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Abstract

A major roadblock for magnesium ion battery development is the availability of an
electrolyte that can deposit Mg reversibly and at the same time is compatible with a high
voltage cathode. We report a prospective full magnesium cell utilizing a simple, non-aqueous
electrolyte composed of high concentration magnesium bis(trifluoromethane sulfonyl)imide in
diglyme, which is compatible with a high voltage vanadium pentoxide (V,0s) cathode and a Mg
metal anode. For this system, plating and stripping of Mg metal can be achieved with
magnesium bis(trifluoromethane sulfonyl)imide in diglyme electrolyte over a wide
concentration range, however, reversible insertion of Mg into V,0s cathode can only be
attained at high electrolyte concentrations. Reversible intercalation of Mg into V,0s is
characterized and confirmed by X-ray diffraction, X-ray absorption near edge spectroscopy and

energy dispersive spectroscopy.

Introduction

Development of high energy density rechargeable batteries is an important driving force
in today’s automobile industry. Although lithium-ion batteries (LIB) are widely used for energy
storage in plug-in hybrid electric vehicles (PHEV), issues associated with manufacturing a cost-
competitive battery of sufficient energy density have hindered their development for electric
vehicle (EV) applications.’ To achieve the highest energy density possible for commercial EV
batteries, it would be advantageous to use a lithium-metal anode that results in a light and
dense anode. However, lithium has a long history of undesirable behavior such as dendrite

formation and the reactivity of Li metal with the electrolyte.” As scientists are still searching for



solutions to implement Li metal anodes, magnesium (Mg) has drawn considerable attention as
an inexpensive earth-abundant metal that is potentially safer than lithium.>* Mg shares many
properties with lithium but has several potential advantages. First, Mg is the eighth most
abundant element in the earth’s crust reducing its cost to 4% of Li. Second, the theoretical
electrochemical properties of Mg offer a reasonable alternative to Li, with a fairly low reduction
potential of -2.37 V (vs. SHE) and a high theoretical volumetric capacity, 3833 mAh/cm? for Mg
as compared to -3.04 V (vs. SHE) and 2046 mAh/cm? for Li.” Finally, Mg metal does not form
dendrites during deposition, which makes it substantially safer than a Li metal anode.®’
Although a magnesium battery has been considered as a promising substitute for lithium based
systems for some time, it is still at an early research stage with many challenges remaining.
Studies have suggested that the formation of a surface layer at the Mg anode that blocks the
diffusion of the Mg ion is the main impediment to achieve reversible magnesium deposition in
many electrolytes.®® The first breakthrough in the history of Mg electrolyte development was
the discovery of organohaloaluminate based electrolytes which showed reversible Mg
deposition/dissolution and were compatible with a Chevrel phase cathode (1.1 V vs. Mg).?
Subsequently, significant effort was invested in the search for Mg electrolytes with a wider
stability window that can reversibly plate and strip Mg. Many new electrolytes with improved

stability were found, including magnesium organoborates'**!

and various magnesium
organohaloaluminate salts,"* however, compatibility with high voltage cathodes is still

problematic due to the strongly reducing characteristics of such electrolytes.



One of the biggest tasks is to devise a cell that uses a Mg metal anode with a high
voltage intercalation cathode. While both high voltage cathodes and Mg metal anodes have
been separately demonstrated, no electrolyte has been identified that is compatible with both
electrodes. In particular, electrolytes that have shown reversible Mg plating and stripping are
corrosive to metal oxides. A successful non-aqueous Mg electrolyte needs to avoid forming a
passivation layer at the Mg anode, have high ionic conductivity, a high dielectric constant, be
compatible with high voltage cathode materials, and exhibit high efficiency plating and
stripping of the Mg metal. Here, we report a conventional electrolyte, Mg(TFSl), in diglyme
(abbreviated as Mg(TFSI),/DG), that is compatible with a Mg metal anode and a high voltage
orthorhombic V,0s cathode. This is the first report of a full cell configuration of a magnesium
metal anode with a high voltage cathode. Results indicate that plating and stripping of Mg can
be achieved at a wide concentration range, but that reversible Mg insertion into V,0s only
occurs at high concentrations. Mg intercalation into V,0s was confirmed by X-ray diffraction

(XRD), X-ray absorption spectroscopy (XAS), and energy dispersive X-ray spectroscopy (EDX).

