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ABSTRACT

The use of oxide cathodes in Mg batteries would unlock a potential energy storage
system that delivers high energy density. However, poor kinetics of Mg diffusion in known solid
oxide lattices strongly limits reversible intercalation, which motivates the sustained exploration
of new candidates. Herein, nanocrystals of a few-layered phyllomanganate, reminiscent of the
mineral vernadite, were shown to have considerable electrochemical activity toward Mg
intercalation at room temperature, where it delivered ~190 mAh/g at ~1.9 V (vs Mg/Mg*) in
batteries paired with a Mg metal anode. Multimodal characterization confirmed the notable
degree of reversible intercalation by probing the structural, compositional and redox changes
undertaken by the oxide. Distinct levels of Mg activity were also observed while varying the
content of small amounts of lattice water and the temperature of the reaction. The results reaffirm
the prospects for operational Mg batteries using oxide cathodes in moderate conditions,

overcoming current limits of performance of this prospective technology.



INTRODUCTION

Rechargeable, non-aqueous Mg batteries have been considered as an alternative to Li-ion
technology with potential to deliver high energy density at low cost.'? However, their promise
strongly relies on the discovery of cathode materials with high and reversible storage capacity at
high redox potential, to fulfill the requirements of energy density against the benchmark of the
dominating Li-ion devices.** Reversible intercalation of Mg?** has been attempted in diverse host
compounds such as metal chalcogenides, polyanionic olivines, and organic compounds.®'
Among these candidates, frameworks composed of soft anions, especially MogXs (X=S, Se) and
TiS,, are capable of repeated electrochemical cycling when paired with a Mg anode at moderate
temperatures.® '* Whereas these phases are suitable for reversible intercalation of Mg?*, their low
operating potentials and specific capacities severely limit their practical application.
Theoretically, both metrics could be raised using oxide frameworks instead, while preserving
structural flexibility that enables and sustains percolating pathways for Mg** migration at all
states of charge.® '* > However, despite extensive efforts over two decades, there is a glaring
absence of oxide hosts with a sufficiently notable degree of reversible activity, particularly when
paired with a Mg metal anode in non-aqueous electrolytes. Sluggish migration is assigned as the
main cause of such poor electrochemical properties, due to pathways that show relatively high
barriers to cation hopping owing to the existence of strong electrostatic interactions in the

presence of localized charges.'® '” The situation is consequently even worse at moderate

temperatures, with overpotentials so large as to open up alternate pathways for electrochemical



conversion instead, where the oxide is reduced by losing O* rather than by intercalating Mg?*,'*

' but these alternative pathways are inherently plagued by irreversibility and energy inefficiency.
As a result, the development of a competitive Mg battery is at much earlier stage compared to Li-
based technologies, underpinned by the need of foundational, rather than developmental,
advances. Chief among them is the question of whether intercalation of the divalent ion into a
transition metal oxide is fundamentally possible at high potential, compared to softer

chalcogenides, and moderate temperature, in non-aqueous electrolytes.

Layered oxides constitute one possible family of hosts favorable for intercalation of ions
since their two-dimensional geometry can be tuned to a variety of interlayer spacings, offering a
diversity of sites that could potentially accommodate multivalent cations. Among them,
manganese oxides combine simple synthetic methods with large flexibility both in structure and
accessible oxidation states of Mn, constituting a good platform to gather fundamental knowledge
on the intercalation chemistry of multivalent ions.” *' Birnessite-type A,MnQO, consists of a
collection of sheets of edge-sharing MnOj octahedra units with ~7 A of interlayer spaces, where
water and cations (A) occupy the interlayer to compensate charge balances.”” The presence of
water molecules in the host framework is a common means to enhance the kinetics of
intercalation of Mg**, by shielding the effective charges of ions in the lattice from each other.??
However, whereas birnessite has been reported to intercalate Mg** in aqueous electrolytes, it was
also found to undergo a conversion mechanism in non-aqueous Mg** electrolytes, involving a
rearrangement of the transition metal sub-lattice to form frameworks reminiscent of a spinel

structure,' even when controlled amounts of water were added to the solutions.”> On one hand,

the large atomic rearrangement involved in the conversion reaction compromises reversibility.



On the other hand, the intentional use of water in the electrolyte is precluded in a full-cell
configuration for high energy density because of its incompatibility with a Mg metal anode*® and
its a low anodic stability. The origin of the difference in behavior depending on the nature of the
electrolyte has not been fully ascertained. In any case, these results highlight the need to explore
strategies such that the kinetics of Mg?** intercalation in non-aqueous electrolytes can be
enhanced to bypass a pathway of conversion of the active oxide. Structural modification through
introduction of defects is predicted to significantly affect the kinetics of Mg?* intercalation in

15, 27

oxides, pointing at a worthwhile path of exploration. Encouragingly, introduction of defects

was recently found to enhance the electrochemical deintercalation of Mg* from MgCr,0,4.%

