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ABSTRACT

Solid-solution oxide spinels with high redox voltages and facile Mg?** mobility have been
identified as promising candidates for practical, high voltage cathodes in Mg batteries. In this
work, we discuss the development of MgCra.xMnxO4 [x = 0.5, 1, 1.2] solid solution spinel oxides
as a cathode material and their electrochemical performance paired with a Mg anode in a full cell.
This work presents the first demonstration of full cells with these materials. Mg-Cr-Mn spinel
oxides with varying Cr and Mn contents were synthesized using alternative synthetic routes for
optimal electrochemical performance. High-resolution synchrotron powder X-ray diffraction
(PXRD), solid-state nuclear magnetic resonance (NMR) spectroscopy, and electron microscopy
showed that these different synthetic routes resulted in changes in structures and particle
morphologies, which in turn affect the electrochemical performance. Particularly, the urea co-
precipitation synthetic route resulted in high surface area particles that enabled lower
overpotentials and increased discharge capacity. The high surface area also resulted in expedited
structural degradation caused by irreversible migration of Mg?" into normally vacant 16¢ sites in
the spinel lattice. This structural degradation was lessened by using a hydrosauna-urea synthesis
method which decreased the Mg/Mn inversion ratio while retaining high surface area particles
with good cycling performance. Our findings highlight the necessity for high surface area or
nanostructured spinel oxide cathodes with minimized Mg-Mn inversion to enable spinel oxide

cathodes in Mg full cells.



Introduction

Non-aqueous Mg batteries are a class of next generation batteries that promise high energy
densities as an alternative to Li-ion batteries [1, 2]. Materials discovery and development over the
past decades have attempted to deliver suitable electrodes to fulfill this promise [3, 4]. For instance,
reversible Mg?" ion intercalation has been demonstrated using sulfide-based cathodes [5, 6].
However, sulfide-based cathodes operate at low potentials (~ 1 V vs Mg/Mg?"), thereby limiting
their practical application. Theoretical works have suggested the feasibility of high voltage oxide
cathodes [7-9]. As such, a whole suite of studies has focused on understanding and identifying
optimal high voltage oxide cathodes in Mg batteries [10-16].

In particular, many of these works have focused on spinel oxide structures and the challenges
with Mg?* (de)intercalation. First, Kim et al. demonstrated the intercalation of Mg?" into Mn>Os,
however the high activation energy of Mg®" migration limited reversibility [11]. Subsequent
studies then found that inversion between Mg?* and Mn?" ions within the MgMn,O4 spinel
structure led to an increase in the cation migration barrier and affects reversibility [12, 13]. The
Mg/Mn inversion could also be adjusted with synthetic conditions, for instance Bayliss et al.
showed lowered inversion with low temperature annealing [13]. In parallel, investigations into
Mg?* intercalation in MgCr,O4 was also explored due to the relatively facile Mg?" mobility as well
as increased inversion stability, however, the high potentials for Cr redox as well as the instability
of Cr*" presented additional challenges in developing Cr- based spinel oxide cathodes [17]. To
leverage the advantages and mitigate challenges of the individual Mn- or Cr- spinel oxides, a solid
solution MgMnCrOs4 was then proposed by Kwon et al. [14]. Reversible (de)intercalation of Mg?*
in the solid-solution MgMnCrO4 was clearly observed electrochemically and confirmed through

XRD, XAS, and microscopy [14]. The solid solution combined the redox activity of Mn with the



relatively low migration barriers and added inversion stability due to the Cr. Figure 1 shows the

mixed spinel oxide crystal structure and the Mg-Mn inversion, as well as Mg?" mobility.
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Figure 1: MgCr2xMnxOs solid solution spinel crystal structure with Mg-Mn inversion illustrated
by the Mn?" (16d) — Mg?" (8a) exchange. The diffusion of Mg?" (8a) is depicted on the right top
schematic, whereby the ions hop through the normally vacant 16c sites. Inverted Mg>" ions (16d)
may migrate to neighboring 16d sites or 16c sites, as depicted on the right bottom schematic.

Reproduced from [15]. Copyright [2021] American Chemical Society.

