
This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 6797–6807 |  6797

Cite this: Phys. Chem. Chem. Phys.,

2023, 25, 6797

Oxygen diffusion in the orthorhombic FeNbO4

material: a computational study†

Xingyu Wang, David Santos-Carballal and Nora H. de Leeuw *

ABO4-type materials have shown significant potential for applications as luminescence and photocatalytic

materials, and the orthorhombic FeNbO4 (o-FeNbO4) material has also shown excellent promise in

catalytic electrodes, unlike other common ABO4 materials. However, little computational work has been

carried out on the o-FeNbO4 structure, potentially because it is disordered and thus not straightforward to

simulate. In this work, we first confirmed the accuracy of the force field parameters obtained from

previous studies through optimizations carried out using the GULP code. Next, we found that one ordered

configuration of the stoichiometric o-FeNbO4 structure dominates when analysing the probabilities of

cation disorder in three supercells (2 � 2 � 1, 2 � 1 � 2, and 1 � 2 � 2). We then studied the bulk

properties of this selected o-FeNbO4 through DFT calculations, including the lattice parameters, the

mechanical properties and the electronic structures, where no remarkable differences were observed

compared to the monoclinic FeNbO4 structure. Finally, because oxygen mobility is key to the successful

application of o-FeNbO4 as an electrode material, we have simulated the diffusion pathways of oxygen

through both the stoichiometric and non-stoichiometric structures, where the results show that the

existence of oxygen vacancies enhances diffusion and the distribution of the Fe and Nb inside the lattice

affects the energy barriers and could therefore impact the oxygen diffusion.

1. Introduction

ABO4-type oxides, e.g. FeWO4, FeVO4 or LaTaO4, have shown
significant promise as functional oxides in many applications,
for example in super-capacitors and solar cell electrodes.1–6

Generally, ABO4 materials can be classified into two types on
the basis of the valence of element B, i.e. +5 or +6. ABO4 oxides
with B = W6+ or Mo6+ have shown remarkable efficacy when
used as super-capacitor and luminescence materials.5,7,8 For
example, it has been reported that green photoluminescence
emission of BaWO4 polymer nanohybrids was observed when
the tetrahedral WO4 structure was changed to the octahedral
WO6 structure,7 and an intense blue photoluminescence emission
could also occur in BaWO4 powders due to the existence of
defects around oxygen.7,9 Other ABO4-type materials (B = V5+,
Nb5+ and Ta5+) normally show catalytic behaviour to some
degree, as well as having potential as luminescence
materials.3,6,10 For example, LaTaO4 doped with Eu is an
interesting material for energy applications, as it catalyses
aqueous methanol to generate hydrogen, whereas the BiVO4/
FeVO4 heterojunction also displays similar photocatalytic

performance when used to generate hydrogen through the
splitting of water molecules.2,10

FeNbO4, as a typical ABO4 oxide, has shown good electrical
and catalytic performance and thus has been developed for
many years in applications such as gas sensing devices and
solar energy conversion devices.11–15 So far, three main FeNbO4

structures have been observed during phase transitions, i.e. the
monoclinic wolframite-type structure (m-FeNbO4, space group
P2/c), the orthorhombic a-PbO2-type structure (o-FeNbO4, space
group Pbcn) and the rutile-type structure (r-FeNbO4, space
group P42/mnm). At temperatures below 1050 1C, m-FeNbO4 is
the most stable polymorph, where stable [FeO6] and [NbO6]
octahedra are formed through coordinating one Fe3+ or Nb5+

with six oxygen ions.16–18 Moreover, the Fe3+ and Nb5+ cations
are distributed in an ordered fashion along zig-zag [FeO6] and
[NbO6] octahedral chains.16 Above 1050 1C, which is the tem-
perature at which the cation distribution becomes disordered, a
phase transition occurs from the monoclinic to orthorhombic
structure which is completed near 1100 1C. The resulting
material shows a typical a-PbO2 structure, which remains stable
in the temperature range from 1100–1380 1C. The second phase
transition to generate the rutile-type structure is observed
above 1380 1C and it remains stable until 1450 1C.16,19 In recent
years, both m- and o-FeNbO4 materials have been explored for
energy storage and conversion applications.20–22 Interestingly,
both m- and o-FeNbO4 have shown potential as a replacement
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material for the Ni metal in the cathodes of solid oxide electrolysis
cells (SOEC)21,22 and the anodes of solid oxide fuel cells (SOFC),20

