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Sodium orthosilicates Na,MSiO4 (M = Mn, Fe, Co and Ni) have attracted much attention due to
the possibility of extraction two Na ions per formula unit. They are also found to exhibit a great
structural stability due to a diamond-like arrangement of tetrahedral groups. In this work we have
systematically studied the possible polymorphism of these compounds by means of density func-
tional theory, optimising the structure of a number of systems with different group symmetries.
The ground state is found to be Pc-symmetric for all the considered M = Mn, Fe, Co, Ni, and
several similar structures exhibiting different symmetries coexist within a 0.3 eV energy window
from this structural minimum. The intercalation/deintercalation potential is calculated for varying
transition metal atoms M. Iron sodium orthosilicates, attractive due to the natural abundance of
both materials, exhibit a low voltage, which can be enhanced by doping with nickel. The diffusion
pathways for Na atoms are discussed, and the relevant barriers are calculated using the Nudged
Elastic Band method on top of DFT calculations. Also in this case nickel impurities would improve
the material performances, by lowering the barrier heights. Notably, the ionic conductivity is found
to be systematically larger with respect to the case of lithium orthosilicates, due to a larger spac-
ing between atomic layers and to the non-directional bonding between Na and the neighbouring
atoms. Overall, the great structural stability of the material together with the low barriers for Na
diffusion indicates this class of materials as a good candidate for modern battery technologies.

In recent years Na-ion batteries are attracting increasing interest
from the scientific community. They are considered the most at-
tractive alternative to Li-ion batteries, due to the low cost and
widespread abundance of sodium. Electrode materials research
is following a strategy analogous to the Li-ion case, investigating
the structural and diffusive properties of layered oxides?!, phos-
phates? and titanates.® The family of intermetallic lithium or-
thosilicates Li,MSiO4, where M = Mn, Fe, Co, and Ni, has been
the focus of several studies,* due to the possibility of exchang-
ing two electrons per formula unit corresponds to theoretical ca-
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pacities in excess of 300 mA h g~!.7 However, this process is
difficult to achieve and most experimental work report the ex-
traction of only one ion.” Furthermore, these materials exhibit
a complex and rich polymorphism, 19 and a phase transition is
known to occur upon battery cycling, significantly decreasing the
initial capacity of Li,FeSiOy4.*

More recently, Na,MSiO4 compounds are recognised as more
promising candidates for novel cathode materials.'~1> It has
been inferred by means of ab initio calculations that full extrac-
tion of Na ions is easier to achieve with respect to the case of
lithium due to a lower deintercalation voltage plateau. 1 Further-
more, the diffusion barrier for Na ions is found to be significantly
lower. This trend is preserved for different structural phases 1617
and can be attributed to the larger equilibrium volumes predicted
for Na-based compounds, which corresponds to a weaker interac-
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tion between atomic layers with respect to the case of lithium or-
thosilicates. Notably, Na doping would improve the performance
of a Li-based cathode due to this feature.!® Na-based orthosili-
cates are also known to exhibit a greater structural stability upon
cycling with respect to their lithium counterparts, 1>18 due to the
high Na/Fe exchange barriers observed for equilibrium structures
exhibiting a diamond-like arrangement of AO4 (A = Fe, Si) tetra-
hedral blocks. 12 DFT studies of these structures report also a very
small volume change (below 3%) upon complete desodiation. 12
Experimental studies are overall in agreement with the predicted
structural stability, 1>18:1° observed only when control over im-
purities is achieved 4. In 2011, Duncan and coworkers first suc-
cessfully synthesised Na,MnSiO4 (space group Pc) using a sol-gel
method.2® Chen and coworkers synthesised Na,MnSiO, follow-
ing the same procedure, and measured a reversible capacity of
125 mA h g~ !, which is the first evaluation of electrochemical
properties for Na-based orthosilicate cathodes.!! More recently,
Na,CoSiOy, prepared via hydrothermal method, was used as posi-
tive electrode material for Na-based capacitors '8 and sodium iron
orthosilicate Na,FeSiO4 was synthesized and reported to exhibit
reversible electrochemical activity of 106 mA h g—!.15 The latter
material is particularly attractive due to the natural abundance
of both sodium and iron. Another study reports the synthesis of
Na,FeSiO,4 in an impure form (85%) with Na,SiO3 as the major
impurity. 14 A specific capacity of 126 mA h g~! has been mea-
sured in this case. Treacher and coworkers investigated the diffu-
sion rates of a NayCoSiO,4 cathode, synthetised using a novel co-
precipitation method.!? Experimental results indicate the pres-
ence of two polymorphs, corresponding to Pc and Pbca space
groups. A reversible specific capacity larger than 100 mA h g~!
is measured. Numerical simulations, based on an empirical in-
teratomic potential,?! predict a very stable structure with rare
occurrence of Na/Co anti-site defects, in agreement with the fist
principle calculations for Na,FeSiOy.12 In this work we investi-
gate the configurational space of intermetallic orthosilicates by
means of Density Functional theory, with the aim of exploring
the possible polymorphism of these compounds (Sec. 2). We
analyse a variety of structures, corresponding to different space
groups and exhibiting the diamond-like structure for tetrahedral
blocks which is at the base of their excellent structural stabil-
ity.1213 This study is carried out for different transition metals
M = Mn, Fe, Co, Ni. In each case, the ionic ground state is found
to be Pc-symmetric, in agreement with experimental observation
for Mn and Co. 1920 Results for Fe indicate a more complex poly-
morphism: experimental samples compatible with the Pc space
group are reported in Reference 14, but more complex structures
are observed in other works. !> Our analysis is extended (Sec. 3)
to the study of bonding properties and charge transfer, in or-
der to provide a physical-chemical insight on the interactions be-
tween Na, Si, Fe and their nearest enighbours (O atoms). We
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thus proceed studying the average voltage of sodium deintercala-
tion/intercalation, the respective structural change for every com-
pound (Sec. 4). Finally, we explore the possible diffusion paths
for Na in iron orthosilicates, and provide the barrier height for
this process for varying transition metal atoms.

