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Abstract: Rechargeable magnesium batteries attract lots of
attention because of their high safety and low cost compared
to lithium batteries, and it is needed to develop more efficient
electrode materials. Although MgMn,0, is a promising
material for the positive electrode in Mg rechargeable
batteries, it usually exhibits poor cyclability. To improve the
electrochemical behavior, we have prepared nanoparticles of
MgMn,_ Fe O,. The XRD results have confirmed that when
Mn** (Jahn-Teller ion) ions are replaced by Fe*" (non-Jahn-

Teller ion), the resulting MgMn,_Fe O, is a cubic phase. The
structure and theoretical voltage are theoretically calculated
by using the DFT method. The obtained samples have been
chemically treated in acid solution for partial demagnesiation,
and it is observed that the presence of iron inhibits the
deinsertion of Mg through disproportionation and favors the
exchange reaction. The electrochemical behavior in non-
aqueous magnesium cells has been explored.

J

Introduction

High cost, scarcity of mineral resources and low volumetric
capacity are some of the factors that can limit the application of
lithium batteries to electric vehicles. As an alternative to lithium,
the feasibility of rechargeable magnesium batteries should be
thoroughly studied." Besides the problematic of using Mg
anode,™ another major hurdle is the lack of materials that
undergo reversible (de)intercalation of magnesium.” Thus, the
theoretical and experimental studies on the (de)intercalation of
magnesium are relevant to develop the future magnesium
batteries, although the low compatibility between the most
common electrolyte solutions and Mg metal and many active
materials is a major drawback for the proper experimental
studies.”

Because of the structural stability and high voltage, the
oxides with spinel-type structure AB,O, are among the most
promising electrode materials for magnesium batteries. On the
contrary to some previous assumptions, recently it has been
demonstrated that the migration of Mg** in spinel oxides is
possible at acceptable rates, permitting electrode function at
reasonable particle sizes, and this migration is sensitive to
structural disorder within the spinel lattice.”” Some calculations
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found that the theoretical voltage for demagnesiation of a
spinel such as MgCr,0, (up 4.2 V vs. Mg) is out of the stability of
the common electrolyte solutions.” In addition, it is known that
MgCIO, in acetonitrile (ACN) solution blocks the surface of Mg
electrode during the plating while magnesium bis
(trifluoromethylsulfonyl)amide in dimethoxyethane (DME) can
be oxidative decomposed during the charge of the battery.
Besides that, the desolvation of magnesium can be particularly
difficult for bidentate DME.”!

One of the most promising materials for magnesium
batteries is Mg,Mn,0,. If all the range of composition from x=0
(corresponding to Mn*") to x=2 (corresponding to Mn*") is
deployed, its theoretical capacity is 616.6 mAhg™, but the
experimental capacities that were reported are significatively
lower. The use of the spinel-type MgMn,0O, in magnesium
batteries was first published independently by several research
groups in 2015 and thus, we explored both aqueous and
non-aqueous electrolyte solutions, and both the electrochem-
ical and chemical demagnesiation. After that, further papers
have been published on the same electrode material,*” and all
these studies claim the potential application of MgMn,O, in
batteries. Nevertheless, this electrode material is not yet
competitive compared to lithium batteries.

Potentially, the manganese spinel could operate in the
region of Mn**/Mn** redox pair and in the region of Mn**/
Mn®* redox pair. Thus, one can find in the literature that some
authors reported the electrochemical cycling experiments
starting by discharge”®"” and others starting by charge.”*¥ On
the other hand, the stability of the spinel framework and the
stability of the electrolyte solution in contact with the electrode
material are very different depending on the voltage window.
Shimokawa et al. reported that if one starts the electrochemical
cycling by direct discharge, after Mg insertion into spinel oxides
A(IB(IIN,0, the B cations become divalent (Mn**), the cations
located at the tetrahedral 8a sites (Mg(ll)) are pushed out into
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Table 1. Calculated unit cell parameters for magnesiated and demagne-
siated phases Mg,Mn, Fe,O, with normal spinel structure, corresponding
to the reduction steps and volume variation represented in Figures 1 and
3, respectively.

a—c [A] Vol. per formula [A’]  AVol. [%]
Mg,Fe,0, 8.591 79.26 +2.89
MgFe,0, 8.510 77.03 0
Fe,0, 8.358 72.99 —524
MgMng.sFe,.;0, 8.505 76.90 0
Mdo,sMngsFe,s0,  8.443 75.22 —2.18
Mng.sFe,.s0, 8319 71.96 —6.42
MgMnFeO4 8.504 76.89 0
Mg, sMnFeO, 8.348 72.71 —5.44
MnFeO, 8.273 70.77 —7.96
MgMn, sFe,s0, 8218-9.146  77.20 0
Mgo,sMn, Fe,s0,  8.266 70.60 —855
Mn, sFegs0, 8.205 69.04 —~10.57
Mg,Mn,0, 8.706 82.48 +6.06
MgMn,0, 8.125-9426  77.77 0
Mn,0, 8.158 67.86 —12.74

adjacent octahedral 16c vacant sites, the rocksalt phase A(ll)
B(I),0, is formed, and this phase transition from spinel to
rocksalt could be reversible,® but the reversibility in prolonged
charge/discharge cycling depends on the composition of the
spinel. Gautam et al. found that the magnesium vacancies can
facilitate the formation of Mg percolating networks by opening
certain migration channels in the spinel MgMn,0O,, while the
inversion is a limiting factor of the electrochemical
performance.”

