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Abstract

The orthorhombic phase of FeNbOy, a promising anode material for solid oxide fuel cells
(SOFC), exhibits good catalytic activity towards hydrogen oxidation. However, the low
electronic conductivity of the material specifically in the pure structure without defects or
dopants limits its practical applications as an SOFC anode. In this study, we have employed
density functional theory (DFT + U) calculations to explore the bulk and electronic properties
of two types of doped structures, Feo.9375A0.062s5NbO4 and FeNbo 0375B0.0s2504 (A,B = Ti, V, Cr,
Mn, Co, Ni) and the oxygen-deficient structures Feoo375A00625Nbi1039375 and
FeNby 0375B0.062503.9375, where the dopant is positioned in the first nearest neighbour (1% NN)
site to the oxygen vacancy. Our DFT simulations have revealed that doping in the Fe sites is
energetically favourable compared to doping in the Nb site, resulting in significant volume
expansion. The doping process generally requires less energy when the O-vacancy is
surrounded by one Fe and two Nb ions. The simulated projected density of states (PDOS) of
the oxygen-deficient structures indicates that doping in the Fe site, particularly with Ti and V,
considerably narrows the band gap to ~0.5 eV, whereas doping with Co at the Nb sites generates
acceptor levels close to 0 eV. Both doping schemes therefore enhance electron conduction

during SOFC operation.
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1. Introduction

FeNbO, gained initial recognition as a hydrogen sensor in the early 21th century'®. In recent

years, research on this material has diversified into various applications, including as dielectric

10-13 14-23

ceramic materials'" -, anode materials for lithium-ion batteries and catalytic electrodes
Notably, exploration of the orthorhombic phase with a disordered cation distribution as an
alternative material for solid oxide fuel cell (SOFC) anodes has provided new insights into the

1 Previous

stability and catalytic performance of such Fe-based anode materials'”
experimental studies have shown that the orthorhombic FeNbO4 anode material exhibits robust
resistance to sulphur poisoning and a good electric conductivity of ~0.7 S-cm™, which is over

24-26

ten times larger than the commonly used Lag75510.25Cro.5Mn0 503 anode.

Despite these promising attributes, our previous work and other experimental results®*, have
revealed that the band gap of the pure orthorhombic FeNbO4 material is around 2.2 eV, which
limits its electronic conductivity. To address this limitation, Ti* dopants have been introduced
to substitute both Fe** and Nb’* ions". However, the full impact of these dopants on the
structural and electronic properties remains poorly understood. In this study, we have
substitutionally doped the Fe and Nb sites of both the stoichiometric and O-deficient
orthorhombic FeNbOy structure by the first-row transition metal atoms Ti, V, Cr, Mn, Co and
Ni. We have employed calculations based on the density functional theory (DFT) to evaluate
the feasibility of incorporating these dopants into the material, fully characterising their effect

on the structural and electronic properties, which is crucial in guiding future experimental work.

2. Computational Methods

2.1. DFT calculations

We have employed the Vienna Ab initio Simulation Package, VASP (version 5.4.4)**%, to

carry out the DFT calculations of the FeNbO4 models. The frozen ion-electron interactions were

modelled using the projector-augmented wave method (PAW)™*

. We have treated the following
as valence electrons: Fe(3p®3d’4s'), Nb(4p®5Ss'd4d'ds?), O(2s2p°), Ti(3s*3p®3d*4s?),
V(3s*3p°3d*as'), Cr(3p®3d°4s'), Mn(3p®3d°4s?), Co(3p®3d’4s*) and Ni (3p°3d®4s?). Despite