where the splitting of water vapour takes place, although
o-FeNbO4 is more suitable in electrodes than m-FeNbO4. It has
been reported that, when m-FeNbO4 is used as anode in SOFC,
there is a clear weight loss during its operation,20 caused by the
ordering within the m-FeNbO4 system, where Fe3+ and Nb5+ layers
are distributed alternately through the structure. Fe3+ is unstable,
especially when exposed to a hydrogen atmosphere when it is easy
for the Fe3+ to be reduced to the Fe2+, at the same time generating
a water molecule, which causes the structure to collapse.20 This
does not occur in the disordered o-FeNbO4 system and as such
o-FeNbO4 may be the more promising material in energy conver-
sion applications.

In previous work,23 we have employed calculations based on
the density functional theory (DFT) to study the bulk and
surface properties of m-FeNbO4. Due to the disorder of the
cations in the o-FeNbO4 phase, it is more difficult to create a
computational model to simulate its behaviours and properties,
which is presumably the reason why few computational studies
have been reported on the orthorhombic phase. In the present
study, we have employed the SOD code24 to construct all the
inequivalent cation configurations within the o-FeNbO4 structure
to identify the most stable structures. In addition, we have
investigated the existence of oxygen vacancies, which according
to experimental results improve the electronic conductivity when
introduced into the structure in small concentrations.20–22,25

There are few experimental reports on the diffusion of oxygen
within the material, and in this work, we have also employed DFT
calculations to investigate oxygen diffusion pathways, which are
important in providing the oxygen required for the reaction with
hydrogen, when the materials is used in catalytic electrodes.20–22

2. Computational methods
2.1 Force field parameters

The General Utility Lattice Program (GULP) code26,27 was
employed to carry out calculations on a number of bulk properties.
GULP is based on the Born model of ionic solids, which defines all
atoms as charged spherical ions and describes their interactions
through short-range repulsive and van der Waals forces and long-
range Coulombic interactions.28–30 The short-range interactions in
this work are described through Buckingham potentials and we

have applied the core–shell model for the polarizable oxygen ions,
where the total charge of the oxygen anions is split between a
massive core and a massless shell. The interatomic potential (IP)
parameters to describe the interactions between the Fe–O, Nb–O
and O–O pairs are applicable to the simulation of both the
monoclinic and orthorhombic FeNbO4 phases. The Fe–OS, Nb–OS

and OS–OS potentials used in this work are those reported by
Woodley and Bush31,32 and are listed in Table 1. In addition, we
have studied the effect of oxygen vacancies on the distribution of
the cations in the orthorhombic phase, and to compensate the
charges in the oxygen-vacant structures, we have assumed that the
surplus electrons generated by the oxygen vacancy remain on the
neighbouring iron ions, whose charge is reduced from Fe3+ to Fe2+.

2.2 SOD calculations for the orthorhombic FeNbO4

We have employed the Site Occupancy Disorder (SOD) code24 to
generate all of the Fe and Nb cation configurations within the
orthorhombic FeNbO4 structure. We have built 2 � 2 � 1, 2 �
1 � 2 and 1 � 2 � 2 supercell models to obtain the energetically
optimum mixed structures. All inequivalent configurations
within the 2 � 2 � 1, 2 � 1 � 2 and 1 � 2 � 2 models were
transferred into the GULP code to calculate the free energies,
which were then used in SOD to carry out the analysis of the
probability distribution of the inequivalent configurations. We
have also carried out the same process on non-stoichiometric
2 � 2 � 1 models, to determine the dominant phases when
oxygen vacancies are present in the structure.

