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model to unveil enhanced reactions in 
lithium and magnesium battery fields.[2,3] 
One of the main limitations of the LFP is 
the limited capacity for one electron reac-
tion and thus its energy density cannot get 
over to that of layered oxides. Therefore, 
alternative silicates with Li2MSiO4 (M = 
Mn, Fe, Co, Ni) stoichiometry are currently 
studied due to the high theoretical capacity 
of 333  mA h g−1.[4,5] Additionally, the redox 
potential should be successfully monitored 
by the redox (≈manganese) active species. 
Importantly, the main instabilities caused in 
the original Mn-tetrahedral environments, 
structural amorphization during alkali metal 
extraction and structural distortions should 
be abated.[5]

This study compares different manga-
nese silicates with Mn in octahedral environ-
ment to avoid the instabilities of Mn in tetra-

hedral sites. Specifically, MgMnSiO4 is used as a model which has 
an olivine-type structure (similar to LFP) where Mg atoms occupy 
the so-called M1 site (as Li in LFP) while Mn atoms occupy the 
M2 site (Fe in LFP) (Scheme 1). The chemical formulation is thus 
(Mg)M1(Mn)M2SiO4.[6,7] Additionally, the comprehensive exchange 
of Mg and Mn in their respective sites gives the following cation 
distribution: (Mg1-yMny)M1(MgyMn1-y)M2SiO4, being the degree of 
exchange dependent on the sample thermal history.[8,9]

This work aims to determine the structure and Mg extrac-
tion/insertion properties from/into (Mg)M1(Mn0.5Zn0.5)M2SiO4. 
The replacement of half amount of Mn atoms in the octahe-
dral sites by other divalent elements such as Zn2+ could have 
an impact on the voltage and the energy density as foreseen by 
DFT calculations. The calculated voltage during Mg reaction 
for MgMnSiO4 is ≈2.9  V, while the higher voltage of ≈3.2  V 
is obtained in the case of (Mg)M1(Mn0.5M0.5)M2SiO4 (M = Ca 
and Ni). However, the higher atomic weight of Ni penalizes 
its energy density, as compared with lighter elements such as  
M = Ca or Mg. The (Mg)M1(Mn0.5Zn0.5)M2SiO4 cathode achieves 
experimentally 120 mA h g−1 with an average voltage of ≈2 V.

2. Results and Discussion

2.1. Structure and Mg Extraction: Case of MgMnSiO4

The calculated unit cell parameters (a = 10.460(5) Å, b = 6.134(3) Å,  
c = 4.817(2) Å, and V = 309.0(2) Å3) from the refined X-ray dif-
fraction (XRD) pattern are in good agreement with previous 

Magnesium driven reaction in olivine-type MgMn0.5Zn0.5SiO4 structure is 
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1. Introduction

The launch of polyanionic LiFePO4 (LFP) type cathode mate-
rials by Goodenough’s group in 1997,[1] opened a great path for 
research advancements on Li-ion batteries (LIBs). Nowadays the 
employment of such materials in commercial batteries has con-
firmed the great success on the research development of battery 
technology over the world. Consequently, the research efforts that 
the scientific community is still pursuing focus on this structural 
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works (Figure 1; Table 1, reliability factor GoF = 1.55) based on 
(Mg1−yMny)M1(MgyMn1−y)M2SiO4 cations distribution model.[6,7] 
The Mg/Mn exchange ratio (y) is ≈0.37 (Table 2). The geometry 
optimization of (Mg)M1(Mn)M2SiO4 (ordered, without cations 
exchange, that is, y = 0) and (Mg0.75Mn0.25)M1(Mg0.25Mn0.75)M2SiO4  
(disordered, with cations exchange of y  = 0.25) is carried out 
by DFT (Figure  1).[10,11] In both cases the computed unit cell 
parameters agree well with the experimental refinement 
results. Without considering entropy, the calculations show 
that the ordered phase is more stable than the disordered phase 
from the energy point of view, being the difference of 0.127 eV 
per unit cell. On increasing the temperature, the entropy term 
becomes more important, making the disordered phase more 
stable (Note S1, Supporting Information), as experimentally 
observed.

The full extraction of Mg from the ordered (Mg)M1(Mn)M2SiO4 
phase takes place in two steps, at ≈4.0 and 3.0  V formally 
involving the multi-electron redox reactions of Mn4+/Mn3+ and 
Mn3+/Mn2+ redox pairs, respectively.[12–14] The extraction of  
Mg from M1 site with a Mg/Mn exchange of y = 0.25, that is, 
(Mg0.75Mn0.25)M1(Mg0.25Mn0.75)M2SiO4 has been also carefully 
computed. In a first step, 0.50 Mg2+ ions are extracted at 2.92 V, 
formally involving the Mn3+/Mn2+ redox pair. The 0.25 Mg2+ 
ions remaining in M1 site are extracted at ≈3.5 V, accompanied 
by a formal partial oxidation of Mn3+ into Mn4+. Due to the 

exchange of Mg and Mn in sites M1 and M2, the Mg atoms in 
M2 sites cannot be extracted, thus reducing the total capacity of 
the compound. Additionally, some Mg atoms could be trapped 
in M1 site due to the presence of no-mobile Mn atoms in M1 
site, thus reducing the total amount of extracted Mg and there-
fore the extension of the second plateau. In a limit case, only 
the first plateau could be visible, and thus the expected redox 
pair involved in the reaction should be Mn3+/Mn2+.