Results and Discussion

Cyclic voltammetry (CV) was conducted to evaluate reversible Mg deposition of
Mg(TFSI),/DG electrolyte at a magnesium anode. Figure 1a shows CV of Mg(TFSI),/DG at a Pt
electrode with electrolyte concentrations range from 0.1 M to 1.5 M. Results show that plating
and stripping of Mg can be achieved at a wide concentration range, from 0.1 M to 1.5 M. Peak
current density for magnesium deposition and dissolution increases as electrolyte

concentration increases from 0.1 M to 1.0 M. However, deposition/dissolution current density



decreases at 1.5 M, possibly due to ion pair formation, which lowers the total number of

effective charge carriers.”>**

Interestingly, the onset potential for deposition decreases as the
concentration increases; for instance, deposition onset potential is -0.57 and -0.22 Vat 0.1 M
and 1.5 M respectively. This difference indicates that Mg deposition is more energetically
favorable at higher electrolyte concentrations, which is possibly due to the lowered desolvation

energy at high electrolyte concentrations.>*°

On the other hand, magnesium dissolution in
Mg(TFSI),/DG electrolyte is comparably difficult and requires an ~2 V higher potential than that
needed to deposit Mg. It is likely that this over-potential is due to the formation of a surface

8,9,17

layer at the Mg(TFSI),/DG and Mg anode interface. Unlike complex organomagnesium
based electrolytes in ethers, which are strongly reducing and yield nearly 100% columbic
efficiency, the Mg(TFSI),/DG electrolyte reported here has ~30% Coulombic Efficiency (Figure
S1, SI). The mechanism for reversible magnesium deposition in Mg(TFSI),/DG is not well
understood at this time. It is possible that the diglyme solvent could be the critical factor to
provide a well dissociated environment for Mg ions and therefore to facilitate the effective Mg

deposition and dissolution. However, future studies are needed to explore the Mg

deposition/dissolution mechanism.

To evaluate the compatibility of Mg(TFSI),/DG electrolyte with a high voltage oxide
cathode material, the anodic stability of the electrolyte was investigated. Linear sweep
voltammetry (LSV) was conducted on a Pt working electrode as shown in Figure 1b. Oxidation
onset potential was determined to be 4.2 V vs. Mg/Mg** for Mg(TFSI),/DG electrolyte, which is

comparable to that found previously.18 Anodic stability of Mg(TFSI),/DG was found to be



concentration independent with, for instance, the same oxidation onset potential for 1.0 M and
0.1 M Mg(TFSI),/DG electrolytes. Having an electrolyte stability window larger than 4 Vis a
significant improvement compared to the organomagnesium based electrolytes, where the

largest window versus magnesium metal was ~3.5 V.'>%°

The ionic conductivity of Mg(TFSI),/DG was characterized by electrochemical impedance
spectroscopy and its concentration dependence is shown in Figure 1c. Conductivity increases
with concentration and reaches its peak value, 5.2 mS/cm, at 1.0 M and then decreases as
concentration increases due to lower ionic mobility. Mg(TFSI),/DG displays a higher
conductivity as compared with the reported organo-halide or organomagnesium based

electrolytes, where the highest ionic conductivity is ~3 mS/cm.**

The improved ionic
conductivity makes Mg(TFSI),/DG attractive for battery applications, since higher ionic

conductivity reduces the IR drop across the cell. Based on the conductivity and plating

characteristics, 1.0 M Mg(TFSI),/DG was selected for full-cell tests.
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Figure 1. (a) Cyclic voltammograms (CV) of Mg(TFSI),/DG electrolyte at concentrations ranging
from 0.1 M to 1.5 M. (b) Linear sweep voltammetry (LSV) of 0.1 M Mg(TFSI),/DG and 1.0 M
Mg(TFSI),/DG electrolyte. Forthe CV and LSV measurements, a Pt disk was applied as the
working electrode and a Mg ribbon was used as reference and counter electrode. Scan rate was
set at 25 mV/sec. (c) Plot of the concentration dependence of the ionic conductivity for

Mg(TFSI),/DG electrolyte.