1 Computational Details

Total energies are calculated using the projected-augmented
plane-wave (PAW) implementation of the Vienna ab initio sim-
ulation package (VASP).22-2> Calculations are performed us-
ing the Perdew, Burke, and Ernzerhof (PBE) functional for the
exchange-correlation term, with the Hubbard parameter correc-
tion (GGA+U), following the rotationally invariant form.26-27
This approach is known to provide accurate results for lithium
orthosilicates, often in line with the computationally more ex-
pensive HSEQ6 approach.?8 Effective U values for the d states
of Mn, Fe, Co, Ni are chosen to be 4.0 €V, 2.7 eV, 5.0 €V and
5.1 eV. The effective on-site Exchange interaction parameter J is
fixed to 1 eV. These values yield to a good agreement with ex-
perimental reports in the Li case.® The optimised structures are
obtained by minimising both the stress tensor and the Hellman-
Feynman forces, using the conjugate-gradient algorithm with an
energy convergence threshold of 1073 eV.

Brillouin zone (BZ) integration is performed with I'-centred
Monkhorst-Pack grids,2? using an electronic smearing following
the Methfessel-Paxton method,3® with a gaussian broadening of
0.2 eV. The size of the grid depends on the cell volume and on
its shape. It is found that a energy convergence within 1 meV
is obtained using a resolution of 0.15 A in reciprocal space
and a 500 €V kinetic energy cutoff for the plane wave expan-
sion. For each of the considered structures, a complete geom-
etry optimisation (cell shape and volume, atomic positions) is
performed, followed by the application of a tensile/compressive
diagonal strain, necessary to obtain the total energy of the sys-
tem as a function of volume for a fixed cell shape. We use 3
increments in both tension and compression, each correspond-
ing to a 1% volume update. The resulting energy profile is then
fitted to the Murnaghan equation of state.3! Both ferromagnetic
(FM) and anti-ferromagnetic (AFM) calculations are carried out
for the Pc-symmetric Na,FeSiO4 system. Equivalent results are
obtained, with a total energy difference lower than 2 meV, well
below the accuracy threshold of DFT. Moreover, the magnetic mo-
ment for a Fe atom calculated from site-projection of d orbitals
is found to be 3.59 up in both FM and AFM cases. In the rest
of the paper only results of FM calculations are presented. Our
result are also tested for varying U values for the Pc-symmetric
Na,;CoSiO,4 structure. The energy-volume curves obtained for
U =5.1¢€V, 55 eV, 6.0 eV produce the same fitting parameters
to the equation of state (apart from a shift in the total energies,
consistent with the DFT+U approach).
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The electronic density of states (DOS) and the site-project den-
sity of states (PDOS) are evaluated using the tetrahedron method
with Blochl corrections for BZ sampling. 32 This method is known
to provide accurate DOS profiles, avoiding the negative occu-
pancy resulting from the Methfessel-Paxton gaussian broadnen-
ing. The band gap values are evaluated from the so-obtained
DOS as the distance on the energy axis between the maximum of
the valence band and the minimum of the conduction band. It
is well known that the band gap values of solids obtained from
standard DFT calculations are systematically underestimated due
to discontinuity in the exchange-correlation potential. These val-
ues are tipically 30-50% smaller than experimentally measured
ones and exhibit a strong dependence on the approximations used
for the exchange and correlation terms.33 In the present work,
due to the large number compounds involved, we have used only
the GGA+U approximation. The atom-resolved charge transfer is
calculated via the Bader decomposition scheme,34 and the cova-
lency of the bonding is discussed studying the Electron Localisa-
tion Function (ELF).3>

The average Na-intercalation voltage is calculated as:

E(xp) —E(x1) — (g —x)p
Xy — X1

V(xi,x) = )]
where x1,x, are the number of Na atoms in the unit cell and
E(x) is the total energy. The chemical potential u accounts for
the different stoichiometry, and it fixed to the total energy of a
bee Na crystal. The Na,FeSiO, system is used as a reference. 12

The Na diffusion barrier height is calculated using the Nudged
Elastic Band (NEB) method.36:37 A supercell is used to ensure a
large separation between repeated images, and five replicas of
the system are created by linear interpolation between the initial
and final states. A NEB calculation is then performed to obtain
a guess for the minimum energy path (MEP). After convergence,
the calculation is restarted, using the climb-image method to im-
proved the estimate for the barrier.38 The optimisation of inter-
mediate images is always carried out using the FIRE algorithm
with a force convergence threshold of 50 meV/A.3° The hopping
distance b and the activation energy E, are used to evaluate the
diffusion coefficient as

D = d*vyexp(—E,/kgT) (2)

where kg is the Boltzmann constant, T the temperature and vy
the attempt frequency, assumed to be 10'3 Hz.?

The Atomic Simulation Environment (ASE) code“? is used for
converting format of input/output files and data analysis. Ball-
and-Stick and tetrahedral models are rendered using VESTA,*!
data-grids for charge density and electron localisation function
are visualised with XCrySDen.*? Plots are generated using gnu-
plot. 43
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2 Structural Stability

In this section we present the results of first-principle calculations
aimed at the identification of structural minima for sodium or-
thosilicates. The optimal cell parameters are calculated starting
from different symmetries, and the total energies are compared in
order to identify the ionic ground state of the system. We focus on
structures characterised by a diamond-like Fe-Si network, com-
posed by only tetrahedral AO,4 (A = Fe, Si) blocks, recently shown
to exhibit great structural stability.12 We investigate 12 struc-
tures pertaining to this family, exhibiting different symmetries,
labelling them with the correspondent space group. This study is
carried out for Na,MSiOy4 orthosilicates, for M = Mn, Fe, Co, Ni,
following the procedure detailed in Section 1. The so-obtained
structural parameters ( the total energy and the volume per for-
mula unit, the bulk modulus and its derivative with respect to
pressure) are reported in Table 1. The energy-volume curves
for Na,FeSiO,4 are displayed in Figure 1. Equivalent plots for
M = Mn, Co, Ni are reported in the ESI.

Pc e (222, P2,/c Pmn2
Pna2, C2 e Pmna e P31é

05

04 |

Energy (eV)

02 |

0.1 |

95 100 105 110
Volume (A3)

Fig. 1 Energy-Volume curve for stable Na,FeSiO, structural minima,
labelled using the symmetry of the optimised configuration. The 0
energy is fixed to the minimum of the Pc curve.

