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A B S T R A C T

In the burgeoning landscape of power source technologies, Mg-ion batteries have emerged as a promising 
alternative to the widely used Li-ion batteries due to the large natural abundance and divalence of magnesium. 
As an attempt to develop working Mg-ion batteries, for which securing efficient cathode materials with high 
energy density and ion mobility is crucial, we carry out electronic structure calculations based on density 
functional theory (DFT) to uncover high-performance garnet-type cathode materials, Mg3V1.5Cr3.5O12 (MVCO) 
and Mg3V3Mn2O12 (MVMO), for efficient Mg-ion batteries. Our DFT calculations demonstrate that MVCO 
(MVMO) not only achieves a high average voltage of 2.79V (2.69V) and energy density of 856 Wh/kg (821 Wh/ 
kg) but also presents small volume change of 4.5 % (4 %) and low ion migration barrier of 395 meV (190 meV). It 
is further found out that although oxygen atoms participate in the redox reaction during the (de)intercalation 
process, the strong orbital hybridization between oxygen and transition metal elements prevents forming (O- 
O)n− dimers and thus oxygen release is likely to be suppressed, ensuring structural stability. Combined with high 
likelihood of successful synthesizability as is evidenced through comparison with the amorphous limits, these 
materials properties make the proposed garnet-structured magnesium compounds appealing candidates for post- 
Li energy storage solutions.

1. Introduction

In the pursuit of sustainable energy solutions, the development of 
advanced battery technologies holds great promise. In this respect, Li- 
ion batteries have maintained a significant presence in the field of en
ergy storage owing to their superior attributes, including high energy 
densities, efficient Coulombic performance, minimal self-discharge rates 
and the ability to utilize various electrodes for a broad spectrum of 
chemical potentials [1–3]. Over the years, there have been numerous 
attempts towards the development of next-generation Li-ion batteries 
with high charge capacities and power densities, aimed towards appli
cations in, for instance, electric vehicles and aerospace applications 
[4–6] since conventional Li-ion batteries (e.g., LiCoO2, LiFePO4, and 
LiMn2O4) do not provide sufficient charge capacities and energy den
sities for certain applications such as stationary energy storage [7,8]. 
Alongside these efforts, search for the post-Li battery materials has 
intensified due to concerns regarding the issues of lithium scarcity 
arising from rapidly increasing demand and lack of lithium in nature. In 
this respect, magnesium-ion batteries present a promising alternative 

that addresses many of the challenges associated with Li-ion batteries. 
Moreover, magnesium, highly stable, abundant in nature (approxi
mately 104 times more than lithium) and widely distributed geograph
ically, offers a compelling solution to resource scarcity concerns [9,10].

In light of increasing concerns over lithium scarcity and the rapidly 
growing demand for lithium-based resources, research into post-Li 
battery technologies has expanded significantly. Prominent alterna
tives under active investigation include alkali-metal-ion batteries, such 
as sodium- and potassium-ion systems, as well as multivalent-ion bat
teries based on magnesium, calcium, or aluminum [11,12]. These 
emerging chemistries offer promising pathways to overcome resource 
constraints while maintaining high electrochemical performance. One of 
the most promising attributes of magnesium is its divalent nature which 
produces a Mg2+ ion during the oxidation processes. This divalency of 
magnesium contributes to a high specific capacity and volumetric en
ergy density. Particularly, the theoretical volumetric capacity of a 
Mg-ion battery is 3833 mAh/mL, nearly double that of Li ion battery 
(2046 mAh/mL) [9]. Furthermore, Mg-ion batteries hold a potential to 
overcome safety risks associated with lithium-based chemistries. The 
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tendency of forming lithium dendrites, which can lead to short circuits 
and thermal runaway, has been a persistent challenge in Li-ion battery 
technology [13,14]. In contrast, magnesium deposition and dissolution 
are expected to occur more homogeneously, reducing the likelihood of 
dendrite formation and enhancing battery safety [15–17]. As such, 
Mg-ion batteries present a potential for significantly longer lifespan 
compared to Li-ion batteries and can achieve faster charging time since 
Li-ion batteries must limit their charging rates to avoid dendrite 
formation.