2.3 DFT calculations

In this work, all the DFT calculations were carried out using the
Vienna Ab initio Simulations Package, VASP (version 5.4.4),33–36

where we obtained the bulk properties of the preferred
o-FeNbO4 model selected from the probabilities calculations
above. The ion-electron interactions and the exchange–correlation
interactions are described through the projector-augmented wave
method (PAW)37 and the generalized gradient approximation
(GGA)38 with the Perdew–Burke–Ernzerhof (PBE) density func-
tional, respectively. Spin-polarization was employed in all calcula-
tions and we have treated the following as valence electrons: Fe
(3p63d74s1), Nb (4p65s14d44s2), O (2s22p4). In addition, to improve
the description of the electronic structures, we have used the
on-site Coulombic interaction (DFT+U)39 for the Fe 3d electrons
with the Ueff = U � J value of 4.3 eV. Following test calculations,
the kinetic energy cut-off for the plane wave basis was set at 500 eV
and the Henkelman algorithm was used to calculate the Bader
charges.39 In addition, 3 � 3 � 3 gamma centered Monkhorst
Pack grids were used for the simulation of the 2 � 2 � 2 bulk.
We have considered the spin distribution of Fe atoms in the
orthorhombic phase as a quasi-random one and this phase could
be generated through the Alloy Theoretic Automated Toolkit
(ATAT), which was employed in the special quasi-random struc-
tures (SQS) method.40–43

In the final part of the paper, we have simulated the
diffusion of oxygen through the o-FeNbO4 lattice, where we
have first placed an extra oxygen atom into an interstitial site
inside the lattice and moved this atom in different directions.

Table 1 Interatomic potential parameters used for the FeNbO4

Pairs

Buckingham potential parameters

A (eV) r (Å) C (eV Å6)

Fe3+–OS
�2.513 3219.34 0.2641 0

Fe2+–OS
�2.513 2763.94 0.2641 0

Nb5+–OS
�2.513 3023.18 0.3 0

OS
�2.513–OS

�2.513 25.41 0.6937 32.32

Ion

Core–shell model parameters

Kcs (eV Å�2) qOc (e) qOs (e)

OC
+0.513–OS

�2.513 20.53 +0.513 �2.513
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In order to obtain a good understanding of the diffusion
pathways, we have employed the static lattice method, which
has been used by Saadoune, Baykov and others,44–46 to deter-
mine the possible pathways. In this method, the diffusing
atoms are fixed along the pathway, with the other atoms
allowed to optimise fully, thereby avoiding the formation of
stable structures which are not part of the diffusion pathways.
Compared to the climbing image nudged elastic band (CI-NEB)
method, which aims to find the saddle point in chemical
reactions, the energy of transition states obtained through the
static lattice method may be underestimated but it is a good
description, and comparison, of different possible diffusion
pathways.

3. Results and discussion
3.1 The GULP results

Elucidating the most probable cation configurations in the
orthorhombic phase through the SOD and GULP codes requires
suitable IP parameters. To this end, we have first employed the
listed force field parameters in the GULP code to optimize the
ordered monoclinic phase, and by evaluating whether the
computational results are close to the experimental data, we
could demonstrate the capability of the IP parameters to
describe the interatomic interactions and next use them to
simulate the orthorhombic phase.

The lattice parameters of the monoclinic FeNbO4 (m-FeNbO4)
structure after optimization are listed in Table 2 and compared
with a number of experimental results. The four structures
obtained from experiments have been plotted in Fig. S1, S2
(ESI†), and by comparing the structure of experiments 3 and 4,
we found that exchanging the Fe position for Nb does not affect
the octahedral arrangement and the structural properties.

The difference between the structures of experiments 1, 2 and
3, 4 is that experiments 1 and 2 show P2/a symmetry, while the
structures in experiments 3 and 4 have P2/c symmetry, in which
the parameters a and c are swapped compared to experiments
1 and 2. The computational results from the DFT calculations,
discussed in detail in our previous work,23 are generally more
accurate than those obtained from GULP, where all lattice
parameters except for the b angle vary slightly from the DFT
data. However, the error is within an acceptable margin and the
force field parameters in Table 1 are accurate enough to employ
in the rest of the work.

To further validate the IP parameters, we have optimised
both the monoclinic and orthorhombic FeNbO4 structures. The
relaxed lattice energies and structural parameters are listed in
Table 3. They show that the lattice energy of m-FeNbO4 is lower
than the o-FeNbO4, which is consistent with experiment in that
m-FeNbO4 should be more stable than o-FeNbO4.

3.2 The dominant phase of the stoichiometric orthorhombic
FeNbO4

In the SOD code, the number of inequivalent cation configura-
tions in a 2 � 2 � 2 supercell of the disordered o-FeNbO4

material would reach C16
32 ¼

32!