Having established a clear understanding of the electrochemical performance of the
Mg(TFSI),/DG electrolyte, we sought to demonstrate its potential application at a high voltage

cathode using orthorhombic vanadium pentoxide (V,0s). A conventional coin cell composed of



a V,05 cathode, 1.0 M Mg(TFSI),/DG electrolyte, and a magnesium metal anode was
constructed to test the cycling performance. V,0s was selected as the cathode material due to

its reported intercalation with Mg ions which has been studied since the late 1980s.***

2527 \which are not

However, those studies were limited to Mg(ClO4), based electrolytes,
compatible with a metallic magnesium anode and likely contained significant amounts of water.
Galvanostatic cycling of the coin cell using Mg(TFSI),/DG electrolyte demonstrated reversible
cycling behavior, as shown in Figure 2a, with a 1** cycle discharge capacity of 82 mAh/g. The
capacity was stable from the 2" to the 10" cycles at 56 mAh/g with a Coulombic Efficiency of
65%. The capacity loss is possibly due to both sluggish kinetics for magnesium intercalation and
the film formation at the magnesium anode. Two voltage plateaus at 2.1V and 2.6 V vs.
Mg/Mg** are observed from the galvanostatic charging data and are in good agreement with
the theoretically predicted intercalation potentials from the Materials Project®® for V,0s, while
accounting for the charging overpotential (Figure S2, Sl). Figure 2b presents the typical charge-
discharge behavior for the Mg(TFSI),/DG system in terms of capacity versus cycle number,
which shows no significant capacity fade after the 3" cycle. Typical slow scan cyclic
voltammograms using a three electrode setup, with V,0s as the cathode and Mg disks as the
reference and counter electrodes, were performed to confirm the two electrode coin cell
cycling results. Two oxidation peaks were observed at 2.3 and 2.8 V, presented in Figure 2c,
which is in good agreement with the plateaus of the charge-discharge curve. A reduction peak
was observed at -0.5 V, with this large overpotential likely resulting from a passivating layer

forming both on V,0s and Mg anode in Mg(TFSI),/DG electrolyte. Potential correction for the

Mg reference electrode is done by adding the redox molecule, ferrocene, to the Mg(TFSl),/DG



electrolyte (see Figure S3 and Sl for detailed discussion). Cyclic voltammetry results indicate a
1.0 V potential shift to the lower value in Mg(TFSI),/DG electrolyte for the Mg metal reference
electrode. In addition, galvanostatic cycling of coin cells with V,0s as cathode and high surface
area carbon as the anode was carried out to confirm the consistency of the cycling performance,

with similar plateaus and voltage profiles observed (Figure S4, SI).

A noteworthy finding is that a relatively high electrolyte concentration is required in
order for the intercalation/deintercalation reactions to occur at the cathode. Cycling using low
concentration Mg(TFSI),/DG causes the cell to fail before it reaches a low discharge potential
(Figure S5), however, cells with high concentrations of Mg(TFSl),, i.e. > 1.0 M, survive these
conditions. This difference is possibly caused by Mg(TFSl), coordinating with all the diglyme
solvent at high concentrations, thereby minimizing the likelihood of oxidizing the solvent.'
Another possibility is that at high electrolyte concentrations, electrical polarization at the

electrolyte-cathode interface is reduced, which facilitates the diffusion of Mg into the cathode.
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Figure 2. Characterization of the performance of a V,0s5 cathode in the 1.0 M Mg(TFSI),/DG
electrolyte: (a) First 10 cycles of galvanostatic charge-discharge curves for V,0s against a Mg
disk anode at a constant current of 20 pA; (b) Discharge and charge capacities of the two
electrode coin cell versus cycle number; and (c) Slow scan cyclic voltammetry of V,0s versus Mg

as counter and reference electrode at a sweep rate of 5 mV/sec (black) and 2 mV/sec (red).