Despite the compelling advantages, the widespread adoption of Mg- 
ion batteries faces several technical difficulties, particularly in the 
design of high-performance cathode materials. Firstly, although a high 
average voltage is necessary for industrial use, most Mg-ion cathode 
active materials currently operate within a low voltage range, leading to 
a reduced energy density. In TMXO4 (TM = Mn, Fe, Co, Ni and X = P, Si), 
the magnesiation voltages are 0.7–0.9V lower than lithiation voltages 
[18], and the average discharge voltage with TiS2 nanotubes is 0.98V, 
compared to 2.1V for lithiation in the same host material [19]. Secondly, 
the pronounced Coulombic effect of the Mg cation within the cathode 
materials induces a considerable energy barrier during the intercalation 
and deintercalation processes, resulting in diminished reversible ca
pacity. For instance, in spinel Mn2O4, the migration energy barrier for 
Mg2+ is 600–800 meV, whereas for Li+ it ranges from 400 to 600 meV 
[20]. And, the migration energy barrier for Mg2+ on a V2N monolayer is 
more than double that for Li+, with values of 0.058eV and 0.025eV, 
respectively [21]. The limited mobility of Mg2+ ions is attributed to both 
the strong ionic interactions and redistribution of divalently charged 
cations within the host materials [22].

In this work, we address these important issues by performing first- 
principles studies, aiming to discover and investigate of novel cathode 
materials with high energy density for Mg-ion batteries. In addition to 
complying with industrial goals, ideal cathode active materials must 
possess high ion mobility, high average voltage and small volume 
change for structural stability. Here, we propose novel garnet-structured 
materials, Mg3V3Mn2O12 and Mg3V1.5Cr3.5O12, as high-performance 
Mg-ion intercalation cathode active materials. Through first-principles 
density functional theory (DFT) calculations, it is shown that these 
materials exhibit high average voltages, high energy densities and low 
volume changes. Besides, the energy barrier for Mg-ion migration is 
sufficiently low that the high ion mobilities can be supported with the 
host materials to satisfy the requirements for rechargeable battery 
cathodes.

2. Methods

2.1. Crystal structures

To identify cathode materials, we carry out a combined accelerated 
screening over the Materials Project database with a machine learning 
model [23,24] and elemental substitution, which enables the discovery 
of novel Mg-ion cathode materials, Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12. 
Fig. 1(a) and (b) illustrate the structures of Mg3V1.5Cr3.5O12 and 
Mg3V3Mn2O12, which are in garnet-type structures [25,26] with an I4 3 
d space group and lattice constants of 10.55 Å and 10.6 Å, respectively. 
In the primitive cell of Mg3V1.5Cr3.5O12, there are six VO4 tetrahedra, six 
CrO4 tetrahedra and eight CrO6 octahedra. Each VO4 and CrO4 tetra
hedron is connected with CrO6 octahedra through a shared oxygen 
atom. The primitive cell of Mg3V3Mn2O12 contains twelve VO4 tetra
hedra and eight MnO6 octahedra. As in Mg3V1.5Cr3.5O12, each VO4 tet
rahedron is linked with CrO6 octahedra by a shared oxygen atom. In 
both structures, a dodecahedron is formed with the Mg-ion occupying its 
center.

2.2. Computational details

All DFT calculations are conducted with Vienna Ab initio Simulation 
Package (VASP) [27] by employing the projector augmented wave 
(PAW) method [28] and Perdew-Burke-Ernzerhof (PBE) parametriza
tion for generalized gradient approximation (GGA) to 
exchange-correlation functionals [29]. The energy cutoff for the 
Kohn-Sham wavefunction is set to be 520eV and Brillouin zone inte
gration is carried out over 2 × 2 × 2 k-point mesh [30] using Gaussian 
smearing methods with 0.05eV as a smearing parameter. It is noted that 
both the atomic positions and unit cell shapes are optimized. To accu
rately describe the localized nature of d-electrons in transition metal 
(TM) species, the GGA + U method, which incorporates a Hubbard-type 
potential (U) for the d-part of the Hamiltonian, is used with U set at 
3.25eV for vanadium, 3.7eV for chromium and 3.9eV for manganese, 
respectively [31–33]. It is noted that while several studies have included 
van der Waals interactions and zero-point energy corrections to enhance 
computational accuracy [34], such effects are expected to be negligible 
for the MVMO and MVCO structures since these materials are transition 
metal oxides and do not exhibit layered characteristics. To investigate 
ion migration, the climbing-image nudged elastic band (CI-NEB) method 
[35] is applied with five intermediate images, the crystal orbital overlap 