One of the ways to improve the electrochemical behavior of
the manganese oxide could be the partial demagnesiation
previously to assembling the battery. The acid treatment of
LiMn,O, results in conversion to cubic A-MnO,, although some
Li atoms remain in the oxide. The chemical and acid treatments
of MgMn,0, have been recently studied by several groups.®<’¢
The cationic diffusion would be slower in MgMn,O, compared
to LiMn,0,. The particle size also influences on the kinetics of
the acid treatment. The formation of Mg-vacancies could
increase the mobility of magnesium and increase the faradic
capacity. For example, if the starting composition is Mg,Mn,0,,
the theoretical capacity of the first discharge is 120 mAhg™
before the transition to rocksalt structure. In addition, MgMn,O,,
with tetragonal structure is transformed in a cubic structure
after acid treatment, which is equivalent to the structure of A-
MnQO,. This is due to the disproportionation of Mn(lll) into
Mn(lV) and Mn(ll) and the suppression of the tetragonal

distortion induced by the Jahn-Teller effect of Mn(lll).'® Recent
studies found a phase intermediate between MgMn,0, and -
MnO,,"? although it could be affected by kinetics effects. We
found that for partially demagnesiated Mg,Mn,0,, the Mn-
vacancies can decrease the cell polarization.’® Other authors
studied the relevant role of water content in the electro-
chemistry of MgMn,0,.""

The partial substitution of manganese by other elements
such as iron has been proposed to suppress the oxidation of
the electrolyte solution provoked by manganese ions.”™'? This
manganese-substitution could improve the structure stability of
the spinel, and it also could decrease the irreversible processes
at the interface electrode/solution. On the other hand, the small
particle size increases the electrochemical capacity because the
short diffusion length compensates the slow diffusion rate of
magnesium in the solids.

To achieve better electrochemical performance, it is neces-
sary to further understand the mechanism of the intercalation/
deintercalation, and to optimize the electrode composition. In
this work we study the electrochemical (de)magnesiation and
the acid-treatment of nanosized MgMn, Fe O, samples for
0.4 <y <2.0. This is the first study about the acid treatment of
the Mg—Fe-Mn spinels. Theoretical calculations are also em-
ployed.

Results and Discussion
Theoretical calculations

The theoretically calculated unit cell parameters (Table 1) of the
compounds MgFe,0,, MgMn,0, (both with spinel-type struc-
ture) and MnO, agree quite well with the experimental values
(Table 2) and with those reported in the literature.®'® The
theoretical calculations were also applied for compositions
containing both iron and manganese by first time.

In the case of Mn-free MgFe,O, the formation energy
calculation indicates that the inverse spinel is ca. 50 meV per
formula unit more stable than the normal spinel."® Besides the
enthalpy, the entropy and synthesis conditions also could
influence on the inversion as the actual degree of inversion
depends on the temperature.”® The calculated voltage for Mg
extraction, involving the Fe®* to Fe'" oxidation, for both
polytypes is very similar: 3.9 and 4.0V vs. Mg for the normal
and inverse spinel, respectively (Figure 1A), in agreement with

Table 2. Summary of the properties of Mg,Mn,.,Fe,O, samples.
COMPOSITION STRUCTURE
Nominal XRF Extrapolated a, A L, nm
Raw samples MgMn, ¢Fe, .0, MgMn, g,Feqso MgMn, g,Feq 30,4 8.365(33) 8
MgMn; ,Fe0, MgMn; ;Feq76 MgMn; ,Fe;760, 8.382(37) 9
MgMn,Fe, O, MgMng 44Fe; 56 MgMng4Fe; 560, 8.382(17) 14
MgFe,0, MgFe,, MgFe,0, 8.381(32) 14
Acid-treated samples Mg,Mn, ¢Fe,,0, Mgo77Mn; s,Feqss Ho.06Mgo77MN; 5,F€0430, 8.380 (17) 6
Mg Mn; ;Feq0, Mg Mny 1sFeqs, Ho.12MGog7Mn 15Fe05,0, 8.390 (12) 10
Mg,Mng 4Fe; 60, Mgg76Mng.4Fes 5o Ho24Mgo70Mng41Fe; 500, 8.382 (15) 15
Mg,Fe,0, MggssFer oo HosMgogsFe, 9504 8.383 (19) 16
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Figure 1. Calculated average voltage for the two main redox pairs Fe**/Fe**
and Mn**/Mn** (0 <Mg< 1), and for the redox pairs Fe?*/Fe** and Mn**/
Mn** (1 <Mg < 2) for the following samples: (A) MgMn,0, with normal
spinel structure, and MgFe,0,, both with normal and inverse spinel structure,
and (B) MgFe,Mn,_,O, normal spinel structure. (C) Projection of the structure
along the tunnels in the direction (1,1,0) of the spinel structure for the three
intermediate stable phases, corresponding to the oxidation of Mn** to Mn**
during demagnesiation. Color codes: in brown, Fe octahedra; in violet, Mn
octahedra; and in green, Mg atoms.