Atomic defects can be introduced into the extended birnessite framework by controlling
the method of growth, either in the form of vacancies or interstitial cations.” Beyond these point
defects, as a sub-variety of birnessite, vernadite is composed of a framework showing large
levels of extended crystallographic (turbostratic) disorder in the layer-stacking direction with a
domain size of coherent scattering often ~10 A.** Absence of coherence in the layer-stacking
direction can also be achieved by exfoliating the phyllomanganate, so that few layers are present
in each nanocrystal.’' The absence of registry between layers would alter the topology and, thus,
the energetic landscape between possible migration sites with Mg?* in a favorable manner. While
beneficial outcomes of this effect have been postulated from a broad theoretical perspective,' it
has not been fully explored yet. Furthermore, the resulting nanocrystals would also offer shorter
lengths of bulk diffusion and increase the contact area with the electrolyte, both of which could

trivially enhance the kinetics of the reaction.?-*



Here we introduce a nanocrystalline phyllomanganate containing only a few layers, a
mixed valence of Mn and extensive interlayer defects, to facilitate Mg** migration in the
lattice.™ Characterization of key states when such host oxide was cycled in non-aqueous
electrolytes reveals structural, compositional and electronic changes of the bulk that are
consistent with reversible intercalation of the Mg* ions rather than conversion and/or
amorphization.'® ' 2! The observations of the mechanisms are contrasted with previous studies
on other phyllomanganates with different degrees of defects, water content and valence state of
Mn, suggesting that they have a critical role in the activity. Aside from its inherent ability to
intercalate the divalent ion, the oxide could also be paired with a Mg metal anode in non-aqueous
electrolytes to build a full cell exhibiting an operating potential of ~1.8 V (vs Mg/Mg**) and a
discharge capacity of ~190 mAh/g at room temperature. These observations constitute a
fundamental step forward in the ability of oxides to reversibly intercalate Mg** ions. They enrich
our understanding of Mg** intercalation electrochemistry and reach an important milestone in the
long quest toward a high-energy battery based on these multivalent cations by achieving activity

in an oxide at room temperature.

RESULTS

A nanocrystalline phyllomanganate, referred to here MnO,, was synthesized via an
aqueous sol-gel route involving a reduction of sodium permanganate, followed by treatment in
acid to induce interlayer defects.* The diffraction patterns of pristine MnO, (Figure 1a) indicated

a highly disordered, poorly crystalline structure with broad reflections at d-spacing of ~2.42 A,



with a long tail at higher angles, and ~1.42 A, corresponding to (11, 20) and (31, 02) families of
planes (e.g., “11” refers to (11/) reflections), using conventions in the literature.** The quotient in
d-spacing (~1.70) was close to V3 and only a very small bump at ~19° (~4.67 A), corresponding
to (00I) reflections, was present, with no other discernible shoulders at low angles (Figure S1),
denoting an overall hexagonal symmetry.” ¥ Lastly, there was a broad hump between 50° and
55°, corresponding to d between 1.82 and 1.67 A. Overall, the XRD pattern was reminiscent of
the mineral vernadite, a form of layered phyllomanganate with very short coherent lengths along
the c-axis.?? The very low intensity of (00[) basal reflections is indicative of coherence only at the
level of 5 or less single layers.” ** The shoulders observed on both principal diffraction bands,
together with the broad hump at 50-55°, are consistent with a defective structure composed of
octahedral Mn vacancies in the layers, with the corresponding Mn cations displaced to the

interlayer spacing above or below these vacancies.”

The amount of water in the pristine state was estimated by thermal analysis (Figure S2a).
The mass loss was assumed to be due to the removal of H,O which existed in the lattice and/or
on the surface of a compound with formula MnO,-nH,0O, leading to n~0.6, a value comparable to
the literature.” It is possible that the loss also has a contribution from lattice protons instead of
H,0, which could not be evaluated directly. Above ~550 °C, the compound transformed to a-
MnO, (Figure S1b). A sample with low H,O content, DH-MnO,, was prepared by calcination at
400 °C for 3 hours to evaluate the effect of lattice water/protons; around half of the initial water/
proton content was removed, as shown in Figure S2a. Consistent with the removal of water at the
interlayer, the most intense peaks in the XRD pattern of DH-MnO, were comparable to the initial

material, but showed a slight shift to higher angles, implying reduced d-spacings. Nonetheless, a



set of broad peaks with very low intensity was observed at spacings consistent with a-MnO,
(Figure S3), which possibly indicates the sample was collected at the early onset of the
transformation. Transmission electron microscopy showed highly exfoliated layers of MnOy in
the form of rolled nanosheets, consisting of 5~6 layers of the oxide with a length of 20~30 nm.
(Figure 1b, d). The short length along the c-axis due to the presence of few layers would induce
very short coherent scattering along that dimension, which, coupled with the existence of
stacking defects between these layers, would be consistent with the absence of (00l) reflections
in the patterns. Even after calcination at 400 °C, the morphologies were retained, but highly

porous structures with multiple nano-domains were introduced (Figure 1c, e).