16!� 16!
, which is an unrealistic

number of configurations to compute. Thus, to still do a
comprehensive study of the ordering in the structure, we have
generated 2 � 2 � 1, 2 � 1 � 2, and 1 � 2 � 2 supercells. From
Table 4, we note that in each of these supercells the total

number of inequivalent configurations is C8
16 ¼

16!

8!� 8!
¼

12 870, which number is reduced after consideration of the
symmetry, to 482, 448, and 474 for the three supercells,

Table 2 Experimental and computational results for the monoclinic FeNbO4 lattice cell. (The experimental data of 1 and 2 show P2/a symmetry, while
the data of experiments 3 and 4 show P2/c symmetry; we have swapped the a and c parameters of experiments 1 and 2 to make it consistent with the
others)

Experiment 147 Experiment 218 Experiment 348 Experiment 419 DFT23 GULP

a 5.008 4.992 4.646 4.650 4.687 4.697
b 5.632 5.607 5.615 5.616 5.691 5.573
c 4.656 4.637 4.996 4.998 5.038 5.102
b 90.27 90.06 89.85 90.15 90.44 87.31
Fe (y) 0.6742 0.6687 0.6680 0.1713 0.1657 0.1528
Nb (y) 0.1807 0.1824 0.1811 0.6799 0.6813 0.6720
O1 (x) 0.9402 0.919 0.2270 0.2251 0.2311 0.2234
O1 (y) 0.138 0.116 0.1106 0.1187 0.1172 0.1021
O1 (z) 0.774 0.767 0.9227 0.9113 0.9161 0.9134
O2 (x) 0.425 0.418 0.2704 0.2981 0.2754 0.2684
O2 (y) 0.384 0.384 0.3812 0.3827 0.3853 0.3920
O2 (z) 0.725 0.738 0.4177 0.437 0.4228 0.4384

Table 3 The lattice parameters and lattice energy of m-FeNbO4 and
o-FeNbO4 from GULP simulations

a (Å) b (Å) c (Å) b (1) Lattice energy

m-FeNbO4 4.697 5.573 5.102 87.31 �481.795
o-FeNbO4 4.679 5.526 5.096 90.00 �481.687

Table 4 Inequivalent configurations for the orthorhombic FeNbO4

Supercell
Cell numbers
(111) Composition

Total
configurations
(N)

Inequivalent
configurations
(M)

2 � 2 � 1 4 Fe8Nb8O32 12870 482
2 � 1 � 2 4 Fe8Nb8O32 12870 448
1 � 2 � 2 4 Fe8Nb8O32 12870 474
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respectively. The results of the calculations of the probability
distributions are shown in Fig. 1 from which it is clear that
from 700 K to 1600 K, there is one inequivalent configuration
(labelled No. 91, No. 81 and No. 91) in each cell whose
probability of occurrence exceeds 99.5%. If we expand each
cell to a 2 � 2 � 2 supercell, we see that all 3 cells obtained the
same dominant and ordered phase as the most probably
configuration. As such, from our calculations, it appears that
the most stable phase is an ordered structure rather than the
disordered material observed experimentally. For the sake of
completeness, we have also calculated the contributions of the

vibrational entropy to the free energy of both structures, which
are listed in Table S2 (ESI†). However, it is clear that the
difference in entropy of the two phases is so small that we
can ignore its contribution to the structural stabilities.

3.3 The lattice parameters, mechanical properties and
electronic structures

Before optimising the structure, we have first confirmed the
magnetic distribution inside the lattice (Fig. S3, ESI†) according
to our former study and the work by Lakshminarasimhan and
co-workers,23,49 where the orthorhombic structure shows

Fig. 1 The distributions of the probabilities in the 2 � 2 � 1, 2 � 1 � 2, and 1 � 2 � 2 supercells and the related most stable configurations; red is oxygen
anion, brown is the Fe cation and green is the Nb cation.