The experimental energy density of 300 W h kg−1 has been 
attained for MgMnSiO4 working within an operating voltage 
window from 0.5–2.8 V with the principal reaction (160 mA h g−1)  
occurring at 1.8–2.0 V versus metallic Mg.[7] Lower operational 
voltage windows have been reported due to the inherent elec-
trolyte instability and corrosion of collectors, thus entailing lim-
ited energy density.[15–19]

2.2. Case of Mn Substitution: MgMn0.5M0.5SiO4

We started by substituting half of Mn atoms by Zn. The phase 
structure and crystallinity of the MgMn0.5Zn0.5SiO4 sample is 
determined by XRD (Figure  1). The Rietveld refinements con-
firmed the adequate indexation in the Pnma space group of the 
orthorhombic system.[6,7] The calculated cell parameters are a = 
10.390(3) Å, b = 6.085(2) Å, c = 4.797(1) Å, and V = 303.3 (2) Å3 
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Scheme 1. Top: Structural model for the disordered phase (Mg0.75Mn0.25)M1(Mg0.25Mn0.75)M2SiO4 (right), ordered phase (Mg)M1(Mn)M2SiO4 (center), 
and the Mn-substituted (Mg)M1(M0.5Mn0.5)M2SiO4 (left). Bottom: same phases after extraction of 0.5 mole of Mg2+ from the site M1.
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(reliability factor GoF = 1.42). The replacement of half of Mn2+ 
atoms by other divalent element such as Zn2+ leads to a pure 
MgMn0.5Zn0.5SiO4 sample. Obviously, the cells parameters are 
somewhat smaller than that of MgMnSiO4 as expected from the 
smaller ionic radius of Zn2+ (0.74 Å) in comparison to that of 
HS-Mn2+ (0.83 Å) hexacoordinated.[20] The detailed structural 
information of MgMn0.5Zn0.5SiO4 is listed in Table 1.

Scheme 1 presents the Mn-substituted (Mg)M1(M0.5Mn0.5)M2SiO4  
(left) crystal structure with an olivine-type frame-
work and compares with the structural model for the 
ordered (Mg)M1(Mn)M2SiO4 phase (center), the disordered  
(Mg0.75Mn0.25)M1(Mg0.25Mn0.75)M2SiO4 phase (right), as 
well as after the extraction of 0.5 Mg2+ per f.u. from the 
M1 site (bottom). The particle size and morphology of 
MgMn0.5Zn0.5SiO4 are observed with transmission electron 
microscopy (TEM), as shown in Figure 1C and Figure S1, Sup-
porting Information. Most of the particles exhibit irregular 
shape due to the agglomeration of smaller primary particles 
with the sizes near 90–150  nm. A close inspection by TEM 
reveals that carbon is uniformly coated onto the particle sur-
face. In addition, the High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) and EDS 
elemental mapping results demonstrate that Mg, Mn, Zn, Si, 
O, and C elements are distributed uniformly.

Galvanostatic cycling is employed to determine the cou-
lombic efficiency in our system as similarly employed for Li, 
Zn, and Mg.[21–23] Figure 2A,B shows a representative cycling 
voltage profile of the Ti||Mg cell and the applied galvanostatic 
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Figure 1. XRD pattern and Rietveld refinement of: A) MgMn0.5Zn0.5SiO4 and B) MgMnSiO4. C) TEM, HAADF-STEM, and EDS elemental mapping of 
MgMn0.5Zn0.5SiO4.

Table 1. Atomic coordination of MgMn0.5Zn0.5SiO4 and MgMnSiO4 
obtained from the Rietveld refinement.

Sample MgMnSiO4 MgMn0.5Zn0.5SiO4

Space Group Pnma

Atomic position and 
occupancy

— —

Mg/Mn/Zn in 4a (0, 0, 0) — —

(site M1) Mg = 0.63 (1) Mg = 0.58 (8)

— Mn = 0.37 (1) Mn = 0.19 (7)

— — Zn = 0.24 (7)

Mg/Mn/Zn in 4c (x, ¼, z) x = 0.2788 (3)
z = 0.9847 (9)

x = 0.2789 (6)
z = 0.987 (2)

(site M2) Mg = 0.37 (1) Mg = 0.43 (8)

— Mn = 0.63 (1) Mn = 0.31 (7)

— — Zn = 0.26 (7)

Si in 4c (x, ¼, z) x = 0.0972 (5)
z = 0.4244 (9)

x = 0.0945 (5)
z = 0.4272 (8)

O in 4c (x, ¼, z) x = 0.0848 (1)
z = 0.7670 (2)

x = 0.093 (1)
z = 0.756 (2)

O in 4c (x, ¼, z) x = 0.4348 (1)
z = 0.2136 (2)

x = 0.447 (1)
z = 0.229 (2)