The electrochemical properties were first measured in a half-cell consisting of a carbon
cloth reference and MnO, working electrode with an ionic liquid electrolyte, Mg(TFSI),-
PY14TFSI, while varying the temperature of the cells to probe reaction kinetics (Figure 2). The
cathodic reaction at room temperature proceeded from ~0.35 V and a discharging capacity of
~165 mAh/g was achieved at -1.4 V (Figure 2a), which could be calibrated to a potential of ~0.8
V vs Mg/Mg** following methods in the literature.'' The profile was overall sloping, centered at -
0.25 V vs carbon (~2.0 V vs Mg/Mg?**, Figure 2¢). The capacity upon the first discharge dropped
to ~70 mAh/g at C/10 (Figure S4). Upon subsequent charging, a specific capacity of ~125 mAh/g
was reached up to 1.3 V vs carbon (~3.5 V vs Mg/Mg*"), the reaction being centered at ~1.0 V
(Figure 2c). In the next cycle, the redox reactions were slightly washed out and shifted to higher
potentials. The cycling curve of MnO, at room temperature showed a gradual decrease in
capacity, to ~45 mAh/g after 30 cycles (Figure 2e). The capacities in both cathodic and anodic

reactions were significantly increased to 250 mAh/g and 210 mAh/g, respectively, at 50 °C,



along with further smearing of the electrochemical profiles (Figure 2b, d). However, no clear
difference in cycling retention was observed up to 30 cycles (Figure 2f). Despite the drop in
capacity, the findings are encouraging in that they indicate that the reaction is not only possible,
but sufficiently reversible that further incremental improvements through electrode engineering

could be possible.

A full-cell was fabricated using a Mg metal anode with 0.25 M Mg(CB;H,,), dissolved
in triglyme, which has been shown to have sufficient stability up to the anodic cutoff potential.*”
* The cells were cycled at a rate of C/50 over the potential range of 0.5~4.4 V vs Mg/Mg**
(Figure 3a). The resulting discharge- and charge-voltage profiles at room temperature are shown
in Figure 3a. The cathodic reaction occurred mainly at ~1.9 V (vs Mg/Mg?*), at a relatively
constant potential. The subsequent anodic reaction proceeded mostly above 4.0 V, which is
higher than in the half-cell experiment, possibly denoting high overpotentials due to passivating
layers on the Mg metal.*>** Nonetheless, the average working-potential in both types of cells was
similar at 2.0~2.4 V (vs Mg/Mg?*"). The measured capacities were slightly higher than in the half-
cells, at ~190 mAh/g and ~133 mAh/g for discharging and charging, respectively. The discharge
capacity corresponds to approximately 0.33 moles of Mg** equivalents reacting per mole of host
based on a theoretical formula MnO,. Nonetheless, it is worth noting that XRD and
spectroscopic evidence (see below) suggests that the actual x in MnO; is below 2 due to the
presence of numerous interlayer defects and vacancies, introducing large uncertainty into the
calculation of capacity from coulometry. Similar activity at room temperature was achieved in a

Mg full-cell with an alternative electrolyte, Mg(TFSI), in diglyme (Figure S5), emphasizing the

versatility of the oxide. The kinetics of the reaction were investigated by operating the full-cells



at 50 °C and 110 °C (Figure 3b, ¢). The cathodic potentials were raised with ~0.3 V between 25
°C and 50 °C, along with an increase of capacity, implying improved kinetics (Figure S6).
Further enhancement was not observed when operating the cell at 110 °C, perhaps due to the
onset of competing reactions. On subsequent charging, the anodic potentials were significantly
lowered when raising the cell temperatures, suggesting an enhancement of kinetics upon

demagnesiation (Figure 3b, c).

To evaluate the effect of the water content within the structure, the electrochemical
properties of DH-MnO, were also measured in both a half- and full-cell at varying temperatures.
The discharge/charge profiles of DH-MnOy in a half-cell at C/50 at room temperature showed
that the cathodic reaction proceeded from ~0.3 V vs carbon and a discharge capacity of ~140
mAh/g was achieved at -1.5 V. Compared to the reactivity of MnO, performed in the same
condition (Figure la), a decrease of capacities of ~25 mAh/g was observed along with a
relatively steep decline of cathodic curve (Figure 4a). Upon subsequent charging, a specific
capacity of ~95 mAh/g was reached up to 1.2 V vs carbon, through a profile that showed
stabilization of the anodic potential at ~0.75 V. Though both charging and discharging capacities
were slightly lowered than MnO,, significant electrochemical activity was still observed. Full
cells were subsequently tested at C/50 rate over the potential range of 0.5~3.8 V (vs Mg/Mg?**) at
room temperature (Figure 4b). A discharge capacity of ~150 mAh/g was achieved at 0.5 V (vs
Mg/Mg*), with a similar shape of the curve compared with the half-cell result. The discharge
capacity corresponds to roughly 0.27 moles of Mg?* per mole of a host, assuming a theoretical
formula MnO,. On subsequent charging, the slope of the electrochemical profile gradually