Fig. 2 The PDOS for the monoclinic FeNbO4 (a) and the orthorhombic FeNbO4 (b).
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antiferromagnetic behaviour with small areas of spin glass.
We next carried out DFT calculations to obtain a range of properties
of the selected o-FeNbO4, shown in Fig. 2 and Table 5. As a
comparison, we have added the same data for the m-FeNbO4 phase
which show no remarkable differences in Bader charges or
bond distances between the o-FeNbO4 and m-FeNbO4 structures.
Interestingly, in the o-FeNbO4 structure, the magnetic moment of
Fe could not maintain the same value as in the m-FeNbO4

structure, indicating that in a spin glass structure, the spin
symmetry can be broken. In summary, both the results of the
calculation of the probabilities and the electronic structure have
demonstrated that the phase transition from the monoclinic to the
orthorhombic structure does not impact the bulk properties.

We have also calculated the mechanical properties of the
ordered o-FeNbO4, including the elastic constants (Cij), bulk
modulus (B), shear modulus (G) and Young’s modulus (E),
again comparing with the m-FeNbO4 material from our pre-
vious work.23 We have employed VASP and the finite difference
technique to obtain the values of the elastic constants Cij,
where the elastic tensor was obtained by performing finite
distortions in the direction of each Cartesian coordinate of
the lattice and deriving Cij through the stress–strain method as:

Cij ¼
1

V

@2E

@ei@ej
(1)

where E is the total energy of the stressed cell, V is the
equilibrium volume and e is the component of the applied
strain. Having calculated the values of Cij, we obtain the values
of B, G, and E through the following equations:

B ¼ c11 þ c22 þ c33 þ 2 c12 þ c13 þ c23ð Þ½ �
9

(2)

G ¼ c11 þ c22 þ c33 þ 3 c44 þ c55 þ c66ð Þ � c12 þ c13 þ c23ð Þ½ �
15

(3)

E ¼ 9BG

3Bþ G
(4)

In contrast to the monoclinic phase, there are 9 independent
elastic constants (C11, C22, C33, C44, C55, C66, C12, C13, and C23)
for the orthorhombic structure, all listed in Table 6. We found
that the C11 of m-FeNbO4 is smaller than that of o-FeNbO4,
while the converse is true for the C33, indicating that along its a

direction the m-FeNbO4 phase is softer, while along the c direction
it is harder than the o-FeNbO4 phase. Next, we employed eqn (2)–
(4) to calculate the values of the bulk modulus (B), the shear
modulus (G) and the Young’s modulus (E) and found that all
moduli of the m-FeNbO4 phase are a little larger than that of the
o-FeNbO4 phase, indicating the ability of the o-FeNbO4 phase to
resist compression and elastic shear strain but its tensile stiffness
is not as good as that of the m-FeNbO4 phase.

Finally, we have compared the electronic structures of the
m- and o-FeNbO4, whose DOS plots are shown in Fig. 2. Generally,
there is a very similar DOS distribution for the m/o-FeNbO4

phases, except for a slight difference in the conduction band,
where the integrated orbital is split into two small parts in the
DOS of o-FeNbO4 at around 4.0 eV. Both phases show typical
semiconductor characteristic with a band gap between the con-
duction band maximum (CBM) and the valence band minimum
(VBM), where the CBM is mainly comprised of the Fe 3d orbitals.
Furthermore, it is believed that in the m-FeNbO4 phase, the
electron conduction mainly occurs in the FeO6 layers along its a
direction while after mixing the Fe and Nb, it is likely that the
electron could be conducted through the 3D net inside.

3.4 Oxygen diffusion in the stoichiometric and non-
stoichiometric structures

3.4.1 Oxygen diffusion through the stoichiometric o-FeNbO4

structure. Next, we have introduced an extra interstitial oxygen
atom into the 2 � 2 � 2 supercell, whose lattice is large enough
that it does not affect the adjacent supercells, and used DFT to
calculate the O diffusion pathways. In the stoichiometric o-
FeNbO4 structure shown in Fig. 3, the lowest energy location for
the insertion of an extra oxygen into the lattice is the interstitial
site shown in Fig. S4 (ESI†). The formation energy of the oxygen
interstitial atom is relatively high at 2.2 eV and we would therefore
not expect this defect to occur widely, but we have investigated
this defect here for the sake of completeness. Once an interstitial
oxygen atom has been inserted in the supercell, this oxygen atom
could move to the adjacent interstitial site through pathways in
the 3D networks. We have considered a number of plausible