Detailed operando XRD studies were performed by Yin et al. to understand the cation
redistributions during cycling within the solid-solution MgCrMnOs spinel oxide cathode [15].
They observed that the inverted Mn directly affects the Mg®" hopping, leading to irreversible
migration of Mg?" into normally vacant sites. The ion migration caused by inversion resulted in

voltage hysteresis and irreversible structural evolution with cycling, highlighting the importance



of minimizing Mg/Mn inversion in spinel oxide cathodes. A tailored inversion-free spinel oxide
was then prepared by increasing the composition of Cr, resulting in a MgCrisMno 504 cathode
material with decreased overpotentials and hysteresis [18].

In addition to cathode development, considerable progress in Mg/Mg-ion battery research has
also been made toward identifying compatible electrolytes [19, 20]. An ideal electrolyte is stable
at the spinel oxide cathode redox potentials while also enabling homogeneous electrodeposition
and dissolution at the Mg anode [21, 22]. Furthermore, electrolytes require chemical stability
against the breakdown of solvent or solvated ion complexes. For Mg electrolytes to meet all the
criteria, a custom Mg salt anion is required. Therefore, a highly electron-deficient and weakly
coordinating anion salt was designed and assessed by Lau et al. [23]. They found that their novel
perfluoroalkoxyaluminate (TPFA) anion limited the reductive decomposition during Mg plating.

Building upon the previous studies on MgCrMnOs spinel oxide cathodes and electrolyte
systems, we aim to demonstrate their performance in full cells, paired with Mg anodes. To the best
of our knowledge, this is the first demonstration of solid-solution spinel cathodes in a full cell
configuration. Previous studies utilized carbon anodes, which served as high-surface area
capacitive counter electrodes and were used to solely investigate the spinel oxide performance [13-
15, 18]. Previous studies have also used a variety of alternative Mg anode materials [24], however
these alternative anode materials would decrease the operating voltage window of a Mg cell.

Here, we evaluated the electrochemical performance of MgCrxMnxOs spinel oxide
cathodes prepared using conventional and novel synthetic routes cycled against Mg foil anodes.
We found that the urea co-precipitation method resulted in a high-surface area cathode material,
which led to improved electrochemical full cell performance despite higher Mg/Mn inversion

ratios. We evaluated three compositions of MgCro-xMnxO4 [x = 0.5, 1, 1.2]; we hypothesized that



an increase in the Mn content would increase the capacity, while an increase in Cr content would
increase the transport of Mg?" within and the inversion stability of the spinel oxide structure.
Following cycling, we performed detailed characterization using synchrotron XRD and solid-state
NMR. We observed structural changes caused by Mg-ion migration and an increase in the cell
impedance with cycling. These effects are attributed to both the higher inversion ratios as well as
the high-surface area which exacerbated the structural evolution.

Methods

Materials: Magnesium acetate tetrahydrate (Mg(CH3COO);-4H>0, Sigma-Aldrich), chromium
acetate hydroxide (Cr3(CH3COz)7(OH)2, Sigma-Aldrich), manganese acetate dihydrate
(Mn(CH3COOQO);-4H,0, Sigma-Aldrich) were used as precursor materials. Citric acid (CsHgO7,
Sigma-Aldrich), Magnesium nitrate hexahydrate (Mg(NO3)2:-6H>0, Sigma Aldrich), Chromium
nitrate (Sigma Aldrich), Manganese nitrate (Mn(NO3)2, Sigma Aldrich), urea (CO(NHz)2, Sigma
Aldrich), sodium hydroxide solution (I M NaOH aqueous, Sigma Aldrich, and ethylene glycol
((CH20H);, Sigma Aldrich).