decreased after ~3.0 V and a charge capacity of ~66 mAh/g was collected at 3.8 V (vs Mg/Mg?).
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The lower anodic capacities in the samples after dehydration appeared to be correlated with the
greater hysteresis between discharge and charge potentials. Consequently, a full-cell experiment
was performed at the elevated temperature at 50 °C to enhance migration kinetics of Mg**
(Figure 4c). An increased capacity of ~190 mAh/g compared to room temperature was observed
when it was discharged to 1.0 V (vs Mg/Mg?*"). The anodic reaction was limited to 3.3 V vs Mg/
Mg** to avoid enhanced decomposition of the electrolyte at high temperature. Despite this
change, a notable increase in capacity was observed, to ~150 mAh/g, with the onset of the
reaction taking place at a lower potential, mainly above ~2.5 V. The increases in both charging
and discharging capacities observed at the raised temperature were thus accompanied by a
reduced polarization. Given the enhanced electrochemical response at 50 °C, characterization of

electrochemical states of DH-MnO, was conducted at this temperature.

The contents of Mg in the MnO, electrodes harvested from half-and full-cells were
estimated by TEM-EDX (Figures 5a and S7, 8). The average atomic ratio of Mg/Mn in multiple
areas of discharged MnOj particles harvested from a half-cell was 0.46 (Figure S7), higher than
the value of 0.30 estimated by capacities of discharge (Figure 2a). In the full cell, the Mg/Mn
ratio was 0.38 (Figure S8), compared to 0.34 estimated from the corresponding discharge
capacity (Figure 3a). The elemental distribution and concentration of Mg-inserted MnO,
prepared in the full-cell experiment were evidenced by EDX mapping through the
nanocrystalline particles (Figure 5a). Manganese and magnesium were detected throughout the
rolled nanoparticles and the original morphology was maintained. In contrast, the Mg/Mn ratio
(0.25) in magnesiated DH-MnO, at 50 °C indicated a lowered value compared to MnO,, but

consistent with the estimate (0.27) from the discharged capacity (Figure 5b and S8b).
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Synchrotron X-ray diffraction was measured from the same harvested electrodes. The
diffraction peaks of the active materials in the electrode composites were assigned by comparing
pure powder MnO, with a composite only formed of carbon and binder, the other components in
an electrode (Figure S9). The a- and b-axis planes were monitored to examine lattice alteration
as a response to Mg intercalation. The high quality of the data confirmed the fine structure of the
(11, 20) bands in the pristine state, as well as the existence of a very subtle hump at a d-spacing
of 1.53 A, which could reflect a slight distortion of the structure from a hexagonal symmetry
(Figure 6 and S10).”’ The electrodes discharged to -1.4 V (vs carbon) in a half-cell showed a shift
of (11, 20) and (31, 02) reflections to lower angles compared to the pristine pattern (Figure 6a
and S10), leading to an increase of d-spacings to 2.47 A and 1.43 A, thereby increasing their
ratio to 1.72 (Table 1), with no sign of new diffraction peaks. The change is consistent with a
lattice expansion reminiscent of a topotactic process. This change is accompanied by the growth
of the broad feature centered at a d-spacing of 1.53 A, with the peak at 2.47 A showing a
selective increase in intensity at higher d spacing (lower diffraction angles). These changes occur
when the hexagonal symmetry is lowered to orthogonal (C-centered space group),” as in triclinic
birnessite,** consistent with the increase in the ratio of spacing of the two main peaks. The
notable increase in intensity of the split (30/) reflections at 1.53 A after reduction could reflect
changes in the electron density of the corresponding planes due to the insertion of Mg?**. Similar
XRD changes were reported during reduction of a turbostratic hexagonal phyllomanganate,
related to the one studied here, by treatment in solutions of Mn?*.** In turn, the presence of a
divalent cation like Ca?* in the interlayer was found to promote reduction and introduction of the

orthogonal distortion with a high intensity of the (30/) reflections.®* %
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Upon subsequent charging to 1.3 V (vs carbon), the reflections corresponding to (11, 20)
bands reverted almost to the original d spacings (Figure 6a and Table 1) along with a slight
increase of intensities and a return to the hexagonal symmetry of the original state. These
observations indicate notable reversibility of the reaction (Figure 2a). Similar trends in structure
were found in a full-cell experiment at room temperature, albeit with slightly greater shift of the
peaks in both (11, 20) and (31, 02) reflection planes and, thus, significant lattice expansion after
Mg?* insertion (Figure 6b and Table 1), consistent with the higher capacities measured (Figure
3a). This change induced slightly greater spacing ratio of 1.73 than in the half-cell. In turn, the

reversibility of the structural changes was also slightly lower in the full cell.

Compared to MnO,, DH-MnO, showed slightly less expansion in d-spacing (i.e., a
smaller shift of diffraction peaks) and less increase of intensity of the split (30) band upon
discharge in a full-cell, even though it was cycled at higher temperature (50 °C vs 25 °C, Figure
6¢c and Table 1). After re-oxidation, the structure also reverted toward the initial state to a lesser
extent than MnQO,, in terms of both peak positions and reduction of the orthogonal distortion

toward hexagonal.