The structural optimisation can modify the starting symmetry
of the system. The Pmn2;-modi and Pmn2;-ncycled structures
relax to similar Pc-symmetric configurations. Even though these
structures are equally stable and the predicted equilibrium vol-
ume is the same, the b/a and c¢/a ratio is different. This does not
influence crystal properties within the typical DFT accuracy.
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Table 1 Space group for the initial and the optimised structures and parameters of the equation of state. Volume and energies are given per formula
unit. The zero value for the latter is set to the value of the most stable structure

Symmetry Energy diff. (eV/f.u.) Volume (A /f.u.) Bulk mod. (GPa) Bulk mod. derivative

starting optimised Mn Fe Co Ni Mn Fe Co Ni Mn Fe Co Ni Mn Fe Co Ni

Pc (7) Pc (7) 0.00 0.00 0.00 0.00 107.12 104.80 103.39 102.71 70.64 72.91 75.67 75.82 5.79 5.14 5.10 4.85
Pmn2; -modi Pc (7) 0.00 0.00 0.00 0.00 107.19 104.80 103.26 102.51 71.39 75.02 78.34 75.67 4.89 4.57 4.16 5.06
Pmn2; -ncycled Pc (7) 0.00 0.00 0.00 0.00 107.23 104.85 103.36 102.53 71.12 75.92 75.72 75.86 4.83 4.32 4.72 5.09
P2 n-ncycled Pc (7) 0.03 0.03 0.04 0.03 108.03 105.56 104.00 103.13 72.32 74.90 76.75 76.41 4.54 5.08 4.74 4.67
Pna2; (33) Pna2; (33) 0.03 0.04 0.06 0.05 106.85 104.34 102.98 102.15 72.12 76.68 77.61 77.73 5.06 4.90 5.03 4.41
€222 (20) €222y (20) 0.06 0.07 0.08 0.07 109.51 106.98 104.30 99.83 73.42 75.73 75.43 71.50 4.47 4.89 4.56 5.48
C2 (5) C2(5) 0.14 0.17 0.11 0.21 109.51 106.38 102.02 98.94 71.80 73.74 76.76 75.29 4.66 4.67 4.21 4.21
P2; 4 P2y /c (14) 0.20 0.17 0.27 0.20 107.46 105.09 103.71 102.67 74.91 75.49 79.43 78.01 4.76 5.67 4.80 5.12
P2y /c (14) P2y/c (14) 0.21 0.17 0.27 0.20 107.30 105.17 103.69 102.34 74.74 75.03 79.38 77.96 4.66 5.06 4.43 5.37
Pnma (62) Pnma (62) 0.21 0.17 0.27 0.22 107.84 105.93 104.32 103.02 73.09 75.09 78.23 79.59 5.00 5.17 4.34 4.02
Pmn2; (31) Pmn2; (31) 0.20 0.19 0.28 0.21 106.28 104.03 102.58 101.64 75.46 76.30 77.13 76.03 4.22 4.54 5.35 5.03
P3;2 (159) P32 (159) 0.84 0.49 0.92 0.77 104.87 102.40 101.49 99.96 77.12 85.78 86.63 89.96 5.71 4.40 4.55 4.59

The P2 n-ncycled structure relaxes to a local minimum cor-
responding to a Pc-symmetric configuration. Another unstable
phase correspond to the P2; spaces group, which relaxes into
P2,/c. All the minima obtained are within an energy window
of 0.3 eV from the ionic ground state Pc (with the only exception
of P32, greatly unfavourable especially in the case of Mn and
Co). Moreover, the calculated equilibrium volumes are very sim-
ilar, indicating a great structural stability in spite of the observed
polymorphism. We also note that the ordering of the energies is
conserved for varying M, indicating that the observed structural
stability would be preserved by doping of the material, relevant
to battery materials e.g. for tuning the voltage. The examined
structures exhibit small values for the bulk modulus (soft mate-
rials). This is the mechanical consequence of their characteris-
tic porous structures, and phase transitions may therefore occur,
even at moderate pressure. The stable configurations obtained in
this work are shown in Figure 2 using coordination polyhedra.

) (g) Pmn2,

T
v FeO, v sio, r/ Nao,

Fig. 2 Optimised geometries for Na,FeSiO4 compounds presenting a
diamond-like network. AO4 groups are indicated with red, blue and
yellow tetrahedra for A = Fe, Si and Na respectively

(e) P2,/c

Our results are consistent with literature. In Reference!® the
experimental structure of Na,CoSiOy, synthesised using both co-
precipitation and solid-state synthesis, is compatible with the Pc
space group. The parameters for the elementary cell, obtained
from X-ray diffraction (XRD) patterns, are reported in Table 2
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and compared with our simulations. A good agreement is ob-
served, as the deviation between the experimental and the theo-
retical values for lattice parameters is below 2%. Notably, all the
three Pc-symmetric minima found, starting from Pc, Pmn2;-modi
and Pmn2,-ncycled, are consistent with the experimental mea-
surement. In reference?® Na,MnSiO, is synthesised using the
sol-gel method, and a Pc-compatible structure is obtained. The
experimental data, reported in Table 2, are in agreement with
our results. In the case of iron orthosilicates different experimen-
tal observations are reported in litterature. In Reference!® XRD
patterns would suggest a cubic cell with space group F43m. First-
principle calculations do not predict the existence of such a struc-
ture13, and the experimental structure is rationalised as an en-
semble average of P2;3, C222; and C2 phases. In another exper-
imental work1#4 on Na,FeSiO,, the sample is compatible with the
Pc space group. Results from this Reference are reported in Ta-
ble 2 and are in excellent agreement with our calculations. Note
that our prediction of stable structures exhibiting C2 and C222,
symmetry (Table 1) is partially supporting the experimental ob-

servations in Reference 1°.

