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The electrochemical and Mg ion diffusion properties of 

tavorite-Mg0.5FeSO4F was studied by using First principles 

calculations. A discharge voltage about 2.52 V versus 

Mg/Mg2+ corresponding to the redox couples of Fe
3+/Fe2+ was 

predicted for tavorite-Mg0.5FeSO4F, and the experimental 

diffusion coefficient for Mg-vacancy in Mg0.5-xFeSO4F is 

expected to be in the same order of magnitude with that of Li-

vacancy in Li1-xFeSO4F. 

Rechargeable batteries with high specific energy, high safety and 
high specific power density are critical for clean and recyclable 
energy storage. Li ion batteries, Li-air battery and Li-Sulfur battery 
have been widely studied. Especially, lithium ion batteries (LIBs) 
have already been used in portable electronic devices. Besides, Mg 
ion batteries (MIBs) were also studied because of its safety of 
handling, higher volumetric energy density and low cost. Since 
Aurbach et al. assembled a prototype rechargeable magnesium 
batteries1 in standard coin cells, many researchers have been 
working toward developing new cathode materials for MIBs. Tao et 
al. studied the electrochemical properties of TiS2 nanotubes2 as a 
cathode material for Mg ion batteries, and a discharge capacity about 
236 mAhg-1 was achieved at 10 mAg-1. Ichitsubo et al. found that 
magnesium complex oxides3 such as MgCo2O4, Mg0.67Ni1.33O2 and 
MgNiO2 exhibit high open circuit voltage exceeding 3V. Mitelman 
et al. found that CuMo6S8 can serve as a fast cathode material for 
rechargeable Mg ion batteries4. Liang et al. assembled a battery with 
graphene-like MoS2 cathode and ultrasmall Mg particles5, which 
exhibits a voltage of 1.8 V and a reversible capacity about 170 
mAhg-1. Although much significant research about Mg ion batteries 
has been performed, only a few materials can serve as cathode for 
MIBs. One of the obstacles is the low Mg ions mobility in most of 
the cathode materials6-8. Hence, develop new cathode materials with 
high Mg ion mobility is critical for the development of MIBs. It is 
worth noting that first principles calculations has been widely used 
to predict the diffusion coefficients for Li+ and Mg2+ in electrode 

materials9-18. By performing first principles calculations, many host 
materials such as V2O5

15, Zigzag MoS2 Nanoribbon12, MgFeSiO4
19, 

CaFe2O4-type MgMn2O4
20 and MgVPO4F

14 have been investigated 
as electrode materials in MIBs. By far as we know, the theoretical 
study of FeSO4F as a cathode materials for MIBs has not been 
performed. 
It is known that LiFeSO4F exist in two polymorphs21: tavorite and 
triplite. In addition, theoretical study expected that the tavorite form 
would have batter Li+ transport property than triplite form22. In this 
paper, the crystal structures of tavorite-FeSO4F and Mg0.5FeSO4F 
were studied by performing first principles calculations. The OCV 
for Mg0.5FeSO4F as cathode materials for MIBs were predicted, and 
the electronic structures and Bader charge for MgxFeSO4F(x=0, 0.5) 
were studied in detail to reveal the redox mechanism as Mg insert 
into tavorite-FeSO4F. Finally, the energy barrier for Mg-vacancy 
diffusion along [010] direction of the super cell was investigated. 

All the calculations in this paper were performed using the Vienna 
ab initio simulation package (VASP)23, the exchange and correlation 
energy functional was treated by the Perdew–Burke–Ernzerh of 
variant of the generalized gradient approximation (GGA)24. 
GGA+U25 approach was used to take into account the strongly 
correlated character of the d electrons of Fe atoms, and the Ueff=4.0 
eV was adapted for Fe, similar values have been used in Ref26 and 
Ref21. Interaction between ion and electrons were described with 
projector augmented wave pseudo potentials (PAW)27, 28 approach. 
The following electronic states were treated as valance electrons: 
Fe(3d74s1), S(3s23p4), O(2s22p4), F(2s22p5), Li(2s12p0), and the cut 
off energy for the plane wave basis set was set to be 500 eV, and the 
total energy was converged to 10-5 eV. In addition, the spin 
polarization was taken into account along with the ferromagnetic 
(FM) and antiferromagnetic (AFM) arrangement. A k-points 
sampling of 5×5×5 was used to ensure the energies were converged 
within 5 meV per formula unit. To investigate Mg ion diffusion 
kinetics, a super cell containing 1×2×1 unit cells was constructed, 
and k-points sampling of 3×1×3 was used. The activation barriers 
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were calculated with the climbing-image nudged elastic band (Cl-
NEB)29 method implemented in VASP, and the Cl-NEB calculations 
were deemed to be converged when the force on each image was less 
than 0.03 eVÅ-1. 