previously published data for the normal spinel."” However, the
spinel inversion could hinder the electrochemical
performance,”’ and thus it would not be desirable. The voltage
of the Mg extraction using the redox pair Fe**/Fe** is ca. 1V
greater than that of the redox pair Mn**/Mn** (Figure 1B).
These results would seem to indicate that the Fe-based system
could be more interesting than the Mn-based system for the
Mg extraction, because the energy density could be higher, but
FeO, is not stable and decomposes into Fe,0; and O,. In
addition, it could allow us to tailor the voltage of the battery by
controlling the chemical composition of the spinel. However, it
is expected that the hypothetic reversible oxidation Fe**/Fe*"
would be impossible and that the electrolyte solution would be
oxidatively decomposed by Fe**. However, the redox pair Fe*"/
Fe’** potentially could be used for reversible electrochemical
cycling.

Three crystal structures obtained from DFT calculations are
drawn in Figure 1C. Although the partially demagnesiated
compositions (Fe-free) Mg,Mn,04 (0.0 <x<1.0) are thermody-
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manically unstable,®’? the intermediate compositions of the

Mg,Mn, Fe, O, series are found to be theoretically stable
(Figure 2): Mgo2sMn; sFey 50, MgosMnFeO, and
Mg,,sMnysFe; 0, Thus, according to the obtained Hull dia-
gram, the spinels containing both Fe and Mn could be more
stable and would allow to achieve further electrochemical
cycling.

The calculated volume change during Mg deintercalation is
represented in Figure 3. For MgFe,0,, the volume contraction is
only 5.2%, in agreement with the smaller size of Fe** (0.585 A)
as compared to Fe** (0.645 A). These compounds have no
Jahn-Teller distortion, and the volume variation in the Fe-based
system is considerably smaller than that of the Mn-based
system. For MgMn,0O,, the volume reduction is more important
(ca. 13%). This is due to the additional expansion in the pristine
material due to the cooperative Jahn-Teller distortion induced
by Mn** cations. After Mg deintercalation from MgMn,0O,, Mn>*
(0.645 A) is oxidized to Mn** (0.53 A), the cell is contracted and
and the Jahn-Teller distortion disappears.

For the intercalation of more than one Mg per formula unit
(x >1 in Mg,Mn, Fe,O,), the reduction from the trivalent to the
divalent oxidation state would take place at ca. 2.0 V for both
iron and manganese, and the formation of the rocksalt structure
is expected (Figure 1A). The change of the voltage during the
charge/discharge process would be greater for compositions
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Figure 3. Calculated relative volume variation for Mg,Mn,.,Fe O, during Mg
deintercalation. The variations assigned to Fe**/Fe** and Mn**/Mn** redox
pairs are indicated.
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with higher iron content, particularly when the magnesium-
content moves between x<1 and x>1, and it can involve
changing the oxidation states of the transition elements
between +2 and +4.

XRD and TEM

The structures of the prepared samples MgMn,_Fe, O, samples
were studied by using XRD. The XRD patterns (Figure 4) of all
the samples agree well with spinel-type structure. The broad
reflections indicate small particle size. As due to the small
particle size and large broadening of the reflections, a proper
refinement of the structure using the method of Rietveld is not
possible, and the inversion cannot be properly elucidated. It is
expected that the inversion degree increases with the iron
content, from the ideal normal spinel [Mg?*1;[Mn®*,Mn**1,0, to

i
(A} MganzFeIO‘.BHII (044

. || : (511} (533
(a) x=2 (022 | (004) 422 || (082} :

{c)x=0.8 JI
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Figure 4. XRD patterns of MgMn,_Fe O, samples before (A) and after (B)
acid-treatment. The Miller indexes of the main reflections are indicated. (C)
Calculated XRD patterns with different inversion degrees.
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the ideal inverse spinel [Fe*"];[Mg**,Fe’"1,0,, because of the
preferential occupancy of octahedral coordination by Mn*". In
that sense, the change of the relative intensity of the (111)
reflection strongly suggests that the distribution of the ions is
modified. All the resulting XRD patterns are ascribed to the
cubic phase and the space group Fd3m (Figure 4A). The unit
cell parameters of the phases were calculated using the full
pattern matching method, and these are given in Table 2,
together with the average crystallite size (L). The replacement
of Mn®* (Jahn-Teller ion) by Fe*" (no Jahn-Teller ion), can
contribute to stabilize the cubic spinel, compared to tetragonal
MgMn,0,. The lattice cell parameter is very similar for all the
samples, because the radii of Mn** and Fe*" are equivalent
(0.645 A). There is a certain tendency to increase the crystallinity
and the crystallite size with the iron content.

Through simulations of the XRD patterns with different
cationic distributions (Figure 4C), it is obtained that the
significant difference between them is that the increasing of
the inversion degree involves decreasing the relative intensity
of the (111) reflection. Thus, it is experimentally observed in
Figure 4A that for higher iron-content the intensity of the
reflection (111) at ca. 18° 20 decreases, confirming that the
samples with more iron are more reversed. According to
Gautam et al., this structural disorder can limit the electro-
chemical capacity.”!