Table 2 Comparison between this work, experimental (exp.) data and
other theoretical (theo.) calculations already present in literature. The
space group and the cell parameters are reported

source M space group approach a (A) b (A) c(A) Y

this work Co Pc theo. 6.97 5.32 5.58 89.98
this work Co Pmn2;-modi theo. 7.06 5.29 5.56 90.15
this work Co Pmn2; -ncycled theo. 7.02 5.30 5.58 90.07
Ref. 19 (i) Co Pc exp. 7.03 5.48 5.25 89.95
Ref. 19 (if) Co Pc theo. 7.01 5.47 5.24 89.88
Ref. 15 Fe c2 theo. 7.47 7.44 7.45 90.03
This work Fe Cc2 theo. 7.43 7.44 7.41 90.02
Ref. 15 Fe €222, theo. 7.49 7.48 7.46 90.00
This work Fe C222; theo. 7.91 8.03 6.77 90.00
Ref. 15 Fe F43m exp. 7.33 - - -

Ref. 14 Fe Pc exp. 7.16 5.40 5.69 89.83
This work Fe Pc theo. 6.88 5.38 5.68 89.43
This work Fe Pmn2;-modi theo. 6.84 5.35 5.75 90.66
This work Fe Pmn2; -ncycled theo. 6.81 5.37 5.76 89.87
Ref. 20 Mn Pc theo. 6.96 5.61 5.30 89.78
Ref. 20 Mn Pc exp. 7.04 5.58 5.33 89.82
This work Mn Pc theo. 7.02 5.68 5.38 89.64
This work Mn Pmn2;-modi theo. 7.05 5.70 5.33 90.21
This work Mn Pmn2; -ncycled theo. 7.01 5.73 5.35 90.29

The structural parameters and atomic coordinates for two de-
genarate Pc-symmetric minima (M = Fe) are reported in Table 3.
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Table 3 Lattice parameters and atomic coordinates for the Na, FeSiO4 minima with space group Pc (7). Wyckoff positions account for multiplicity

Pc (Pc) Pc (Pmn2;-modi) Pc (Pmn2;-ncycled)
a (A) b (A) c(A) % a (A) b (A) c(A) % b (A) c(A)

6.87725 5.67910 5.38408 89.434 6.84159 5.75163 5.35012 90.667 6.84159 5.75163 5.35012 90.667
atom X y z Wyckoff pos. X y z Wyckoff pos. X y z Wyckoff pos.
Fel 0.25440 0.31754 0.75914 2a 0.48209 0.68082 0.74266 2a 0.48209 0.68082 0.74266 2a
Nal 0.49791 0.16173 0.49397 2a -0.00274 0.32088 0.75548 2a -0.00274 0.32088 0.75548 2a
Na2 0.74470 0.31961 0.24516 2a 0.74733 0.15802 0.00013 2a 0.74733 0.15802 0.00013 2a
01 0.02494 0.20113 0.33936 2a -0.09907 0.79878 -0.02551 2a -0.09907 0.79878 -0.02551 2a
02 0.47176 0.09125 0.89682 2a 0.34324 0.08751 0.02648 2a 0.34324 0.08751 0.02648 2a
03 0.29896 0.66239 0.73369 2a 0.16832 0.69928 0.80165 2a 0.16832 0.69928 0.80165 2a
04 0.19446 0.29968 0.06924 2a 0.50908 0.33922 0.69885 2a 0.50908 0.33922 0.69885 2a
Si1 -0.00213 0.18806 0.00762 2a 0.23333 0.81095 0.00015 2a 0.23333 0.81095 0.00015 2a

3 Chemical properties

3.1 Density of states and band structure

In this section we provide further insight about the elecronic prop-
erties of the Pc-symmetric Na,SiO4 compound. The total density
of electronic states, calculated following the procedure described
in Section 1, and the band structure along a high-symmetry path
in the BZ are reported in Figure 3. The Fermi level Ef is conven-
tionally fixed to O eV, and separate plots are shown for the spin up
and down channel, in panel (a) and (b) respectively. These chan-
nels present similar features. Very localised states are observed
in the -6 €V region. Magnetic effects are not very important here,
as only a small energy shift (~ 0.5 €V) between the channels is
observed and the shape of the peaks is very similar, indicating a
low contribution from the (strongly magnetised) d states of the
Fe atom. The region between -6 €V and the Fermi level comprise
the majority of valence states, including a large contribution from
the Fe d states. Magnetism has therefore a large impact on this
area. The spin up channel exhibits several non-localised peaks,
distributed between -5.5 €V and -2.3 eV. In the spin down channel
instead four distinct peaks are observed. The first three are com-
prised between -5 eV and -3 €V, and are separated by the fourth
one by a 3 eV gap. The two semi-degenerate valence bands are
the only contributors to this last peak.

25 20 15 10 5 ZTYABDEC ZTYABDEC 5 10 15 20 25
T L— T 5 5 T L— T
spin up 4 4p spin down

- 3 3 - . .

- 2 2, .

- 1 . 1 - 4 .
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- -1 s 1+ 4 4
3 2 2 2 + 1
w

F -3 3 >_-_ 1

- ,4 4, ; .

- _5 5, = .
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7 4 S P

DOS (states/eV) BZ path BZ path DOS (states/eV)

Fig. 3 Total density of states and band structure along a high symmetric
path in the BZ for the Pc-symmetric Na,FeSiO,. The data for the two
spin channels (up and down) are plotted separately in panels (a) and (b)

respectively. The Fermi level Er is indicated with a red line.
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The unoccupied states have a different distribution between the
two spin channels. Spin up electron states are not localised, and
the overall contribution to the density of states is negligible. Un-
occupied spin down states are instead more dense in the region
comprised between 1.5 eV and 3 €V, where major d peaks of the
DOS are observed. The minimum of the conduction band is ob-
served at the I" point for both spin channels. The valence band for
the spin down channel is constant along the path between Z and
I, where it exhibits its maximum value. The band gap can there-
fore be identified as a direct one at the I point, but indirect Z—T°
transitions are also favourable. Another maximum of the valence
band is observed at intermediate distance between E and C, lower
in energy with respect to the value at I by less than 10 meV. The
band gap for these transitions is 1.23 €V, much lower than what
observed for the spin up channel (at least 2.5 €V). The presence
of a small band gap (see also Table 4), qualifies this material as
a semi-conductor. Note that this values is expected to underesti-
mate experimental measurements, as discussed in Section 1. The
electronic structure of Na,FeSiO, is further analysed by calculat-
ing the site-projected density of states, displayed in Figure 4.
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Fig. 4 Calculated Site-projected density of state for the Na,FeSiO4
phase in Pc-symmetry. The relevant states for Fe, Na, O, Si are shown
in panels (a), (b), (c) and (d) respectively. The spin down channel is
conventionally plotted on the negative y axis. The Fermi level Er is
indicated with a red line.
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As previously observed, Fe d states, shown in panel (a), provide
only a minor contribution for energy values lower than -5.5 €V.
Their peaks are observed at very important energy values: -2 eV
and -0.1 eV, marking the valence band of both spin up and spin
down channels, and 1.5 eV marking the conduction band of the
spin down channel. Given the abundance of d states at these val-
ues, transitions from the valence to the conduction band are more
likely for these electrons, in accordance with the metallic nature
of bulk Fe. Comparison between the PDOS of Fe and O, shown
in Figure 4 panels (a,c), provide information about the bonding
between these two atoms. A degree of covalency can be expected
from the degeneracy at -2 €V between Fe d-electrons and O p-
electrons, corresponding to the majority of d states in the spin up
channel. On the other hand, the PDOS for the two elements are
very different for the spin down channel due to the lack of mag-
netisation of the O atom. The spin up channels, apart the afore-
mentioned peak, present also different shapes. We can therefore
expect the Fe—O bonding to be prevalently non-directional, and to
have an ionic character in virtue of the charge transfer expected
in this material and calculated in section 3.2.

