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A B S T R A C T  
 

 

Lithium iron orthosilicate (Li2FeSiO4) with Pmn21 space group was theoretically investigated as a 
cathode material of Li-ion batteries using density functional theory (DFT) calculations. PBE-GGA 
(+USIC), WC-GGA, L(S)DA (+USIC) and mBJ+LDA (GGA) methods under spin polarization 
ferromagnetic (FM) and anti-ferromagnetic (AFM) procedure were used to investigate the material 
properties including structural parameters, theoretical reaction voltage (TRV), magnetic state and 
electrical properties (based on density of states, DOS). Theoretical structural assessments implied 
electrochemical reversibility and structural stability of Li2FeSiO4. Based on DFT calculations, 
switching between magnetic states were proposed to account the experimental observations of the extra 
oxidation voltage in the first cycle. 

 
 

1. INTRODUCTION1 

Due to the  enhancing importance of energy storage 
devices in the human life, Li-ion batteries are one of the 
most important research issues in the scientific 
communities  [1, 2]. Today, computational simulations 
provide a powerful method to evaluate the materials 
properties [3-5]. Li2FeSiO4 is one of the latest 
promising candidate cathode materials for lithium-ion 
batteries  [6]. According to the some studies, Li2FeSiO4 
has a large difference between charge and discharge 
voltages in the first cycle (about 3.1 and 2.8 V versus 
Li/Li+, respectively) and it has been attributed to the 
irreversible reaction [7-12]. The first cycle phenomenon 
has been attributed to a phase transition [7] followed by 
a structural rearrangement of Fe/Li sites [8]. According 
to the density functional theory (DFT) calculations, this 
variation is caused by the difference between the lowest 
and the highest forming energy of three possible 
arrangements in delithiated structures [9].  
Zaghib et al. [13] reported the totally reversible reaction 
for the first cycle with the oxidation and reaction peaks 
at 2.80 and 2.74 V versus Li/Li+ for synthesized 
                                                           
1*Corresponding Author’s Email: m.kalantarian@merc.ac.ir (M.M. 
Kalantarian) 

Li2FeSiO4 by solid-state reaction, respectively. 
Dominko et al. [10] synthesized Li2FeSiO4 via three 
different techniques and concluded that the performance 
as a cathode depended on the synthesis conditions. In 
contrast to ref. [13] the first cycle, extra oxidation peak 
was observed in all samples. For assessing the structural 
and compositional changes associated with the first 
cycle extra voltage, in-situ X-ray diffraction (XRD) [7, 
11, 12] and in-situ X-ray absorption spectroscopy 
(XAS) [11, 12] were employed. However, under 
cycling, the phase transition or the irreversible change 
was not found in the local environment of iron  that 
wasreason for the presence of the extra voltage. The 
XAS results were confirmed by in-situ Mössbauer 
spectroscopy [12]. 
Three polymorphs had been established for Li2FeSiO4 
material [14-17] including Pmn21, P21/n and Pmnb 
space groups. The extra oxidation peaks in the first 
cycle was observed for all polymorphs [17] and the 
Pmn21 crystal was expected to be more stable structure 
[18, 19]. Furthermore, Armstrong et al. [20] 
investigated the phase transition from P21/n to an 
inverse-βII (modified Pmn21) under the cycling. Studies 
based on DFT calculations, by Arroyo-de Dompablo 
and co-workers [19], have revealed although Pmn21 
structure was more stable than the inverse-II and the 
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other polymorphs in the lithiated conditions, inverse-II 
structure was more energetically stable than others in 
delithiated condition. They had concluded the first cycle 
phenomenon was attributed to the phase transition. 
Also, Islam and co-workers [21] have revealed the first 
cycle extra oxidation voltage may be related to the 
transition to the lower energy configuration of the 
cycled structure. The problem was the cycled structure 
(inverse-βII) was reported as a short range order [21]. In 
addition, inverse-βII has been observed less stable phase 
[19] in the cycling of P21/n [20] and there is no 
experimental evidence to prove that this structure may 
be produced by delithiation of Pmn21 and Pmnb 
polymorphs. Although, transition can be progressed in 
other cycles, the first cycle extra voltage behaviour 
seems to be transient. Also, Islam and co-workers 
considered Fe-O bond length [21] since it could be 
important for the resulting voltage [22]. DFT has made 
an unparalleled impact on the application of quantum 
mechanics to exciting and challenging problems in 
chemistry [23] by describing the electronic states of 
atoms, molecules and materials in terms of the three-
dimensional electronic density of the system [24]. DFT 
has been employed as a helpful method for evaluation 
and prediction of properties in many advanced materials 
such as Li-ion battery cathode materials [25]. However, 
several approximations exist for exchange-correlation in 
DFT framework and there are challenges on their 
validity for each material. An important benchmark for 
validation is experimental correspondence [24]. 
Although, the occurrence of the first cycle extra 
oxidation voltage in Li2FeSiO4 cathode material is well 
established, systematic and comprehensive theoretical 
studies may be helped to recognizing the irreversible 
nature of the reaction.  There are two published 
theoretical studies [19, 21] on this issue which are based 
on the phase transition to inverse-βII. In this study, the 
other possible mechanisms were considered which were 
not based on the phase transition under cycling. Even 
though,  phase transition may have a role in 
disappearing electrochemical properties of the material 
in the subsequent cycles, the first cycle phenomenon 
should be justified based on the variation of magnetic 
configuration instead of structure. In the present study, 
different DFT approaches have been used to evaluate 
the structural stability, electrical and electrochemical 
properties of Li2FeSiO4 with Pmn21 structure (the more 
stable polymorph), and describe the fundamental 
mechanisms for the irreversible nature of the first cycle 
reaction. 