O in 8d (x, y z) x = 0.1618 (9)
y = 0.049 (1)
z = 0.271 (2)

x = 0.1647 (7)
y = 0.048 (1)
z = 0.284 (1)
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protocol. It can be observed that the cell completed 50 cycles 
and presented a reasonable average Coulombic efficiency (CE) 
of 97.3% calculated according to the “method 1” reported by 
Adams et al.[21] The cell exhibited a slight increase of the over-
potential similarly to that of the Pt||Mg cell using Mg(TFSI)2-
based solution.[23]

Comparing the possible extraction of 0.5 Mg from MgMnSiO4 
(see discussion in Section  2.1) and from MgMn0.5M0.5SiO4, 
in the first case only the redox pair Mn3+/Mn2+ should be 
involved. But the inclusion of non-electroactive Zn2+ and the 
presence of only 0.5 manganese atoms in the formula, makes 
the redox pair Mn4+/Mn3+ to be also involved, resulting in an 
increase of the voltage, as shown in Figure 2C. A comparison 
of the experimental electrochemical (de)intercalation properties 
between MgMnSiO4 and MgMn0.5Zn0.5SiO4 indicated a capacity 
loss of 19% and 11% between the first charge and discharge, 
respectively (Figure  2C). The capacity loss is assigned to two 
phenomena such as the slow magnesium-ion diffusion in the 
silicate and the electrolyte decomposition that forms a surface 
film on the electrode.[15] Zn is not expected to be electroactive, 
and this fact is reflected in the galvanostatic curves in terms 
of capacity, but the most outstanding difference resides on the 
observation of two pseudo-plateaus at about 1.9 and 1.3  V on 
discharge and 2.4 and 2.8  V on charge for MgMn0.5Zn0.5SiO4. 
As discussed below, based on the percolation energy (PE) 
(approximately PE of Zn2+ in the site M1 for MgMn0.5Zn0.5SiO4 
is 1.78 eV, and PE for Mn2+ in the site M1 is 3.59 eV) the relative 
mobility of the zinc ions (as compared with manganese) facili-
tates the observation of these plateaus during the Mg extrac-
tion/insertion with a formal oxidation/reduction of Mn2+ into 
Mn4+ in accordance with the ex situ X-ray photoelectron spec-
trometer (XPS) and Electron paramagnetic resonance (EPR) 
measurements. Then, the zinc-free sample with Mn2+ in M1 
sites could hinder Mg migration and this fact is reflected by a 
single charge/discharge curve.

Gathering more details of the electrochemical performance 
of MgMn0.5Zn0.5SiO4 from galvanostatic charge and discharge 
within the voltage range of 2.9–0.4 V versus Mg2+/Mg (referred 
as Mg-cell in Figure 3A) are essential. During the first charge, 
two pseudo-plateaus located between 2.2–2.5 and 2.5–2.9  V 
are observed, extending ≈60 (∆x = 0.2 Mg2+) and 73 mA h g−1 
(∆x  = 0.24 Mg2+), respectively. On discharge, the Mg-cell also 
exhibits two plateaus between 2.25–1.5 and 1.5–0.5 V recovering 
the extracted Mg2+ ions on the first charge, with the irrevers-
ible capacity of 10 mA h g−1. The charge/discharge capacity is 
120.4 mA h g−1, entailing 240 W h kg−1 with the average working 
potential of ≈2.0  V. As Zn is not expected to be electroactive, 
only 0.5 Mg can be extracted, involving the formal oxidation of 
Mn2+ into Mn4+. From a practical point of view, concerning the 
total amount of extracted Mg in MgMnSiO4 phase, the practical 

extracted amount of Mg approaches 0.5. In the case of substi-
tuting Mn by other electroactive elements (such as Ni and Fe) 
instead of a non-electroactive one (as Zn), other redox pairs 
could also be involved (Table S1, Supporting Information), thus 
varying the voltage of this plateau.

The kinetic response in the first cycle has been studied by 
adopting various charge/discharge rates ranging from 5 to 
60  mA g−1 (Figure S2, Supporting Information). With the 
increase of current density, the galvanostatic curves exhibited 
a typical diminution in capacity, fluctuation of the charge/
discharge cycle efficiency and an increased polarization. 
The obtained capacities at charge/discharge are 135.1/120.4, 
122/111.3, 111.1/105.2, 101.3/96.6, and 90/77.2  mA h g−1 for 
5, 10, 15, 30, and 60  mA g−1, respectively; and the efficiency 
at the respective rates resulted in 89%, 91%, 94%, 94.7%, 
and 85%. These findings are owed to the kinetic hindrance 
when a fast kinetic is applied to magnesium migration in 
MgMn0.5Zn0.5SiO4. Moreover, we observed that Zn-doped 
sample exhibits 78.7% of capacity retention over 45 cycles 
(Figure S3, Supporting Information) which is higher than that 
of Zn-free sample (67.4%). Therefore, the comparison of Cou-
lombic efficiency during cycling also confirms that the Zn 
doping helps to boost the cycling performance irrespectively of 
a lower initial capacity. These results agree with the report by 
Liu et  al.[24] for doped LiZn0.01Fe0.99PO4. These authors found 
that Zn2+ in the lattice acts as a pillar to prevent the collapse of 
crystal during cycling. As mentioned above, MgMn0.5Zn0.5SiO4 
with only 0.5 manganese atoms per formula could be the 
reason to activate the Mn(II)/Mn(III)/Mn(IV) redox couple for 
achieving extraction/insertion of 0.44/0.4 Mg2+ ion (0.88/0.8 
electrons) according to electrochemical profile (Figures  2C 
and 3A).