Synthesis: MgCr>-xMnxO4 [x = 0.5, 1, 1.2] solid-solution spinel oxides were prepared via three
different synthetic routes: (1) polymerized complex sol-gel method, (2) topochemical
transformation from layered double hydroxide precursors, and (3) homogenous co-precipitation of
metal nitrates using urea. The polymerized complex sol-gel method has been previously used with
spinel oxides [25]; esterification of citric acid and ethylene glycol can promote intimate mixing of
acetate precursors. Samples were then annealed at 450°C followed by a higher temperature anneal
at 800°C. Topochemical dehydration of layered double hydroxide precursors to spinel oxides have
been previously demonstrated [26-28]. In this work, the Mg-Cr-Mn layered double hydroxides

were prepared via co-precipitation of metal nitrate salts (in stoichiometric quantities) dissolved in



aqueous NaOH (1 M). The precipitate was then dried at 60°C, followed by annealing at 800°C for
24 hours to form a mixture of spinel oxide and precursor oxides; the latter could be removed by
acid treatment with hydrochloric acid (1 M). The layered double hydroxide method has been
previously demonstrated to synthesize spinel oxides with low inversion [27, 28]. The third method,
homogenous urea co-precipitation, has also been demonstrated for spinel oxide synthesis [29, 30].
For the urea co-precipitation method used in this work, an aqueous solution of nitrate salts and an
equivalent amount of urea was stirred at 90°C under alkaline conditions. The resultant gel was
calcined at 450°C for 1 hour, then at 700°C for 24 hours. A hydro-sauna method was also tested
with the urea co-precipitation synthesis. Hydro-sauna methods refer to calcination of precursors in
humid environments with controlled water vapor and has been utilized to prepare phase-pure
perovskites [31]. For this work, the gel prepared by the urea co-precipitation method was calcined
in a humid environment at 450°C (24 h) followed by cooling to 150 °C (15 °C/min) and natural
cooling to room temperature.

We also tested spinel oxides synthesized via conventional aqueous sol-gel method. The methods
are as described in previous literature by Kwon et al. [18]. As we will discuss later, we also
assessed electrode laminates made with these conventional sol-gel methods after ball-milling to
decrease the particle size. The spinel oxide powders were milled with stainless steel balls and a
high-energy SPEX mixer (BM-450) for 30 min prior to laminate preparation.

Cell assembly and electrochemical testing: Cathode powders were mixed into slurries and cast
onto stainless steel foil to make electrode laminates. A ratio of 60 weight percent active material,
20% carbon conductive additive (C45, TIMCAL) and 20% PVDF binder (dissolved in NMP) was
used. The electrodes were dried under vacuum at 80 °C overnight, then punched into discs

(diameter = 3/8 in). Active material loading was between 1.5-3 mg cm 2. Coin cells were



assembled in an Ar-filled glovebox using the prepared cathodes, Mg foil as the anode (thickness
= 0.25 mm, diameter = 15 mm), and Whatman glass fiber separators. The Mg anodes were
mechanically polished in the glove box until shiny to remove oxidized surface species; see Figure
S1. The electrolyte used was 0.1 M Mg [TPFA]» ([TPFA] = [(AI(OC(CF3)3)4)7]) in triglyme (60
uL). The Mg[TPFA], salt was prepared at scale at the Materials Engineering and Research Facility
(MERF) at Argonne, following procedures previously published and resulting in high purity
compounds (Li" and CI” contaminants < 98 ppm) after recrystallization [23]. Electrolytes were
prepared in an Ar-filled glovebox. The triglyme was purchased from Sigma Aldrich and distilled
under vacuum from NaH [23]. The electrolyte water content was [< 20] ppm.

Cells were cycled at a C/50 rate with upper and lower voltage cut-off of 4.0 V and 0.5 V vs
Mg/Mg*", respectively, and a 100 mAh g™! capacity limit; this capacity cut-off will be discussed
in the results. Cells were cycled at elevated temperature (95°C) using a MACCOR battery cycler.
The theoretical capacities used to calculate C-rate were estimated based solely on the Mn redox,
whereby MgCrMnOs has a theoretical capacity of 280 mAh g !

Characterization: Coin cells were disassembled in an Ar-filled glovebox and prepared for ex-
situ characterization. Solid-state magic-angle-spinning NMR was performed on a 500 MHz (T)
Bruker Avance III spectrometer. The cathodes were packed into a 3.2 mm zirconia rotor. Samples
were spun at 20 kHz and measured using a hahn-echo pulse sequence with recycle delays of 0.1 s
and pulse width 3 ps. SEM of the samples were measured using a JEOL JCM-6000Plus benchtop
SEM. Samples were prepared under ambient conditions. High-resolution ex-situ XRD was
performed at the 11-BM beamline at the Advanced Photon Source, Argonne National Laboratory.
Samples were packed in Kapton capillaries. Spectra were refined using the Rietveld method using

Topaz software and GSAS-II.