2. MATERIALS METHOD 
All the calculations were performed using full-potential 
linear augmented plane wave (FP-LAPW) method as 
implemented in the WIEN2K code [26] within the 
framework of DFT [27]. Inside the non-overlapping 

spheres of muffin tin radius (RMT) around the each atom, 
a linear combination of radial solution of the 
Schrödinger equation times the spherical harmonic were 
used and a basis set of the plane wave was used in the 
interstitial region. The RMT values of 1.76 and 1.88 a.u 
were used for Li and Fe,  respectively, and 1.50 a.u for 
Si and O. To expand the wave functions in the 
interstitial region, the plane wave cut-off value of 
Kmax=7.0/RMT was used. The Fourier expanded charge 
density was truncated at Gmax=12(Ryd)1/2. The 
maximum value of the angular momentum (lmax) was set 
equal to 10 for the wave function expansion inside the 
atomic spheres. Convergence of the self-consistent 
iterations was performed within 0.0001 Ry. 
 The Li2FeSiO4 structure with Pmn21 space group (Fig. 
1) suggested by Nyténet al. [7] was used as the initial 
structure for all DFT calculations in this study. 
For the assessment of the structural and electrochemical 
properties, including structural parameters variation, 
theoretical reaction voltage (TRV), magnetic state and 
density of states (DOS), the calculations were carried 
out using the Perdew–Burke–Ernzerh generalized 
gradient approximation (PBE-GGA) [28], Wu-Cohen 
generalized gradient approximation (WC-GGA) [29], 
the local spin density approximation (LSDA) and the 
modified Becke-Johnson potential (mBJ) [30]. Two 
versions of the calculations, spin-polarized 
ferromagnetic (FM) and anti-ferromagnetic (AFM), 
were employed. Fe atoms in the unit cell were assumed 
to have a similar (up or down) spin polarization in the 
FM calculations.Also, Fe atoms were assumed to have 
no spin polarization in the AFM calculations. The 
electron and spin configurations were software defaults 
and for Fe atoms were Feup: [Ar] 3d6.5(4.5↑, 2↓) 4s1.5(1↑, 
0.5↓), Fedown: [Ar] 3d6.5(2↑, 4.5↓) 4s1.5(0.5↑, 1↓) and 
Fenon: [Ar] 3d7(3.5↑, 3.5↓) 4s1(0.5↑, 0.5↓) for up, down 
and no spin polarization, respectively. No spin 
polarization was considered for the other non-magnetic 
atoms in the unit cell (calculations showed that, as 
expected, considering spin polarization for these atoms 
did not lead to any changes in the final results). Atomic 
configuration for these atoms were Li: [He] 2s1, Si: [Ne] 
3s2 3p2 and O: [He] 2s2 2p4. The written states in the 
brackets were considered being the core states which 
were followed by the corresponding valence states. 
For more comprehensive results, PBE-GGA and LDA 
plus an on-site Coulomb self-interaction correction 
potential (USIC) were applied, hereinafter called 
GGA+USIC and LDA+USIC, respectively. The USIC value 
in GGA+USIC method was considered being equal to 5 
eV (based on [19, 31, 32]), and 1.67 eV based on 
Madsen and Novák method [33] for the relaxed 
structure under PBE-GGA calculations. Also, this value 
for LDA+USIC calculations was considered being 
4.79,6.33 eV (calculated for tetrahedrally coordinated 
Fe+2 and Fe+3, respectively, for magnetite material) [33], 
and 5 eV [19, 31, 32]. To obtain relaxed atomic 
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positions and crystal parameters, USIC was not applied 
since this parameter does not lead to significant change 
in the structural properties. 
Relaxation process was carried out in the following 
three modes: 

1.  Geometry minimization of the atomic 
positions according to the inter-atomic forces 
(mini. positions), 

2. Optimization volume with constant a:b:c ratio, 
3. Optimization volume with variable a, b and c 

for orthorhombic structure (number of the 
structure was set as 3×3×3=27).  

In all three modes of relaxation, 2×3×3 Monkhorst–
Pack (MP) mesh was used. In the calculation of mini. 
positions, force set at 0.001 and 0.01 Ry.au-1 for original 
structure (Li2FeSiO4 with Pmn21 space group) and 
delithiated structure (LiFeSiO4 with P1 space group), 
respectively. In the case of second and third modes 
(optimization volume modes), convergence of the self-
consistent iterations was performed within 0.001 Ry. 
In order to obtain the total energies, magnetic state and 
DOS (so band-gap), integrals were calculated over the 
Brillouin zone with k-points based on 4×5×5 MP mesh. 
This grade contained 18 and 50 k-points in the 
irreducible Brillouin zone for Pmn21 space group 
(Li2FeSiO4) and P space group (USIC calculations for 
Li2FeSiO4 and all calculations for LiFeSiO4), 
respectively. 