The crystal structure of tavorite-LiVPO4F was used as a template 
and a super cell containing four formula units of tavorite-LiFeSO4F 
was constructed. To obtain the crystal structure of Mg0.5FeSO4F, two 
of the four Li ions were replaced with Mg ions, and the other two Li 
ions were removed. The most stable Mg ions configurations for 
Mg0.5FeSO4F were used for the following calculations. To obtain the 
crystal structure of Mg0.25FeSO4F and FeSO4F, Mg ions were 
removed from Mg0.5FeSO4F and following with fully relaxation. The 
calculations predict an AFM ground states for both Mg0.5FeSO4F 
and FeSO4F. The stability of intermediate phase Mg0.25FeSO4F was 
analysed by calculating the formation energy of Mg0.25FeSO4F 
with the following expression: 

0.25 4 0.5 4 4(Mg ) [0.5 (Mg ) 0.5 ( )]fE E FeSO F E FeSO F E FeSO F= − +  

Where E(MgxFeSO4F) is the total energy per formula of 
MgxFeSO4F. The formation energy for the most stable configuration 
of Mg0.25FeSO4F is 0.05 eV per formula, indicating that solid 
solution Mg0.25FeSO4F is energetically unfavorable at low 
temperature. Hence, phase separation of Mg0.5FeSO4F/FeSO4F is 
expected when Mg is extracted from Mg0.5FeSO4F and a flat 
charge/discharge voltage curve was predicted for 
Mg0.5FeSO4F/FeSO4F. 

 
The crystal structure of Mg0.5FeSO4F was shown in Fig.1. Fe atoms 
locates in an octahedral site, FeO4F2 octahedra connect each other 
through F atoms, forming a 1-D chain along [-110] direction.  The 
SO4 tetrahedra share corners with FeO4F2 octahedra and link the 
FeO4F2 octahedra together. 
 
 

Table 1 The lattice parameters of FeSO4F and Mg0.5FeSO4F. 

 
 a(Å) b(Å) c(Å) α(°) β(°) γ(°) V(Å3) 

FeSO4F 

This work (unit cell) 7.026 7.400 7.720 91.215 90.274 61.231 351.726 

This work (primitive cell) 5.207 5.232 7.354 107.695 109.285 95.394 175.865 

Calc.21 5.226 5.216 7.388 108.397 109.783 93.708 176.464 

Exp.30 5.074 5.082 7.336 110.975 111.189 88.157 163.640 

Mg0.5FeSO4F 
This work (unit cell) 7.199 7.764 8.048 91.312 92.069 60.554 391.508 

This work (primitive cell) 7.199 7.560 8.048 89.378 87.931 63.424 391.508 

The obtained lattice parameters of tavorite-FeSO4F and 
Mg0.5FeSO4F are compared with previous theoretical and 
experimental data as shown in Table1. FeSO4F is crystallized in the 
triclinic space group P-1 with two iron atoms occupy at 1a (0, 0, 0) 
and 1b (0, 0, 1/2) site respectively, and with O, S and F atoms 
occupy at 2i sites. The lattice parameters for primitive cell are in 
good agreement with previous calculation21. The computed volume 
is about 7.4% larger than the experimental value30, and the lattice 
parameters are slightly overestimated compared with the 
experimental values30, which is a reasonable error for the use of 
GGA+U17, 31. Mg0.5FeSO4F is also crystallized in the triclinic space 
group P-1 but with all the atoms occupy at 2i sites, and only the cell 
shape were changed after impose symmetry on the unit cell. The 
volume expansion from FeSO4F to Mg0.5FeSO4F is about 11%, 
which is similar with the volume change as the lithiation of FeSO4F.  
The average OCV was obtained by calculating the difference of Mg 
chemical potential between cathode (tavorite-FeSO4F) and anode 
(Mg).20 

Fzxx

MgExxFTMPOMgEFTMPOMgE
E totxtotxtot

OCV
)12(

)()12()()( 4142

−

−+−
=

 