The opposite behaviour is observed for the Si-O bonds in Fig-
ure 4 panel (c,d). The two peaks observed for silicon at -8 eV (s
states) and -5.5 eV (p states) are degenerate with the first two p
states peaks of oxygen, as can be observed comparing panels (c)
and (d) in Figure 4. This is a clear sign of covalent bonding. The
Si atom presents also scarcity of states at the Fermi level, so that
electronic transitions are very unlikely. The Na-O bonding ex-
hibits instead a low level of covalency. While some degeneracy is
present (peaks at -5.5 €V and -2 €V) the major contribution of Na
to the density of states is given at -5 €V for both spin channels. A
similar peak is also observed for the spin up channel of Ni, indi-
cating a non-negligible interaction between these two atoms. This
is compatible with their intertomic distance of 3.24 A. The overall
bonding of Na atoms is expected to have a Na-O ionic component
and a Na-Fe interactions, probably of metallic character. Overall,
directional bonding is not expected to occur, in agreement with
the excellent ionic conduction properties observed in Section 4.

A full chemical characterisation of all the compound examined
in Section 2 is out of the scope of this work. We limit ourself
to calculate the band gap for the examined systems, reported
in Table 4. The band gap is shown to have a significant de-
pendence on the transition metal atoms. The iron-based system
is characterised by a low value for the band gap, which drasti-
cally increases by a factor of 2 for stable but energetically un-
favourable compounds exhibiting P21/c symmetry. The other
compounds exhibit systematic larger band gap values with order-
ing Co>Ni>Mn, with the only exception of the aforementioned
P21/c case. We note a grand stability in the magnetic moment,
which conserves the reference value for the isolated atom in all
the examined cases.
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Table 4 Band gap values for the examined systems, labelled according
to space groups

Band gap (eV)

Space group Mn Fe Co Ni

Pc (7) 2.37 1.23 3.02 2.44
Pna2; (33) 2.31 1.42 3.07 2.35
C222; (20) 2.38 2.47 291 2.58
C2 (5) 2.40 1.31 3.11 2.22
P21/c (14) 2.30 2.51 2.82 2.33
Pmna (62) 2.20 1.54 2.86 2.22
Pmn2; (31) 2.37 1.47 2.70 2.25
P32 (149) 2.10 2.11 2.64 1.81

3.2 Charge transfer and Bonding

The study of the equilibrium Pc-symmetric phase of Na,FeSiO4
is pesently further enriched by analysing the charge redistribu-
tion in the system and by further characterising the bonding. The
charge density plot is displayed in Figure 5, panels (a,d) for two
different z planes, containing Na, O, Si and Na, O, Fe atoms re-
spectively. The maxima of the charge density are observed at the
Fe atoms sites. This is easily understood in virtue of the number
of valence electrons (8), larger with respect to the other atomic
species considered (1, 4 and 6 for Na, Si and O respectively). No-
tably, charge peaks in correspondence of O atoms are comparable
to Fe ones, indicating a charge transfer process. The Na atoms
in both panels (a,d) are indistinguishable from the background,
indicating charge depletion from this site. These observations are
confirmed by the charge density difference, calculated with re-
spect to a reference superposition of atomic orbitals, displayed
for the same atomic planes in Figure 5 panels (c,f). Charge de-
pletion is observed for both the Na and the Fe atoms, and it is
larger in the latter case, while the O atoms are gaining a signif-
icant amount of electrons. The Bader decomposition is used to
quantify this charge transfer, reported in Table 5. The Fe and
Na atoms are found to be depleted, while O is gaining electron
consistently to what observed in Figure 5. The larger gain of the
O1 atom is explained from its short distance from the Na2 atom
2.27 /OX, to be compared with the average value of 2.31 A).

The Fe-O bond is prevalently ionic. Nevertheless, a covalent
(directional) component is present, as can be appreciated from
the charge transfer to the interstitial region between Fe and O
observed in Figure 5 panel (c). The charge distribution around
the Na atom is spherically symmetric. The Na—O bonding can be
therefore identified as pure ionic. Note that the greater ionicity
of Na—O with respect to Fe-O is compatible with the electronega-
tivity difference between these atoms. In the Si-O case the inter-
action is mainly covalent, as can be observed from the negligible
charge transfer for Si and the lack of spherical symmetry for the
charge distribution pertaining to the oxygen atom.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Charge density (a, d), charge difference (b, ) and electron localisation function (c, f) plots for the optimised Na,FeSiO4 Pc-symmetric phase.
Two different atomic z planes are shown containing respectively Fe Na O (a, b, ¢) and Si, Na, O (d, e, f) atoms.

A further level of analysis is provided by the electronic local-
isation function (ELF). In a many-electron system, the ELF, pos-
itive and smaller than 1 by construction, can be shown to have
its maximum values in regions where bonding between electrons
exhibits covalent nature, or for unpaired electrons (directional
dangling bonds). The ELF is a constant by definition in the case
of a homogeneous electron gas, this value chosen to be 0.5. Val-
ues of this order indicate the metallic character of the bonding.
In this system, the ELF reaches the maximum value of 0.72, in-
dicating the lack of pure covalent interactions. Contour plot for
this quantity are shown in Figure 5 panels (b, €). The ELF ex-
ceedes the value of 0.5 only in correspondence to O atoms. This
is an expected feature, given the large electronegativity of this
atom. Larger values of ELF can be noticed in proximity of the Si
atom, indicating a pronounced covalency. Notably, the tendency

This journal is © The Royal Society of Chemistry [year]

to form a covalent bond is observed also for O-O pairs. In the
case of Fe atoms smaller ELF values are observed. Owing to the
large charge transfer between Fe and O, a repulsive interaction
between O atoms is observed, marked by the polarisation of the
ELF. The contribution from the Na atom is negligible. In fact, this
atom is not distinguishable from the background. This is the foot-
print of pure ionic bonding, and complements the observations
from Section 3.1 and Figure 4.