partially breaking the Aufbau principle and differing from the ground state valence electronic
2
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configuration of the free atoms, VASP contains pseudopotential files using 3d’4s' for Fe and
3d*4s' for V, which resemble more closely the ground state valence electron distribution
simulated in the bulk phases of these metals.”** The valence electrons are allowed to relax
during our simulations and therefore the references used for the valence electron distribution of
these atoms are not really important, as they are identical across all our calculations. We have
used the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)*
exchange-correlation functional for all the spin-polarized calculations. Partial occupancies were
taken into account using the tetrahedron method with Blochl corrections. The magnetic
structure considered in this work is illustrated in Figure 1 and the rationale for this choice is
discussed in section 3.1. To enhance the description of the electronic structures, we have
incorporated the on-site Coulombic interaction (DFT+U)* for Fe-3d, Ti-3d, V-3d, Cr-3d, Mn-
3d, Co-3d and Ni-3d electrons with the U values set at 4.3 eV, 3.5eV,3.5eV,3.5eV,4.0¢eV,
4.5 eV and 5.0 eV, respectively, based on previous studies®. After test calculations, the kinetic
energy cut-off for the plane wave basis set was set at 500 eV, and the Henkelman algorithm
was employed to calculate the Bader charges®’. A 3x3x3 gamma-centered Monkhorst-Pack
grid was used to simulate the bulk models and structural optimisations were carried out using
the conjugate gradient method, terminating when forces were converged within 0.01 eV/A. The
electronic energy was considered optimised when it exhibited a change of less than 107 eV

between two consecutive self-consistent loops.

2.2. Doping energy

We represent the doping process in both stoichiometric (Fe sNb16064) and O-deficient
Fe Nb1g0g3 using the Kroger-Vink notation equations 1-4. This notation is a set of
conventions employed to describe the positions of point defects and charges within the crystal.
We have designated A/B.O, as the metal oxide phases TiO,, V>0s, Cr203, MnO,, C0304 and
NiO in their most stable structures, i.e. with the space groups P4,/mnm, P2/m, R3¢, P4»/mnm,
Fd3m and Fm3m, respectively. The lattice parameters for these structures are listed in Table
S1. Note that the coefficient of O is negative when the structure is doped with NiO at the Fe
site and NiO, Cr,03, MnO; and Co30; at the Nb site, indicating that this gas molecule is a

reactant and not a product.



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

1 1 2y — 3x
;Axoy(s) + Fe16Nb16064(s) © FeisANb;50g4(s) + EF8203(S) + TOZ @Y
1 1 2y — 5x
;ony(s) + Fe14Nb16064(s) © FeygNbysBOgy(s) + Eszos(S) + TOZ (2)
1 1 2y — 3x
;AXOy(S) + Fey6Nb16063(s) © FeisANDy6063(s) + 5F3203(S) =0 02 (3)
1 1 2y — 5x
;BXOy(S) + Fe16Nb16063(s) © FeigNbsBOg3(s) + ENb205(S) + TOZ 4)

The doping energy (Eqoping) is calculated as the sum of the energies of the products minus the
sum of the energies of the reactants multiplied by their respective coefficients in the chemical

equations 1 to 4.

3. Results and Discussion

First, we have investigated the impact of the transition metal dopants on the structural and
electronic properties of FeNbO,. We have employed both the ordered stoichiometric structure
and the O-deficient structure in the configuration with the largest probability, as identified in
our previous work, see Figure 1. It is crucial to note that the lowest energy stoichiometric
FeNbO, structure exhibits an ordered distribution of cations, characterised by a single ionic
arrangement, whereas the O-deficient structure is disordered and is represented by multiple
configurations % In this work, we have used the 2x2x2 supercell of FeNbOy, which size is
sufficient to capture the random cation distribution and simulate the bulk properties of the
doped Feo.9375A0.0625sNbO4/FeNbo 9375B0.062504 and oxygen-deficient
Feo.9375A0.0625NbO3.9375/FeNbo.9375B0.062503.9375 configurations. Specifically, when introducing
one dopant atom into the Fe or Nb sites of the 2x2x2 supercell, the stoichiometry was reduced
from 1 to 0.9375, where the subscript 3.9375 means that one oxygen vacancy was generated in
the simulation cell. After testing various magnetic structures, we determined that the
stoichiometric material adopts an antiferromagnetic configuration, where the alternating Fe
layers along the ¢ axis have opposite spin directions, see Figures 1 (a) and S1. In contrast, the
most stable configuration for the O-deficient structure involves spins of the Fe in the layer
containing only these cations aligning in the opposite direction to the spins in the mixed layers,

which are parallel, as shown in Figure 1 (b).
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Figure 1 (a) Stoichiometric and (b) O-deficient structures showing the magnetic configurations

employed in this study. O is shown in red, Fe in brown and Nb in green.