Results
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Figure 2: SEM images of the pristine MgCri.sMno.sO4 spinel oxide compounds synthesized via
sol-gel (a, d), layered double hydroxide (b, ¢), and urea co-precipitation (c, f). Scale bar in (a-c)

is 50 um. Scale bar in (d-f) is 2 um.

We successfully explored various synthetic methods to obtain the Mg spinel oxide
powders. Figure 2 shows the SEM images of the MgCrisMnosOs spinel cathode materials
prepared using aqueous sol-gel reaction, layered double-hydroxide precursors, and urea co-
precipitation. The polymerized complex method however did not result in improved cationic
inversion over the conventional aqueous sol-gel method, used in previous literature [14]; for the
rest of this work, the sol-gel MgCr,—xMnxO4 samples refer to those synthesized via conventional
aqueous methods. The aqueous sol-gel method resulted in particles 10-50 um in diameter. The
large and crystalline particles from the sol-gel method were likely a result of a post anneal step;
these samples were post annealed at 350°C in air for a month to decrease the Mg/Mn inversion

which may have led to particle aggregation. Smaller particles (0.5-2 pm diameter) were obtained



using a topochemical synthetic route with layered double-hydroxide precursors (LDH). These
particles also had a faceted morphology. By contrast, the urea co-precipitation synthesis resulted
in a non-particulate, porous morphology. Estimation from the SEM image suggests pore diameters
ranging from submicron to a few microns, as shown in Figure S2. Urea is well known as a non-
surfactant templating agent for producing particles of porous morphology and has previously been
utilized to prepare mesoporous silica and titania by sol-gel reactions that resulted in enhanced

surface area. [32, 33]
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Figure 3: XRD spectra for (a) the pristine MgCr1.sMno.s04 and (b) MgCrMnOy spinel oxides

synthesized via urea co-precipitation.

The XRD data of the pristine MgCrisMno sO4 spinel cathodes synthesized using the urea co-
precipitation method were measured to compare the Mg-Mn inversion. Rietveld refinement was
used to determine the inversion. The inversion ratio was 13.5% for the MgCri.sMng 504
composition and 18.9% for MgCrMnO4 composition. Compared to literature values of 10%
inversion for MgCrMnOs4 or even defect-free MgCri.sMno 504 spinel oxides [14, 18], the new urea

synthetic routes resulted in higher inversion ratios than conventional sol-gel synthesis methods.

10



Figure S3 and S4 shows the XRD spectra for pristine MgCrMnO4 and MgCri sMno.504 spinel
oxide prepared using the layered double hydroxide precursor route. Although the sample was a
phase-pure compound, some mismatches in peak intensities in Rietveld refinement were observed,
which could be attributed to stacking faults, vacancies, and/or compositional heterogeneity.
Additionally, we were able to synthesize the metastable MgCrosMni 204, which has the highest
amount of Mn in the lattice while maintaining the desired cubic symmetry. For both citrate sol-gel
and urea co-precipitation methods, this composition resulted in an inversion of ~20%, as calculated
from the XRD spectra included in Figure S5. The MgCrosMn;204 spinel oxide prepared via

layered double hydroxide methods did not result in a phase-pure sample.
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Figure 4: First cycle voltage versus specific capacity plots for Mg full cells with spinel oxide
cathodes varying synthetic route and composition. The lower cut-off potential was set to 0.5 V vs

Mg/Mg?".

Figure 4 shows the electrochemical data for full Mg spinel oxide cells with varying compositions
and synthetic routes. Only the first cycle data is shown for clarity. In addition, cells were cycled
with a 100 mAh g ! limit; this was due to the severe overcharge behavior observed for the first
cycle before reaching a 4.0 V cut-off potential as shown in Figure S7. Across all the compositions
evaluated, the urea co-precipitation method produced the best electrochemical results; these cells
exhibited the lowest overpotential during both charge and discharge. The urea synthesis also
increased the discharge capacity, in other words increased reinsertion of Mg into the cathode. The
urea synthesis method also produced the best half-cell performance, shown in Figure S5. In
particular, the cell with the highest discharge capacity and lowest overpotentials was obtained with
the MgCri.sMno.sO4 composition synthesized via urea co-precipitation.