Table 5 Atom-resolved charge transfer for Pc-symmetric Na,FeSiO, as
evaluated by Bader decomposition. A superposition of atomic orbitals is
used as a reference. The atom notation is consistent with Table 3

atom Fel Nal Na2 o1 02 03 04 Si
charge -1.26 -0.44 -0.45 +0.65 +0.41 0.51 0.59 +0.00
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4 Electro-chemical properties

4.1 Average Intercalation Potential

In the previous sections we have identified equilibrium structures
having Pc symmetries for sodium orthosilicates, and we have pro-
vided a complete characterisation of the bonding between atoms.
Here we analyse the consequences of these electronic properties
by calculating the electro-chemical features, thus providing in-
sight about the application of such materials as cathode for Na-
ion batteries. As a first step, the volume change of these structures
upon Na deintercalation is calculated. This provide crucial infor-
mation about the structural stability of the material upon battery
cycling. The equilibrium volumes, calculated as a function of the
Na density following the structural optimisation recipe detailed
in Section 1, are displayed in Figure 6. The overall volume varia-
tions are always below 4%, with the only exception of the M = Mn
system, for which the cell is monotonically shrinking upon Na
deintercalation down to a 10% variation with respect to the start-
ing volume. In the other cases the volume of the cell is shrinking
upon removal of the first Na atom per formula unit. In the fully
desodiated case the volume is always within 2% from the staring
value. This is in good agreement with Reference 12, for which a
2.5% decrease is observed for NaFeSiO4 and no variation is found
for the desodiated structure. The great structural stability of in-
termetallic orthosilicates is hereby verified, and only a weak de-
pendence on the M element is found, indicating that the inclusion
of metallic impurities in the cathode (useful e.g. for tuning the
battery voltage) would not destabilise the overall structure.

T T T T T T T T
R E 6 E
S
= 2 & 4 Mn 5F 1
g Fe @ <
S -4 1 Co e 3T 4} E
5 Ni Py
o 6 4 s 3} 4
£ o
3 sf 1 2t .
>
-10 | 4 1+ 4
L L L ? L L L L
1.5 1 0.5 0 1.5 1 0.5 0
# Na/f.u. # Na/f.u.
(a) (b)

Fig. 6 Percentage variation of equilibrium volume for desodiated
structures (a) and correspondent deintercalation/intercalation voltage (b)
for Pc-symmetric orthosilicates.

The total energies resulting from the volume optimisation of
these systems can be used to evaluate the average voltage of
sodium deintercalation/intercalation (see Equation 1). These val-
ues are displayed in Figure 6 (b). The M = Fe compound ex-
hibits the lowest value of the series. This is in line with known
results for Li orthosilicates, and for Na ones with Pmn2; sym-
metry16. The calculated extraction energy for the first and the
second atom, respectively 2.1 eV and 4.3 €V, are in good agree-
ment with values encountered in literature (about 2 €V/4.4 eV for
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Pmn2;, C222; and Pc, while C2 is found to have the lower value
of about 1.6 €V / 4.4 eV). 12,1316

4.2 Ionic Conductivity

The diffusion properties of Na atoms in the equilibrium Pc-
symmetric phase are investigated using the NEB method, as de-
tailed in Section 1. A 2 x 2 x 2 supercell of the original struc-
ture is used, corresponding to 16 formula units and to a dis-
tance of at least 10 A between repeated images of the vacancy.
Two non-equivalent Na lattice sites can be distinguished between
the supercell, as shown in Table 3. We have here considered for
the Na,FeSiO4 configuration two different paths connecting two
equivalent sites and passing through the other one, nearest Na
atom to both the sites. This intermediate state is least energet-
ically favoured than the starting point. The values for this total
energy difference for different compounds are 0.25 €V, 0.11 eV,
0.18 eV and 0.04 for Mn, Fe, Co and Ni respectively. The initial
site for the vacancy is labelled (i) in Figure 7 (a,b), the interme-
diate state is (ii) and the final states are (iii) and (iv) respectively.
Note that these final states are both equivalent to (i). The length
of each path and the respective barrier for Na,SiO, is reported in
Figure 7 (c).

Na

Fe
Si

cee O

Vacancy diffusion path

3.29A )
3.23A 0.60 eV (iv)
0.19 eV :> OeVv

0} (if)
) (i)

0Oev ) 0.11eV
342A 0eV

0.56 eV

(©

Fig. 7 Top (a) and side (b) view of the Pc phase. Only bonds between
Na atoms (yellow) are shown in order to provide a clearer view of the
diffusion channels. The Fe Si and O atoms are indicated with red, blue
and grey spheres respectively. The site occupied by the vacancy along
the considered paths are marked with roman numbers. The bond length
of single steps are shown in panel (c) for the M = Fe case, together with
the calculated barrier heights.
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Table 6 Diffusion barrier and bond length for the MEP in Na,SiO4 compounds for M = Mn, Fe, Co and Ni. The diffusion coefficients at 7 = 300 K are

reported
path length (A) barrier (eV) Diffusion coeff. (cm? s~ 1)
path Mn Fe Co Ni Mn Fe Ni Mn Fe Co Ni
() — (i) 3.27 3.23 3.25 3.26 0.27 0.19 0.26 0.18 3.1x10°° 6.7x10~7 4.5x10°° 1.0x10°°
(i) — (iii) 3.30 3.29 3.26 3.26 0.53 0.60 0.43 0.42 1.3x10712 9.0x10~ 14 6.4x10~ 1! 9.3x10~!!