The XRD patterns and the resulting structure for the
samples after acid treatment are shown in Figure 4B and
Table 2, respectively. The acid-treatment to remove magnesium
ions from the structure of the spinel has little influence on the
unit cell parameter of the cubic cell, as expected, because
magnesium is a small ion. The samples with higher Fe-content
still have narrower reflections and larger crystallite size.
Interestingly, the samples with lower Mn-content still exhibits
higher relative intensity of the (111) reflections

The particle morphology was examined by TEM (Figure 5).
All the samples are powders composed by nanometric particles
with irregular morphology. The diameter of the particles is
around 10-50 nm. For the raw samples (Figure 5a and b) it is
observed that the particle size tends to increase with the iron

(d) Mg,Fe,0,

Figure 5. Selected TEM micrographs of samples before (a, b) and after (c, d)
acid treatment.
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content. Significant change of the particle size and morphology
is not observed after acid-treatment (Figure 5 c and d). Using
microanalysis coupled to SEM and elements mapping (not
shown), it was checked that the distribution of the elements in
the nanoparticles was homogeneous before and after acid
treatment.

Acid treatment

The relative amounts of the metallic elements (Mg, Mn, and Fe)
in all the prepared samples were analyzed by using XRF
(Table 2). For the raw samples, the experimental compositions
agree well with the expected results, or nominal compositions,
and we can assume the stoichiometry MgMn,_Fe O,. After the
treatment with acid solution, the experimental Mg-content
decreases for all the samples, as expected. The deinsertion of
magnesium is substantially lower for Fe-containing spinels
compared to the results previously reported for Fe-free
MgMn,0,. This result agrees well with the Hunter's mechanism
based on the Mn*" disproportionation as the main mechanism
for demagnesiation in the acid solution."" Nevertheless, a small
amount of Mg is extracted even from Mn-free MgFe,0,. It is
known that Mn(lll) is not stable against disproportionation
reaction, while Fe(lll) and Fe(ll) are stable. Consequently, the
disproportionation of manganese cannot be the only mecha-
nism involved in the acid-treatment. Knight et al. found that Zn
is not extracted from ZnMnNiO,, because this compound does
not contain Mn®**, and the disproportionation would be the
only possible mechanism for Zn extraction from this spinel."”
Our results can be related with the higher disorder and
inversion degree in the iron-containing spinels, because protons
can be exchanged with the cations in the octahedral sites of
the inverse spinel (Mg’" in MgFe,0,), but protons do not
exchange with the cations in the tetrahedral site of normal
spinel (Zn** in ZnMnNiO, and Mg?*" in ideal MgMn,0,)."”
Analogously, Knight etal. found that the increasing of the
cation order increases the rate of Mg removal from MgMn,0,.®

For MgMn,0,, the disproportionation of Mn(lll) is the
mechanism in the acid-treatment, only the Mg extraction
reaction takes place and the magnesium/proton exchange is
negligible, as it was previously reported.” Thus, this process is
summarized in the next reaction:

(T+x)MgMn,0,(s) + (8x)H" (aq.) —
Mg;-Mn,0,(s) + (2x)Mn** (aq.)+ M
(2x)Mg**(aq.) + (4x)H,0(l)

The mechanism of the disproportionation reaction (1)
involves that two Mn’®" ions being next to each other are
converted into one Mn** and one Mn**. It is known that the
degree of inversion can affect to the disproportionation
reaction, because for each Mg®" in an octahedral site, a Mn?*
—Mn** pair is formed instead of two Mn’*, and this also
induces a decrease of the tetragonal distortion." Consequently,
the presence of Fe*" ions would decrease the formation of

Chem. Eur. J. 2021, 27, 12599 -12609 www.chemeurj.org

neighboring Mn®**—Mn>" that can disproportionate, similarly to
mechanism proposed for AP*-doped spinel.®® However, we
could not completely discard that the redox pair Fe’*/Fe**
could help to the electron jump from one Mn to another Mn.

The experimental x-value in Mg, Mn, Fe O, after the acid-
treatment is between x=0.13 and x=0.23. The experimental
atomic ratio Mn/Fe slightly decreases after acid treatment
(Table 2), indicating that a small amount of Mn is dissolved and,
consequently, manganese vacancies are created. For Mn-free
sample MgFe,O, the smaller amount of magnesium which is
deinserted cannot be ascribed to the disproportionation
reaction (1), iron dissolution from the lattice is not expected,
and the chemical exchange between magnesium and protons
must be the mechanism of the acid-treatment reaction:

MgFe,0,(s) + (2x)H" (aq.) —
H,xMg;-Fe,0,(s) + xMg** (aq.) @

According to the experimental compositions and the
literature about MgMn,0O,, one could conclude that the reaction
(2) is slower than the reaction (1), but the particle size and the
structural disorder also could influence on the kinetics of the
processes. It is expected that the cationic disorder in the spinel
structure favors the exchange mechanism against the dispro-
portionation reaction. In fact, the two reactions given above
can contribute to the chemical demagnesiation for the
compounds containing both Fe and Mn, and the relative
contribution of the exchange reaction would increase com-
pared to the disproportionation reaction when the Fe-content
increases.