For both the urea synthesis and the sol-gel synthesis, increasing the Mn content resulted in a
decrease in discharge capacity, despite the increased amount of redox active Mn. Therefore, we
associated the decreases in discharge capacity to the increase in inversion with increasing Mn
content, which can decrease Mg?" transport and drive increases in overpotential. The LDH
synthesis resulted in the lowest capacity cells during discharge across all compositions, suggesting
poor reinsertion of the Mg-ions into the cathode. The observed faceted morphology in LDH
synthesized cathodes from Figure 2e, therefore appears to worsen the cell performance despite
seemingly higher surface area compared to the sol-gel synthesized samples. This suggests certain

facets may result in higher Mg (de)insertion activation energies and can explain the increased
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overpotentials observed for LDH cathode cells. The MgCrosMn; 204 LDH synthesized cathode

was phase impure and therefore was not included in this study.
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Figure 5: a) Voltage versus specific capacity plot for the best performing cathode:
MgCri sMno.s04 with urea co-precipitation synthesis, b) XRD spectra for the cell measured at the
end of charge or discharge for the 1st, 2nd, 4th, and 5th cycles, and c¢) same XRD spectra

focusing on select reflections.

Figure 5a shows further cycling of the best performing cathode: the MgCri.sMng 504 urea
co-precipitation synthesized cathode. There is a rapid increase in overpotential within a few cycles;

the charge potential increases by nearly 500 mV by the 3rd cycle. The discharge capacity also
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decreases rapidly, dropping to 85 mAh g ! by the 3rd cycle and 55 mAh g! by the 5th cycle.
Although there is a decay in performance within the first 4 cycles, the electrochemical performance
is improved compared to cells with sol-gel synthesized MgCri sMno 504 cathodes, shown in Figure
S11. In addition, we tested the cycling behavior of a Mg foil -Mg foil symmetric cell to investigate
the Mg plating potentials as shown in Figure S12. The Mg plating potentials are affected by the
formation of SEI species as well as the desolvation energies for Mg>" ions. We observe a slow
increase in the plating potential with increasing cycle number, which may be a result of
accumulating SEI species with increasing cycle number. The increase in the Mg plating potentials
however is slower than the increase in overpotentials in a full cell, suggesting that the overpotential
growth in full cells was mostly caused by the cathode reactions. The Mg plating potential
instabilities can also help explain the sloping voltage profiles observed in the first charge for
several of the Mg full cells shown in Figure 4. The Mg plating potential instabilities in our system
is beyond the scope of this work, however, has been previously discussed in literature studies
focusing on Mg anode surface reactions [34]. Fluctuations in the voltage curve can occur due to
changes in the anode surface area during stripping,[35] indicating that our Mg anode does not have
uniform plating/stripping behavior in this electrolyte and further optimization is required for anode
compatibility.

Cathodes were harvested for ex-situ characterization following the 1st, 2nd, 4th, and 5th
cycles. Figure 5b shows the stacked XRD spectra comparing the effects of cycling. We observe a
shifting of the XRD peaks from the pristine to the first charge, indicating Mg removal, followed
by a shifting back of the XRD peaks after discharge, indicating Mg insertion. This lattice breathing
has been previously linked to electrochemical Mg removal and insertion, as opposed to proton

insertion [14,18, 36]. Additionally, the appearance of a new phase is observed immediately after
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the 1st discharge; the new phase appears as a shoulder peak and can be seen more clearly in Figure
5c. This phase is not observed after the first charge where Mg?* ions were removed; however, it is
observed after the second charge. This indicates that this phase forms during Mg insertion on the
first discharge and that it is irreversible as subsequent Mg removal on the second charge does not

remove this phase. Furthermore, this phase continues to accumulate with each cycle.

Table 1. Extracted parameters from Rietveld refinement for the XRD data of the cycled

MgCri.5Mno504 cathode shown in Figure 5.