 
Figure. 1. Schematic of the crystal structure of Li2FeSiO4 with 
Pmn21 space group 

In order to calculate more accurate DOS, the modified 
Becke-Johnson exchange potential plus LDA(GGA)-
correlation [30] was performed within LSDA (USIC=0), 
LDA+ USIC (U=6.33 eV) and GGA+ USIC (U=1.67 eV) 
frameworks. 
It was assumed that the ionic condition of Fe atoms in 
Li2FeSiO4 can only change between State II and State 
III. To determine the most probable delithiated phase, 
LixFeSiO4 were evaluated for x=0.5, 1, 1.5 and 2 under 
the AFM condition via both PBE-GGA and LSDA 

methods. According to Fig. 1, there were three possible 
arrangements in the delithiated structure in the case of 
x=1 (extraction of two Li from unit cell). There was 
only one type of Li atom position and the other three 
positions were created by symmetry in space group of 
Pmn21. However, in delithiated structures with the 
space group of P1,no symmetry element existed and Li 
ions were differentiated by using subscripts. If Li ions 
were extracted from opposite positions (1 and 4, or 2 
and 3), the resulting arrangement would be named A 
and if they were extracted from the same-side positions 
(1 and 2, or 3 and 4), it would be called C. Other 
arrangements would be called B. Arrangements A and C 
were the most stable and the least stable configurations, 
respectively [9]. Therefore, the total energy of LiFeSiO4 
crystal structure was calculated for the arrangement A. 
An important electrochemical property that can be 
assessed directly from the difference of total energies 
before and after lithium extraction is the theoretical 
reaction voltage (TRV). This parameter is calculated 
from charge reaction (2-1) in this study and it is 
presented by equation (2-2). 
Li�FeSiO� → Li�FeSiO� + (2 − x)Li    (2-1) 
TRV = E���������

− E���������
− (2 − x)E�� (2-2) 

Where E���������
, E���������

and E�� are the calculated 

total energies of one unit formula for lithiated, 
delithiated structures and lithium metal (bcc structure), 
respectively. To determine E��, the relaxation process 
was carried out with optimization volume (k-points= 
7×7×7 and E=0.0001) and then total energy (E��) was 
calculated based on 3094 k-points in the irreducible 
Brillouin zone (50×50×50 grid) setting energy 
convergence at E=0.00001 Ry. 

3. RESULTS AND DISCUSSION 

3.1. Possible crystal phases 
Based on the total energy calculations, extraction of two 
Li per formula was needed a charge voltage over 6 V. 
This value of charge voltage was clearly beyond the 
maximum tolerance limit of the currently available 
electrolytes. Based on the other investigations, it was 
well established that the extraction of two Li per 
formula caused collapsing the structure [19, 34]. Also, 
two iron ions (Fe+2 and Fe+3) were detected in lithiated 
and delithiated structures by using in-situ Mössbauer 
spectroscopy detected [12]. Therefore, the final formula 
of delithiated structure was assumed to be LiFeSiO4  in 
this study. However, the from crystal structure point of 
view, appearing LiFeSiO4 formula was possible in the 
crystal phases and mixtures, for example 
Li2FeSiO4+FeSiO4. In order to assess the possibility 
ofdifferent values of x (2, 1.5, 1, 0.5 and 0) in this 
structure, the possible reaction energies were calculated 
from the differences between the calculated total 
energies of reactants for one formula. Since the dynamic 
condition under cycling was considered for these 
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reactions, LiFeSiO4 structure was assumed to have the 
most stable arrangement, i.e., arrangement A. This was 
justified since Li ions were assumed to diffuse out of the 
Li2FeSiO4 structure due to the applied charge potential 
and the kinetic barriers had already been surmounted. 
The possible reactions were assumed to be according to 
the equation (3-1), (3-2) and (3-3): 

LiFeSiO4 + Li2FeSiO4  2Li1.5FeSiO4           (1) 

3LiFeSiO4  2Li0.5FeSiO4 + Li2FeSiO4           (2) 

2LiFeSiO4  FeSiO4 + Li2FeSiO4           (3) 

3.2. Structural properties 
The calculated lattice parameters and cell volume by 
various methods are shown in Table 1 (atomic positions 
are given by electronic supplementary information). For 
comparison, experimental[7, 10, 15-17, 36] and 
theoretical values [19, 21, 31, 32] by various 
investigators are given in this table. Relative differences 
among the calculated volumes of this study 
experimentally and theoretically obtained volumes of 
the literatures are shown in Table 2. According to this 
table, the calculated volume with LSDA method is the 
most similar to the experimentally measured values. The 
most similar values to the calculated volume were 
published in the references [15, 16, 17, 36]. The sign of 
[x] are different in our calculations (-) and the other 
DFT calculations (+) and attributed to the different used 
program package. 

TABLE 1. Calculated lattice parameters (a, b and c) and cell 
volume (Ω) of Li2FeSiO4 (Pmn21 space group) with 
experimental (E) and calculated (T) values presented in the 
literature 

Method a (Å) b (Å) c (Å) Ω (Å3) 

PBE-GGA 6.221 5.290 4.979 163.858 

WC-GGA 6.170 5.247 4.938 159.881 

LSDA 6.241 5.308 4.995 165.449 

E [7] 6.26615 5.32955 5.01484 167.474 

E [10] 6.26538 5.34371 5.01393 167.868 

E [17] 6.26955 5.34546 4.96244 166.305 

E [16] 6.26746 5.33527 4.96535 166.029 

E [15] 6.26800 5.34163 4.96013 166.072 

E [36] 6.2711 5.3361 4.96079 166.004 

T [19] 6.32 5.384 4.998 170.066 

T [21] 6.259 5.402 5.027 169.968 

T [31] 6.3246 5.3817 4.9967 170.073 

T [32] 6.331 5.391 4.992 170.379 

One of the important parameters for computational 
assessment of the structural stability is the volume 
change after the extraction of lithium from the unit cell 
of cathode material. The calculated change of the lattice 
parameters and volume via various methods are given in 
Table 3. According to this table, Li2FeSiO4 is a stable 
structure as a cathode material in Li-ion batteries due to 
a low volume changes (less than 3%). These results are 
in agreement with the experimental results that 
especially were obtained via in-situ XRD [11]. 