3.1 Effect of dopants on FeNbQ4

3.1.1 Structural properties

The stoichiometric FeNbO,, modelled as a 2x2x2 supercell and belonging to the space group
Pbcn, comprises 16 Fe, 16 Nb and 64 O atoms (FesNbisOes). Given that all Fe and Nb ions
reside in the same Wyckoff 4c site, our approach involves selectively substituting one Fe and
one Nb site at a time for the doping process, see Figure 2. Initially, we have scrutinised the
effect of dopants in the Fe site on the lattice parameters, which are summarised in Table 1.
Across all structures with dopants in the Fe site, we observed a tendency for lattice elongation
along the a axis, while the Co and Ni dopants resulted in a reduction of the b and ¢ lengths of
the cell. Our computations indicate that post-doping, the o and y angles of all structures have
remained at 90°, while the B angle deviated by no more than 0.08° from the ideal right angle of
the parent material. The y coordinate experienced a slight overestimation in comparison to the

ideal 4c Wyckoff position value of 0.1786. Additionally, we have computed the volume as V =

aXbXcx41—cos2a— cos?f — cos?y + 2cosacosficosy and the volume change as

AV Vaoved—Vundoved .. L. . .
> = w. Our findings indicate that structures doped with Co or Ni underwent a
undoped

marginal compression along the b and ¢ directions. In contrast, doping with Ti, V, Cr and Mn
led to a volume expansion with the Ti-doped structure exhibiting the most significant increase
at 0.368%. Notably, the observed effects of first row transition metal dopants on volume align

closely with previous research, where the introduction of Ti and Cr on the Mn site of NaMnO»

5



133

resulted in volume stretching, while Co and Ni, possessing larger atomic numbers than Mn, led

134 to volume compression**.
Dopants (Co, Cr, Mn,
Ni, Ti and V)
135
136 Figure 2 Optimised structures of FeNbQ4 with Co, Cr, Mn, Ni, Ti and V dopants on the (a) Fe
137 site and (b) Nb site; O is red, Fe is brown, Nb is green and dopants are dark blue.
138 Table 1. Lattice parameters, y coordinate of dopants and volume of the FeNbQ4 structure with
139  dopants incorporated at the Fe site.
A B ad) bA @A ) BO O ¥ VAY)  AVIV (%)
Stoichiometric 9.407 11.380 10.046 90 90 90 0.1786  1075.627 -
Ti 9.421 11.388 10.062 90 90.01 90 0.1809  1079.584 0.368
\Y 9.414 11387 10.056 90 89.94 90 0.1828  1077.887 0.210
Cr 9411 11382 10.048 90 89.97 90 0.1858  1076.271 0.060
Mn 9.417 11394 10.039 90 90.15 90 0.1823  1077.232 0.149
Co 9412 11376 10.045 90 89.97 90 0.1806  1075.459 -0.015
Ni 9.408 11.375 10.045 90 89.92 90 0.1833  1075.045 -0.054
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For a transition metal atom with an octahedral geometry, the five d orbitals are split into three

degenerate lower-energy t, orbitals and two degenerate higher-energy e, orbitals. However,

those orbitals are unstable and break the degeneracy resulting in the elongation or shortening

of one of the three C4 rotation axes, which is known as the Jahn-Teller distortion. We found

that the octahedral geometries of all dopants, also including Fe and Nb in the stoichiometric

structure, show Jahn-Teller distortion where each of the three pairs of identical bonds have

different lengths to the other two and the axial angle deviates from 180°, see Figures 3 and 4.