Mn K-edge X-ray absorption spectroscopy (XAS) was employed to understand
the evolution of electronic environment in the ensemble of the electrode as a response to the
electrochemical reaction. The absorption edge involves a bound state electronic transition from
an occupied 1s level to empty valence 4p bands. The energy position of near-edge features is
particularly sensitive to changes in shielding of nuclear charges provided by valence electrons,
which tracks the formal oxidation state of the metal. Figure 7a and c presented normalized X-ray

Absorption Near Edge Structure (XANES) region for pristine, discharged and charged MnO,
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electrodes prepared in a half- and full-cells at room temperature (Figure 2a and 3a), compared to
two Mn standards, Mn,O; (Mn**) and MnO, (Mn*). Following the comparison, the threshold E,
of the Mn K-edge in the pristine electrode was slightly higher than +3. The cathodic reaction in a
half-cell induced a significant shift of ~1 eV in the position of the absorption edge toward lower
energy, indicating a reduction of the average oxidation states of Mn (Figure 7a, b and Table S1).
The degree of reduction was slightly greater in a full- than half-cell (Table S1), as denoted by the
comparison of shifts to lower energy, consistent with the changes in diffraction d-spacings
(Figure 6 and Table 1). The formation of a predominance of Mn?* leads to the cooperative Jahn-
Teller distortion of the octahedral environments that induces a distortion of the phyllomanganate

to an orthogonal cell,*

as discussed in the XRD results. Upon applying an anodic current, the
absorption edges shifted back to the initial position in both types of cells, denoting a reversible
redox change for Mn in the bulk of the oxide electrodes. When the reactions were carried out in a

full-cell, the extent of reversibility was somewhat less than the half-cell electrode, showing

similar trends in the diffraction analysis and electrochemical responses.

Mn Ly y-edge X-ray absorption spectroscopy was collected in TEY mode, which is
sensitive to ~5 nm depth, providing information on the chemical state of Mn at the surface of the
electrodes (Figure 8). Since the host oxide consisted of a few layers with roughly 20~30 nm
length, the changes represent reactivity throughout a large volume of the nanoparticles, but they
are specific only to those located at the top of the electrode, which was ~40 um thick. The Ly and
Ly edges are due to electronic transitions to the 3d bands from the 2p;, and 2p;, levels,
respectively.?’ The change of the multiplet structure is attributed to the variation in symmetry of

the ground state, whereas the chemical shift reflects changes in the formal redox states of Mn.
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The pristine MnO, spectrum presented intense absorption features at ~ 638.6, 639.9 and 640.6
eV, which can be associated with the existence of Mn** and Mn**. Comparison with Mn;O,
(Figures 8a and S11) revealed a higher intensity around 640 eV in MnQO,, indicative of a higher
Mn** content, and at 641.6 eV, where intensity from Mn*" is expected. Therefore, the average
oxidation state slightly greater than +3 deduced from K-edge measurements results from a
mixture of three different individual states. The Mn** are likely located in sites above or below
octahedral cation vacancies in the manganate layer.” Upon reduction of MnO, in a half-cell, the
center of gravity of the spectrum significantly shifted to lower absorption energies, revealing
reduced Mn valence.*® The branching ratio, I (Ly)/I (Ly;+Ly), increased significantly from 0.613
to 0.689. The large branching ratio indicates the electronic environment evolved toward a high
spin state of Mn ions.* The discharged state was close to the spectrum of MnO (Figure S11),
indicating the significant formation of Mn?** (high-spin d°) on the surface of the electrode (Figure
8a). Similar changes of Mn oxidation were observed in a full-cell experiment at room
temperature while a different ratio of mixed Mn states was presented in the discharged state
(Figures 8b and S12a). After subsequent anodic reaction in both half- and full-cells, the spectral
features and branching ratio measured by Mn Ly y-edge XAS were comparable to the pristine

state, consistent with re-oxidation (Figures 8a and b).

Although the ensemble average of the electrode surface reduced further than the bulk,
individual particles showed a homogeneous change of Mn valence upon magnesiation, as
revealed by the spatially resolved Mn L y-edge spectra measured with electron energy loss
spectra (EELS), across both pristine and magnesiated MnO, nanocrystals (Figure S13). There

was a shift of ~0.5 eV to lower energy in the Mn L peak of the magnesiated particles compared
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to pristine (Figure S14), revealing a reduction of Mn.”® However, no distinct shifts were found
along individual reduced sheets, suggesting that they uniformly reacted.™® The particles also
remained uniformly crystalline, based on images from annular dark field STEM (Figure S16)..
These observations further supported a mechanism of Mg intercalation into the structure
without the formation of over-reduced phases due to conversion, and subsequent amorphization
of the particle surface, an alternate reaction which was observed in a different, tunnel-type

manganese oxide, a-MnQ,.'* '