The development of electrode materials for batteries requires 
fundamental research studies in terms of electrochemical 
performance. Up to now, several research groups have per-
formed simultaneous investigations of typical materials such 
as V2O5, Li4Ti5O12, and C in Li-, Na-, Ca-, and/or Mg-ion cells 
and the related performance provided insightful findings.[25–27] 
Although such cells are easy to assemble and provide sufficient 
information, researchers should be concerned of any effects 
that may influence the electrochemical performance, and their 
corresponding results should be taken with attention to high-
light the observed differences in the battery performance.[28] 
In the present work, we have found interesting changes in the 
electrochemical performance of MgMn0.5Zn0.5SiO4 cathode 
used in Mg- and Na-ion cell configuration. As Na+ (1.02Å) is 
≈30% larger than Mg2+ (0.72Å) the latter one moves easier than 
sodium implying that the effect of ionic radii is important in 
these systems. For instance, an improved polarization of the 
Mg-cell (∆V  = 1.25  V) is observed as compared to those cells 
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Table 2. Experimental and calculated unit cell parameters, cation distribution expressed as “y” in (Mg1-yMny)M1(MgyMn1-y)M2 SiO4 and relative energy 
per unit cell of the most stable configuration.

Parameter y a [Å] b [Å] c [Å] V [Å]3 ∆E [eV]

Experimental 0.37 (1) 10.460 6.134 4.817 309.0 —

Calculated 0 10.660 6.162 4.836 317.7 0

0.25 10.608 6.162 4.852 317.2 + 0.127
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with sodium as a counter electrode (Figure 3C,D). These blank 
experiments have been obtained using two different sodium 
cells that employ hybrid concepts due to the inherent property 
of having magnesium in the cathode structure. For one hand 

the Na/Mg-cell#1 utilized MgMn0.5Zn0.5SiO4 cathode and 1  m 
NaClO4-PC electrolyte and displayed ∆V = 3.9 polarization. On 
the other hand, the Na/Mg-cell#2 utilized MgMn0.5Zn0.5SiO4 
cathode and a mixture of both 0.5  m Mg(TFSI)2-DME + 1  m 

Small 2023, 19, 2206010

Figure 2. A) The measured voltage versus time plot of Ti||Mg cell, and B) the employed constant current protocol with 0.008 mA cm−2 on discharge 
and 0.008–0.004 mA cm−2 on charge. The areal capacity is about 0.12 mA h cm−2. C) Comparison of the electrochemical Mg (de)intercalation properties 
between MgMnSiO4 (red color) and MgMn0.5Zn0.5SiO4 (blue color).
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NaClO4-PC electrolytes and displayed ∆V  = 3.6 polarization. 
The high polarization and fast capacity fading are normally due 
to the slow Mg2+ ion diffusion and the high polarity of Mg2+ 
specifically when cycling at a high rate.[29–34] The partial replace-
ment of Mn by Zn in the MgMnSiO4 olivine-type structure has 
a beneficial effect on minimizing the polarization in Mg-cells 
contrary to what is observed in Na/Mg-cell#1 and #2. According 
to the results of our Mg and Mg/Na cells, these findings com-
pared favorably with that found in iron-based mixed-polyanion 
compounds LixNa4−xFe3(PO4)2(P2O7) (x  = 0–3) in which the 
redox potential of each phase was ≈3.4 V for the Li-ion cell and 
≈3.2 V for the Na-ion cell.[35]

Moreover, the capacity stability is improved in the presence 
of magnesium in the electrolyte and counter electrode. Its dis-
charge capacity is retained from 120 to 93.5  mA h g−1 during 
45 cycles (77%). As comparison, the capacity of Na/Mg-cell#1 
drops quickly from 102 to 29 mA h g−1, and Na/Mg-cell#2 main-
tained a relatively more stable capacity retention over 50 cycles 
from 140 to 75 mA h g−1 (53%). Theoretically, 151.8 mA h g−1 is 
assigned to 0.5 de-inserted Mg2+ from MgMn0.5Zn0.5SiO4 (reac-
tion #1):

→ + ++ −MgMn Zn SiO Mg Mn Zn SiO 0.5Mg 1e0.5 0.5 4 0.5 0.5 0.5 4
2  (1)

According to the galvanostatic curves, 0.44 Mg2+ ions are 
extracted in the first charge process, corresponding to 0.88 elec-
trons, which is nearby the oxidation of 0.5 manganese from 
Mn(II) to Mn(IV) at an average charge voltage of 2.5 V versus 
metallic Mg. The Inductively coupled plasma (ICP) results con-
firmed the extraction of 0.43 Mg2+ per f.u. corresponding to 

130.6 mA h g−1 which is related to the reachable specific charge 
(Table S2, Supporting Information). The Mg2+ is inserted after 
the subsequent discharge as detected by ICP measurements 
reaching 0.37 Mg2+ per f.u. that correspond to ≈112.3 mA h g−1 
and the inactivity of Zn during charge/discharge can also be 
supported by elemental analysis. By combining the results of 
the electrochemical curves with the ICP measurements, the 
observed capacity could be perfectly attributed to the capacity 
of the Mg/MgMn0.5Zn0.5SiO4 cell during the charge/discharge 
cycle.