We have calculated the Jahn-Teller distortion as djr = (de; + de2)/2 — d,, where dei, de2 and
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d. indicate the equatorial bond distances 1 and 2 and the axial bond distance, respectively. Our
simulations show that the uneven occupation of electrons in e, orbitals leads to a stronger Jahn-
Teller distortion than the partial occupation of the t,, orbitals, as found in previous reports*-,
For example, the single electron in the e, orbital of Mn leads to the largest distortion of 0.176
A found in this work when doping into the Fe sites of the stoichiometric structure. In addition,
we found weak Jahn-Teller distortions of Fe, Ti, V and Co octahedra below 0.051 A because
of the uneven occupation of electrons in the t», levels. For the Cr and Ni dopants, the electrons
are distributed evenly in the t», or e, levels and thus, we would not expect distortion. However,
we found weak distortions of 0.052 A and 0.015 A for Cr and Ni, respectively, that are even
larger than for other ions with uneven occupation of the tyg orbitals. The Jahn-Teller distortion

found here follows the order djr(Mn) > djp(Fe) > djr(Cr) > dyr(Co) > dyr(Ti) >

dyr(Ni) > dyp(V).

Our calculations indicate that the t», and e, levels of Nb are empty in the stoichiometric
structure. We also found that after doping the Nb site with Ti and V, the t2; and e, remain
unoccupied, whereas only three electrons occupy the t, level of the Mn dopant, which explains
the weak Jahn-Teller distortions of up to dyu = 0.092 A for the V ion, see Figure 4. Despite an
odd number of electrons distributed in the e, level of Ni, we only found a small Jahn-Teller
effect with a distortion of 0.053 A. Cr and Co with a high spin electron distribution should
exhibit weak Jahn-Teller distortions owing to the uneven occupation of their ty, orbitals.
However, we found large distortions of 0.176 and 0.132 A for Cr and Co, respectively. Note
that the distortion of the axial angle is larger for the dopants in the Nb site than in the Fe site.
We speculate that the lack of correlation between the expected weak and strong Jahn-Teller
distortions can be explained not only by the elongation or shortening of the axial bond, but also
by the bending of the axial axis. We do not discuss the Jahn-Teller effect in the O-deficient

structures because the introduction of oxygen vacancies leads to dangling bonds.



174

175
176

177

178

179

180
181

182

183

184

185

186

187

188

189

190

FeO, TiOg VO,

Fe:[Ar]3d4s® (4.24py) Ti:|Ar|3d24s® (0.8pg) Vi|Ar|3d34s? (1.86pg)
rz.oss A 2.046 A
€ L —— % 20594 gy —— &
2,098 & 20608 I D204 % 20544
)
2.098 A " ' g 2094 A 2,054 A
H 4t 2069 | F——t e At
2.066 &
d: 0.0514 d: 0016 A d: 001148
CrOq MnOg CoOq NiOg4
. rm In: 546 e
1008 & Cr:[Ar]3d4s! (2.91py) yasaid Mn:[Ar]3d5ds? (3.85p,) Co:[AF3d4s (3.13py) Nit[AF3d48? (2.05115)
20744 20258 7% 21044 + ¢ g 20163 c
) 2,025 2 1104 / s s 2.031 4 I . g
_ 1134 2,015 2'06”‘"“7‘ d | D 2.033 A ++
- D 2.025 & 2 s A D~ .
b, 21134 by 2015 2062 T \
2078 R o e 44 b 2018 St 20314 20038 4 4 4,
998 A 1.933 A 2.010 & 20164
d: 005248 d: 0176 A d: 0.029A d: 00154