Fig. 1. Crystal structures of (a) Mg3V1.5Cr3.5O12 and (b) Mg3V3Mn2O12. The dashed lines denote the boundaries of the primitive cell.

S. Kim and J.-H. Lee                                                                                                                                                                                                                           Materials Today Advances 27 (2025) 100603 

2 



population (COOP) is analyzed with LOBSTER [36] to examine the 
bonding nature between TM elements and oxygen atom in host mate
rials. The COOP values reveal the character of the interatomic bond, that 
is, the positive (negative) COOP represents (anti-)bonding sates, and 
zero COOP describes nonbonding states, respectively. The COOP anal
ysis provides an insight into the material’s resistance to oxygen release 
which would lead to irreversible structural distortion.

To investigate synthesizability of the proposed structures, the 
amorphous limit as suggested by Aykol et al. [37] is calculated. To this 
end, ab initio molecular dynamics (AIMD) are conducted for the super
cells of Mg24V12Cr28O96, V12Cr28O96, Mg24V24Mn16O96 and V24Mn16O96 
with volume 20 % larger than the ground-state crystals. These supercells 
are subjected to melting at 5000 K for 5000 equilibrium steps and 5000 
production steps within an NVT ensemble with a 2 fs time step. To create 
amorphous structures, forty different snapshots are randomly selected 
from the production stage, which are then rapidly quenched to 0 K by 
performing conjugate gradient optimization on all geometric degrees of 

freedom. This process relaxes the configurations to the local minima of 
the corresponding basins in the potential energy landscape and de
termines the energies of the representative amorphous configurations. 
For statistical analysis, N configurations (N = 2, 4, 8, 16) are randomly 
selected from 40 quenched configurations, and the corresponding 
probability density functions (PDFs) representing the amorphous limit 
are generated from the amorphous energies, assuming the Gaussian 
distributions with standard deviation of 0.012eV/atom that is the 
maximum permissible levels of error for DFT calculations [37].

3. Results and discussion

3.1. Redox reactions in cathodes

To determine the elements participating in the redox process 
throughout the (de)intercalation processes, the magnetic moments for 
each atomic species are calculated since the variation in the magnetic 

Fig. 2. The magnetic moment distribution in (a–d) Mg3-xV1.5Cr3.5O12 and (e–h) Mg3-xV3Mn2O12 (0 ≤ x ≤ 3) as a function of Mg concentration. For each Mg con
centration, the heatmap of magnetic moment with atomic fraction ranging from zero (white) to one (black) is shown with different atomic species: (a, e) Mg, (b, g) V, 
(c) Cr, (f) Mn, (d, h) O.
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moments provides insights into the oxidation states and electronic 
configurations of the atomic species, enabling identification of the pri
mary participants in the redox reactions. As is shown in Fig. 2, the 
average magnetic moments of chromium in Mg3V1.5Cr3.5O12 decrease 
from 2.93μB to 2.65μB for CrO6 octahedra and from 2.97μB to 0.16μB for 
CrO4 tetrahedra, respectively, during the deintercalation process. 
Similarly, the average magnetic moments of manganese in 
Mg3V3Mn2O12 decrease from 4.54μB to 3.06μB. In contrast, the 
remaining atomic species in both compounds show nearly unchanged 
magnetic moments. This indicates that charge compensation occurs 
primarily through chromium at Mg3V1.5Cr3.5O12 and manganese at 
Mg3V3Mn2O12, respectively, during Mg-ion (de)intercalation process, 
thus playing the role of the redox centers.