Mg intercalation was confirmed through changes of the vanadium (V) oxidation state in
pristine, charged, and discharged V,0s using XAS in transmission mode (see Sl for details).

Normalized vanadium K edge spectra and the Fourier Transform (FT) of k’-weighted extended

10



XAS fine structure is shown in Figure 3. As expected, the vanadium X-ray absorption near edge
spectroscopy (XANES) changed upon magnesium insertion. Discharged V,0s (red) shows a ~0.8
eV edge shift (calculated by the first derivative of the normalized energy) of the main line
towards lower energy, along with a 0.27 eV shift of the pre-edge peak toward lower energy.
This change indicates a partial reduction of the V oxidation state upon magnesium
intercalation.”® The asymmetry of the pre-edge and reduction in fine structure in the near-edge
region indicates a mixture of reduced and pristine vanadium states. The V,0s pre-edge peak
energy in the charged state shifted back to higher energy upon discharge, suggesting an
increase of the vanadium oxidation state and reversibility of magnesium insertion into V,05. %2 A
reduction of pre-edge intensity for both charged and discharged states is possibly due to the
distortion of the square pyramidal coordination of V>* with the nearby five oxygen atoms since
the pre-edge peak is considered to be a fingerprint that reflects the global symmetry around

the V ions.>%3!

However, the edge position and intensity for the charged state did not
completely recover back to the pristine state (0.06 eV difference), which can be ascribed to the
incomplete extraction of Mg. The Fourier-transformed (FT) extended X-ray absorption fine
structure (EXAFS) is shown in Figure 3b. The decrease in intensity of the first and second FT
peaks reflects the structural disorder intrinsic to heterogeneous Mg insertion. EXAFS suggests
that the V,0s lattice structure remains unchanged after cycling. The nearly complete

reversibility of the local atomic structure following charging is further evidence of reversible Mg

intercalation in V,0s through an intercalation pathway.

11
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Figure 3. X-ray absorption characterization of the V,0s cathode: (a) XANES spectra for pristine
(black), charged (blue), and discharged (red) V,0s at the vanadium k-edge; (b) the Fourier
transform of the extended fine structure of pristine, charged, and discharged V,0s at the

vanadium K-edge. The spectra have not been phase-shifted.

To understand the structural changes of V,0s upon Mg intercalation, synchrotron XRD
was performed for orthorhombic V,0s at pristine, charged and discharged states at various
potentials, as shown in Figure 4. Diffraction for the pristine electrode shows peaks
corresponding to the orthorhombic V,0s structure (Pmmn, code 00-001-0359).? Magnesium

“uxn

insertion into V,0s results in the formation of four new peaks, indicated by an asterisk next
to the new diffraction peaks. This phase transition occurs during the two plateaus while cycling
galvanostatically, or equivalently at the oxidation/reduction peaks observed in the slow scan
cyclic voltammetry. Two of the new peaks, observed at 18.044° and 25.544° during discharge,

match with the (020) and (110) peaks of MgV,0s (Cmc2;, code 00-030-080).>* The symmetry

changes from Pmmn to Cmc2; upon Mg intercalation, indicating a layer sliding mechanism in

12



discharged Mg,V,0s, where the Mg,V,0s phase possibly changes from a to € phase (Figure S2,
SI). First-principles calculation confirms that the a to € phase transition is energetically
favorable.?® In contrast, the peaks at 14.711° and 13.399° corresponding to d-spacing of 6.02 A
and 6.60 A could not be matched to any reported crystal structures and may correlate to the
intercalated € phase of V,0s, according to simulation, for which the diffraction pattern is shown

(Figure S6, Sl).