TABLE 2. Comparison of calculated cell volume (Ω) with 
experimentally (E) or theoretically (T) published cell volume 
for Li2FeSiO4 structure; [x] =100× (Ωrow-ΩRef. x)/ΩRef.x 

Method  [7]  [10]  [17]  [16]  [15]  [36] 

PBE-

GGA 

-2.16 -2.39 -1.47 -1.31 -1.33 -1.29 

WC-

GGA 

-4.53 -4.76 -3.86 -3.70 -3.73 -3.69 

LSDA -1.21 -1.44 -0.51 -0.35 -0.37 -0.33 

T [19] 1.55 1.31 2.26 2.43 2.41 2.45 

T [21] 1.49 1.25 2.20 2.37 2.35 2.39 

T [31] 1.55 1.31 2.27 2.44 2.41 2.45 

T [32] 1.73 1.50 2.45 2.62 2.59 2.64 

E [7] - -0.23 0.70 0.87 0.84 0.89 

E [10] 0.24 - 0.94 1.11 1.08 1.12 

E [17] -0.70 -0.93 - 0.17 0.14 0.18 

E [16] -0.86 -1.10 -0.17 - -0.03 0.01 

E [15] -0.84 -1.07 -0.14 0.03 - 0.04 

E [36] -0.88 -1.11 -0.18 -0.01 -0.04 - 

TABLE 3. Calculated change percentage (%) of the lattice 
parameters (a, b and c) and cell volume (Ω) for a transition 
from Li2FeSiO4 to delithiated LiFeSiO4 (arrangement A) 
structure 

Method aa bb cc  

PBE-GGA 0.322 0.322 0.322 0.971 

WC-GGA 0.332 0.332 0.332 0.971 

LSDA -0.334 -0.334 -0.334 -0.999 

3.3. Theoretical reaction voltage (TRV) 
The obtained TRV by various methods of DFT 
calculations for two versions (FM and AFM) are given 
in Table 4, As aforementioned, many researchers have 
observed two oxidation voltages in the cyclic 
voltammogram (the first cycle was different from the 
others). In the some studies, the first oxidation peak (Li 
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extraction) and the other one were occurred at about 
~3.1 and 2.8 V, respectively. Also, the reduction peaks 
were occurred at ~2.72 V [7, 11, 17, 37]. The first and 
the other oxidation voltage values could be found (for 
space group of Pmn21 ) in literatures, were 3.23, 2.86 
[38]; 3.2, 2.8 [39]; 4.4, 3 [40] and 4.6-, 3.8 (for nano-
sheets) [41], respectively. In contrast, the obtained 
voltammogram by Zaghib et al. [13] did not contain any 
extra oxidation peak in the first cycle and the oxidation 
and reduction peaks were occurred at 2.8 and 2.74 V, 
respectively. It was concluded that the high purity of the 
sample caused the absence of the first cycle phenomena. 
By comparison to the recently employed Rietveld 
method [15], these sample seems to contain the 
impurities. 
Table 4 clearly shows that the calculated TRV values 
via LSDA, PBE-GGA and WC-GGA methods without 
SIC in FM state are always higher than of the value in 
AFM state. In contrast, in framework LDA (GGA)+USIC 
the AFM and FM calculations always led to the similar 
total energies. This is expected because USIC is applied 
to 3d orbitals of Fe atoms which are also responsible for 
the magnetic properties. However, equal total energies 
(in USIC methods) imply the similar magnetic stability 
which might not be correct with this material (see e.g. 
Refs. [13, 42]). Therefore, the calculation methods 
without SIC may be more reliable for obtaining TRV. 
The transition energy transition from non-magnetic to 
magnetic states for the lithiated and delithiated materials 
are shown in Table 5. In contrast to the method with 
SIC, these values could not be neglected. 

TABLE 4. Calcultaed theoretical reaction voltage (TRV) from 
various methods in two versions of calculations: FM and AFM 

Method USIC (eV) FM AFM 

PBE-GGA 0 2.6945 2.3374 

WC-GGA 0 2.9144 2.4891 

LSDA 0 3.2046 2.7942 

GGA+ USIC 1.67 2.7685 - 

GGA+ USIC 5 2.8624 - 

LDA+ USIC 5 3.1374 - 

LDA+ USIC* 4.79-6.33 3.8521 - 

LDA+ USIC 4.79 3.1332 - 

LDA+ USIC 6.33 3.1628 - 

* Lithiated and delithiated structures were calculated using USIC = 4.79 
and 6.33 eV, respectively, based on Ref. 33. 

According to Table 4, the differences between FM and 
AFM voltage values are 0.36, 0.42 and 0.41 for PBE-
GGA, WC-GGA and LSDA calculations, respectively. 

This value for PBE-GGA method is compatible with the 
experimentally observed differences between the first 
cycle oxidation and reduction voltages (0.3 [7, 11, 17, 
37] and 0.37 [36]). Also, the obtained values by LSDA 
and WC-GGA are supported by other experimental data 
(0.37 [38], 0.4 [39] and 1.4 [40]). The calculated values 
of TRV (Table 4) and cell parameters (Table 2) by 
LSDA seem to be more agreeable to the experimentally 
measured values. The accuracy of LSD approximation, 
especially in the case of 3d transition metals, is 
challengeable. DFT calculations with LSD 
approximation in different compounds of Fe and other 
3d metals show various validities. It may be related to 
Fe environment or s/d electron orbitals. However, this 
discussion is out of the scope of this paper (for more 
information see Ref. [24] and its references). 