3.2. Convex hull and voltage profile

In order to analyze the relative thermodynamic stability of partially 
Mg-ion removed phases during th(de)intercalation process, we calculate 
the formation energy convex hulls, which are also utilized to evaluate 
the voltage profiles associated with the electrochemical insertion or 
extraction of cations. To this end, symmetrically distinct structures 
containing partially removed Mg-ions are generated using Pymatgen 
package [38], which is followed by calculating the formation energy of 
each distinct structure with respect to Mg-ion concentration. The convex 
hull of the formation energy curve is then constructed through con
necting all the ground state energies along the (de)intercalation path as 
is illustrated in Fig. 3(a) and (b). The negative formation energies of 
Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12 suggest that the corresponding 
structures are thermodynamically stable during magnesiation, whereas 
the positive formation energy rule out the presence of 
Mg2.75V1.5Cr3.5O12. According to the convex hull formation energies, six 
stable structures for Mg3V1.5Cr3.5O12 and seven stable structures for 
Mg3V3Mn2O12 are identified, which suggests that insertion of magne
sium of Mg3V1.5Cr3.5O12 (Mg3V3Mn2O12) takes place in seven (eight) 
steps. In both Fig. 3(a) and (b), there is a convex curve, indicating that 
different phases may coexist [39]. Addressing the phase coexistence and 
configurational disorder is an important direction for future work.

The voltage (vs Mg/Mg2+) between two different Mg-ion fractions is 
calculated with 

Vx1 ,x2 =
EDFT

x1
− EDFT

x2
− (x1 − x2)EDFT

r

2(x1 − x2)F
.

Here, EDFT
xi 

(i = 1,2) represent the total energy of the proposed materials 
with xi cation concentrations, EDFT

r is the ground-state energy of the 
metallic Mg, and F denotes the Faraday constant, respectively. The 
factor 2 in the denominator accounts for the number of electrons carried 
by cation Mg2+ [40].

Fig. 3(c) and (d) illustrate the discharge voltage profiles for the stable 
phases along the (de)intercalation path for the Mg3V1.5Cr3.5O12 and 
Mg3V3Mn2O12, respectively. For Mg3V1.5Cr3.5O12, the voltage ranges 
between 2.25 and 3.55 V with an average value of 2.79 V vs Mg/Mg2+

over the full intercalation path. For Mg3V3Mn2O12, on the other hand, 
the voltage ranges between 0.53 and 3.97 V with 2.69 V as an average. 
These voltages result in gravimetric and volumetric energy densities of 
856 Wh/kg and 3300 Wh/L for Mg3V1.5Cr3.5O12, and 820 Wh/kg and 
3133 Wh/L for Mg3V3Mn2O12, respectively. Significantly, the average 
voltages of the proposed cathode active materials are more than twice 
those of previously studied Mg-ion battery materials, and, moreover, 
surpass the industrial goal for energy density by more than a factor of 
two.

3.3. Anion redox chemistry

Fig. 4 illustrates the projected density of states (PDOS) for 3d elec
trons of TM atoms and 2p electrons of oxygen atoms in MgxV1.5Cr3.5O12 
and MgxV3Mn2O12 (0 ≤ x ≤ 3). As is illustrated by the PDOS of O-2p, 
the removal of an electron from the O-2p states during the full demag
nesiation process suggests that the oxygen atoms are likely to act as a 
redox-active site. For such anionic redox reactions (ARRs), the irre
versible oxygen release is frequently observed, which can lead to sig
nificant degradation of the structural integrity of the cathode active 
materials, thus reducing their lifespan and overall performance [41].

However, as is shown in Fig. 4, the PDOS of TM-3d orbitals in 
V1.5Cr3.5O12 and V3Mn2O12 predominantly make orbital overlap with 
the PDOS of O-2p orbital near the Fermi level, indicating strong orbital 
hybridization between TM-3d and O-2p orbitals. Additionally, the Bader 
charge analysis in Fig. 5 demonstrates that the charge density around 
chromium and manganese (oxygen) atoms gradually increases (de
creases) as Mg-ion is deintercalated. This synchronous variation in the 
charge density highlights the strong electronic coupling between the 
chromium/manganese and oxygen atoms. This is similar to the cases of 
Li-ion cathode materials, for example, in ordered Li1-yNb1/3Ni2/3O2, the 
averaged Bader charge for Ni (O) progressively increases (decreases) as 
a result of strong hybridization between Ni-3d and O-2p orbitals and 