Phase 1 Phase 2 Phase 1 Phase 2
Pristine 8353 - 8.02 100 0 - -
1** Disch 8.358  8.400 8.02 70.68 2932 0.296 0.642
2" Disch 8.359  8.400 8.02 69.28  30.72  0.283 0.676
4™ Disch 8.360  8.417 8.02 70.57 2943  0.378 0.607
5" Disch 8.360  8.435 8.02 65.82  34.18  0.550 0.560

Rietveld refinement of the ex-situ XRD data is shown in Table 1. The new phase, labeled
phase 2, contains Mg”* occupying normally vacant 16c¢ sites. Both fraction of the new phase and
the occupancy of the 16¢ site within this phase increases with increasing cycling number. This
phenomenon has been previously shown using operando XRD on these Mg-Cr solid-solution
spinel oxides materials, whereby normally vacant 16¢ site exhibits some fractional occupancy
during Mg reinsertion [15]. The inversion was kept constant throughout the refinement to decrease

the number of refinement parameters. The inversion therefore represents the average inversion of
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both phases; there may be changes to the degree of inversion within phase 1 and phase 2 with
increasing cycle number.

This irreversible accumulation of Mg?* occupying the 16¢ sites correlates well with the decrease
in electrochemical performance (i.e., overpotential and subsequent loss of capacity). The decay in
performance is caused by a combination of both decreased Mg?" transport and decreased amount
of available Mg?*. Further cycling of the MgCri.sMno sO4 urea cells resulted in severe impedance

and minimal charge or discharge capacity, shown in Figure S13.
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Figure 6: a) Ex-situ MAS 2>Mg NMR spectra comparing the pristine (cyan) MgCri sMngsO4 urea
synthesized spinel oxide and after the first cycle (blue). The spectra are mass normalized. b) ex-

situ MAS 3C NMR spectra for the cycled MgCri sMno sO4 urea synthesized spinel oxide.

Existence of a chromium rich environment was observed in the 2Mg NMR spectra shown in
Figure 6a (cyan) for the MgCrisMnosOas, urea synthesis samples due to the high Cr content.
Although the XRD spectra for this sample shown in Figure 3a, indicated phase purity, nano-
domains of Cr-rich phases can exist and thus were detected via NMR. Interestingly, this Cr-rich

domain is not observed in MgCri.sMno sO4 synthesized via sol-gel methods [ 18]. Furthermore, this
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Cr-rich domain disappears after the first cycle, suggesting activation of the Cr-redox at lower
potentials than previously reported [14]. The Cr-rich phase however shows an irreversible
activation and is not re-formed after re-insertion of the Mg. Although Mg cations coordinated to
Cr-rich domains has been activated previously, insertion of Mg?" into the Cr-rich domain during
discharge was not observed in our sample due to instability of the Cr** charged state [13]. We do
observe Mg?" inserted in the spinel framework after discharge from the mass normalized Mg
NMR spectra in Figure 6a, albeit not to the same Mg content as the pristine sample. Additionally,
we used Electron Dispersive X-ray Spectroscopy (EDS) to quantify Mg, Cr, Mn, and O content
and identify Mg electrochemical activity. This is summarized in Table S1. We observe an increase
in the ratio of Mg to transition metal (Cr + Mn) going from a charged sample to a discharged
sample, consistent with the structural activity probed via XRD.

Degradation of electrolyte on the cathode surface may also contribute to the overpotential
increase with time and decay in electrochemical performance. An accumulation of electrolyte
degradation species on the cathode surface, resulting in a cathode-electrolyte-interphase (CEI)
layer, can increase the impedance and limit Mg®" ion insertion. An ex-situ *C MAS NMR
measurement of the cycled cathode is shown in Figure 5b. Some organic growth of CEI is
observed: the carbonyl peak at ~160 ppm and the C-O species at 60-80 ppm, increased slightly
after 5 cycles compared to the 1st cycle. Overall, there are only minor accumulation of electrolyte
breakdown products, which suggests some of the overpotential observed in Figure 5 is a result of
CEI formation due to electrolyte breakdown while the majority can be attributed to the cathode

structural changes with cycling.
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Figure 7: a) XRD spectra and b) SEM image of the pristine MgCrMnOy spinel oxide synthesized

via hydrosauna methods using urea precursors, and c) first 3 cycles for the full cell with

MgCrMnOs, hydrosauna urea synthesized cathode.