For the acid-treated samples, the approximate hydrogen
content was extrapolated according to reaction (2). Thus, using
the general formula H,,Mg, ,Mn, Fe O, if one accepts that for
the sample with y=2 there is only cation exchange, and the
relative amounts of magnesium and iron are experimentally
measured, then we assume the formula of the chemically
demagnesiated Mn-free sample must be HysMgggsFe; 4,0, After
considering that for x=0 only chemical disproportionation
occurs (no chemical exchange), and that the proton-content is
related to the iron content analogously to Hg;MggssFe; 90,
then we assume the stoichiometry-derived linear relationship
2x=0.15y, and finally one can extrapolate the expected
maximum H-content for the samples containing both Fe and
Mn. The chemical compositions which are extrapolated using
this procedure are shown in Table 2.

On the other hand, the chemical exchange magnesium/
proton does not involve the dissolution of any manganese, in
contrast to the disproportionation reaction. More cationic
vacancies are created when the iron-content is smaller.

We cannot discard that the chemical reactions written
above to discuss the acid-treatment which involve protons,
water, and metal ions, also affect to the electrochemical
behavior. The traces of water in the electrolyte solution or in
the electrode materials could induce chemical reactions in the
electrochemical cell, in addition to the main electrochemical
reaction, and it could affect to the electrochemical cycling.
Thus, traces of water in the electrolyte could induce chemical
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exchange proton-magnesium and/or disproportionation, sim-
ilarly to the acid treatment that we have studied above, and it
should be further studied in future works.

The thermal behavior of the acid-treated powders was
studied by TGA (Figure 6). For the composition HysMgggsFe; 6504,
the theoretical mass loss would be between 0.15% (for protons
in the form of H™) and 2.8% (for protons in the form of H;07).
From the TGA of all the acid-treated samples, it is found that
the mass loss up to 550°C is within the range between 8.3%
and 1.3%. On the other hand, it is worth to note that the acid
treatment of the manganese oxides nanoparticles can lead to
surface protonation and adsorption of water. Thus, in the
seminal paper of Thackeray et al. about extraction of Li from
LiMn,0, and the disproportionation reaction of manganese the
authors wrote that the adjustment to an oxygen deficiency at
the surface of an oxide particle in an aqueous medium is made
by binding water."* The water content of our samples is
affected by the different ways throughout the samples can get
water, not only the exchange reaction between magnesium
and proton.

0_
e r—
o 20-
N
y: 40. MgossFezoo4
° Mg, ,,Mn, ;Fe, 0,
#oe0{ T Mg, 5, Mn; ;Fe, O,
1]
— I Mgo.79Mno.4Fe1.eo4
804

0 100 200 300 400 500 600
Temperature, °C

Figure 6. TGA curves for the acid-treated spinels.
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Figure 7. ESR spectra of MgMn,.,Fe,04 samples before and after acid
treatment.
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ESR

The ESR spectroscopy is very sensitive to the oxidation states of
the paramagnetic ions and the interactions between them.'?
The ESR signals at room temperature of selected spinel samples
are shown in Figure 7. According to the literature, it is expected
that Fe** ions (°S) in octahedral B site of the spinel give a broad
signal centered at g~2.0,"*'® and our results for MgMn, Fe,O,
agree well with the presence of iron in octahedral site. On the
other hand, one could believe that Mn(lll) is ESR-silent, but it
has been reported that Mn(lll) can contribute to the ESR line
when it is in a strongly Jahn-Teller distorted octahedral site and
Mn(IV) impurities also could contribute to the signal.'™>'® All
these Fe-containing samples exhibit relatively narrow ESR
signals, compared to iron-free sample,”’® because of the super-
exchange interactions. For the compound MgMn, (Fe,,O, the
broadening of the ESR line (Figure 7Aa) is AH=515 G, and after
acid treatment (Figure 7Ab) the line becomes more intense and
isotropic, and it is still centered at g=1.99. It is evident that,
after acid treatment, the disproportionation of Mn(lll) into Mn(ll)
and Mn(lV) increases the intensity of the signal. For higher iron
contents the signals become more broadened: AH~702 in
Figure 6Ba, and AH=560 G in Figure 7Ca. For even higher iron-
content (Figure 7Ca and Da), the spectra centered at g~ 2.1 are
equivalent to the spectrum previously reported for
MgFe,0,,*'® which is due to Fe** ions in octahedral site. The
narrower signal (AH ~311 G) is observed for (Mn-free) MgFe,O,
(Figure 7Da). Most probably, the increasing of the degree of
inversion concomitant to the increasing of the iron content
yields to stronger [Fe*"],—O—[Fe’"]; superexchange interactions
and narrower ESR line. After acid treatment, the spectra remain
almost unchanged in Figures 7Cb and 7Db, in good agreement
with the exchange magnesium/proton reaction while the
transition metal ions remain nearly unchanged. There is a very
slight increase of the linewidth that can be due to stronger
magnetic dipolar interactions and weaker susperexchange
interactions because of proton incorporation Thus, proton
intercalation can weaken the superexchange interactions and
broaden the ESR line. The observed tendency is that the spectra
are more strongly changed after acid-treatment for the samples
with lower iron-content (Figure 7Ab and 7Bb). As a conclusion,
the ESR spectra agree well with the different mechanisms that
we have proposed for the acid treatment depending on the
Mn/Fe relative content: disproportionation for manganese,
cationic exchange and no change of oxidation state for iron,
and a mixture of the two mechanisms for the intermediate
compositions containing both Fe and Mn atoms.