With the idea of looking for elements increasing the voltage 
and the energy density, we examined the effect of different M 
elements on the voltage and energy density in accordance of 0.5 
Mg2+ per f.u. As shown in Figure 3E and Table S1, Supporting 
Information, only in the case of M = Fe the calculated voltage 
(≈2.8  V) is smaller than that of MgMnSiO4 (≈2.9  V), while a 
higher voltage is obtained for the other studied elements, 
especially for Ca and Ni, close to 3.2  V. However, the higher 
atomic weight of Ni penalizes its energy density, as compared 
with lighter elements. Thus, the higher energy density could be 
obtained for M = Mg, Ca, close to 520  W h kg−1 (Figure  3F), 
while for M = Ni the energy density is ≈500  W h kg−1. The 
lowest value is obtained for M = Fe, with ≈440 W h kg−1, attrib-
uting to its low voltage.

EPR and XPS experiments are carried out to probe the 
redox chemistry (Figure 4A,B). EPR spectrum of pristine 
MgMn0.5Zn0.5SiO4 displays the Mn2+ signal with linewidth 
of 15.5 mT and g-factor of 2.00079 ± 0.0003 ascribed to Mn2+ 
in an octahedrally coordinated environment as detected in 
previous studies.[36,37] Although the magnetic structure of 
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Figure 3. Galvanostatic charge/discharge curve of MgMn0.5Zn0.5SiO4: A) versus metallic Mg (labeled as Mg-cell), B) versus metallic sodium with elec-
trolyte of 1 m NaClO4 in PC:FEC(98:2) (labeled as Na/Mg-cell#1), and C) versus metallic sodium and mixture (1:1 vol.) of 0.5 m Mg(TFSI)2 in DME + 
1 m NaClO4 in PC:FEC(98:2) (labeled as Na/Mg-cell#2). D) The capacity retention of the previous cells. E) Calculated averaged voltage and F) energy 
density corresponding to the extraction of 0.5 Mg per f.u. from MgMn0.5M0.5SiO4 for the different M elements.
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MgMn0.5Zn0.5SiO4 is first reported here (Figure  4A), it shows 
a similar characteristic with Li2MnSiO4 and MgMnSiO4 com-
pounds, that is, a main Lorentzian line with g  = 2.003 at 5 K 
and g  =  1.99881 at 293 K,[38] close to the calculated g = 2.0 for 
Mn2+ ions in a paramagnetic state.[7] In addition, divalent Zn-
ions (with an [Ar] 3d10 electronic configuration) are EPR silent, 
therefore the changes of Mn oxidation state from pristine to 
extracted/inserted MgMn0.5Zn0.5SiO4 at the bulk state in Mg-
cell can be monitored by EPR.[39] The extraction of 0.44 mole of 
Mg2+ leads to a transformation of the EPR spectrum resulting 
in the observation of intensive peak with a g-factor of 2.00232 ± 
0.0002 in comparison to that of the original sample. According 

to the charge curve, the redox couples of Mn3+/Mn2+ and Mn4+/
Mn3+ are responsible for Mg de-insertion. Despite Mn3+ ([Ar] 
3d4) is not measurable by EPR in the X-band region, the signal 
detected at the end of the total charge is indicative of the co-
existence of Mn3+ with Mn4+.[7,40–42] The reverse process of the 
Mg2+ insertion leads to a partial restoration of the EPR signal, 
especially when 0.4 mole of Mg2+ is inserted (g  = 2.00203 ± 
0.0004). This means that charge transformation process during 
Mg2+ intercalation is highly reversible.

The XPS spectra exhibit an asymmetric profile that can be 
deconvoluted in several components (Figure  4B). The Mn(II) 
and Mn(III) are detected in the pristine electrode at 640.7 ± 0.3  