Figure 3. Octahedral geometry and orbital splitting of dopants in the Fe site of the stoichiometric
structure. The Jahn-Teller distortion is defined as dj; = (d; + de3)/2 — d,, where de1, dez and

da indicate the equatorial bond distances 1 and 2 and the axial bond distance, respectively.
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Figure 4. Octahedral geometry and orbital splitting of dopants in the Nb site of the stoichiometric
structure. The Jahn-Teller distortion is defined as dj; = (d.; + de)/2 — d,, where de1, dez and

da indicate the equatorial bond distances 1 and 2 and the axial bond distance, respectively.==

Table 2 shows that structures containing dopants at the Nb sites are compressed in all three
crystallographic directions, barring the expanded ¢ parameter observed in the Ti-doped
structure. Our simulations show that the lattice structure tends to adopt a triclinic form, with all
lattice angles deviating from 90° by no more than 0.18°. Furthermore, the y coordinates of
dopants at the Nb sites tend to be underestimated compared to the value in the parent material
of 0.1786, except for the structure containing V. Our calculated volumes for the doped

structures are consistently smaller than those of pure FeNbQO,, with the Mn-doped material,



191  exhibiting the most significant reduction of 0.556%. In general, our findings indicate that
192 doping the Nb site induces a greater degree of symmetry breaking compared to doping the Fe
193 site, resulting in the formation of triclinic structures. Crucially, our calculations reveal a volume
194  decrease solely for FeNby 0375B0.062504, With respect to FeNbO4 underscoring the prominent role

195  of Nb site doping in reducing the overall volume of the material.

196 Table 2. Lattice parameters, y coordinate of dopants and volume of the FeNbO4 structure with

197  dopants incorporated at the Nb site.

A, B ad) bA c@A a@® BO 10O y V(A  AVIV (%)

Stoichiometric 9.407 11.380 10.046 90 90 90 0.1786  1075.627 -

Ti 9.402 11.374 10.052 89.97 89.82 90.06 0.1764 1075.036 -0.055
v 9.390 11.378 10.031 90 8992 90 0.1817  1071.851 -0.351
Cr 9.387 11.380 10.026 89.97 89.90 90.05 0.1750 1071.000 -0.430
Mn 9.383 11.355 10.039 90.04 89.82 90.02 0.1630 1069.650 -0.556
Co 9.391 11.369 10.034 89.91 89.95 89.93 0.1684 1071.420 -0.391
Ni 9.385 11.368 10.038 89.85 89.83 90.16 0.1525 1071.011 -0.429

198

199  The Bader charges for both Fe.9375A0.0625NbO4 and FeNboo375B0.0s2504 structures are presented
200  in Table 3. We observe a consistent decrease in the Bader charges of first row transition metal
201  dopants at the Fe site, following the order qri > qv > qcr = Qv > qco > qni, Which is consistent
202 with their respective positions in the periodic table. Our calculations indicate that the Bader
203 charges of O, Fe, and Nb remain constant with respect to the stoichiometric structure, except
204  for Ti- and V-doped structures, where the Bader charge of oxygen exhibits a marginal increase.
205  We noted a similar trend in the Bader charges of dopants between FeNbo375B0.0s2504 and
206  Feo9375A0.062sNbO4. Our DFT calculations indicate that Bader charges of dopants tend to be
207  larger at the Nb site than at the Fe site. This observation suggests a greater likelihood for the

208  Nb site to form stronger ionic interactions with the crystal than its Fe counterpart.

209  Table 3 Atomic Bader charges (¢) in the doped FeNbOustructure.

Fe site Nb site
A,B

qa(e) qo(e) gree) qnn(e) gs(e) qo(e) qre(e)  qnn(e)

9
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211
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214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