TABLE 5. Calculated reaction energies by various methods 
for transition of Li2FeSiO4 and LiFeSiO4 from the non-
magnetic to the magnetic state. The negative sign meams the 
stability of the magnetic state. Subscript “f” in Uf means per 
formula 

Structure Method Uf (eV) U (kJ/mol) 

Lithiated PBE-GGA -2.1044 -202.7614 

WC-GGA -1.9517 -188.0545 

LSDA -1.749 -168.5268 

Delithiated PBE-GGA -1.7473 -168.3556 

WC-GGA -1.5264 -147.0759 

LSDA -1.3386 -128.983 

This study suggests that the first oxidation cycle voltage 
is attributed to the FM state and the AFM state is 
efficient in the subsequent cycles. This means that as-
synthesized Li2FeSiO4 have sensitive magnetic property 
and the magnetic state of the material changes after a 
cycle of lithium extraction. Therefore, the transition 
between the two phases is not required in the first cycle. 
Based on this discussion, the structure of Li2FeSiO4 
may remain stable with noremarkable change in the 
atomic positions or the crystal parameters in all cycles 
but electron configuration may be varied. Credible 
experimental evidences confirmed this idea. The in-situ 
XAS measurements showed the reversible 
oxidation/reduction process for iron analogue [12]. 
Therefore, iron environment did not change after 
delithiation. In-situ Mössbauer spectroscopy 
measurements had indirectly shown that no irreversible 
reactions had taken place in the first cycle[12]. 
Unfortunately, in-situ Mössbauer spectroscopy had not 
been considered for hyperfine magnetic point of view 
but it showed the differences between the first and 
second cycles [8]. In-situ XRD for Pmn21 polymorph 
suggested that no remarkable changes of the structure 
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and the lattice parameters occurred in the first cycle [8, 
12]. It is concluded that the phase transition was very 
unlikely [12]. Electrochemical measurements at the 
moderate rates (>C/10) showed that the change of 
structure was a rather slow process evolving principally 
over the first 2–3 cycles [8]. Although the range of 2 in 
the published XRD patterns[8, 12] was only up to 40 
degrees, the XRD peaks were quite different from the 
obtained pattern by Armstrong et al. [20]. It is 
noteworthy that Armstrong et al. used P21/n polymorph 
as the starting material and obtained inverse-II 
(modified Pmn21) after ten cycles, and Dominko [12] 
used Pmn21 polymorph for experiments. In this study, 
the well-documented switching from ~3.1 to ~2.8 was 
occurred as a result of the inter-structural switching in 
Fe magnetic configuration due to extraction of lithium 
atoms. This transition may have occurred due to the 
sensitive difference between the two magnetic states. 
The NMR results showed that the materials have the 
substantial anisotropy of the bulk magnetic 
susceptibility [42]. In comparison, another lithium iron 
cathode material compound of LiFePO4 (that do not 
show this behavior) have collinear antiferromagnetic 
ground state that is very robust and do not change 
against imperfections [43]. Also, indirect experimental 
evidence exists for this proposal.  Zaghibet al. [13] 
emphasized that the Li2FeSiO4 magnetic ground state 
was sensitive to the various imperfections of the 
structure. Therefore, the state could be easily switched 
from the magnetic to a weak ferromagnetic state. If the 
proposed mechanism was valid, the phenomenon of 
magnetic ground state sensitivity might lead to the 
switch in the magnetic state by the presence of crystal 
imperfections due to lithium extraction in the presence 
of the electric field. The switching between the two 
states may be occurred by the external magnetic fields 
which leads to the lack of the first cycle extra oxidation 
peak in the voltammogram (see[13]). Furthermore, 
applying an external magnetic field during the 
preparation process may change the electrochemical 
properties. Based on this discussion, the influence of 
adding elements such as Zn, Cu, Ni and Cr on the 
electrochemical properties of Li2FeSiO4 could be 
predicted (see [41, 44]). For example, doping of Zn as 
an element with diamagnetic property [42] and Cu had 
led to decrease the first cycle oxidation voltage of the 
material [41]. In addition, a similar behaviour had been 
observed for Li2MnSiO4 as a cathode material [45]. 
For the first time, Nyten et al. [8] suggested that the first 
cycle phenomenon was due to the rearrangement of 
Li/Fe sites. If it caused more stable structure in the 
lithiated condition, this suggestion would be agreeable. 
However, calculations showed that the miss-fit structure 
was thermodynamically less stable [19] that would 
cause higher voltage. Also, transition between magnetic 
states was more coherent with the first cycle extra 
voltage than a transition to the cycled phase (such as 

inverse-II [20]). Transition to another phase could be 
caused the diminishing the properties in the subsequent 
cycles because this kind of transition hada kinetic 
barrier. If the most stable lithiated phase (Pmn21) 
transitioned to the most stable delithiated phase 
(inverse-II) in the delithiated condition [19] without 
kinetic problem, an inverse transition could be carried 
out in the lithiated condition. Furthermore, the first 
cycle phenomenon has been observed in the ultrathin 
nanosheets of this material [41] and this observation has 
not justified by the phase transition approach. 
Delithiation of inverse-II cycled phase can be caused 
the significant changes in the structure volume under the 
cycling (+5.6% [21]) and the extraction/insertion of Li-
ions can be irreversible. If this kind of transition takes 
place significantly, orthosilicate material will not be an 
appropriate cathode. However, there is no evidence for 
supporting the idea that the transition to the cycled 
structure occurs in large magnitude [21], so Li2FeSiO4 
may still be considered as a promising cathode for Li-
ion batteries. 