Table 5 The Bader charge, magnetic moment and bond distance of the
m/o-FeNbO4 lattices. Negative atomic magnetic moments indicate anti-
parallel alignment

o-FeNbO4 m-FeNbO4
23

qFe (e) +1.88 +1.89
qNb (e) +2.72 +2.72
qO (e) �1.16/�1.31 �1.16/�1.30
mFe (mB) (�)4.17–(�)4.25 4.27
mNb (mB) 0 0
mO (mB) 0 0
Fe–O distance (Å) 2.052 2.045
Nb–O distance (Å) 2.022 2.017

Table 6 The elastic constants and the mechanical properties of the m/o-
FeNbO4

Elastic constant (GPa) m-FeNbO4
23 o-FeNbO4

C11 274.1 304.1
C22 269.8 271.4
C33 318.8 253.9
C44 74.5 27.6
C55 102.1 24.7
C66 57.1 72.6
C12 144.1 141.3
C13 148.5 110.7
C23 119.7 140.7
C15 �6.8 —
C25 �11.7 —
C35 �22.9 —
C46 10.2 —
B 187.5 179.4
G 76.8 54.1
E 202.7 147.5
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diffusion pathways, along the [100], [010], and [001] directions.
The diffusion pathway along the [001] direction has been plotted
in Fig. 3, whereas the other pathways are shown in our ESI†
(Fig. S5 and S6). Along the [001] direction, shown in Fig. 3, the
diffusion starts from the interstitial site, and then moves towards
to the gap site, where an energy barrier (up to 3.18 eV) needs to be
overcome to diffuse to the adjacent interstitial site. This behaviour
is not unique to the [001] direction and can be seen in other
pathways in Fig. S5 and S6 (ESI†).

In addition to the direct diffusion pathway, we have also studied
the interstitialcy mechanism along the [001] direction, which is the
dominant diffusion pathway in many metal oxides.50,51 The result
is plotted in Fig. 4, showing an initial energy barrier of 3.89 eV, i.e.
considerably larger than in the direct diffusion pathway. This
therefore suggests that in FeNbO4 materials the direct diffusion
pathway should dominate, owing to the energetic cost of moving a
lattice oxygen to the interstitial site compared to it moving through
a gap site.

3.4.2 Diffusion of oxygen through oxygen-deficient FeNbO4.
Next, we have introduced an oxygen vacancy into the o-FeNbO4

phase to study the oxygen diffusion in the presence of oxygen
vacancies, as can be expected to occur in experimental electrode
materials, also using DFT. There are two sites for the oxygen
vacancy in the simulation cell of the ordered material, i.e. labelled
VO1 which is surrounded by one FeO6 and two NbO6 octahedral,
and labelled VO2 which is surrounded by two FeO6 and one NbO6

octahedral, shown in Fig. 5. Before studying the diffusion of the

oxygen in this non-stoichiometric phase, we have calculated the
formation energies of both vacancy types, also shown in Fig. 5,

according to the equation: Ef ¼ Edefective � Ebulk þ
1

2
EO2

, where

Edefective and Ebulk are the total energies of the non-stoichiometric
material and the stoichiometric bulk material, respectively, and
EO2

refers to the total energy of the oxygen molecule in the triplet
ground state. The lattice parameters and lattice energies of the
optimized structures are listed in Table S1 (ESI†), which show that
the lattice with VO1 type vacancies is the most distorted structure
in terms of volume and lattice energy. Overall, VO2 is the preferred
oxygen vacancy site in the lattice due to its lower formation
energy, although at 3.7 eV it is still a very high value, in agreement
with experimental records which show that most oxygen vacancies
are generated in the preparation process at temperatures of
1100 1C.16–20 We have therefore introduced the VO2 in the 2 �
2 � 2 supercells to investigate the oxygen diffusion pathways,
where we noted that the formation energy of the oxygen vacancies
does not change as the supercell is increased in size, which
indicates that the reduction is a localised process, also shown
by the short-range lattice distortion around the vacancy sites.

Usually, the oxygen atom in the oxygen vacancy-containing
oxide materials prefers to diffuse through a hopping mecha-
nism, similar to the process reported in BaFeO3, SrCoO3, and
CeO2 materials.52–55 Fig. 6 shows two possible pathways for this
type of diffusion, where in Fig. 6a, the oxygen atom hopping
occurs along the [001] direction with the nearest neighbouring

Fig. 3 The diffusion pathway of the interstitial oxygen atom along the [001] direction in the ordered stoichiometric structure (a), and the variation of the
total energy (b); red is oxygen, brown is Fe, green is Nb and the yellow ball in (b) is the interstitial oxygen atom.