Stoichiometric - -1.14 +1.86 +2.72 - -1.14 +1.86 +2.72

Ti +2.11 -1.15 +1.86 +2.72 +2.44 -1.14 +1.86 +2.72
v +1.97 -1.15 +1.86 +2.72 +2.31 -1.14 +1.86 +2.72
Cr +1.84 -1.14 +1.86 +2.72 +2.06 -1.13 +1.86 +2.72
Mn +1.81 -1.14 +1.86 +2.72 +1.92 -1.13 +1.86 +2.72
Co +1.67 -1.14 +1.86 +2.72 +1.63 -1.13 +1.86 +2.72
Ni +1.52 -1.14 +1.86 +2.72 +1.41 -1.12 +1.86 +2.72

Next, we have calculated the magnetic moments of the cations in the stoichiometric and doped
materials, shown in Table 4. The magnetic moment of Fe is underestimated at 4.27 ug, a value
in close agreement with previous findings®. The magnetic moments of the dopants tend to
increase with atomic number from Ti to Mn, followed by a decrease from Mn to Ni. Moreover,
the valence states of cations in the stoichiometric and doped materials can be deduced from
their magnetic moments. In the Feo375A0062sNbO4 structure, we have approximated the
magnetic moments of dopants to the nearest integer, resulting in ms(Fe) = 5 ug, ms(Nb) = 0 ps,
ms(Ti) = 1 g, my(V) = 2 us, ms(Cr) = 3 pug, ms(Mn) = 4 pg, ms(Co) = 3 g, and ms(Ni) = 2 ps.
All cations, including dopants, are in octahedral coordination, splitting the 3d orbital into three
degenerate ty, orbitals (dyy, dy, and d,,;) and two also degenerate eg orbitals (d,2_,2, and d2).
Specific magnetic arrangements for Fe-substituted structures reveal that Cr, Mn, Ti and V are
in the +3 valence state, while Co and Ni are in the +2 oxidation state. Additionally, we have
calculated the magnetic moment of dopants at the Nb site, all displaying a relatively low-spin
state. Our calculations show that only the valence state of Ni was underestimated at +1, which
is a state uncommon for Ni. Comparing valence states in both the Fe and Nb sites, we observe
that, except for the Co dopant, the magnetic moments of the other dopants are lower than the
corresponding values at the Fe site. This correlates with an increase in valence states from +2
to +4 for Cr, Mn and Ti and from +3 to +5 for V. Furthermore, the valence states of Co and Ni
in the Feg0375A0.0625NbO; structure is smaller than that of the substituted Fe®*, suggesting that
oxygen donated electrons to these two dopants, a trend which is also evident in Ti-, Cr-, Mn-,

Co- and Ni-doped FeNby 0375B0.062504 structures.

10
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Table 4. Atomic magnetic moments (ms), and valence states (VS) of the doped FeNbOy structure.

Fe site Nb site

A, B ms(ug) VS ms(us) VS

Stoichiometric 427-(Fe)  +3 0-(Nb) +5
Ti 0.80 +3 0 +4
v 1.86 +3 0 +5
Cr 2.91 +3 1.60 +4
Mn 3.85 +3 3.03 +4
Co 3.13 +2 2.59 +2
Ni 2.05 +2 1.09 +1

The Shannon’s effective radius for each dopant and their doping energies into FeNbQO4 are
detailed in Table 5. Shannon’s reported effective ionic radii*® are contingent on the valence and
spin states of the transition metal atom. When Co and Mn occupy the Fe site, two possible
magnetic structures emerge: high-spin states with magnetic moments of 3 and 4 g, respectively,
or low-spin states, with magnetic moments of 1 and 2 pg, respectively, see Figure 4. Our
calculations indicate that the magnetic moments of Co and Mn align closely with high-spin
states, measuring 3 and 4 pp, respectively. In contrast, Ti, V, Cr and Ni exhibit only one
magnetic configuration, as illustrated in Figure 4. Our calculations show that only Ti**
possesses a larger radius (0.670 A) than Fe** in the parent structure, whereas Mn®* and Fe’*
have very similar sizes, which is expected from their relative positions in the periodic table, see
Table 5. Furthermore, the radii of V** and Cr** atoms, calculated as 0.640 and 0.615 A,
respectively, are smaller than Fe*. In contrast, Co** and Ni** feature larger radii than Fe'*,
attributed to their distinct oxidation states. The calculated doping energies imply that inserting
V*, Cr** or Mn™ is generally more facile than replacing Fe with Co*, Ni** or Ti™.
Additionally, we found that dopant size correlates with doping energy, evidenced by the
sequence Rco > Rni > Rri > Rvin > Rv > Rer and the order of doping energy as Eti > Eco > Eni >
Ev > Evn > Ecr. This suggests that dopants with smaller radii find it easier to replace Fe than