TABLE 6. Calculated Band Gaps (BG), magnetic moments 
(B) for the iron atom (mFe) and the total unit cell (mcell) via 
various calculation methods 

Structure Method U 
(eV) 

BG 
(eV) 

mFe mcell 

Lithiated PBE-GGA 0 0.31 3.14 4.08 

LSDA 0 0 3.12 4.03 

mBJ+LDA 0 0.73 3.24 4.00 

GGA+ USIC 1.67 1.31 3.30 4.00 

mBJ+GGA 1.67 1.83 3.33 4.00 

GGA+ USIC 5 2.63 3.41 4.01 

LDA+ USIC 5 2.04 3.37 4.01 

LDA+ USIC 4.79 1.98 3.36 4.01 

LDA+ USIC 6.33 2.36 3.40 4.00 

mBJ+LDA 6.33 3.88 3.45 4.00 

Delithiated PBE-GGA 0 0.71 3.79 5.01 

LSDA 0 0 3.68 5.02 

mBJ+LDA 0 0.86 3.74 5.00 

GGA+ USIC 1.67 1.4 3.85 5.00 

mBJ+GGA 1.67 1.62 3.87 5.00 

GGA+ USIC 5 2.55 4.02 5.01 

LDA+ USIC 5 2.44 3.98 5.03 

LDA+ USIC 4.79 2.27 3.95 5.00 

LDA+ USIC 6.33 2.88 4.03 5.02 

mBJ+LDA 6.33 3.36 4.08 5.00 

3.4. Band Gap and Magnetic Moment 
Calculated DOS by selected methods are illustrated in 
Fig. 2 for structures of Li2FeSiO4 and delithiated 
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LiFeSiO4. DOS plots for one category of calculation 
(i.e., FM or AFM for lithiated or delithiated structure) 

are similar except for band gaps. The calculated band 
gaps are given in Table 6.  

 
Figure 2. Diagrams of selected total DOSfor lithiated Li2FeSiO4 (left column) and delithiated LiFeSiO4 (right column) structures 
obtained via various methods. The Fermi level is set at zero energy and marked by vertical lines. Negative values of vertical axes are 
related to the spin down DOS 

 

It is worthy of note that the obtained band gaps for 
AFM versions were similar to FM versions and are not 
listed in this table. However, the limitation of this 
method is the uncertainty of USIC values. Unfortunately, 
the experimental data are not currently available for the 
band gap of this material. However, the calculated band 

gaps via mBJ+LDA+U methods are expected to be 
more accurate since different methods of carbon 
activation have been used by researchers. The value of 
band gap, in USIC=6.33 eV, is equal to 3.88 eV which is 
higher than the previously reported values. In our 
opinion, the main problem is the low electron 
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conductivity of this material. Various polymorphs have 
shown similar electrochemical properties [17, 19, 21] 
and it is expected that more comprehensive 
investigations will be carried out to overcome this 
problem. 

4. CONCLUSIONS 

In this study, Pmn21 polymorph of Li2FeSiO4, a 
candidate cathode material for Li-ion battery 
applications, was investigated by DFT using PBE-GGA, 
WC-GGA and LSDA methods. Based on the calculated 
energies for possible reactions of delithiated structures, 
the arrangement A was chosen as the stable 
configuration for LiFeSiO4 unit cell. Then, the 
considering structural parameters, TRV and DOS of 
Li2FeSiO4 were investigated by PBE-GGA (+USIC), 
WC-GGA, LSDA and LDA+USIC methods. Also, mBJ+ 
LDA (GGA)+USIC method was employed for the more 
accurate calculation of band gap. According to the 
structural parameters and TRV, the obtained structure 
by LSDA was the most similar value to the 
experimental values. All calculations proved the 
stability of Li2FeSiO4 structure (space group of Pmn21) 
after delithiation. The value of TRV in U=0 was 
employed for calculation of the total energy although 
the calculations in U≠0 have more importance for band 
gap prediction. Also, it was purposed that the calculated 
value of TRV by spin-polarized FM was related to the 
first cycle and the AFM was attributed to the subsequent 
cycles. Also, extraction of lithium atoms in the first 
cycle was caused the switching of magnetic states. 
Finally, the comparison of available experimental data 
suggested that the proposed approach based on the 
switching of magnetic states was more comprehensive 
compared to the other approaches offered for justifying 
the the first cycle extra oxidation voltage. Also, the 
variety of the electrochemical properties of Li2FeSiO4 
was caused by dopants could be interpreted through the 
magnetic states. 

6. ACKNOWLEDGMENTS 

The aouthors acknowledge accesse to WIEN2K package 
program. Also, M. M. Kalantarian acknoledges research 
grant (No.: 271255) by Materials and Energy Research 
Center (MERC), Karaj, Iran. 

REFERENCES 

1. Tarascon, J.M., Armand, M., "Issues and challenges facing 
rechargeable lithium batteries", Nature, Vol. 414, (2001), 359-
367. 

2. Kazazi, M., Illbeigi, M., Fazlali, A., Mohammadi, A.H., 
"Preparation, characterization and stability of Li-ion conducting 
Li1.5Al0.5Ge1.5(PO4)3 glass-ceramic with NASICON-type 
structure", Advanced Ceramics Progress, Vol. 2, (2016), 38-43. 

3. Meng, Y.S., Arroyo-de Dompablo, M.E., "First principles 
computational materials design for energy storage materials in 

lithium ion batteries", Energy & Environmental Science, Vol. 
2, (2009), 589-609. 

4. Rahimipour, H., Tafreshi, R., Davoodpour, M., Mortazavi, Y., 
Khodadadi, A.A., "Molecular dynamics simulation of straight-
chain alkanes adsorption and diffusion in zeolite", Advanced 
Ceramics Progress, Vol. 1, (2015), 17-26. 