Pristine DH-MnO, showed intense absorption features at ~638.6, ~639.3, ~639.9 and
641.6 eV, which can be associated with the mixed valences of Mn**, Mn*, and Mn** (Figure 8c¢).
Notably, compared to the Mn L; -edge spectra of pristine MnO,, DH-MnO, showed greater
fractional intensity at ~641.6 eV, as well as a rather featureless Ly peak, indicating an increase of
Mn* by calcination along with dehydration. After the cathodic reaction, the signatures associated
with Mn** gave way to an intense peak at 638.6 eV (L region) and a resolved doublet at 651.4
and 649.9 eV (Ly region), characteristic of Mn*. The trend indicates the reduction of Mn,
consistent with the structural responses in the XRD patterns. However, the only change observed
after the anodic reaction (Figure 8c and S12b) was a surprising, albeit slight trend toward greater
Mn?, indicating that DH-MnO, did not substantially re-oxidize, but may have actually
undergone secondary interfacial reactions. All in all, while the dehydrated compound could
reduce, the reaction was not reversible, in agreement with XRD results. As a result, no Mn K-

edge measurements were pursued.

Last but not least, the existence of MgO, a possible byproduct of a conversion to lower

manganese oxides, was monitored by Mg K-edge XAS, scanning transmission electron
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microscopy (STEM), and solid-state Mg nuclear magnetic resonance spectroscopy (ss-NMR).
The Mg K-edge spectra of the magnesiated MnO, was much broader, with overlapping features,
and had an earlier onset than the spectra of MgO, as indicated in the corresponding 1* derivative
plots (Figure S15a, b)."" The shape of the spectrum of the magnesiated oxide was similar to the
signature of Mg, Mn;,O,, an oxide with Mg and Mn ions, implying the presence of Mg?** within
the host oxide.”! Furthermore, amorphous or poorly crystalline MgO has been reported to
preserve sharp absorption peaks, which also excluded possible formation of local MgO
clusters.”>>* No visible diamagnetic resonances at ~26 ppm, corresponding Mg** in MgO,** were
detected, in the solid-state Mg NMR spectra (Figure S15c¢), consistent with the Mg K-edge

XAS analysis.

DISCUSSION

The results build a comprehensive picture that supports the existence of notable and
reversible Mg** intercalation into a few-layer phyllomanganate with interlayer defects, both in
half- and full-cell configurations at room temperature, distinct from the conversion reactions

18,19, 21.24.25,54. 55 The structural and electronic

observed in previous literature of manganese oxides.
changes as a response to intercalation were clearly evidenced by a combination of HR-XRD,
electron microscopic and XAS analyses. It is intriguing that the evidence collected here differ
from the reactions through conversion or extensive structural reorganization observed in
birnessite.'” » Aside from the obvious effect of the very small crystal sizes used in this study
compared to the literature, it is tempting to speculate that the different defect chemistry of the

highly exfoliated materials compared to relatively well-crystallized birnessite in the literature

played a role, in line with recent observations with MgCr,0,.® Given the rich structural
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chemistry of phyllomanganate,* * 3 further studies should be dedicated to systematically

explore the role of the different classes of defects on electrochemical performance.

The changes upon Mg intercalation were slightly more apparent in a full-cell experiment
compared to a half-cell, but the anodic overpotentials were generally also higher, resulting in less
reversibility because the cutoffs were reached faster. It was observed that the polarization in a
full-cell was reduced by raising cell temperature, implying an improved kinetics of the reaction.
Comparison of XAS data from different probing depths strongly suggests that the ensemble
average of the surface of the electrodes reduced further than the bulk, to close to a state of Mn?**.
In contrast, individual particles reacted homogeneously. This gradient of oxidation states from
the top to the interior of the electrode could indicate the existence of over-discharging in regions
close to the electrolyte due to poor electrochemical kinetics, ion transport within the electrode or
side reactions with the electrolyte. This observation hints at mechanisms of degradation, and,
therefore, it deserves further attention if these systems are to be rendered viable in long term
cycling. When the oxide was subject to a thermal treatment to induce water removal, it became
both less electroactive and less reversible than MnO,, implying a beneficial role of lattice water.
Its properties could also be affected by the presence of small domains of a-MnQO,, as deduced
from XRD, since this phase has poor electrochemical properties and undergoes conversion

reactions that are limited to the surface of individual particles.'®

CONCLUSION
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In this work, the ability of exfoliated layers of a phyllomanganate to reversibly intercalate
Mg?* electrochemically was evaluated. High activity was observed both in half and full Mg cells,
with notable degrees of reversibility even at room temperature, where ~190 mAh/g of discharge
capacity were achieved. Despite a widespread decrease in capacity with cycling, the findings are
encouraging in that they indicate that the reaction is not only possible, but sufficiently reversible
that further incremental improvements through electrode engineering could be possible.
Characterization of key electrochemical states through a combination of X-ray absorption
spectroscopy, electron microscopy, and X-ray diffraction revealed structural, compositional and
redox changes that were consistent with a reaction mechanism through the intercalation of Mg?*.
Comparison with partially dehydrated and transformed phases revealed enhanced kinetics and
reversibility of the reaction within the oxide lattice in the presence of H,O/protons in the
interlayer, which is in line with current trends in the field. This study hints at the important role
of defects in the electrochemical properties of phyllomanganate vis-a-vis Mg?* intercalation. It
also reveals incipient kinetic barriers to efficient cycling of the compounds, providing fresh new
avenues of research. Our findings uncover a new candidate for a positive electrode, which could
enhance the storage capability of rechargeable Mg batteries. The ability to build full Mg cells

with an oxide creates an exciting path toward devices with high energy density.