Fig. 3. Formation energy convex hull construction (a, b) and corresponding voltage profile (c, d) for MgxV1.5Cr3.5O12 and MgxV3Mn2O12. The formation energies of 
all symmetrically distinct phases are indicated by gray crosses, and stable phases for each Mg-ion concentration are highlighted with solid circles. Energetically stable 
phases for each Mg-ion concentration are connected by gray dashed lines and intermediate metastable phases are connected by orange lines.
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enhanced covalency of Ni-O bonds [42]. Furthermore, charge density 
maps were analyzed to provide an intuitive visualization of charge 
distribution, as shown in Fig. S1. The results reveal a pronounced co
valent bonding between oxygen atoms and transition metal species, 
which contributed to the structural stabilization of both MVMO and 
MVCO.

It should be noted that the strong hybridization between the O-2p 
and TM-3d orbitals stabilizes the oxygen species, preventing forming O2 
molecules and thereby mitigating oxygen gas release despite the ARR 
activity during the intercalation processes. For example, in layered oxide 
cathodes, orbital hybridization between TM-d and oxygen 2p orbitals 
leads to the formation of (TM-O) bonding and (TM-O)* antibonding 
states. The bonding states, which are below the Fermi level, are crucial 

for maintaining the crystal structure and indicate a strong covalent 
interaction between TM and O, forming stable oxygen dimers and pre
venting O2 release [43–45]. Also, the ordered Na2RuO3 has been re
ported to suppress oxygen gas release due to significant orbital overlap 
between Ru-4d and O-2p orbitals [46]. Consequently, the strong orbital 
hybridization in Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12 is highly likely to 
preserve the structural integrity and longevity despite the involvement 
of oxygen atoms in the redox process.

To obtain an insight into the bonding nature, the COOPs between 
chromium and oxygen, between manganese and oxygen, and between 
oxygen atoms are calculated and presented in Fig. 6 for the Cr-O bonds 
and O-O bonds in V1.5Cr3.5O12 (Fig. 6(a) and (b)) and for the Mn-O bonds 
and O-O bonds in V3Mn2O12 (Fig. 6(c) and (d)), respectively, within the 

Fig. 4. (a–e) PDOS for (a–e) MgxV1.5Cr3.5O12 and (f–j) MgxV3Mn2O12 with x varing from 3 to 0. The TMs, including V, Cr, Mn, 3d orbital states are shown in green 
and oxygen 2p orbital states are colored in red.
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anionic redox regime. For V1.5Cr3.5O12, the Cr-O bonds (Fig. 6(a)) shows 
that positive COOP (bonding states) predominates across nearly the 
entire energy range below the Fermi level for both spin-up and -down 
electrons whereas slight negative COOP (antibonding states) appears for 
spin-up electrons within 0.4 eV from the Fermi level. In contrast, the O-O 
bonds shows that negative COOP prevails for both spins (Fig. 6(b)). 
Similarly, while the COOP reveals positive values regardless of spins in 

the Mn-O bonds of V3Mn2O12, as illustrated in Fig. 6(c), the O-O bonds 
mostly show negative COOP, especially near the Fermi level. It is thus 
understood that electrons are withdrawn from the antibonding O-O 
states during the ARR process. However, the bonding states between the 
Cr-3d, Mn-3d and O-2p orbitals are nearly unchanged, which prevents 
forming (O-O)n− dimers, implying that oxygen release is highly 
unexpected.

Fig. 5. Bader charge analysis for Cr and O ions in (a) Mg3-xV1.5Cr3.5O12, and Mn and O ions in (b) Mg3-xV3Mn2O12 as a function of x (0 ≤ x ≤ 3). Gray cross symbols 
denote Bader charges for individual ions while averaged Bader charges are shown as circles with color-coded lines with blue (Cr), purple (Mn), and red (O).

