, the XRD results show a

significant deterioration of the structure after prolonged cycling.

On the other hand, although the pristine sample h-MoO3 only possesses a minor
content of defects, it may be that the in-sifu creation of more oxygen defects during the
electrochemical charge promote pseudocapacitive behaviour. Analogously, Kim et al.
reported that the oxygen vacancies previously created in chemically reduced a-MoOj
(R-Mo00Osx), enlarge the interlayer spacing and induced the promoted faster
pseudocapacitive energy storage kinetics in R-MoOs.x employed in lithium battery [12,

61].
4.9 Rising the capacity

The results shown above serve as a proof of concept and to unveil the interesting
and complex reaction mechanisms, but the electrochemical behavior of h-MoOs should
be improved with further investigations. Thus, for that purpose the electrochemical cell
design was modified, increasing the diameter available for carbon electrode, and
allowing a higher amount of A.C. but no increasing the thickness of the electrode for

avoiding too long diffusion length.
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After increasing the mass ratio A.C.: h-MoOs up to 6:1, the resulting capacity at
10 mA g is raised to around 250-350 mAh g (Fig. 10) compared to lower A.C. mass.
The capacity is increased in both the two voltage regions (charge below +1.5 V and
over 1.5 V) (Fig. 10A). The reason for this extra capacity is that the excess of carbon
minimizes the voltage shift due to A.C. and facilities anion adsorption. Another
explanation of the capacity increase may be the contribution of a conversion reaction,
but the observed capacity agrees well with the reduction from Mo® to Mo*, and
henceforth formation of Mo metal and MgO is not expected. On the other hand, the
decomposition of TSI can contribute to the pseudoplateau observed over ca. 3.5 V vs.
Mg (Fig. 9A), although this voltage value is tentatively extrapolated from the
experimental value measured against A.C. and then it should be taken with care. In
addition, the creation of defects and/or oxygen vacancies could increase the
pseudocapacitive charge storage [12, 61]. The XRD pattern of the electrode after the
discharged (nominal composition Mgos7Mo0Os3) showed that the structure is preserved
and the change of the lattice parameters is negligible (Table 3), although the reflections
become more broadened towards lower angles. The rapid capacity fade (Fig. 10B) is in
line with only partial reversibility of the charge capacity, and it is related to electrolyte
decomposition, oxidation of the electrode surface and oxygen evolution. Thus, the
higher capacity that is achieved by using further excess of A.C. can drive to rapid
capacity fade. The results illustrate that it is necessary to develop new electrolytes for

full magnesium batteries and further optimization of the cell design.
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Figure 10. Electrochemical behavior of h-MoOs vs. A.C in magnesium cell with a
higher relative amount of A.C. (mass ratio A.C.: h-MoOs = 6.0: 1.0). Current density:

10 mA g’

4. Conclusions

Molybdenum trioxide with hexagonal structure has been prepared and studied as
an electrode for magnesium batteries. The theoretical calculation concludes that
magnesium can be placed in the borders of the tunnels (6h site). However, the
experimental capacity of h-MoOs3 vs. Mg metal is very limited because of the effects of
the electrolyte solution on the electrode materials. The total capacity can be increased
by adsorption of the anion (TFSI'), particularly using activated carbon as a counter
electrode, which enables that TFSI™ can be reversibly adsorbed in both the positive and
negative electrode, while the electrical neutrality of the solution is maintained. The layer
of TFSI" can slow down the diffusion of magnesium ion into h-MoOs. This strategy of
dual cation/anion insertion (or adsorption) can provide enhancement of the total
capacity. Besides the pair redox Mo®"/Mo*', oxygen atoms in h-MoOs also contribute to
the redox reaction through a pseudocapacitive-like behaviour. These results are an
example of how strongly the counter electrode can influence on the apparent
electrochemical behavior of the working electrode in magnesium batteries, and that the

reaction mechanism can deviate from the theoretical calculations and the usual path.
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