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ABSTRACT: Batteries based on magnesium are an interest-
ing alternative to current state-of-the-art lithium-ion systems;
however, high-energy-density cathodes are needed for further
development. Here we utilize TEM, EDS, and EELS in
addition to soft-XAS to determine electrochemical magnesia-
tion mechanism of a high-energy density cathode, K-aMnO,.
Rather than following the typical insertion mechanism similar
to Li", we propose the gradual reduction of K-aMnO, to form
Mn,O; then MnO at the interface of the cathode and
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electrolyte, finally resulting in the formation of K-aMnO,@(MgMn)O core—shell product after discharge of the battery.
Understanding the mechanism is a vital guide for future magnesium battery cathodes.
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he emergence of hybrid, plug-in hybrid, and electric

vehicles has had a significant role in reducing green-house
gas emissions. However, diversification of electrochemical
energy storage is vital to improving the range, cost, and safety
of electric vehicles." Batteries based on a multivalent Mg*" ion
are an interesting alternative to current Li* ion technology.
Compared to lithium metal, the magnesium metal anode
provides a higher volumetric energy density, 2061 mAh cm™>
(Li) to 3833 mAh cm™ (Mg), greater natural abundance, and
potential safety advantages due to nondendritic electrochemical
deposition.”” Recently, research has focused on synthesizing
electrolytes capable of magnesium metal deposition/dissolution
and wide oxidation stability.* Alternatively, researchers have
also proposed insertion anodes coupled with magnesium
trifluoromethanesulfonyl imide electrolytes as a route to reach
high voltage magnesium-ion batteries.™® However, to realize
multivalent Mg-based energy storage systems, new cathode
materials capable of intercalating Mg®* ions need to be
developed. The prototypical intercalation cathode for magne-
sium batteries is a Chevrel phase molybdenum sulfide (Mo,S,)
cathode. However, the low reduction potential (~1.1 V vs Mg)
and reversible capacity (120 mAh g™') inhibit high energy-
density battery systems.

Decades of research has been dedicated to discovering
intercalation cathodes for magnesium batteries.” Gregory et al.
reported the successful chemical and electrochemical insertion
of Mg** into various transition metal oxides and sulfides, and
Novak et al.'® describe effective intercalation is accomplished
through screening of the Mg** ion with water molecules.
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Recently, incremental increases to energy density have been
shown by two-dimensional cathodes,"* polyanion cathodes,">
and thin-film sputtered cathodes."® Previously, we proposed a
Hollandite phase, potassium-stabilized manganese dioxide (K-
aMnO,) as a candidate cathode material for Mg batteries."* On
the initial discharge, the system showed 282 mAh g~' specific
capacity, however, the capacity quickly faded to 134 mAh g~'
on the second cycle and continues to fade with cycling (see
Figure Slab in the Supporting Information). When used as a
Li-ion battery cathode, K-aMnO, retains 75% of the initial
capacity,’® as compared to 52% for Mg batteries. The
discrepancy prompted our investigations into the magnesiation
mechanism for K-aMnO, for Mg batteries. Our initial analysis
of the cathode using X-ray photoelectron spectroscopy (XPS),
and hard X-ray absorption spectroscopy revealed that although
the electrochemical magnesiation effectively reduced Mn*,
complete reoxidation could not be accomplished within the
electrolyte stability window (~3.2 V vs Mg). Furthermore, the
appearance of new Bragg diffractions or peak-shift was not
detected via X-ray diffraction (XRD), however, a decrease in
peak intensity for K-aMnO, after magnesiation was observed.
The challenge is to determine if the cathode follows the same
intercalation path as in Li" ion systems, because such
knowledge will guide future synthetic strategies. Here, we use
transmission electron microscopy (TEM) analysis techniques

Received: March 13, 2014
Accepted: May 7, 2014
Published: May 7, 2014

dx.doi.org/10.1021/am5015327 | ACS Appl. Mater. Interfaces 2014, 6, 7004—7008


www.acsami.org

ACS Applied Materials & Interfaces

and soft X-ray absorption spectroscopy (soft-XAS) to
determine the mechanism for the first discharge of a Mg/K-
aMnO, battery.