13
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Figure 4. Ex-situ X-ray diffraction patterns for the pristine, discharged, and charged states of the

V,0s5 cathode. The bottom two profiles are XRD patterns from the ICDD PDF database for

orthorhombic V,0s and MgV,0s.

Surface morphology and chemical composition of the pristine V,0s, discharged V,0s

laminate, and cycled Mg anode were further characterized by Scanning Electron Microscopy

14



(SEM) and energy-dispersive X-ray spectroscopy (EDX). The V,0s particle morphology showed
no significant changes before and after discharging, as illustrated in Figure 5a and 5b. EDX was
used to confirm the presence of Mg in the discharged V,0s electrode. Figure 5¢ showed an
increase in the characteristic peak of Mg for discharged V,0s as compared to the charged and
pristine V,0s, indicating a higher concentration of Mg. There is a small amount of Mg remaining
in the charged V,0s, which could be due to surface film formation or the incomplete removal of
Mg from V,0s. Surface morphology and elemental analysis for a Mg metal anode that was
cycled 10 times versus V,0s was also examined. The surface of the Mg anode appears
reasonably smooth as shown in Figure 5d, however, upon closer inspection, shown in Figure 5e,
there are pinholes that are hundreds of nanometers in diameter, which are possibly due to the
stripping of Mg during cycling. EDX results suggest that nearly pure Mg is being deposited on

the Mg anode during the plating process as shown in Figure 5f.
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Figure 5. SEM and EDX characterization of the V,0s5 cathode and Mg anode: (a) SEM image of
pristine V,0s; (b) SEM of discharged V,0s; (c) Corresponding characteristic Mg spectrum from
EDX for discharged (black), charged (red) and pristine (blue) V,0s. The inset shows the spectra
from the boxed area in offset; (d) SEMs images of the cycled Mg anode at low magnification; (e)
Cycled Mg anode at high magnification; (f) Corresponding Mg spectrum from EDX of the cycled

Mg anode.

Conclusions
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We have for the first time demonstrated a full cell Mg battery using a non-aqueous
magnesium electrolyte, Mg(TFSI),/DG, that is compatible with both a high voltage V,0s cathode
and a magnesium metal anode. Electrochemical characterization suggests three promising
characteristics for the Mg(TFSI),/DG electrolyte: (1) plating and stripping of Mg that can be
achieved at a wide concentration range, from 0.1 M to 1.5 M; (2) anodic stability above 4.2 V
versus Mg/Mg**and (3) high ionic conductivity, up to 5.2 mS/cm. The Mg(TFSI),/DG electrolyte
in this Mg full cell reflects a compromise between the intermediate Coulombic Efficiency at the
magnesium metal anode and compatibility with a high voltage cathode. Approximately 0.2 Mg
was inserted per formula unit into V,0s, based on the obtained discharge capacity as compared
with the calculated theoretical capacity (Sl). Furthermore, the intercalation of Mg into V,0s
leads to the formation of MgV,0s, as well as another unidentifiable phase. While the cell suffers
from a high overpotential and limited capacity at the cathode, it demonstrates the possibility of
achieving full cell chemistry in a magnesium system. These findings suggest a potential path
forward to creating a successful high voltage Mg battery. With an improved understanding of
how this cell operates, new electrolytes and materials can be developed that show higher C

oulombic Efficiency, capacity and voltage.

Methods

Preparation of the orthorhombic V,0s5 cathode: Vanadium oxide electrodes were prepared by
casting an 8:1:1 weight-ratio slurry of vanadium oxide (Fluka, > 99%), Timcal Super C45 carbon
black, and polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-pyrrolidinone (NMP) onto a

304 stainless steel current collector. These laminates were then dried at 75 °Cin an oven for at

least one hour before being punched as 7/16” diameter electrodes

17



Preparation of the Mg(TFSI), in diglyme electrolyte: Magnesium bis(trifluoromethane
sulfonyl)imide (99.5%, Solvionic, France) was dried in a vacuum oven at 170°C overnight before
use. Diglyme (Aldrich, anhydrous, 99.5%) solvent was pretreated with molecular sieve (Aldrich,
3A beads, 4-8 mesh) overnight and then added into the dried Mg(TFSl),. The as-prepared

electrolyte was then stirred overnight before use.