Fig. 6. The COOP of (a) Cr-O and (b) O-O bonds in V1.5Cr3.5O12, and (c) Mn-O and (d) O-O bonds in V3Mn2O12. Cr-O bond and Mn-O bond are depicted with green 
lines for spin up states and blue lines for spin down states. O-O bonds are represented by yellow lines for spin up states and red lines for spin down states. The vertical 
dashed line in each plot denotes the Fermi level.
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To assess the chemical stability under operating conditions, AIMD 
simulations were performed at 300 K for 10 ps following an initial 10 ps 
equilibration period. As is shown in Fig. S2, the system exhibited stable 
total energy throughout the simulation, with no significant fluctuations, 
indicating strong structural and thermal stability at room temperature. 
Notably, both MVMO and MVCO retained their structural integrities 
without evidence of structural phase transition or bond dissociation, 
supporting their potential for practical applications in ambient battery 
environment.

3.4. Structural stability

Since the lifespan of cathode active materials is strongly influenced 
by structural stability, the structural stability of the candidate materials 
is assessed from the volume changes occurring during the full Mg-ion 
(de)intercalation process. Two graphs in Fig. 7 present the volume 
changes during the full intercalation process for the two garnet-type 
compounds. As is shown in Fig. 7(a), the volume of Mg3-xV1.5Cr3.5O12 
slightly decreases from 4.5 % to 4.8 % maximum at x = 1 and steadily 
increases as x increases from 1 to 3, indicating a gradual expansion of 
the crystal structure compared to the fully intercalated state. In contrast, 
Mg3-xV3Mn2O12 reveals a more complex volume change behavior (Fig. 7
(b)). Initially, there is a significant increase in volume by 4 %, which is 
followed by a decrease to around − 1.5 % at x = 2.5, and a slight increase 
thereafter. These results suggest that Mg3V1.5Cr3.5O12 undergoes a uni
form expansion during intercalation by 3.0 % on average during the 
overall intercalation process, whereas Mg3V3Mn2O12 experiences com
parable volumetric fluctuations with an average volume decrease of 1.9 
%. This level of structural change is well within the acceptable range for 

rechargeable intercalation cathodes and favorably compares with both 
previously reported multivalent ion battery materials [47] and com
mercial lithium cathodes such as layered LiCoO2 and olivine LiFePO4 
which have volume changes of 5.6 % and 6.8 %, respectively [48,49].

To further investigate structural changes, the variations in lattice 
parameters for both materials are presented in Fig. S3. These parameters 
include the lattice constants a, b, and c as well as the angles α, β, and γ 
between cell edges. As is shown in Fig. S3 (a-c) and (g-i), the lattice 
lengths exhibit tendency consistent with their volume changes with 
maximum deviation of approximately 4 % along the electrochemically 
stable path. In Mg3-xV1.5Cr3.5O12, the lattice length variation remains 
below 4 % for both chemically stable and unstable phases. In contrast, 
Mg3-xV3Mn2O12 exhibits similarly small changes in stable phases but 
exceeds 4 % in certain unstable configurations. The lattice angles remain 
nearly constant, except for the γ angle in Mg3-xV3Mn2O12, which de
viates by approximately 4 % at x = 1. 5. Overall, the modest changes in 
both lattice dimensions and volume suggest that mechanical Fig. 7. Relative volume changes compared to the fully deintercalated structure 

for (a) Mg3-xV1.5Cr3.5O12 and (b) Mg3-xV3Mn2O12. Volume changes for sym
metrically distinct structures are indicated by gray crosses, while those of 
energetically stable structures are shown in solid triangles. Intermediate 
metastable phases are connected via orange dashed lines.

Table 1 
Calculated elastic constants, bulk (B), shear (G) and Young’s moduli (E) for 
Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12 in charged and discharged states. B, G and E 
of LiFePO4 [54] and LiCoO2 [55] are presented for comparison purposes. All 
values are in units of GPa.