Fig. 4 The diffusion pathway of the interstitial mechanism along the [001] direction in the ordered stoichiometric structure (a), and the variation of the
total energy (b); red is oxygen, brown is Fe, green is Nb and the yellow ball in (b) is the interstitial oxygen atom.
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oxygen hopping into the original and newly generated vacancy
sites. The energy barriers are shown in Fig. 6b, where the
vacancy sites 2 and 4 (type VO1) are less stable than the other
three (1, 3 and 5 which are type VO2 vacancies). Thus, from step
1 to 2, there is an energy barrier of B1.04 eV, similar to the
barrier from step 2 to 3 (B1.03 eV). Finally, when the vacancy
is transferred to site 5 (VO2) from 4 (VO1), the structure is
stabilised again.

Along the [110] direction (Fig. 6c), which can be seen as a
combination of the diffusion pathways along [010] and [100], all
the energy barriers have similar values (B0.2 eV), since all
vacancies along this pathway are type VO2 vacancies. Therefore,
although the oxygen could diffuse through the vacancy sites in
the [100] way, the [110] pathway is energetically favourable. As
expected, the presence of oxygen vacancies benefits oxygen

diffusion through the lattice. In addition, we have noticed that
for the oxygen atom, diffusing in the [110] direction is much
easier than the [001] direction, since in the ordered structure all
the vacancies along the [110] belong to the VO2 type.

3.4.3 The effect of cation disorder on the oxygen diffusion.
Since experimentally the orthorhombic phase is found to be
disordered, we can also expect configurations with different Nb
and Fe cation distributions to exist within the material. It has
been reported that oxygen vacancies are found in the orthor-
hombic FeNbO4 structure, which will increase cation mobility
and the likelihood of cation disorder in the lattice.25,47,56 We
have demonstrated that the formation energy of oxygen vacan-
cies depends on the oxygen site, and our earlier results suggest
that if an oxygen were to be surrounded by three FeO6 octahedra,
the formation energy of the oxygen vacancy will be reduced even
further. To test this hypothesis using our DFT calculations, we
have created a 2� 2� 1 supercell with this type of oxygen site and
created the oxygen vacancy VO3, as shown in Fig. 7. As hypothe-
sised, the oxygen formation energy at 2.82 eV is indeed lower than
that for the former two oxygen vacancy types (3.70 eV and 4.71 eV
for VO2 and VO1 respectively). Next, we have investigated this
oxygen vacancy-containing configuration with SOD and GULP
to simulate the probabilities of its inequivalent configurations.
Note that for these simulations, we assigned the two electrons
left behind by the O atoms to the two Fe cations closer to the O
vacancy, which oxidation number was reduced to +2.

The probabilities of the non-stoichiometric structures con-
taining oxygen vacancies are plotted in Fig. 8, where we observe
four main structures from 700 K to 1600 K, in addition to the
dominant structure, No. 7069, which is shown in Fig. 8b. These
configurations are all different from the dominant ordered

Fig. 5 The types of oxygen vacancies in the ordered o-FeNbO4; oxygen is
red, Fe is brown, Nb is green and the red ball with black pattern represents
the oxygen vacancy.

Fig. 6 The diffusion pathways of the oxygen atom along the [001] direction (a) and the [110] direction (c) in the ordered non-stoichiometric structures
with an oxygen vacancy and their corresponding energy barriers (b and d); red is oxygen, brown is Fe, green is Nb and the red ball with black pattern
represents the oxygen vacancy.
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phase, discussed earlier, and our findings therefore suggest
that when oxygen vacancies are present, cation disorder is more
likely to occur, which could be the origin of the disordered
materials found in experiment.

In order to gain insight into the impact of the cation
distribution on the oxygen diffusion, we have employed the
2 � 2� 2 supercell in Fig. 8c, with different cation distributions
along the diffusion pathways. In order to make the calculations
tractable, we have selected pathways where the oxygen diffuses
through a vacancy hopping mechanism. The same two
pathways as identified in the ordered structure are plotted in
Fig. 9. Along the [001] direction, the sequence of vacancy types
is: VO3(step1)–VO1(step2)–VO2(step3)–VO2(step4)–VO3(step5), in
contrast to the ordered structured where VO1 and VO2 alternate.
From step 1 to step 2, the energy barrier to be surmounted is

Fig. 7 The third type of oxygen vacancy; oxygen is red, Fe is brown, Nb is
green and the red ball with black pattern represents the oxygen vacancy.