EXPERIMENTAL SECTION

Phyllomanganate (MnO,) nanoparticles were synthesized by an aqueous redox sol-gel
reaction.” Sodium permanganate (NaMnO,, Product No. 225851 in Sigma-Aldrich) was used as

a precursor, and disodium salt of Fumaric acid (C,H,O,Na,, Product No. F1506 in Sigma-
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Aldrich) was introduced as a reducing agent. A 200 ml of 0.25 M NaMnO,-H,O solution was
quickly mixed with 50 ml of 0.333 M C,H,O4Na,, and stirred vigorously for 1 hour at room
temperature. The mixture then was sonicated for 5 hours. Following reduction, a
disproportionation reaction was subsequently induced by the addition of 10 ml of 2.5 M sulfuric
acid. The colloidal solution was further stirred vigorously at room temperature overnight. After
washing unreacted species by centrifugation, the resultant powders were dried in a vacuum oven
at 60 °C overnight. Thermal gravimetric and differential thermal analysis (TG-DTA) were
carried out with a SDT-Q600 (TA instrument) in the temperature ranged from 50 to 600 °C at a
heating rate of 5 °C/min under synthetic air. To investigate effects of lattice water or/and
absorbed water, it was partially removed by calcining the resultant powder at 400 °C for 3 hours
in air while maintaining its structure. Throughout this manuscript, MnO, and DH-MnO; are used

as labels for the host oxides before and after calcination, respectively.

The electrochemical performance was evaluated on composites containing the active
MnO, as working electrodes. Electrode slurries were prepared by mixing active material, carbon
black (Denka), and 6 wt% of a binder solution consisting of polyvinylidene difluoride (PVDF,
Kynar) in N-methylpyrrolidone (NMP, Sigma-Aldrich) to produce a dry electrode with 6:2:2
ratio. Then, the slurry was cast on a stainless steel mesh, and it was dried under vacuum at 80 °C
overnight to evaporate NMP. The loading level of active oxide in the dry electrodes was adapted
to around 1.5~2.0 mg/cm?®. Circular pieces with a diameter of 3/8 inch were punched and
assembled in two-electrode coin cells in a glovebox filled with inert Ar gas where the level of
water and oxygen contents were < 0.1 ppm. Half-cell measurements were conducted in 0.5 M

magnesium bis(trifluoromethylsulfonyl)imide (Mg(TFSI),, Solvionic, 99.5%) dissolved in 1-
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butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (PY14TFSI, Solvionic, 99.9%).
The electrolyte was dried at 120 °C under vacuum for four days until the water content goes
down to 43.7 ppm. The counter electrode was activated carbon cloth (ACC-5092-20, Kynol Co.),
which was dried under vacuum at 110 °C overnight. The high specific surface area of the
activated carbon cloth (ca. 2000 m?g™") gives rise to sufficient double-layer charging to match the
charge needed to cycle the cathode. The mass of ACC was ca. 29.3 mg and the specific
capacitance was ca. 110 F g™'. Full cells with a magnesium foil (GalliumSource LLC, 99.95%,
50 um thick) with an area of 2 cm?® were also built using 0.25 M of Mg(CB, H},)./triglyme
electrolyte, prepared according to the literature.*” >’ The magnesium foil was scraped by a blade
to expose the fresh surface of the metal in the glovebox before assembling a cell. Glass
microfiber filters (VWR 28297-289) were employed as separators in the coin cell.
Electrochemical measurements were performed on a Bio-Logic VMP3 at 25, 50 and 110 °C. The
potentials in this report are referenced to the activated carbon cloth or Mg/Mg* couple
depending on the cell configuration. The rate, C/n, was defined as the current density required to
achieve a theoretical capacity of MnO,, C = 270 mAh/g, in n hours, assuming the reaction of
0.5Mg* + MnO, <= Mg,sMnQO,. Electrodes harvested for further characterization were washed

multiple times with acetonitrile to remove electrolyte residues.

Powder X-ray diffraction was performed on a Bruker D8 Avance using Cu Ka
(Aave=1.5418 A) radiation. Scan rates were 0.04 ° s™' from 10° to 80 ° (26). High-resolution X-ray
diffraction was collected at beamlines11-ID-B or 11-BM at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL), with an average wavelength of 0.2114 A (~58 keV) and

0.4127 A (=30 keV), respectively. Samples were loaded in Kapton capillaries and mounted on

21



bases provided by the APS. A large amorphous silicon-based area detector (Perkin-Elmer) was
used to collect high values of momentum transfer in 11-ID-B. Two platinum-striped collimating
mirrors and a double-crystal Si (111) monochromator were applied for the X-ray optics in 11-

BM. High resolution and short collection time are obtained by using a Si (111) crystal detector.