Electrochemistry

There are several reasons to think that the electrochemical
behavior could be improved for the Fe-containing spinels: the
theoretically calculated change of the unit cell volume during
the intercalation/deintercalation of magnesium is smaller
(Table 1), the distortion of the unit cell due to the Jahn-Teller
effect in Mn** is not expected, the intermediate composition
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can be thermodynamically more stable, and the lower Mn**
-content can help to avoid the electrolyte decomposition. On
the other hand, the cations vacancies created after acid
treatment and the small particle size could improve the
diffusion of magnesium and allow rapid charge-discharge,
although this effect would be more limited for Fe-containing
spinels compared to Fe-free MgMn,O,. Thus, despite the
difficulties inherent to magnesium batteries, it is worthy to
explore the electrochemical behavior of the prepared samples
in magnesium cells.

The electrochemical behavior of all the prepared samples
was studied, but only the most significant ones are shown,
particularly because a high inversion degree of the spinel with
high-iron content can limit the electrochemical response. The
selected results of the electrochemical experiments in three-
electrode cells are shown in Figure 8. For comparison, the
voltage curve of the working electrode (spinel) is measured
against Mg (reference electrode) and activated carbon (counter
electrode). The electrolyte solutions and the lack of an ideal
reference electrode can influence on the deviations of the
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experimental voltage compared to the DFT calculations. The
electrochemical cycling for the reversible electrochemical
activity of iron would be limited to Fe’"/Fe’" because the
hypothetical oxidation to Fe*" at high voltage would oxidize
the electrolyte. In contrast to iron, the reversible redox activity
of manganese could involve the two redox pairs Mn**/Mn**
and Mn**/Mn**. If one starts the electrochemical cycling by
discharging firstly, the transition elements would be reduced
from Mn** to Mn?* and from Fe*" to Fe?", and then the charge
capacity could be higher than the previous discharge capacity
only if manganese ions be oxidized to Mn**, The first discharge
is different from the subsequent ones, and the (partial)
transition from spinel-type to ordered rocksalt structure during
the first discharge could be a reason for that. A dynamic change
of the spinel inversion during discharge/charge also can
contribute to the polarization and voltage hysteresis.”’ Accord-
ing to the voltage-capacity curves, the reoxidation from divalent
to trivalent stat of the transition elements happens through a
sloped voltage region below ca. 2.4 V vs. Mg., and the oxidation
up to Mn** occurs at a pseudoplateau at ca. 2.5V vs. Mg (or

0 20 40 60 80 100 120 140 160
Capacity, mAh g

Figure 8. Voltage-capacity curves for the selected working electrodes: (A) MgMn;, ¢Fe, ,0,, (B) MgMn, ,Fe, 0, and (C) acid-treated MgMn, (Fe, ,0,. The plotted
voltage was measured against: (a) activated carbon counter electrode and (b) Mg reference electrode. The electrochemical cycling was started firstly by

discharging.
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1.5 V vs. activated carbon). This pseudoplateu at ca. 2.5 V is only
ca. 0.6 V lower than the theoretically calculated value. Han et al.
pointed out that the iron cations are less electrochemically
active than the manganese ones towards catalyzing the electro-
lyte oxidation.”™

For MgMn, (Fe,,0,, the reversible capacity is around 110-
140 mAhg™' (Figure 8A). For MgMn,,Fe,;0, (Figure 8B), it is
observed that the initial voltage drop in the first discharge is
more rapid, also the voltage rise in the charge is more abrupt
and, consequently, the (de)intercalation of magnesium is more
difficult for this composition. Most probably, the disorder in the
Fe—Mn spinel makes that the diffusion of magnesium in the
host be more difficult, in good agreement with the XRD results
shown above and which indicate that the cationic distribution
in tetrahedral/octahedral sites change with the iron content. In
conclusion, the reversible redox activity is mainly due to Mn**/
Mn®*, and the simultaneous presence of manganese and iron
could be beneficious for protecting again electrolyte decom-
position, like it was proposed by Han etal. for experiments
carried out at 100°C."™ However, the relative amount of iron
should be limited, and we think that this effect is analogous to
the known effect of Al-doping in some layered-type cathodes
for lithium-ion batteries. The influence of the spinel inversion,
due to iron in tetrahedral sites, on the electrochemistry should
be further examined in future works.

For the acid-treated sample, since the Mg-content is lower
than one Mg per formula, the formation of the rocksalt-type
structure after the first discharge would be reduced. This effect
results in different voltage curves for the first discharge in
Figure 8Ab and 8Cb. This fact would be beneficious for the
kinetics of charge/discharge. In contrast to previous results
about acid-treated (Fe-free) MgMn,0O,, the acid-treatment does
not reduce the voltage polarization for Fe-containing spinels
(Figure 8C) after the first discharge, and the reason is that the
mechanisms of the acid-treatment are different and the
creation of cationic vacancies is less significant for Fe-contain-
ing spinels, as it was discussed above. In the voltage-
magnesium content for Mg,Mn, (Fe,,O, curve (Figure9), it is
observed that the during the second discharge the initial
amount of Mg in the acid-treated sample is recuperated at

Mn, ;Fe ,O,

1.

o
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Spmnel

A

N
o
!