Finally, we characterized and compared the electrochemical performance of MgCrMnO4
spinel oxide prepared via a hydrosauna method using the urea co-precipitation method. Figure 7a
shows the XRD spectra for the MgCrMnO4 composition prepared via the hydrosauna-urea
synthesis. Although the hydrothermal synthesis had lower peak intensities indicating less
crystallinity, the Mg/Mn inversion ratio was lower compared to the high temperature urea
synthesis shown in Figure 3b: Mg/Mn inversion ratio was 12.5%. The SEM image shown in Figure
7b indicates some of the porous morphology is retained. The MgCri.sMno.sO04 compound prepared
by the hydrosauna method was biphasic, shown in Figure S6.

We observed electrochemical performance comparable to the higher temperature urea
synthesis shown in Figure 5a. In fact, the decay in performance for the hydrosauna cathodes
appeared mitigated; the capacity did not drastically decrease in the first three cycles. The biphasic
MgCr1.5sMnos0s compound prepared by the hydrosauna-urea method also shows improved

capacity retention, shown in Figure S14, compared to the normal urea synthesis.
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Discussion

While the new synthetic routes were unable to decrease the extent of Mg/Mn inversion in
Mg-Cr mixed spinel oxide cathodes, the urea synthesis method resulted in an increase in surface
area. The high-surface area, in turn, led to the best performing Mg full cells to date. This suggests
that surface area has a large effect on the rate and capacity, despite Mg/Mn inversion. Previous
works optimizing Mg/Mg-ion battery high-voltage cathodes support this observation as they have
focused on preparing porous and/or ultrasmall nanoparticulate materials [37-39]. This improves
both the capacity as well as the rate capabilities. Kobayashi et al. demonstrated room-temperature
operation of a nanoparticulate (< 2.5nm) cathode paired with a Mg-alloy anode, highlighting that
nano-structuring and surface-area tailored cathodes can enable significantly improved
electrochemistry [37]. However, similar to this work, their cells show rapid capacity fade within
the first 5 cycles [37].

The urea co-precipitation method applied to synthesize Mg-Cr mixed spinel oxide cathodes has
been used in other fields to control surface area and porosity in materials [32, 33, 40, 41].
Specifically, the urea co-precipitants led to higher pore volumes and specific area when compared
to other co-precipitants used [40]. In catalysis, the increased surface area and porosity from the
urea synthesis enabled improved redox performance for ethanol conversion and hydrogen
selectivity [41]. In addition, other spinel oxides synthesized via the urea co-precipitation method
were demonstrated to have high surface areas and nanoparticulate morphologies [30], again
aligning with the observed morphologies for our urea co-precipitation synthesized Mg-Cr spinel
oxide cathodes.

To further confirm the effect of surface area on electrochemical performance, we ball-milled the

sol-gel cathode powders to decrease the particle size. After ball-milling, the particle sizes were
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decreased to submicron in diameter, as shown in Figure S15. Using the milled cathode powder,
we prepared electrode laminates and fabricated Mg full coin cells. We observed improvements in
the cell overpotential, especially during charge, as well as a small increase in discharge capacity,
shown in Figure S16. This supports both that the cathode surface area impacts the electrochemical
performance in Mg full cells and that the porous morphology attained from the urea synthetic route
resulted in even larger surface area increase.