Transmission electron microscopy (TEM) images were obtained using a JEOL JEM 3010
operated at 300 kV. STEM imaging and EDX spectroscopy were performed on an aberration-
corrected JEOL JEM-ARM?200CF operated at 200 kV which can achieve a spatial resolution of
~73 pm. Images were acquired in angle annular dark field (ADF), low angle annular dark field
(LAADF) and annular bright-field (ABF) modes, wherein the resulting imaging contrast is
approximately Z*>. The ARM200CF is equipped with an Oxford X-Max 100TLE windowless

silicon drift EDX detector.

Mn K-edge X-ray absorption near-edge structure (XANES) was performed at the
MRCAT bending magnet beamline 10 at the Advanced Photon Source, Argonne National
Laboratory (ANL). X-ray absorption spectra were collected in a transmission mode through the
electrochemically treated ex-situ electrodes. Energy was scanned by a double-crystal Si (111)
monochromator that was detuned by 50% and the incident and transmitted intensity was
measured by gas ionization chambers. A Mn metal reference foil was measured simultaneously
with each sample for energy calibration (Mn K-edge set to 6539 eV). Data analysis was
completed using the IFEFFIT package. Mg K-edge were performed on beamline 4-ID-C at APS
using a total electron yield (TEY) detector. Mn Ly j;-edge X-ray absorption spectroscopy (XAS)
measurements were carried out beamline 6.3.1.2 ISAAC end station at the Advanced Light

Source (ALS), Lawrence Berkeley National Laboratory. To verify the electronic environment on
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the surface of the oxides, the Mn L-edge spectra were collected in a total electron yield (TEY)
mode at room temperature and under ultra-high vacuum conditions (below 10® Torr).
Contributions from visible light were carefully minimized before the acquisition, and all spectra
were normalized by the current from freshly evaporated gold on a fine grid positioned upstream
of the main chamber. The measured spectra were aligned by the beamline reference and a basic
normalization using a linear background.

Solid-state Mg magic angle spinning (MAS) NMR experiments were performed at 11.7
Tesla (500 MHz) on a Bruker Avance III spectrometer operating at a Larmor frequency of 30.64
MHz using a 3.2mm MAS probe. The spectra were acquired at a spinning speed of 20 kHz for
3.2mm rotors with a rotor synchronized spin-echo experiment (90°-7-180°-7) where 7 is 1/r. To
ensure quantification in normalized intensity experiments, single pulse experiments (data not
shown) with recycle delays 0.1 to 1 seconds were used to confirm signal saturation. All *Mg

shifts were referenced to 5 M MgCl, (aq.) at O ppm.
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Figure 1. (a) X-ray diffraction patterns of MnO, (black) and DH-MnO; (red). TEM and STEM-

LAADF images of (b, d) MnO, and (c, ¢) DH-MnO,. A schematic picture in Figure 1a describes

the morphology of the nano-scrolls.
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Figure 2. Potential versus capacity profiles of MnO; cycled in 0.5 M Mg(TFSI), electrolyte at (a)

25 °C and (b) 50 °C, and (c, d) the corresponding dQ/dV plots of the reactions. Cycling

performance of the cathodes at C/50 rate at (e) 25 °C and (f) 50 °C.
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Figure 3. Potential versus capacity profiles of MnO, paired with a Mg metal anode in 0.25 M

Mg(CB,;H),); at (a) 25 °C, (b) 50 °C and (c) 110 °C.
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Figure 5. Elemental maps of (a) magnesiated MnO, nanoparticles prepared in a full-cell at 25 °C

and (b) magnesiated DH-MnO; cycled in a full-cell at 50 °C.
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Figure 6. Synchrotron XRD patterns of pristine, discharged, and charged MnO, electrodes
harvested from (a) a half-cell and (b) a full-cell at 25 °C. (c) Synchrotron XRD of DH-MnO,

electrodes harvested from a full-cell at 50 °C. (Pristine: black, discharged: red and charged state:

blue)
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Table 1. Estimated d spacing on the planes at different states of charges corresponding to the

diffraction patterns in Figure 6.

MnOx in a half-cell MnOx in a full-cell DH-MnOx in a full-cell
d spacing d spacing d spacing d spacing d spacing d spacing
(11, 20) (31, 02) (11, 20) (31, 02) (11, 20) (31, 02)
Pristine 2416 1.420 2416 1.420 2410 1.420
Discharged| » 47 1.430 2.489 1.440 2.451 1.440
state
Cl;?;ied 2.430 1.425 2.449 1.428 2.447 1.434
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Figure 7. Mn K-edge XAS and corresponding first-order derivative plots of MnO, electrodes at

different states of charges prepared in (a, b) a half-cell and (c, d) full-cell at 25 °C.
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