N
=)
N

-
3]
1

composition

-
o
)

after acid-treatment

Voltage vs. Mg, V

o
o
1

0.5 06 07 0.8 09 1.0 11 12 1.3
xin Mg Mn_ Fe O,

Figure 9. Voltage measured against Mg and plotted vs. Mg-content for acid-
treated MgMn, (Fe,40,.
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nearly the same voltage (around 1.5-1.6 V vs. Mg). The results
agree well with the reversibility of the (de)magnesiation, in the
different regions for x> 1.0 and x < 1.0.

The cyclic voltammogram (CV) was investigated using
three-electrode cell (Figure 10A-E) with A.C. as counter elec-
trode and Mg as reference electrode. The CV was started by
reductive scan from OCV to 0.5V at 20 mvs™' of scan rate,
stopped at the end of the oxidative sweep, and then restarted
at a different rate. The oxidative decomposition of the electro-
lyte solution starts at ca. 2.7 V and, thus, the reversible oxidation
of the transition metals to the tetravalent state would not be
very efficient under these experimental conditions. The pres-
ence of cathodic and anodic peaks at slow scan rate and below
2.6V is in good agreement with the reversible intercalation of
magnesium in the spinel framework, and the reversible change
of the trivalent/divalent oxidation state. The observed evolution
of the CV with the scan rate suggests that the diffusion of
magnesium in the spinel is relatively sluggish. To further
understand the origin of the electrochemical capacity, the CV
recorded at several rates can be used. According to the
literature and the relationship i=a V*, the b-value can be
obtained from the plot of log i versus log v, where i is the
current and v is the scan rate (Figure 10F).” For the ideal
diffusion-controlled faradaic process b=0.5. If b=1.0, the
process is a surface reaction involving a non-diffusion-con-
trolled process (or capacitive). For the reduction peak observed
near 1.5V (Figure 10), the resulting value is b=0.69. Conse-
quently, the electrochemical reaction is mainly controlled by a
diffusion process, as expected for magnesium intercalation. The
current of the reduction peak near 1.5 V arises from magnesium
insertion into the spinel, although a small capacitive contribu-
tion cannot be discarded.

To remove any interference of the Mg electrode in the
electrochemical cycling, for the selected sample acid-treated
MgMn, ¢(Fe, ,0,, the electrochemical behavior in two-electrode
cell with activated carbon as counter electrode is shown in
Figure 11. In this case, the cycling started in charge mode
(oxidation at the working electrode) and the formation of
ordered salt-rock is avoided. The maximum discharge capacity
is around 120-127 mAhg™', which is equivalent to the range of
composition 0.6<x<1.0 in MgMn,Fe,,0,. The charge ca-
pacity over ca. 1.6V vs. activated carbon is irreversible,
particularly at low rate (5mAg™' of current density), very
probably due to the oxidative decomposition of the electrolyte
solution catalyzed by the transition elements. The electrostatic
repulsion between magnesium and oxidized manganese could
slow down the mobility of magnesium and reduce the charge
capacity. The discharge capacity is lower at higher current
density (Figure 11B), indicating that the diffusion of magnesium
is not very rapid. Probably, with another electrolyte solution the
reversible capacity could be higher.

Conclusion

The DFT calculations unveil that the intermediate compositions
of the spinels containing both Fe and Mn could be more stable
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than the extreme compositions, and that the Fe/Mn composi-
tion can tailor the voltage of the oxidation and demagnesiation;
and it is worthy to explore them. Nanoparticles of magnesium-
manganese-iron oxide samples were successfully prepared
following a modification of Pechini method. The iron-containing
samples exhibit XRD patterns corresponding to cubic spinel.
The extraction of magnesium from MgMn, Fe O, has been
explored by acid-treatment, and it is experimentally found that
after this acid-treatment, the relative amount of magnesium
decreases. The effect of the acid-treatment in MgMn,Fe 0, is
different for Fe-containing spinels compared to iron-free
MgMn,O,; and two different reactions have been proposed:
disproportionation of Mn(lll) and magnesium deintercalation,
and exchange between Mg in tetrahedral sites and protons. The
reversible charge/discharge process can involve the change of
the oxidation states from Mn?>* to Mn** and from Fe?* to Fe*".
Thus, the replacement of manganese by iron limits the capacity
and can improve the cycling stability. The maximum reversible
capacity is 120 mAhg ', which below the theoretical maximum
capacity, and then we think that it would be worthy to explore
the electrochemical cycling of these materials with other
electrolyte solutions in future works.

Experimental Section

Synthesis: The preparation of the powdered samples with general
composition MgMn, Fe O, (04 < y < 2.0) was based in a
modification of Pechini's method.® This method of synthesis was
chosen to obtain small particle size and to reduce the diffusion
path length. Firstly, stoichiometric amounts of Mg(NO,),-6H,0,
Mn(NO;),-4H,0 and Fe(NO,);-9H,0 were dissolved in a beaker with
water. Secondly, citric acid and ethyleneglycol were added to the
solution with a molar ratio metals: citric acid : ethylene glycol=
1.5:3.0:9.0. After heating to 70°C with continue stirring, the
resulting slurry was calcinated at 200°C. The obtained product was
grinded and finally annealed at 400 °C during 10 h.