Small 2023, 19, 2206010

Figure 4. Post-mortem analyses of MgMn0.5Zn0.5SiO4 cathode in Mg-cells. Ex situ EPR spectra of: A1) pristine, A2) charged to 2.9 V (extraction of 0.44 
Mg2+ per f.u.), and A3) charged to 2.9 V (0.44 Mg2+ per f.u.) and subsequent discharged to 0.4 V (0.4 Mg2+ per f.u.). Ex situ XPS analysis with detailed 
fitting of Mn 2p3/2 core level of: B1) pristine, B2) charged to 2.9 V (extraction of 0.44 Mg2+ per f.u.), and B3) charged to 2.9 V (0.44 Mg2+ per f.u.) and 
subsequent discharged to 0.4 V (0.4 Mg2+ per f.u.). Ex situ XRD patterns of: C1) pristine, C2) 1st charge to 2.9 V (extraction of 0.44 Mg2+ per f.u.), C3) 
1st charge/discharge to 0.4. C4) 6th charge to 2.9 V, and C5) 14th discharge to 0.4 V. Note that (*) symbol corresponds to the Ti substrate.
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and 642.3 ± 0.3  eV with the area ratios of 60.2 and 39.8%, 
respectively;[43] and the presence of Mn(III) in the pristine 
sample is ascribed to an inevitable oxidation of the particle 
surface. The satellite peak appeared at ≈646.8 eV (Mn(II)) van-
ished upon charge.[44] The contribution of Mn(III) and Mn(IV) 
increased to 68.1 and 21.5% when the electrode is charged 
to 2.9  V (extraction of 0.44 mole of Mg2+ per f.u.) and Mn(II) 
decreased to 10.4%.[45,46]. After a complete charge (extraction of 
0.44 mole of Mg2+ per f.u.) followed by discharge (0.4 Mg2+ per 
f.u.), the relative contribution of Mn(II) retrieved the values of 
the original sample (≈34.5%).

Moreover, to grasp the reaction intercalation mechanism, ex 
situ XRD patterns are collected after cycling (Figure  4C). The 
most intense peaks at 22.51°, 23.61°, 25.16°, 29.33°, 31.91°, 
35.23°, 35.98°, 39.14°, 41.38°, 51.60°, 54.21°, 55.18°, 60.92°, and 
61.66° belong to MgMn0.5Zn0.5SiO4. Those peaks marked with 
(*) at 38.2°, 39.96°, 52.85°, 62.84°, and 70.55° are assigned to 
the titanium current collector. The obtained lattice param-
eters on the first charge are a = 10.359(6) Å, b = 6.064(4) Å, c = 
4.790(3) Å, and V = 300.9(3) Å3, while after the first charge/dis-
charge a = 10.368(6) Å, b = 6.070(4) Å, c = 4.792(3) Å, and V = 
301.6(3) Å3. The calculated volume variation during charging is 
∆V = −2.4(5) Å3, which is less than 1%. It may not be a signifi-
cant variation during the discharge/charge process as observed 
from the lattice planes. The recorded cell parameter after the 
6th charge and 14th discharge are a = 10.355(9) Å, b = 6.065(5) Å,  
c = 4.788(4) Å, V = 300.7(4) Å3, and a = 10.350(7) Å, b = 6.063(4) Å,  
c = 4.785(3) Å, and V = 300.3(4) Å3, respectively, suggesting no 
significant changes. Thus, the reversible Mg2+ (de)insertion 
(from)into the MgMn0.5Zn0.5SiO4 sample accompanied by the 
redox activity of the Mn atoms is indirectly inferred by XPS 
spectra, in agreement with the electrochemical, ICP, EPR, and 
DFT results.

A comparison of the electronic population before and after 
Mg extraction derived from Mulliken populations[47] serves to 
analyze what species (the divalent cations Mg, M and Mn, and 
the [SiO4] anion) are involved in the redox process (Figure 5A,  
and Table S3, Supporting Information). In all cases an increase 
of the positive charge (decrease of the negative charge for 

oxygen) is observed. Concerning Mn, the calculated charge vari-
ation is very similar for all compositions. Also, Mg seems to 
be involved, with a similar contribution for all compositions 
excepting M = Zn, with a smaller contribution. Concerning M, 
the high value of Fe, similar to Mn, suggests that both cations 
could be involved on the redox process, resulting in a lower 
oxidation state and thus a lower voltage, as seen above. On the 
contrary, the contribution of Ca, Ni, and Zn is very small, and 
these elements seem not to be involved in the redox process. 
It is also worth noting the important contribution of the [SiO4] 
anion, as compared with divalent cations. When represented as 
a function of the calculated voltage, a general trend is observed 
as the voltage increases. The lower contribution of M the higher 
contribution of the [SiO4] anion is observed, while the contribu-
tion of Mg and Mn seems not to be affected by the voltage reac-
tion (Figure 5B).

The calculated values of percolation energy for Mg2+ in 
Mg1−xMn0.5Zn0.5SiO4 (x  = 0, 0.5) is 1.57 ± 0.02  eV, while the 
percolation energy for Na+ in Mg0.5Mn0.5Zn0.5SiO4 is 5 ± 
0.1  eV, entailing the percolation of Mg2+ through “b” axes is 
favored in comparison to Na+-ion (Figure 6). We think the 
distribution of electron density surrounding the molecules is 
inhomogeneous for MgMn0.5Zn0.5SiO4 in Mg-cell as compared 
to the hybrid concepts. These results can be perfectly in agree-
ment to the observed differences in polarization of ≈5.9 V for 
Na+-ion and 1.25  V for Mg2+-ion insertion (Figure  3A–C). To 
understand the role of Zn, we further calculated the percola-
tion energy of Zn2+ in the site M1 for MgMn0.5Zn0.5SiO4. The 
calculated value, 1.78 eV, is somewhat higher than that of Mg, 
1.57 eV, but not so high to hinder Mg2+ migration. Thus, the 
Zn2+ mobility can help the Mg extraction. On the contrary, the 
percolation energy for Mn2+ is 3.59 eV, confirming that the Mn 
atoms in M1 site are not mobile and can hinder Mg diffusion. 
As the Mn content in M1 site is lower in MgMn0.5Zn0.5SiO4 
than in MgMnSiO4, a higher Mg mobility is expected for 
MgMn0.5Zn0.5SiO4. Overall, we do not think that Zn promotes 
ionic mobility. Zn mobility/diffusion in solids is sluggish 
because of the high mass and high charge/radius ratio of Zn2+ 
cation. However, the mobility has been demonstrated in some 