TEM is an extremely powerful technique to observe the
nanoscale crystallographic or morphologic chan%es in cathode
which affect the bulk electrochemical properties. ™' To avoid
reactions with oxygen and moisture, all TEM samples were
analyzed without exposure to air. Figure la—d shows TEM
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Figure 1. TEM images of the cathode at the (a) Pristine, (b) 33 DOD,
(c) 66 DOD, and (d) 100 DOD states of the first discharge.

micrographs of a K-aMnO, cathode at different of depths-of-
discharge (DOD): Pristine (0 mAh g™', 0 Mg/Mn), 33 DOD
(93 mAh g™!, ~0.16 Mg/Mn), 66 DOD (187 mAh g™', ~0.32
Mg/Mn), and 100 DOD (280 mAh g™', ~0.47 Mg/Mn),
respectively. A significant morphological change in the cathode
nanoparticles was apparent during electrochemical magnesia-
tion. The pristine nanoparticles are approximately 20 nm (1) X
10 nm (d) crystalline nanorods where the lattice fringes clearly
extend to the edges of the individual nanorods. Upon
electrochemical reduction to 66 DOD, a noncrystalline layer
appears on the surface, whereas crystalline grains are still
observed in the center of the nanorod. The formation of the
core@shell morphology is not caused chemically by soaking the
cathode in the electrolyte (see TEM micrographs in Figure S2
in the Supporting Information), and therefore is electrochemi-
cally induced upon reduction of the cathode in the electrolyte.
In addition, the amorphous material was always connected to a
crystalline core, and thus the formation of the product did not
remove the shell from the core. Similar to our previous XRD
results, new crystalline phases could not be detected in the
selected area electron diffraction pattern of the completely
discharged cathode. In comparison, TEM investigation of K-
aMnO, after the first electrochemical lithiation shows the
crystalline lattices extending to the edges of the nanorods (see
Figure S3 in the Supporting Information). The formation of the
inorganic, amorphous layer is unique consequence of the first
electrochemical magnesiation.
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Discovery of the core@shell morphology encouraged a
deeper analysis of the core and shell components after
discharge. Scanning-tunneling electron microscopy (STEM)
and energy dispersive X-ray spectroscopy (EDS) microanalysis
of a 100 DOD nanorod is shown in Figure 2 (top). To improve

STEM +EDS

TEM +EELS

Figure 2. Scanning tunneling electron microscope (STEM) image
with EDS mapping (top) and TEM with EELS mapping (bottom) of
K-aMnO, at 100 DOD.

the spatial resolution, 120 nm (1) X 40 nm (d) nanorods of K-
aMnO, were mapped to determine the elemental dispersion
throughout the cathode. Figure Slc,d in the Supporting
Information shows that although the larger nanorods have a
lower initial discharge capacity of 117 mAh g/, they also suffer
from severe first-cycle capacity fade. The majority of the
magnesium is located in the shell of the discharged cathode
(noncrystalline), whereas the potassium is located primarily in
the core (crystalline). The lack of potassium from the shell of
the cathode after discharge could arise from (i) dissolution of
the K* into the organohaloaluminate electrolyte, (ii) displace-
ment of K" with Mg®" during electrochemical reduction, or (i)
diffusion of K" into the core of the cathode during
electrochemical reduction. Although EDS illustrates a uniform
dispersion of Mn throughout the discharged cathode, we were
encouraged to use electron energy-loss spectroscopy (EELS) of
the Mn M-edge cathode to determine the changes oxidation
state of Mn throughout the discharged cathode (Figure 2 -
bottom). The total spectrum can be deconvoluted into two
manganese components; Mn*" (referenced by MnO,) and
Mn?** (referenced by MnO). Figure 2 clearly shows the higher
concentrations of Mn?" in the shell and Mn** in the core. From
the EDS mapping, we have distinguished a clear potassium and
magnesium separation in the core and shell, respectively. From
the EELS mapping, manganese is reduced to Mn** in the shell,
whereas Mn** remains in the core. The evidence implies that
the core remains unreacted K-aMnO,, whereas the reduction of
manganese proceeds on the shell of the nanorod. Interestingly,
the loss of potassium in the shell implies that K* is either
expelled into the electrolyte or diffuses into the core of the
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electrode. From this result, we are encouraged to investigate the
role of the stabilizing cation concentration and size for aMnQO,.