The partial demagnesiation of MgMn, Fe O, nanoparticles was
performed by using acid-treatment.®*’9' The raw sample was
added to a solution of nitric acid at pH=2 with continue stirring for
two hours. The resulting solid product was separated by ultra-
centrifugation, washed with distilled water, and dried at 90°C under
vacuum.

Microstructure and composition: The crystalline phases were
characterized by X-ray diffraction (XRD). The XRD patterns were
recorded using Bruker D8 Discover A25 equipment provided with
CuKa radiation, Ge monochromator and Lynxeye detector. The XRD
patterns were fitted and the lattice cell parameters were calculated
using the full pattern matching method, as implemented in the
commercial software Topas 4.2. The microstructure of the particles

2000 2000
1500 (A) 1500 (8)
- Cycle 1 o
< 100] 20mvs’ gmo. Cycle 2
E. 500 | = 500 10mVs
t =
B0 s o
5 5
g =50 initial voltage | O -500+ L_/
-1000-L : : : : -1000-L : . : :
05 1.0 15 20 25 30 05 1.0 15 20 25 30
2000 Voltage vs. Mg, V - Voltage vs. Mg, V
1500 (€ 200 (D)
© 0l Cycle3 o Cycle ‘i
E 5mVs’ E 100{ 1mVs
o 04 i
c 'E 04
O -500 3 100
05 10 15 20 25 30 20 05 10 15 20 25 30
150 Voltage vs. Mg, V i5 Voltage vs. Mg, V
100 (E) 3.0 (F)
o 1 Cyclebs o 7
< 0.5mVs’ | /////r/)
£ 0 & 20 / slope - 0.63
g
5 -501 1.5
Q R,____/
-100 L . . . . 1.0 ; : .
05 1.0 15 20 25 30 0.5 0.0 0.5 1.0 15
Voltage vs. Mg,V log v

Figure 10. (A—E) CV obtained at different rates, and (F) plot of log i vs. log v, for acid-treated MgMn, ¢Fe, ,0,.
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Figure 11. Electrochemical results of acid-treated MgMn, (Fe,,0, in two-
electrode cell and starting the cycling by firstly charging. (A) Voltage-
capacity curves. (B) Specific capacity value as a function of cycle number
under variable current intensity.

was studied by Transmission Electron Microscopy (TEM) using a
JEM-1400 instrument. To determine the chemical compositions
(Mg, Mn, and Fe) of the samples, the spectrometer Rigaku Primus IV
of X-Ray Fluorescence (XRF) was employed. Thermogravimetric
Analysis (TGA) was carried out in a Shimadzu instrument, under
static air atmosphere at 5°Cmin.”" of heating rate. Electron Spin
Resonance (ESR) spectra were recorded in a Bruker EMX instrument,
operating at X-band and 9.75 GHz.

Electrochemistry. A VMP instrument and three-electrode cells were
employed to carry out the electrochemical experiments. The
Swagelok-type cells with T-shape were assembled in an Ar-filled
glovebox equipped with sensors of oxygen and water. A piece of
Mg (Panreac) was used as a reference electrode and activated
carbon as a counter electrode. The working electrodes were formed
by active material (80%), binder (PVDF, 10%) and carbon black
(10%) pressed on a Ti (Goodfellow) current collector. The electro-
lyte solution was 1 M anhydrous MgClO, (Sigma-Aldrich) in dry
acetonitrile (ACN) (Sigma-Aldrich), impregnated in Whatman glass
fiber papers.

Calculations. The structure calculations were performed within the
density functional theory (DFT), as implemented in the CASTEP
code"™ We use the Generalized-Gradient Approximation (GGA)
with the PBEsol correlation potential, and “on-the-fly” generated
pseudopotentials of CASTEP code. The internal coordinates were
optimized using the BFGS algorithm, while the energy minimization
was carried out using a density-mixing scheme with a conjugate-
gradient Pulay solver. The cut-off energy was fix at 550 eV. Spin
polarized calculations were performed in all cases. The selected k-
point mesh was of ca. 0.07 A~', according to the Monkhorts-Pack
scheme. The convergence conditions were: energy, 107° eV per
atom; max. force, 0.03 eVA~"; max. stress 0.05 GPa, max. displace-
ment, 10~ A. For the GGA+ U correction we used the value Uy=
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3.9 for Mn, and 5.3 eV for Fe.'¥ In all the calculations we assumed
that the host spinel framework M,0, remains basically unchanged
during the Mg de-insertion and reinsertion processes, excepting
the tetragonal distortion induced by Mn (lll) cations. Unit cell
parameters and atomic coordinated were relaxed. The different
structures Mg,Mn,_ Fe, O, were defined as follow: for y=0 the
classical tetragonal spinel structure was used as starting point; for
y=0.5 and y=1.5 a cation distribution of Fe and Mn similar to that
found in LiNipsMn,s0, was assumed;"® for y=1 the cation
distribution was the same used for MgNiMnO,;*® and for deficient
Mg samples, as already described for MgMn,0,.79
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