C11 C12 C44 B G E

Mg3V1.5Cr3.5O12 293.04 108.09 93.54 169.74 93.11 236.15
V1.5Cr3.5O12 247.87 90.65 83.05 143.06 81.24 204.94
Mg3V3Mn2O12 188.43 150.76 97.37 163.32 51.23 139.13
V3Mn2O12 252.47 96.82 91.67 148.70 85.86 216.00
LiFePO4 ​ ​ ​ 93.9 48.4 123.9
FePO4 ​ ​ ​ 73.6 51.4 125.0
LiCoO2 ​ ​ ​ 171.95 111.38 165.74
CoO2 ​ ​ ​ 96.87 41.71 108.52

Fig. 8. Mg-ion migration path of (a) Mg2.75V1.5Cr3.5O12 and (b) 
Mg2.5V1.5Cr3.5O12. Site 1, 3 and 4 correspond to the centers of dodecahedra and 
site 2 corresponds to the center of octahedra. (c) Mg-ion migration barriers with 
five intermediate images are depicted in green solid line for Mg2.75V1.5Cr3.5O12, 
green dashed line for Mg2.5V1.5Cr3.5O12, red solid line for Mg2.75V3Mn2O12, and 
red dashed line for Mg2.5V3Mn2O12.
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deformation during discharge is likely to be minimal.
Structural stability is also investigated from a mechanical viewpoint. 

It is known [50] that in terms of the elastic constants Cij, the conditions 
for the mechanical stability of cubic structures are given by 

C11− |C12|> 0,C11 + 2C12 > 0,C44 > 0.

As is seen from Table 1, the elastic constants for (de)intercalated 
phases of both Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12 clearly satisfy the 
stability conditions. It is further noted that bulk (B), shear (G) and 
Young’s moduli (E), which quantify resistance to volumetric and shape 
deformations, hold a special importance in battery applications since 
cathode materials are subjected to repeated volumetric changes during 
the (de)intercalation processes. Table 1 also shows a comparison of B, G 
and E between the proposed cathode materials and widely used Li-based 
cathode materials, LiFePO4 and LiCoO2. As is seen from the table, the 
elastic moduli of Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12 are within the 
range of those of LiFePO4 and LiCoO2, which implies mechanical reli
ability during operation.

3.5. Mg-ion migration barrier

To investigate the Mg-ion diffusion within the host material, we 
employ the CI-NEB approach [35] to calculate the energy barrier for the 
Mg-ion migration, referred to as the migration barrier, which crucially 
affects the ion conductivity. For the garnet-type cathode materials, each 
Mg atom is neighbored by four magnesium atoms that are 3.73 Å (3.75 
Å) apart for Mg3V1.5Cr3.5O12 (Mg3V3Mn2O12). It is found that the 
diffusion of Mg-ions follows a migration path from one dodecahedron 
center (site 1) to an adjacent dodecahedron center (site 3), mediated by 
an intermediate octahedron center (site 2) as illustrated in Fig. 8(a). The 
corresponding energy barrier is presented in Fig. 8(c) as a function of the 
migration distance for different compositions of the proposed cathode 
materials. For more discharged states, Mg2.75V1.5Cr3.5O12 and 
Mg2.75V3Mn2O12, the migration barriers are 687 meV and 415 meV, 
respectively. It is noted that the upper limits of the ion migration barrier 
are 525 meV for micron-sized particles and 650 meV for nano-sized 
particles, respectively, to ensure adequate battery operation [51]. The 

high migration barrier observed in Mg2.75V1.5Cr3.5O12 is attributed to 
the repulsion between the Mg ion at site 4 and the migrating Mg ion 
passing through site 2. This interaction results in an unstable migration 
path that deviates slightly from site 2, causing a less direct and more 
erratic trajectory (Fig. 8(a)).

To address this issue, additional magnesium vacancy is introduced 
by removing the Mg ion at site 4 in Fig. 8(a). This adjustment allows the 
Mg ion passing through site 2 to follow a more stable migration path, as 
depicted in Fig. 8(b), which results in the reduction of the migration 
barrier to 395 meV for Mg2.5V1.5Cr3.5O12 and 190 meV for 
Mg2.5V3Mn2O12, respectively. These reduced migration barriers are 
comparable to those reported for other multivalent ion battery materials 
[47] and fall within commercially viable ranges, suggesting that even 
with minimal Mg-ion extraction, the proposed cathode materials can 
achieve efficient ion conductivity, which proves their high potential for 
practical applications in Mg-ion batteries.