Figure 5. Calculated charge variation for Mg, Mn, M, and [SiO4] group for the extraction of 0.5 Mg2+ per f.u. from MgM0.5Mn0.5SiO4 for: A) the different 
M elements, and B) as a function of the calculated voltage.
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materials, such as manganese oxides, vanadium oxides, lay-
ered sulphides, and Prussian blue analogues. This mobility, 
although sluggish, is higher than the mobility of Mn cations 
in the olivine phases studied, as revealed by the percolation 
energy. Thus, if Mn atoms share the diffusion tunnels with 
Mg, then Mn can block Mg diffusion. But if some Mn atoms 
are substituted by Zn, then this sluggish mobility of Zn could 
help the Mg diffusion, at least more than Mn can help. How-
ever, the side effect of the presence of Zn (replacing Mn) could 
be a diminished electronic conductivity. Both ionic and elec-
tronic conductivity could be responsible of the overall voltage 
hysteresis.[24,48]

Eventually, we extended the calculation of the percolation 
energy to the other M elements studied (Mg, Ca, Fe, Ni), to 
examine the potential application of these olivine-type compo-
sition for high power batteries, using the BVEL approach and 
softBV parameters. The calculated Mg2+ percolation energy is 
near the range 1.5 to 1.7  eV (Figure 6). For the sake of com-
parison, we have also calculated the percolation energy of 
Li+ in the system FePO4/LiFePO4 which varies in the range 
0.3 to 0.7  eV. According to these results, we conclude that 
olivine-type Mg1−xMn0.5M0.5SiO4 materials are promising 
for high energy and low power Mg2+-based batteries and 
applications.[49,50]

3. Conclusions

In summary, to the best of our knowledge, olivine-type 
MgMn0.5Zn0.5SiO4 material is reported here first, as well as 
its atomic coordinates and crystal structure revealed by XRD 
and Rietveld refinement, ICP, EPR, and XPS. This Zn-sub-
stituted phase is used as cathode material for Mg-batteries 
for first time using metallic Mg as anode. And it has not 
been used in the field of lithium and sodium ion batteries 
either. Additionally, the structural models for the disordered  
(Mg0.75Mn0.25)M1(Mg0.25Mn0.75)M2SiO4 phase and ordered 
(Mg)M1(Mn)M2SiO4 phase are reasonably explained before 
and after magnesium (de)-insertion. Zn is a cheap and 
inactive element in terms of electrochemical responses in 
MgMn0.5Zn0.5SiO4, but could decrease the capacity loss and 
improve the Coulombic efficiency. Our recent experience dem-
onstrates that Zn is a reliable strategy to improve the structural 
stability of layered sodium oxides for sodium-ion batteries. For 
example, serving as “pillars” to alleviate the structure destruc-
tion during repeated electrochemical cycling.[51,52] In this oli-
vine-type structure, Zn remains in M2 and M1 sites and helps 
to boost the cycling performance as compared to MgMnSiO4. 
Moreover, the experimental and theoretical calculation results 
demonstrate that partial replacement of Mn2+ in Oh sites by 
other divalent metal such as Zn2+ lowers the cell polarization 
in comparison to Na-cell counterparts, since the main instabili-
ties caused in Mn-tetrahedral such as in Li2MnSiO4 are avoided. 
Furthermore, this work foresees to extend the study to other 
divalent elements in olivine-type (Mg)M1(Mn0.5M0.5)M2SiO4 
structure with M = Ni2+, Ca2+, Fe2+, and Mg2+ which has effec-
tive impact on the voltage and the energy density as revealed 
by DFT calculations. According to the calculated Mg2+ percola-
tion energy we conclude that olivine-type Mg1−xMn0.5M0.5SiO4 
materials are particularly attractive for low power Mg2+-based 
batteries. Therefore, these results may open new approaches to 
design suitable cathodes for next generations’ Mg-batteries.