To further substantiate our claim that the two electron
reduction of manganese occurs only on the surface of the
cathode, we also performed soft-XAS measurements, inspired
by researchers that have illustrated how in-depth analysis of the
Fe L-edge was key to decipher the electronic structure of
lithium iron-phosphate during electrochemical cycling."” For
this work, the Mn L-edge provides element specific evidence for
the unoccupied d-orbitals key to identifying specific oxidation
states, and is surface sensitive when the absorbance is detected
through total electron yield. Figure 3a shows the spectra of the
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Figure 3. (a) Mn L-edge soft-XAS of K-aMnO, electrochemically
magnesiated to different depths-of-discharge (DOD). Calculated
spectra of Mn**, Mn**, and Mn* (symmetry = O,, crystal-field
splitting = 1.0 eV) are shown below. (b) Mn L-edge comparison of 33
DOD to Mn,05 and (c) 100 DOD to (Mg,Mn)O.

Pristine, 33 DOD, 66 DOD, and 100 DOD cathodes. In
addition, we calculated the spectra for Mn**, Mn*" and Mn**
using the program CTM4XAS™ by keeping the crystal field
splitting =1.0 eV and symmetry = Oy unchanged and varying
the oxidation state. We feel confident in this methodology
because from our previous extended X-ray absorption fine
structure work on the Mn K—edge,14 we determined that the
MnOg octahedra were maintained during magnesiation, but an
increase in local disorder after magnesiation was shown by a
loss in signal intensity and the disappearance of the Mn-—
Mn ., sharing peak. Therefore, the symmetry of the Mn
remains Oy, and intact throughout electrochemical reduction,
however, deviations in the crystal field splitting of the products
are possible. The calculation highlights a clear difference
between the position and intensity of the Mn L-edge due to
manganese oxidation state, a unique advantage of soft X-ray
analysis. The Mn L;-edge of the Pristine cathode is composed
of two peaks at 644 and 641 eV indicating Mn*" and Mn*"
(from potassium stabilization), respectively. At 33 DOD, the
appearance of a signal at 642 eV indicates the presence of an
additional manganese species which finger-prints well to
powdered Mn,0; (Figure 3b). A sharp peak appearing at 640
eV shows that formation of Mn*" upon magnesiation of K-
aMnO, from 0.16 to 0.32 Mg/Mn. After complete discharge,
the spectrum shows a small shift of the Mn L;-edge to lower
energies and an increase of the Mn”* peak. In Figure 3c, the
completely reduced cathode was compared to a MgO:MnO
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(1:1) solid-solution synthesized through planetary ball-milling,
and although not amorphous to XRD (see Figure S3 in the
Supporting Information), the spectrum is very similar to that of
the 100 DOD cathode. Direct finger-printing of MnO was not
possible due to experimental limitations, as noticed by previous
researchers.”’ However, the soft-XAS results validate the
observation of Mn®" seen in the shell with TEM analysis and
identifies key species during electrochemical reduction. With a
confident understanding of the reaction products, we can
propose a mechanism for the electrochemical magnesiation of
the cathode.

Our initial discharge capacity for a Li* ion system is 252 mAh
g™! at an average voltage of 2.5 V vs Li. The similarity of the
initial magnesiation capacity, the voltage profile and our
previous analysis pointed to the same electrochemical pathway
between Mg’ and Li". However, the theoretical capacity,
considering a 2e” reduction of Mn*" to Mn?*, of K-aMnO, is
~600 mAh g~' depending on the concentration of potassium
used to stabilize the structure. The initial specific discharge
capacity of 280 mAh g™ can easily be interpreted by a single
electron reduction of the entire cathode Mn*" — Mn?', which
is the preferred Li* ion pathway."> However, a two electron
reduction of half the cathode Mn* — 0.5 Mn*" + 0.5 Mn*
would show the same capacity, and dissuades us from relying
purely on Coulombic charge measurements to determine the
mechanism. From our extensive analysis, we propose that Mgz’r
ion does not mimic Li" ion insertion into K-aMnO, during
discharge, but rather undergoes different electrochemical and
chemical reactions