3.6. Synthesizability

While evaluating battery performance is an important task for the 
newly proposed cathode active materials, it is also of great interest to 
assess their thermodynamic stability to determine if the materials can be 
synthesized and maintained under practical conditions. To this end, the 
energy above hull (Ehull) calculations, which states the relative stability 
of a compound with respect to the most stable phases of the same 
composition, are employed. In cases of Mg3V1.5Cr3.5O12 and 
Mg3V3Mn2O12, the energies above the hull are 237.7 and 191.3 meV per 
atom, respectively, and for their deintercalated phases, V1.5Cr3.5O12 and 
V3Mn2O12, the energies above hull are 138.8 and 162 meV per atom, 
respectively. An energy above hull less than approximately 50 meV per 
atom is generally considered to indicate a high likelihood of stability and 
synthesizability under typical conditions. It should be noted, however, 
that according to the Materials Projects database [33], 40.5 % of oxides 
with Ehull≤50 meV/atom have been experimentally confirmed, and 
moreover, 25.2 % of oxides with 50≤Ehull≤250 meV per atom have been 
experimentally verified. This observation suggests that while a lower 
energy above hull generally implies a higher likelihood of 

Fig. 9. Ehull for (a) Mg24V12Cr28O96, (b) Mg24V24Mn16O96, (c) V12Cr28O96, and (d) V24Mn16O96 with the corresponding PDFs for amorphous limits. In each plot, the 
left (right) dashed line represents the ground state energy (Ehull) of each material.
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synthesizability, a significant number of materials within 50–250 
meV/atom range of Ehull are also experimentally realizable. For 
instance, garnet-structured compounds such as Gd3Sc2(GaO4)3, 
Ba3Al2(SiO4)3 and Mg3Mn2(SiO4)3 have been experimentally synthe
sized despite exhibiting relatively high Ehull of around 691, 272 and 115 
meV per atom, respectively, further supporting the notion that meta
stable garnet structures can still be synthesizable [52,53].

To gain further insights into synthesizability, the energies of the 
corresponding amorphous structures are calculated since they represent 
the thermodynamic upper limits to the free energy scale for synthesiz
ability of metastable crystalline polymorphs [37]. As is seen from the 
PDFs presented in Fig. 9(a) and (c), the proposed materials have their 
energies above the hull predominantly below the corresponding amor
phous limits, demonstrating a high likelihood of successful synthesis of 
Mg3V1.5Cr3.5O12 and V1.5Cr3.5O12. In contrast, the PDFs presented in 
Fig. 9(b) and (d) reveal that the deintercalated structures exhibit Ehull 
close to the lower bound on their respective amorphous limits. However, 
the portions of the area under the PDFs lower than Ehull for 
Mg3V3Mn2O12 and V3Mn2O12 are merely 6 × 10− 3 and 5 × 10− 4, 
respectively, with a sample size of N = 16, which suggests that the 
deintercalated states also have a sufficient likelihood of successful 
synthesis.

4. Conclusion

In the present study, we have proposed two promising candidates for 
Mg-ion cathode active materials: Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12. 
DFT calculations have revealed that these materials exhibit high volt
ages of 2.79V and 2.69V and outstanding energy densities of 856 Wh/kg 
and 821 Wh/kg, respectively. Additionally, Mg-ions in these materials 
are shown to have low energy barriers for migration which will be 
beneficial during the (de)intercalation process. Furthermore, the cal
culations of the corresponding amorphous limits indicate that both 
materials are highly likely to be synthesized. Table 2 presents the volt
ages, theoretical capacities, migration barrier and volume changes of 
Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12 together with those of commercial 
Li-ion cathode, LiCoO2 and LiFePO4. This comparison certainly dem
onstrates the potential of Mg3V1.5Cr3.5O12 and Mg3V3Mn2O12 as high- 
performance cathode active materials that can be as competitive as Li- 
based cathode materials. The development of the new cathode mate
rials can drive advancement in battery industry, which could contribute 
to the broader adoption of Mg-ion batteries in various technological 
sectors, including electric vehicles and grid-scale energy storage 
applications.
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