those with large radii with the exception of Ti and V.
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Table 5 shows that only Ti*, V>*, Cr** and Mn®* have smaller radii than Nb>*. (The effective
radius of Ni in the 1+ oxidation state is not reported in Shannon’s table). Our calculated doping
energies indicate that incorporating V at the Nb site is the easiest process, while the inclusion
of other cations, particularly Cr or Co, is less favourable. However, no discernible relationship
is apparent between the radii of first-row transition metal atoms and their doping energies,
indicating a substantial disparity with the size of Nb, a second-row transition metal atom. In
general, the radii of dopants on the smaller Fe site are larger than on the larger Nb site, except

for Co and Ni, which explains the larger doping energies on the latter site.

Table 5. Shannon effective ionic radii (R) and doping energy (Eaq) for the doped FeNbO4

structure.
Fe site Nb site
A, B RA) EaeV) R@A) Ea(eV)
Stoichiometric 0.645 - 0.690
Ti 0.670 1.67 0.605 2.30
v 0.640 0.85 0.540 1.34
Cr 0.615 0.12 0.550 7.22
Mn 0.645 0.26 0.530 3.60
Co 0.745 1.26 0.745 9.17
Ni 0.690 0.92 - 3.70

3.1.2 Projected density of states (PDOS)
We have plotted the projected density of states (PDOS) for both stoichiometric and doped

FeNbO, to elucidate the impact of the first-row transition metal dopants on the electronic
structures. The electronic states of the 1% nearest neighbour (NN) ions to the dopant site were
selected for display, owing to the symmetry of the stoichiometric structure, see Figure S3.
Figure 5 illustrates that stoichiometric FeNbO4 behaves as a semiconductor with a PDOS band
gap of 2.2 eV. The t, and e, valence levels of Fe*, which are fully occupied, appear at -7 eV
with a separation of ~1.2 eV in the majority spin channel. The empty t», and e, states of Fe**
are located at around 2 eV in the opposite minority spin channel, leading to a separation of 9
eV between them, which is also observed in the previous work on Fe;04.*” Meanwhile, the ty,

and e, orbitals of Nb are exclusively observed in the conduction band above 3 eV, given that
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this cation is fully oxidised, having transferred all its 4d electrons to the oxygen anions. The 2p

state of oxygen is delocalised in the valence region, from -5.5 to 0 eV.
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Figure 5. Projected density of states (PDOS) for the stoichiometric FeNbQa.

The electronic structure of FeNbO4 doped at the Fe site with first-row transition metal atoms is
depicted in Figure 6. It is noteworthy that in the Ti-, V- and Cr-doped structures, the t>; valence
orbitals of the dopants progressively shift into the delocalised valence band region. In the Ti-
and V-doped structures, we observe only one localised t», orbital below the Fermi level, while
in the Cr- to Ni-doped structures, most 3d states are distributed in the valence region from -6
eV to 0 eV. The PDOS of the Co- and Ni-doped structures indicate that the t;; and e, orbitals
are situated near -7 eV, with the empty e, orbitals appearing in the conduction band. Our
simulations suggest that with an increase in the atomic number of the dopant, the t,, and e,
orbitals gradually become fully occupied from Cr to Ni, corresponding to the electronic

eg Veg Ceeg

eg1
t2g1> Vi2grtr L€ agrrm Co

occupations of Ti Mnf‘zquTTT, t2gTT01 and N iteiqg 1111+ Additionally, we
found that after doping with Mn, Co or Ni, acceptor levels comprising t;; and e, orbitals are
generated between the valence band maximum (VBM) and the conduction band minimum
(CBM) of the parent material. Generally, doping proves beneficial in reducing the band gap,
especially for the structure containing Ti on the Fe site, where the Fermi level is close to the