5. Nayebpashaee, N., Seyedein, S.H., Aboutalebi, M.R., 
Sarpoolaky, H., Hadavi, M.M., "Simulation of the effect of sub-
micron interface roughness on the stress distribution in 
functionally graded thermal barrier coatings", Advanced 
Ceramics Progress, Vol. 1, (2015), 40-47. 

6. Kalantarian, M.M., Asgari, S., Mustarelli, P., "A theoretical 
approach to evaluate the rate capability of Li-ion battery 
cathode materials", Journal of Materials Chemistry A, Vol. 2, 
(2014), 107-115. 

7. Nytén, A., Abouimrane, A., Armand, M., Gustafsson, T., 
Thomas, J.O., "Electrochemical performance of Li2FeSiO4 as a 
new Li-battery cathode material", Electrochemistry 
Communications, Vol. 7, (2005), 156-160. 

8. Nytén, A., Kamali, S., Häggström, L., Gustafsson, T., Thomas, 
J.O., "The lithium extraction/insertion mechanism in 
Li2FeSiO4", Journal of Materials Chemistry, Vol. 16, (2006), 
2266-2272. 

9. Larsson, P., Ahuja, R., Nytén, A., Thomas, J.O., "An ab initio 
study of the Li-ion battery cathode material Li2FeSiO4", 
Electrochemistry Communications, Vol. 8, (2006), 797-800. 

10. Dominko, R., Conte, D.E., Hanzel, D., Gaberscek, M., Jamnik, 
J., "Impact of synthesis conditions on the structure and 
performance of Li2FeSiO4", Journal of Power Sources, Vol. 
178, (2008), 842-847. 

11. Dominko, R., "Li2MSiO4 (M= Fe and/or Mn) cathode 
materials", Journal of Power Sources, Vol. 184, (2008), 462-
468. 

12. Dominko, R., Arčon, I., Kodre, A., Hanžel, D., Gaberšček, M., 
"In-situ XAS study on Li2MnSiO4 and Li2FeSiO4 cathode 
materials", Journal of Power Sources, Vol. 189, (2009), 51-58. 

13. Zaghib, K., Ait Salah, A., Ravet, N., Mauger, A., Gendron, F., 
Julien, C., "Structural, magnetic and electrochemical properties 
of lithium iron orthosilicate", Journal of Power Sources, Vol. 
160, (2006), 1381-1386. 

14. Boulineau, A., Sirisopanaporn, C., Dominko, R., Armstrong, 
A.R., Bruce, P.G., Masquelier, C., "Polymorphism and 
structural defects in Li2FeSiO4", Dalton Transactions, Vol. 39, 
(2010), 6310-6316. 

15. Sirisopanaporn, C., Dominko, R., Masquelier, C., Armstrong, 
A.R., Mali, G., Bruce, P.G., "Polymorphism in Li2(Fe, 
Mn)SiO4: A combined diffraction and NMR study", Journal of 
Materials Chemistry, Vol. 21, (2011), 17823-17831. 

16. Mali, G., Sirisopanaporn, C., Masquelier, C., Hanzel, D., 
Dominko, R., "Li2FeSiO4 polymorphs probed by 6Li MAS 
NMR and 57Fe Mossbauer spectroscopy", Chemistry of 
Materials, Vol. 23, (2011), 2735-2744. 

17. Sirisopanaporn, C., Masquelier, C., Bruce, P.G., Armstrong, 
A.R., Dominko, R., "Dependence of Li2FeSiO4 electrochemistry 
on structure", Journal of the American Chemical Society, Vol. 
133, (2010), 1263-1265. 

18. Arroyo-deDompablo, M., Dominko, R., Gallardo-Amores, J., 
Dupont, L., Mali, G., Ehrenberg, H., Jamnik, J., Moran, E., "On 
the energetic stability and electrochemistry of Li2MnSiO4 
polymorphs", Chemistry of Materials, Vol. 20, (2008), 5574-
5584. 

19.  Saracibar, A., Van der Ven, A., Arroyo-de Dompablo, M., 
"Crystal structure, energetics, and electrochemistry of 
Li2FeSiO4 polymorphs from first principles calculations", 
Chemistry of Materials, Vol. 24, (2012), 495-503. 



M. M. Kalantarian et al. / ACERP: Vol. 3, No. 4, (Fall 2017)  25-33     33 

20. Armstrong, A.R., Kuganathan, N., Islam, M.S., Bruce, P.G., 
"Structure and lithium transport pathways in Li2FeSiO4 
cathodes for lithium batteries", Journal of the American 
Chemical Society, Vol. 133, (2011), 13031-13035. 

21. Eames, C., Armstrong, A., Bruce, P., Islam, M., "Insights into 
changes in voltage and structure of Li2FeSiO4 polymorphs for 
lithium-ion batteries", Chemistry of Materials, Vol. 24, (2012), 
2155-2161. 

22. Goodenough, J.B., Kim, Y., "Challenges for rechargeable 
batteries", Journal of Power Sources, Vol. 196, (2011), 6688-
6694. 

23. Cohen, A.J., Mori-Sánchez, P., Yang, W., "Challenges for 
density functional theory", Chemical Reviews, Vol. 112, (2011), 
289-320. 

24. Cramer, C.J., Truhlar, D.G., "Density functional theory for 
transition metals and transition metal chemistry", Physical 
Chemistry Chemical Physics, Vol. 11, (2009), 10757-10816. 