Notably, the minimum energy path present a very asymmetric
shape, as the barrier associated to the (i)—(ii) path is signifi-
cantly smaller than either the one for (ii)— (iii) or (ii)— (iv). This
trend is consistent between the examined compounds, and it has
been already observed for the M = Mn case.!” Given the similar-
ity between the height of the energy barrier obtained for the cases
(i) —(iii) and (iii)—(iv) (almost the same, given the fact that the
accuracy of the method is 0.1 eV), we have decided to neglect the
calculation for the second path for the other compounds.

The results of NEB calculations for varying M are reported in
Table 6. We notice that the asymmetry between the two barriers
is preserved for varying M. The second part of the path, indi-
cated as (ii)—(iii) is the limiting step. Iron orthosilicate exhibits
the largest barrier of the group. The overall ordering is Fe >
Mn > Co ~ Ni. Ni doping is therefore predicted to enhance the
ionic conductivity of the material, without destabilising the crys-
tal structure. This is due to the fact that the two materials have
ionic ground state presenting the same symmetry, and the differ-
ence in volume between equilibrium structures is 2%, as can be
noted from Table 1. Moreover, the volume change difference be-
tween Ni and Fe sodium orthosilicates upon desodiation is also
within 2%.

5 Conclusion

The structural and electro/chemical properties of Na based or-
thosilicates Na,MSiO4 (M = Mn, Fe, Co, Ni) are investigated by
means of Density Functional Theory calculations. These com-
pounds are characterised by a robust diamond-like M-Si network,
which is known to provide great stability upon battery cycling.
While many different phases can coexist (in a 0.3 eV energy win-
dow), the ionic ground state is shown to be Pc-symmetric for
all the considered transition metal atoms M. The nature of the
bonding is analysed by studying the density of electronic states,
the charge distribution and the electron localisation function for
Na,FeSiO4. Results indicate a prevalently metallic bonding be-
tween Na and surrounding atoms, partially responsible for the
lowest diffusion barrier observed in the case of lithium orthosil-
icates. The study of electro/chemical properties reveal great
cycling stabilities for Fe, Co and Ni orthosilicates (the volume
change upon both partial and complete desodiation is below 5%),
while Mn is under-performing, with volume change up to 10%
upon complete desodiation. The calculated second Na deinterca-
lation plateaus are lower than the respective values for Ni mate-

This journal is © The Royal Society of Chemistry [year]

rials, indicating better possibilities for the extraction of two ions
per formula unit, hardly achieved in the case of Li-based orthosil-
icates. The Na,;SiO4 compound is the most relevant from a com-
mercial perspective, due to the abundance of both sodium and
iron. This material is characterised by a low voltage (for the ex-
traction of the first ion per formula unit) and by a smaller ionic
conductivity with respect to the other compounds analysed in this
work. This can be addressed by Ni-doping, which is predicted to
both increase the voltage and decrease the diffusion barrier for
a Na vacancy, without disrupting the excellent structural stability
upon cycling of the material.
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I. STARTING DATABASE

In this section we report the initial set of 30 structures used to firstly explore the config-
urational space of Na iron phosphates. Only the configurations close in energy to maricite
(within a 0.4 eV window) are analysed in the main text. The full initial set is provided in
Table I and in Table II, indicating each structure with the correspondent ICSD Collection
Code and with the original chemical composition. The space group (name and number)
are also provided for each configuration for the sake of clarity, together with the energy
difference (per formula unit) with respect to maricite. Note that some of these structures
(e.g. ICSD collection code 82752) have been included twice in the dataset. This is due
to the fact the maricite and tryphilite are related to each other by a swap of crystal sites
between the Na and the Fe ions, and both maricite-like and tryphilite-like structures have
been examined here for relevant octahedral coordination of the Fe atom. The structures
presenting this inversion of ion sites are indicated with a * symbol after the ICSD Collection
Code in Tables I, II. A discussion about the energy ordering of the structures for NaM PO,
(M = Mn, Fe, Co and Ni) is presented in the main text.

TABLE I. Entries of the ICSD databased analysed for this study. The space group and the original
formula of the compound are reported for clarity. The total energy difference per formula unit with
respect to maricite is indicated. The suffice ¢ indicates inversion of the original lattice sites for Fe
and Na, in order to change to maricite-like to tryphilite-like geometries. The second part of the

table can be found in the next page.

ICSD composition space group Energy (eV)
10472 BaCdSnSy Fdd2 (No 43) 0.44
50950 LiZnPOy Ce (No 9) 0.28
237852 NaFePO, Pmna (No 62) 0.00
280175 CoNaPO, P2, /c (No 14) -0.01
15836 LiCuVOy4 Imma (No 74) 3.56
72484 CaMgNiH, P23 (No 198) 1.09
14048 NaCdPO, Pna2; (No 33) 0.00
50457 TICuPO, 02/c (No 15) 0.43




TABLE II. Entries of the ICSD databased analysed for this study. The space group and the original
formula of the compound are reported for clarity. The total energy difference per formula unit with
respect to maricite is indicated. The suffice 7 indicates inversion of the original lattice sites for Fe

and Na, in order to change to maricite-like to tryphilite-like geometries.

ICSD composition space group Energy (eV)
28106 LiBGeOy Fmm?2 (No 42) 0.68
85671 FeNaPOy Pnma (No 62) 0.00
82752 FeNaPOy Pnma (No 62) 0.00
82752 FeNaPOy Pnma (No 62) 0.25
86792 BaBeSiOy Cm (No 8) 0.59
27647 CaAlBO, Ccc2 (No 37) 0.23
186517 LiFeSiOy4 P1 (No 1) 0.29
14364 LiNaSO4 P3lc (No 159) 0.21
603205 KYbSiS, P2, (No  4) 0.55
263111 CdBi204 14, /amd (No 141) 1.04
28107 SrBAIO4 Pcen (No 56) 2.98
2929 LiAlSiO4 P6422 (No 181) 0.66
97767 FeLiPOy Cmcm (No 63) 0.04
97767 FeLiPO, Cmem (No 63) 0.32
35451 BaNdGaOy P2,2,2 (No 19) 0.01
30886 KCuPOy Pbca (No 61) 0.15
9271 NaBePO4 P2;/c (No 14) 0.42
84709 NaCoPOy4 P2;/c (No 14) 0.11
82753 NaCoPOy4 P65 (No 170) 0.08
415458 KFePO, P2, /c (No 14) 0.15
56291 LiFePO4 Pnma (No 62) 0.00
56291 LiFePO, Pnma (No 62) 0.00