Where Etot(Mgx1FeSO4F) and Etot(Mgx2FeSO4F) are the total energy 
of Mgx1FeSO4F and Mgx2FeSO4F respectively, Etot(Mg) represents 
the energy of metallic Mg in hexagonal structure. Moreover, F is the 
Faraday constant and z is the charge (electrons carried by Mg2+). The 
chemical potential of the Mg metal with a hexagonal structure was 
considered as the anode material, and a Monkhorst-Pack mesh of 
(15×15×15) of k-points was used for calculations of metallic Mg. 
The calculated OCV for Mg extraction from Mg0.5FeSO4F is about 
2.52 V versus Mg/Mg2+. The voltage for magnesiation was about 1.1 
V lower than that of lithiation (3.62 V26), which is similar with the 
voltage for magnesiation and lithiation of olivine compounds19.  

 

Fig.1 Crystal structure of Mg0.5FeSO4F: the golden yellow octahedra 

represent FeO4F2, the yellow tetrahedron represent SO4, the red spheres 

represent O, the dark gray spheres represent F and the orange spheres 

represent Mg. 
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In order to analyse the reduction mechanism as Mg insert into 
FeSO4F, the total density of states (TDOS) and partial density of 
states (PDOS) of FeSO4F and Mg0.5FeSO4F with AFM order were 
calculated. For FeSO4F, the states of O2p between -9 eV and -5 eV 
are overlap strongly with S3p states. This indicated the existent of 
S3p-O2p covalent bond in FeSO4F. The strong overlap between Fe3d 
and O2p (F2p) states is obvious, indicating that the covalent Fe-O(F) 
bond is formed between Fe3d and O2p (F2p) states. The valance states 
near the Fermi level are dominated by O2p orbital, and the states at 
bottom of conduction band are mainly contributed by Fe-3d orbitals, 
indicating that FeSO4F appears to be a charge-transfer (CT) 
insulator. As Mg insert into FeSO4F to form Mg0.5FeSO4F, the Fermi 
level shift toward higher energy. The results also confirm the 
covalent bond between S3p and O2p and between Fe3d and O2p (F2p) 
states, which indicating the crystal structure was stable after the Mg 
ions intercalation. And an additional Fe3d band is filled, which is 
known as the lower Hubbard bands. The Fe3d band in the conduction 
band are found between 2.5 eV and 4.5 eV, which form the upper 
Hubbard bands. These features show that Mg0.5FeSO4F is most 
likely a Mott-Hubbard (MH) insulator. Hence, a CT to MH 
transformation was predicted for FeSO4F/ Mg0.5FeSO4F system. Cai 
et al. also predicted a similar CT to MH transformation in the 
FeSO4F/ LiFeSO4F system32 by first principles calculations. 
 
Table 2 The average Bader charges around each nucleus in FeSO4F and 

Mg0.5FeSO4F. 

Compound name 

Average Bader charge(e) 

Fe S O F Mg 

FeSO4F +1.93 +3.91 -1.29 -0.66  

Mg0.5FeSO4F +1.51 +3.86 -1.36 -0.77 +1.70 

 
As Mg ions insert into cathode, electron would transfer from anode 
to the cathode material through the external circuit to maintain 
electrically neutral. To analyse the charge transfer mechanism 
accompanying with Mg ions intercalation quantitatively, the average 
Bader charge33-35 around each nucleus in FeSO4F and Mg0.5FeSO4F 
were calculated. As shown in Table 2, the Bader charges on Mg in 
Mg0.5FeSO4F is +1.70 e, indicating the ionization of Mg. The charge 
of Fe are more than +3 e for FeSO4F and +2 e for Mg0.5FeSO4F, and 
the charge on O and F are also less than the classical oxidation state 
of O2- and F1-, suggesting the strong covalent interactions between 
Fe and O and F anions. After Mg ions intercalation, the Bader charge 
of each Fe atom changed from +1.93 e to +1.51 e, indicating that the 
insertion of one Mg reduced two FeO4F2 units instead of reducing 
only one FeO4F2 unit. The charge of O and F are changed only 0.07 
e/atom and 0.11 e/atom from FeSO4F to Mg0.5FeSO4F, indicating 
that the charge transfer mechanism were mainly occurred on Fe 
atoms.  
In order to investigate Mg ion conductivity in Mg0.5-xFeSO4F, the Cl-
NEB method implemented in VASP was performed. As the previous 
study indicated that Mg1-xVPO4F is a one dimensional Mg ion 
conductor14, and the distance between adjacent Mg-vacancy along 
[100] and [001] directions of the super cell are longer than 7 Å, only 
Mg-vacancy diffusion barrier along [010] direction was calculated 
for Mg0.5-xFeSO4F. Fig.3 shows the diffusion paths for Mg-vacancy 