25. Kalantarian, M.M., Asgari, S., Capsoni, D., Mustarelli, P., "An 
ab initio investigation of Li2M0.5N0.5SiO4 (M, N= Mn, Fe, Co 
Ni) as Li-ion battery cathode materials", Physical Chemistry 
Chemical Physics, Vol. 15, (2013), 8035-8041. 

26. Blaha, P., Schwarz, K., Madsen, G., Kvasnicka, D., Luitz, J., 
"WIEN2k: An augmented plane wave plus local orbitals 
program for calculating crystal properties", Vienna University 
of Technology, Austria, (2001). 

27. Hohenberg, P., Kohn, W., "Inhomogeneous electron gas", 
Physical Review, Vol. 136, (1964), B864. 

28. Perdew, J.P., Burke, K., Ernzerhof, M., "Generalized gradient 
approximation made simple", Physical Review Letters, Vol. 77, 
(1996), 3865. 

29. Wu, Z., Cohen, R.E., "More accurate generalized gradient 
approximation for solids", Physical Review B, Vol. 73, (2006), 
235116. 

30. Tran, F., Blaha, P., "Accurate band gaps of semiconductors and 
insulators with a semilocal exchange-correlation potential", 
Physical Review Letters, Vol. 102, (2009), 226401. 

31. Arroyo-de Dompablo, M., Armand, M., Tarascon, J., Amador, 
U., "On-demand design of polyoxianionic cathode materials 
based on electronegativity correlations: An exploration of the 
Li2MSiO4 system (M= Fe, Mn, Co, Ni)", Electrochemistry 
Communications, Vol. 8, (2006), 1292-1298. 

32. Wu, S., Zhu, Z., Yang, Y., Hou, Z., "Structural stabilities, 
electronic structures and lithium deintercalation in LixMSiO4 
(M= Mn, Fe, Co, Ni): A GGA and GGA+U study", 
Computational Materials Science, Vol. 44, (2009), 1243-1251. 

33. Madsen, G.K., Novák, P., "Charge order in magnetite. An 
LDA+ U study", EPL (Europhysics Letters), Vol. 69, (2005), 
777. 

34. Kokalj, A., Dominko, R., Mali, G., Meden, A., Gaberscek, M., 
Jamnik, J., "Beyond one-electron reaction in Li cathode 

materials: Designing Li2MnxFe(1-x)SiO4", Chemistry of 
Materials, Vol. 19, (2007), 3633-3640. 

35. Kalantarian, M., Oghbaei, M., Asgari, S., Ferrari, S., Capsoni, 
D., Mustarelli, P., "Understanding non-ideal voltage behaviour 
of cathodes for lithium-ion batteries", Journal of Materials 
Chemistry A, Vol. 2, (2014), 19451-19460. 

36. Dominko, R., Bele, M., Gaberscek, M., Meden, A., Remskar, 
M., Jamnik, J., "Structure and electrochemical performance of 
Li2MnSiO4 and Li2FeSiO4 as potential Li-battery cathode 
materials", Electrochemistry Communications, Vol. 8, (2006), 
217-222. 

37. Dahbi, M., Urbonaite, S., Gustafsson, T., "Combustion 
synthesis and electrochemical performance of Li2FeSiO4/C 
cathode material for lithium-ion batteries", Journal of Power 
Sources, Vol. 205, (2012), 456-462. 

38. Kam, K.C., Gustafsson, T., Thomas, J.O., "Synthesis and 
electrochemical properties of nanostructured Li2FeSiO4/C 
cathode material for Li-ion batteries", Solid State Ionics, Vol. 
192, (2011), 356-359. 

39.  Deng, C., Zhang, S., Gao, Y., Wu, B., Ma, L., Sun, Y., Fu, B., 
Wu, Q., Liu, F., "Regeneration and characterization of air-
exposed Li2FeSiO4", Electrochimica Acta, Vol. 56, (2011), 
7327-7333. 

40. Deng, C., Zhang, S., Yang, S., Fu, B., Ma, L., "Synthesis and 
characterization of Li2Fe0.97M0.03SiO4 (M= Zn, Cu, Ni) cathode 
materials for lithium ion batteries", Journal of Power Sources, 
Vol. 196, (2011), 386-392. 

41. Rangappa, D., Murukanahally, K.D., Tomai, T., Unemoto, A., 
Honma, I., "Ultrathin nanosheets of Li2MSiO4 (M= Fe, Mn) as 
high-capacity Li-ion battery electrode", Nano Letters, Vol. 12, 
(2012), 1146-1151. 

42. Mali, G., Rangus, M., Sirisopanaporn, C., Dominko, R., 
"Understanding 6 Li MAS NMR spectra of Li2MSiO4 materials 
(M= Mn, Fe, Zn)", Solid State Nuclear Magnetic Resonance, 
Vol. 42, (2012), 33-41. 

43. Arčon, D., Zorko, A., Dominko, R., Jagličič, Z., "A comparative 
study of magnetic properties of LiFePO4 and LiMnPO4", 
Journal of Physics: Condensed Matter, Vol. 16, (2004), 5531. 

44. Zhang, S., Deng, C., Fu, B., Yang, S., Ma, L., "Effects of Cr 
doping on the electrochemical properties of Li2FeSiO4 cathode 
material for lithium-ion batteries", Electrochimica Acta, Vol. 
55, (2010), 8482-8489. 

45. Kalantarian, M.M., Asgari, S., Mustarelli, P., "Theoretical 
investigation of Li2MnSiO4 as a cathode material for Li-ion 
batteries: a DFT study", Journal of Materials Chemistry A, 
Vol. 1, (2013), 2847-2855. 

 

 

 