The improvements to the electrochemistry enabled by the high surface area urea synthesis are
short-lived due to the irreversible structural changes as shown in the ex-situ XRD in Figure 5c and
summarized in Table 1. In addition, the discharge profiles for the high surface area urea synthesis
cathodes also hint at the immediate irreversible structural changes. Whereas the voltage discharge
profile for sol-gel synthesized cathodes shown in Figure 4 have two plateaus-like regions, the urea
synthesized cathodes show only one discharge plateau-like region. Analysis from Yin et al. found
that for conventional sol-gel synthesized spinel oxides, the first discharge plateau/process
corresponds to the reversible reinsertion of Mg into the 8a sites, while the second plateau/process
is attributed to an over-discharge, whereby Mg?* ions irreversibly insert and migrate into normally
vacant 16c sites [15]. The absence of the two plateaus-like regions in the urea synthesis
MgCr sMng sO4 cell suggests that the Mg?" insertion into 16¢ sites takes place immediately rather
than as the second step. Interestingly, the ball-milled sol-gel synthesis also shows a smoothing of
the two discharge processes, as seen in Figure S10, suggesting that an increase in surface area
and/or the disorder introduced with ball-milling may also directly promote irreversible Mg?*
migration. Furthermore, earlier studies found in literature have suggested a conversion mechanism
whereby amorphous MgO is formed during the magnesiation of MnO, [42]. Due to the conversion

mechanism, surface area effects were not the dominant factor affecting electrochemical
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performance. For our work however, we did not observe any MgO at 26 ppm following Mg>*
insertion into the Cr-Mn mixed spinel oxide as shown in the Mg NMR spectra shown in Figure
S17. This suggests that we have avoided the conversion reaction and that the sloping voltage
profiles are likely indicative of irreversible ion migration. The Mg insertion into spinel oxides is
consistent with previous theoretical and experimental studies [7-15].

Theoretical studies indicate that structural changes in spinel oxides during Mg?" insertion begin
at the surface [43], therefore higher surface areas will result in increased change. The formation of
a new phase in the urea synthesis spinel cathodes with cycling was an expedited but otherwise
identical structural degradation to that presented by Yin et al. [15]. The high-surface area combined
with even higher inversion ratios for the MgCrMnO4 and the MgCrosMni1204 urea synthesis
cathodes resulted in even worse structural degradation, leading to high overpotentials on discharge
and limited capacity. On the other hand, the MgCrMnOy4 synthesized via hydrosauna-urea methods
shown in Figure 7c had a lower inversion ratio, which decreased the structural degradation caused
by irreversible Mg?* migration, and thus outperformed the urea synthesis method of the same
composition. Therefore, we did not change the fundamental challenges with Mg-ion spinel oxide
materials when preparing them via a urea co-precipitation method. Instead, the improved
electrochemical performance was strictly a result of an improved cathode design with high surface
area when using the novel synthetic route. Furthermore, we have highlighted the irreversibility of
Mg insertion into the spinel lattice during full cell discharge, as observed in both the dQ/dV plots
and the cyclic voltammetry data shown in Figures S9 and S10, respectively. The role of synthesis
processes and conditions in determining electrochemical performance of electrode materials,

particularly in oxides, has been previously explored [44]. This opens possibilities for future work
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in developing low-inversion spinel oxide cathode materials with morphological characteristics
similar to the powders obtained from urea coprecipitation method reported here.
Conclusion

Electrochemical results in Mg full cells indicate improved performance for MgCrz-xMnxOa
cathodes synthesized via urea co-precipitation method over traditional sol-gel method. An increase
in the surface area caused by the urea synthetic route enabled lower overpotentials and increased
capacity. This emphasizes the importance of ion transport and conductivity in these spinel oxide
materials as Mg-ion cathodes. However, the high surface area also resulted in expedited structural
degradation, whereby Mg?* ions irreversibly migrate into normally vacant 16c sites. The structural
changes decreased ionic mobility and caused a growth in overpotential during full cell cycling.
This structural degradation was lessened when the spinel oxide cathodes were prepared using a
hydrosauna-urea synthesis method with lower Mg/Mn inversion ratio. The hydrosauna-urea
synthesis resulted in decreased Mg/Mn inversion while retaining the high surface area and thereby
good electrochemical performance. In addition, the Mg [TPFA]: electrolyte used showed good
stability against the high voltage spinel cathode, with limited accumulation of CEI. To the best of
our knowledge, full cells testing of Mg-Cr-Mn spinel oxide cathodes have not been previously
reported and is a significant milestone in high voltage Mg/Mg-ion battery field. This study opens
an avenue in developing Mg full cells with spinel oxide cathodes and future work can be
envisioned in synthesis of cathodes with high surface area and low Mg/Mn site inversion in the
spinel lattice.
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