Fig. 8 The distributions of the probabilities in the defect 2 � 2 � 1 supercell (a); the most stable No. 7069 configuration (b) and the 2 � 2 � 2 supercell
used in this work (c).

Fig. 9 The diffusion pathways of the oxygen atom along the [001] direction (a) and the [110] direction (c) in the disordered non-stoichiometric structures
with an oxygen vacancy and their corresponding energy barriers (b and d); red is oxygen, brown is Fe, green is Nb and the red ball with black pattern
represents the oxygen vacancy.
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2.09 eV to create VO1, where the total energy of the system is
almost at its highest, before the vacancy hops to the more
stable VO2 type, only having to overcome a very small further
barrier of 0.15 eV. Next on the pathway, another VO2 is created,
for which an energy barrier of 0.59 eV has to be overcome,
followed by a similar barrier of 0.62 eV to finally form another
VO3. Similar results are found in the [110] direction, where in the
first two steps, the vacancy moves from VO3 to VO1 with a barrier
of 2.10 eV, but releasing 0.66 eV to form a VO1 site. When we
compare these results with the diffusion in the ordered structure
in Fig. 6, we note that in the disordered structure the initial
energy barrier for the oxygen to move into the VO3 site at about
2.10 eV is much higher than in the ordered structure, owing to
the stability of the VO3 vacancy, and oxygen diffusion through the
disordered structure will therefore be slower.

4. Conclusion

In this work, we have created 2 � 2 � 1, 1 � 2 � 2 and 2 � 1 � 2
supercells of the o-FeNbO4 material to confirm the dominant
cation configuration(s) within the o-FeNbO4 structures, and we
have studied the related bulk properties of the dominant
o-FeNbO4 phase by DFT calculations. For the stoichiometric
material, the results all confirmed a single dominant, ordered
configuration with a probability of occurrence that exceeds
99.5%, which was selected for more in-depth study. The bulk
properties of this selected o-FeNbO4 phase showed that there is
no marked difference from the monoclinic FeNbO4 phase,
which was studied in previous work. We have also investigated
the probabilities of cation disorder in the non-stoichiometric
material containing an oxygen vacancy, where we identified a
number of potential cation configurations. We therefore sug-
gest that oxygen vacancies, which are present in experimental
materials, may encourage the cation disorder in the orthor-
hombic FeNbO4 phase observed experimentally.

We have simulated oxygen diffusion pathways in the ordered
stoichiometric material and in the non-stoichiometric ordered
and disordered structures. In the stoichiometric material, the
diffusion of an interstitial oxygen atom could occur only by
surmounting an energy barrier of around 3 eV, whereas in the
non-stoichiometric ordered structure, it is much easier for the
oxygen to diffuse in a vacancy hopping mechanism along
the [110] direction (energy barrier up to B0.24 eV) than along
the [001] direction (up to B1.04 eV), since in the [110] direction
all the diffusion sites belong to the VO2 vacancy type, while in
the [001] direction, some sites are of the energetically less
favourable VO1 type. In addition, we found that the distribution
of the cations in the structure could impact the energy barriers
along the pathways. In particular, during the vacancy hopping
mechanism, vacancies are more stable in sites which are
coordinated by fewer Nb–O bonds and more Fe–O bonds. When
a disordered structure contains the low-energy VO3 vacancy sites,
the initial energy barrier for vacancy hopping is B2.10 eV, and
oxygen diffusion through non-stoichiometric disordered struc-
tures should therefore be slower.

We consider that this work has contributed detailed atomic-
level insight into the orthorhombic FeNbO4 material, where our
results suggest that intrinsic oxygen vacancies promote oxygen
diffusion through the vacancy hopping mechanism, but cation
disorder may slow oxygen diffusion by allowing more stable
vacancy sites to be formed. These are therefore two parameters
that could be the focus in experimental syntheses to improve
the efficacy of o-FeNbO4 as a cathode material in solid oxide
fuel cells.
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