II. ENERGY-VOLUME CURVES

We present here the energy-colume curves for NaM PO, (M = Mn, Ni), excluded from
the main text due to the strong similarities with case of M = Fe. With respect to this afore-
mentioned case, we observe a larger energy spreading between favourable and unfavourable
structures. Tryphilite is observed to be particularly favourable in the case of Mn, consistent
with the existence of natrophilite, a structure which exhibits 50% occupation of the inequiv-
alent cation sites by both Na and Mn. In the case of Co a Fe-like behaviour is observed,
with a greater preference for low-volume structures. This is the only case for which the
phase labelled as ‘tetra 14’ is least favourable than the semi-amorphous ‘tetra/bp 170’. This
particular tetrahedral structure is nevertheless the most favourable with respect to the other
examined cases presenting the same kind of coordination for the Fe atom. Overall, these
compounds are less likely to exhibit polymorphism than NaFePO,, being limited to maricite
and tryphilite structures. The behaviour of Co based phosphates, examined in the main
text and matching relevant experimental measurements, is singular within the series as the

blue, the tetraheral and the red phases are observed, and tryphilite is not.
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octaime63 e
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FIG. 1. Energy-volume curves per formula unit for the most energetically favourable configurations
for NaMPOy (M = Mn, Ni) compounds. Energies (per formula unit) are reported using maricite
as a reference. Structures are labelled according to the coordination of the M atom, octahedral

(‘octa’), tetrahedral (‘tetra’) trigonal bipyramidal (‘bypir’) or a mixture of the last two (‘tetra/bp’).



III. NOVEL STRUCTURES

We report here the equilibrium coordinates for the two energetically most favourable novel
structures for NaFePO,. The structure labelled as ‘tetra 14’ is reported in Table III, and
‘tetra/bp 170" in Table IV. The equilibrium volumes and the lattice parameters are reported
in the main text, in respectively table MT-I and MT-II. The crystal symmetries of these
systems are studied using the FINDSYM code, as referenced in the main text. The Wyckoff
positions and the respective multiplicity are thus obtained and reported in Tables III, TV.
The parameters for the structural optimisation of these structures are reported in Section II

in the main text.

TABLE III. Equilibrium energy and volumes per formula unit as obtained from fitting to the

Murnaghan equation of state for the analysed NaMSiO4 (M = Mn, Fe, Co, Mn) modifications.

Z Wyckoff positions x Y z

Fel 4 e 0.71997 0.34186 0.51712
Nal 4 e 0.22941 0.37052 0.01704
01 4 e 0.04999 -0.03876 0.77051
02 4 e 0.88109 0.33934 0.08923
03 4 e 0.72136 0.67011 0.55922
04 4 e 0.28696 0.62190 0.70455
P1 4 e -0.01592 0.10348 0.77717




TABLE IV. Atomic coordinates for the semi-amourphous ‘tetra/bp’ NaFePOy, structure.
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x
0.61115
0.32662
0.69396
0.18700
0.06372
0.50063
0.48756
0.53702
0.55966

-0.01316

-0.00708
0.75871
0.64794
0.07229
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0.14424
0.29220
0.85851
0.35917
0.19222
0.51352
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0.51626
0.14806
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0.21683

Y
0.82444

0.65734
0.86270
0.88830
0.04718
-0.07221
0.45171
0.04931
0.22676
0.79543
0.32075
0.08438
0.48636
0.72902
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z
0.70964
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0.84606
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0.50502
0.14520




IV. BULK MODULUS OF THE EXAMINED STRUCTURES

We report here the bulk modulus and its derivative with respect to pressure for the
examined structures, as obtained from fitting to the Murnaghan equation of state of energy-
volumes curves, as specified in Section II in the main text. The values obtained for the 12
most favourable configurations for varying M = Mn, Fe, Co and Ni, are reported in Table V|
and complement the information presented in the main text (Table MT-I).

Similarly to what observed for the equilibrium volume, the bulk modulus of these struc-
tures is correlated to the coordination of the M atom. The values reported for the octahe-
dral phases (maricite, tryphilite and related structures) are significantly larger than what
observed for expanded volume configurations. These values range from 80 to 100 GPa,
following the ordering Ni > Co > Fe ~ Mn and ehxibiting a negligible difference between

triphylite and maricite.

TABLE V. Atomic coordinates for the semi-amorphous ‘tetra/bp’ structures.

Sp. gr.  coor. Mn Fe Co Ni
B (GPa) B’ B (GPa) B’ B (GPa) B’ B (GPa) B’

62 octa/m 81.34 5.80 80.87 5.43 86.38 6.23 92.80 6.29
62 octa/t 83.46 4.91 81.24 5.52 87.94 4.44 96.85 5.14
33 octa/t 83.79 4.75 88.11 4.41 88.41 4.70 97.79 4.30
19 octa/t 82.32 4.65 86.00 4.24 87.24 4.12 97.28 4.25
63 octa/m 88.36 5.32 85.57 5.56 92.28 4.99 98.73 4.99
170 tetra/bp 38.80 5.16 39.01 6.95 44.48 6.57 41.88 5.26
14 bipyr 72.28 6.32 71.69 6.21 81.70 6.44 89.42 6.04
61 bipyr 22.85 5.30 36.51 4.35 38.88 1.99 43.12 4.54
159 tetra 49.23 2.51 54.59 5.19 59.20 6.29 56.44 6.34
14 tetra 45.03 6.95 44.15 2.93 44.89 3.34 51.26 3.88
37 octa 38.68 4.47 43.66 3.76 46.81 6.09 42.20 2.96
1 tetra 41.85 1.53 47.11 2.25 45.47 2.83 49.17 3.01




The symmetric bipyramidal structure ‘bypir 14’ exhibits smaller values for the bulk mod-
ulus, ranging from 70 GPa to 90 GPa and following the previously described ordering across
the series. The distorted bipyramidal structure ‘bypir 61" exhibits the smaller values for the
bulk modulus for Mn, Fe and Co. In the case of the tetrahedral phase, the reported values
for the bulk modulus range from 35 GPa to 55 GPa, being therefore smaller by a factor of
two than the findings for the octahedral structures. A clear ordering of the values across the
series can not be observed. The semi-amorphous ‘tetra/bp 170’ structure exhibits a similar

behaviour.
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