4. Experimental Section
Materials Preparation: The MgMn0.5Zn0.5SiO4 sample was prepared by 

a sol–gel process. The starting reagents, supplied by Merk-Sigma-Aldrich 
were magnesium (II) acetate tetrahydrate (Mg(CH3COO)2⋅4H2O), 
manganese(II) acetate tetrahydrate (Mn(CH3COO)2·4H2O), zinc 
(II) acetate tetrahydrate Zn(CH3COO)2·4H2O, and tetraethoxysilane 
(C8H20O4Si). For instance, 0.02575  mol Mg(CH3COO)2·4H2O 
are dissolved into 60  mL of ethanol and magnetically stirred for 
15  min. Next, 0.01213  mol of Mn(CH3COO)2·4H2O and 0.01213  mol 
of Zn(CH3COO)2·4H2O were added and stirred for 30  min. Then, 
0.02575  mol of tetraethoxysilane was poured into the previous 
solution and kept thoroughly stirring for 1  h. The mixture was stirred 
at 60 °C under reflux for 24  h to form a white suspension, which was 
then dried at 80 °C under vacuum for 24  h. To get an ≈5% of carbon 
coating around the silicate samples, 0.54  g of sucrose and 3.64  g of 
the MgMnMSiO precursor were ball-milled at 350  rpm for 20 h 
in acetone. After drying and thoroughly milling by hand, the obtained 
powder was pelletized and heated at 900 °C for 24  h under argon 
atmosphere. The model MgMnSiO4 sample was prepared using the 
similar procedure but without adding zinc to the solution.

Characterization: XRD patterns were recorded on a BrukerD8 Discover 
A25 diffractometer with Cu Kα radiation and Ge monochromator (λ  = 
1.5406 Å) and LYNXEYE detector at the scan rate of a 0.5°/min between 

Figure 6. The calculated values of percolation energy for Mg2+ in 
Mg1−xMn0.5M0.5SiO4 (x  = 0, 0.5) and the inset represents the Na+ in 
Mg0.5Mn0.5M0.5SiO4.
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15° and 90°. The TEM images and HAADF-STEM were performed at 
200 kV on a FEI Talos F200 microscope. To analyze the chemical state 
of the elements, an XPS (SPECS Phoibos 150 MCD) equipped with 
a monochromatic Al Kα source was used. The C 1s line of the carbon 
(284.6  eV) was used as the reference. EPR spectra were recorded in a 
Bruker EMX instrument operating at X-band and 9.75 GHz. Inductively 
coupled plasma mass spectrometry (ICP-MS) was performed with 
NexION 350X from PerkinElmer (Waltham, MA, USA) apparatus. A 
microwave system UltraWave by Milestone (Shelton, USA) was used for 
the digestion of the samples using a mixture of nitric and hydrofluoric 
acid (Suprapur de Merck).

Calculations: DFT calculations were carried out in the generalized-
gradient approximation (GGA) as implemented in the CASTEP code.[10] 
The PBEsol correlation potential and a density-mixing scheme with a 
conjugate-gradient Pulay solver were used. The selected k-point mesh 
was of ≈0.07 Å−1, following to the Monkhorts–Pack scheme. The cut-off 
energy was fixed at 600 eV. Spin polarized calculations were performed 
in all cases. Unit cell parameters and atomic coordinates were relaxed. 
The internal coordinates were optimized using the BFGS algorithm. The 
convergence conditions used were: energy, 10−5 eV per atom; max. force, 
0.03  eV Å−1; max. stress, 0.05  GPa and max. displacement, 10−3 Å. For 
the GGA + U correction the value Uf = 3.9 was used for the d-state of 
Mn, 5.3 V for Fe and 6.2 for Ni.[11] The percolation energy was calculated 
using BVEL approach, as implemented in the software BondStr software 
included in the FullProf Suite package. In calculations, soft bond valence 
parameters (softBV) were used. The structural parameters and atomic 
coordinates used in BVEL were those optimized by DFT.

Electrochemical Measurements: The electrodes were prepared by 
painting an 80:10:10 weight ratio mixture of MgMn0.5Zn0.5SiO4, carbon 
black, and polyvinylidene fluoride (PVDF) binder on Ti foils (99% purity 
and 0.127 mm thickness) followed by drying at 120 °C for 5 h. The anode 
was a metallic Mg ribbon (Aldrich, 99.5% purity). It was cleaned with 
H2O:HCl (ratio 40:1% vol.) and then dried at 80 °C. The cells were 
assembled in the glove box and galvanostatic charge–discharge tests 
were conducted on the LAND CT-2001A (Wuhan, China) and biologic 
VMP battery test systems. The electrolyte was 0.5  m Mg(TFSI)2 (with 
16% of water content) in DME (dimethoxymethane) as electrolyte 
as previously reported.[13,14] The cells were tested under controlled 
temperature between 25–27 °C. The Mg-cells and Na-cells were recorded 
at 5 mA g−1.

Ti||Mg cells were employed to quantify the Coulombic efficiency (CE) 
of the electrolyte and the overpotential caused by metallic Mg anode 
using constant current protocol with 0.008  mA cm−2 on discharge 
and 0.008–0.004  mA cm−2 on charge. Both foils were polished using 
sandpaper. For the Mg deposition on the Ti foil (1.54 cm2 active surface 
area) and calculation of CE, the method 1 described by Adams et al.[21] 
was used. A Neware battery testing station and a temperature control 
chamber set at 30 °C were used for such experiments.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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