along [010] direction. There are two different sites for Mg-vacancy 
(labelled as A and B in Fig.3) in the unit cell of Mg0.5FeSO4F, and 
the Mg-vacancy was constructed by removing Mg ion from site A or 
B. Similar with Mg-vacancy diffusion path in Mg1-xVPO4F, the 
diffusion path for Mg-vacancy in Mg0.5-xFeSO4F is a combination of 
two diagonal jumps: the jump from site A to site B labelled as L1 
and the jump from site B to site A labelled as L2, then these diagonal 
jumps form continuous diffusion paths. 

 

 

The energy barrier for Mg-vacancy diffusion along [010] direction is 
0.36 eV, much lower than that of many bulk materials, such as V2O5 
(1.40 eV)15 and MoS2 (2.61 eV)12. 

A rough diffusion coefficient can be estimate as26: 

 
Where a is the distant of a diffusion jump, ν is the attempt frequency 
and EA is the activation energy, and kT is Boltzmann’s constant 
times the temperature. In this calculation, a typical value of 1013 s-1 
was used for ν, and the temperature was assumed to be 300K. An 
estimated diffusion coefficient using the highest activation energy is 
in the order of 10-9 cm2/s, which is comparable to that of the 
calculated activation energy for Li+ diffusion in FeSO4F

26. However, 
the available experimental diffusion coefficients for Li in tavorite-
FeSO4F/LiFeSO4F are several orders of magnitude lower than those 
predicted by theoretical calculations30, 36, 37. It should be noted that 
the experimental diffusion coefficient is not only related to the 
intrinsic ionic conductivity, but also related to the electrical 
conductivity and related to the defects in the diffusion channels38. It 
is worth noting that the diffusion coefficients were larger for 

)/(2 kTEAveaD
−

=

Fig.2 DOS and PDOS for (a) FeSO4F and (b) Mg0.5FeSO4F. The Fermi level 

is set at zero energy. 

Fig.3 Mg-vacancy positions and its diffusion paths along [010] direction: the 

jump from site A to site B labelled as L1 and the jump from site B to site A 

labelled as L2. 

Fig.4 Minimum energy path for Mg-vacancy diffusion along [010] direction: 

(a) the jump from site A to site B and (b) the jump from site B to site A. 
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LiyFeSO4F in the Li-rich composition than in the Li-poor one, 
which is reasonably predicted by theoretical study. Indicating that 
theoretical calculation is helpful in qualitative analysis of ion 
diffusion mechanism. Therefore, the experimental diffusion 
coefficient for Mg-vacancy in Mg0.5-xFeSO4F is expected to be in the 
same order of magnitude with that of Li-vacancy in Li1-xFeSO4F. 

Conclusions 

First principles calculations were performed to address the 
feasibility of tavorite-FeSO4F as new cathode materials for 
MIBs. The crystal structure, average OCV and electronic 
structures for FeSO4F and Mg0.5FeSO4F were studied in detail. 
Phase separation of Mg0.5FeSO4F/FeSO4F is expected when Mg 
is extracted from Mg0.5FeSO4F and a flat charge/discharge 
voltage curve at 2.52 V versus Mg/Mg2+ was predicted for 
Mg0.5FeSO4F/FeSO4F. Tavorite-FeSO4F is a typical charge-
transfer (CT) insulator and then transforms to a Mott-Hubbard 
(MH) insulator as Mg ion intercalation. The insertion of one 
Mg reduced two FeO4F2 units instead of reducing only one 
FeO4F2 unit, and the charge transfer mechanism were mainly 
occurred on Fe atoms. The activation energy for Mg-vacancy 
diffusion in Mg0.5FeSO4F along [010] direction of the super cell 
is about 0.36 eV, which is comparable to that of Li+ migration 
in FeSO4F. In conclusion, the relatively high OCV and low 
intrinsic activation energy for Mg ion diffusion makes 
Mg0.5FeSO4F to be a promising potential candidate for MIBs 
cathode materials. 
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