Electrochemical measurements: Electrochemical Impedance Spectroscopy (EIS) is applied for
electrolyte conductivity measurement. A home-built conductivity cell, fabricated with two
platinum disks facing each other with 1 mm separation, is used for the EIS measurement.
Conductivity cell is filled with electrolyte, and the frequency is scanned from 0.1 Hz to 100000
Hz. Impedance is calculated according to equation (1):

k=d/(A-]z]) (1)

where k is ionic conductivity, d is the electrode distance, and A is the area of the electrode.
Constant d and A are obtained by calibration of conductivity with standard KCl solution. A three
electrode setup with a Pt disk as the working electrode (2 mm in diameter, CH instruments,
Austin, TX) and polished Mg ribbon as the counter and reference electrode (99.9% purity,
Sigma-Aldrich) is used to measure the cyclic and linear voltammagram of the electrolyte.
Galvanostatic cycling of V,0s5 vs. Mg in coin cells was performed using a Maccor series 4000
cycler at 20pA between -0.7 V and 3 V. A three electrode Swagelok cell configuration is used for
the slow scan cyclic voltammetry measurement, with V,0s on a stainless steel current collector
as the working electrode, and a polished magnesium disk (7/16” diameter) as the counter and
reference electrode. Electrochemical characterization was carried out using a multichannel
potentiostat (Parstat MC, Princetion Applied Research, TN) under a pure argon atmosphere in a

glove box where H,0 and O; level is kept under 1 ppm.

X-ray Diffraction: High energy X-ray diffraction (XRD) was carried out at Beamline 11-ID-C of the
Advanced Photon Source (APS) at Argonne National Laboratory (ANL). The X-ray energy was
114.76 keV (corresponding to 0.10804 A, the fixed wavelength for this station), which has a

large penetration capability that allowed for the detection of structural changes of the bulk

18



material. The V,05 powder was collected and sealed with kapton tape. An incident X-ray beam
size of 0.5 mm x 0.5 mm was used. A Perkin Elmer area X-ray detector was used to collect the
2-dimensional diffraction patterns in transmission mode. The measured 2D diffraction patterns
were calibrated using a standard CeO, sample and converted to one-dimensional intensity

versus scattering angle patterns using Fit2D software.

X-ray absorption near edge structure (XANES): Ex-situ vanadium (V) K-edge X-ray absorption
spectroscopy was performed to detect the change of the V valence states for charged and
discharged cathodes at the beamline 20-BM-B at APS, Argonne National Lab. The

measurements were carried out in transmission mode with a vanadium metal foil as a

reference, which provides internal calibration for the X-ray energy. Coin cells with V,0s as the
cathode and Mg metal as the anode were cycled at constant current mode, 20 pA, for 10 cycles
before holding at certain charged/discharged potentials. V,0s powder was then collected and
mixed homogeneously with cellulose at a mass ratio of 1:5 and pressed into pellets for the
measurement. The XANES spectra were normalized and analyzed using the ATHENA software
package. A full range XANES shown in Figure S6 indicates good normalization. The edge position,

located at the maximum of the first derivative, was defined as 5465 eV.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX):
Scanning electron microscopy and energy-dispersive X-ray spectroscopy characterization was
performed using a Hitachi S4700-II scanning electron microscope equipped with an EDX
detector mounted at a 30° take-off angle. Elemental composition was determined using a
standardless ZAF (atomic number, absorption and fluorescence) corrected analysis. Both EDX
and SEM were performed at an electron energy of 30 keV. Cathode materials collected from
cycled coin cells were soaked and rinsed with acetone to remove any electrolyte residue on the

surface prior to the EDX analysis.
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