0.5Mg”* + 2MnO, + ¢~ — Mg, MnO, + MnO,  (y)
Mg, MnO, — 0.5MgO + 0.5Mn,0, @)
0.5Mn,0; + 0.5Mg>* + ¢~ — (Mg, Mn)O, 3)
Mg** + 2MnO, + 2e”

— (Mg, Mn)O(shell) + MnO,(core) 4)

We propose the reaction proceeds through an initial insertion
of Mg** (1) into the a-MnO, cathode. However, because of the
thermodynamic instability of the Mg, ;sMnO,, a phase transition
reaction (2) occurs to form an amorphous mixture of MgO and
Mn,0;. An alternate interpretation of our results is the direct
formation of the amorphous mixture of Mn,0;/MgO through
a conversion reaction. Without in operando diffraction
techniques, capturing Mg, sMnO, is difficult because the final
product is an amorphous mixture of MgO and Mn,Oj;. Previous
researchers have shown electrochemical transformation of the
hollandite structure to a more thermodynamically stable state
for aMnO, in aqueous systems.”” As the electrochemical
magnesiation and reduction proceeds, Mn,O; in the MgO/
Mn,O; mixture is reduced to an amorphous (Mg,Mn)O phase
only on the shell of the cathode (3). Therefore, the final
reaction (4) product is the transformation of K-aMnO, to K-
aMnO,@(MgMn)O, rather than the intercalated Mg, ;sMnO,.
A detailed study of the Mg** kinetics coupled with in operando
analysis would decipher between the direct conversion and
intercalation/phase transition possibilities. The recognition of a
different mechanism from the typical Li* ion insertion is the
first step to developing a better magnesium cathode.
Although praised as high capacity alternatives to intercalation
chemistry, conversion cathodes suffer from high polarization
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between the discharge and charging voltage, loss of electronic
contact caused by pulverization, as well as low Coulombic
efficiency due to irreversibility of the electrochemical
reactions.”® Specifically for K-aMnO,, we propose the
formation of a mixture of two wide band gap insulators,
MgO and MnO. From the deep investigation of the products,
the phase transformation during magnesiation is the major
cause of the capacity fading for K-aMnO, as a magnesium
battery cathode. Figure 4a) is the soft-XAS Mn L-edge spectra
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Figure 4. (a) Mn L-edge soft-XAS and (b) TEM image of K-aMnO,
charged to 3.0 V vs Mg.

of the cathode electrochemically reoxidized to 3.0 V vs Mg. We
observe a reduction in the Mn?* intensity, however, complete
reversibility of the cathode is not observed as the Mn®* peak of
the MgO/Mn,0; mixture is still observed. Additionally, the
TEM image in Figure 4b) shows the amorphous shell
remaining on the surface of the nanorod after reoxidation.
Regeneration of the crystalline K-aMnO, is not possible, and
raising the voltage of our system to more positive limits risks
electrolyte decomposition.”* Importantly, we have chosen
multiple avenues to pursue from the mechanistic understanding
of the electrochemical magnesiation. First, we can continue to
search for different oxide polymor;)hs where intercalation is the
preferred magnesiation pathway,”” rather than focusing on the
hollandite phase. Second, improvement to the initial discharge
capacity can be achieved through decreasing the dimensions of
the K-aMnO, cathode to utilize more of the core. Finally
motivated from the reversible Mn** oxidation in the shell, we
can design amorphous solids as cathodes for reversible for Mg
batteries. For example, NaMnO,I and V,04—P,0O; catho-
des®®*” are potential synthetic targets and can be revisited in
hopes of improving Mg battery cathodes.

In conclusion, through a combination of microscopic and
spectroscopic techniques, we have identified key steps in the
electrochemical magnesiation of K-aMnO,. As opposed to the
typical intercalation mechanism observed in Li-ion batteries, a
conversion reaction is the proposed mechanism. Our results
suggest that the search for magnesium cathodes requires in-
depth analysis without the presumption that lithium and
magnesium follow the same path. Deciphering the true
electrochemical mechanisms of electrodes is vital to finding

the next high-energy-density Mg battery.
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Discharge curves for small and large K-aMnO,. TEM images of
soaked nanorods and electrochemically lithiated K-aMnO,.
XRD pattern of ball-milled 0.5MgO—0.SMnO powders.
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Additional Experimental Details. This material is available free
of charge via the Internet at http://pubs.acs.org.
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