CBM, in agreement with experimental findings®®. The impact of dopants on the PDOS of Fe,

Nb and O is negligible with respect to the parent material.
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Figure 6. Projected density of states (PDOS) of FeNbO4 doped with (a) Ti, (b) V, (¢) Cr, (d) Mn,
(e) Co and (f) Ni on the Fe site.

Our calculations show that when Ti and V are doped into the Nb site of the stoichiometric
structure, there are no bands in the valence region, as these cations lack electrons. In the Cr-
and Mn-doped structures, the t»; and e, orbitals appear in the valence band region, but due to

the incomplete occupation of 3d orbitals we still observe states in the conduction band region.
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With increasing atomic numbers, the electrons in the 3d orbitals of Co- and Ni-doped structures

tend to occupy states further towards -7 eV .-In all the structures, the 3d orbitals of Fe, 4d orbitals

of Nb and 2p orbitals of O show a similar distribution to the parent structure, indicating that the

effect of doping is minimal and can be disregarded.
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Figure 7. Projected density of states (PDOS) of FeNbO4 doped with (a) Ti, (b) V, (¢) Cr, (d) Mn

, (e) Co, and (f) Ni, on the Nb site.

Despite finding that the d-band centres of the dopants appear at particular positions in the DOS,

as well as changes in the cell volume and electronic band gap of the structures owing to the
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incorporation of transition metal atoms, no trend or relationship between them could be

identified, see Tables S2, S3 and S4.

3.2 Effect of dopants on the O-deficient FeNbQy4

Next, we introduced one oxygen vacancy into the supercells and subsequently again
incorporated first-row transition metal dopants into the Fe and Nb sites to investigate their effect
on the geometric and electronic properties. Figure 8 illustrates four distinct configurations of
the O-deficient FeNbOQy structure, i.e. when the oxygen vacancy is surrounded by (i) three Fe
(FFF), (i) two Fe and one Nb (FFN), (iii) one Fe and two Nb (FNN), and (vi) three Nb (NNN)
cations. However, we observed that the NNN type oxygen vacancy migrated and transformed

into the FNN type following optimization.

Figure 8. Optimised structures of four distinct oxygen vacancy types in the FeNbOj structure: (a)
FFF; (b) FFN; (c) FNN and (d) NNN. The star denotes the selected doping sites; O is red, Fe is

brown and Nb is green.

The lattice parameters of the O-deficient structures are presented in Table 6. Our calculations
reveal that the introduction of oxygen vacancies induces an expansion in the lattice parameters
a, b, and c. The most significant expansions in a and ¢ are observed in the FNN-vacancy type

structure, while the largest expansion in b is found in the FFN-vacancy type structure. Moreover,
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a slight distortion in the crystal shape is noted, with all angles deviating from 90°, see Table 6.
The enlarged lattice parameters and distorted cell shape collectively contribute to a volume
expansion in the structure. This expansion can be rationalised by considering the larger size of
Fe?* compared to Fe’* cations when the latter undergo reduction upon the formation of an O
vacancy, as reported in previous studies**’. The formation energy of the oxygen vacancy was

calculated as: Evac = Ere,;Nb1g0¢s — EFe;qNb106, T
1 . -
EEOz’ where Epe Nb,,04; @0d EFe, Nb,,0,, T€Present the total energies of the O-deficient

FeNbO4 and stoichiometric FeNbOs, respectively, and Ej, refers to the total energy of the
oxygen molecule in the triplet ground state. The calculated vacancy formation energies indicate
that the process is endothermic for the three types of vacancies considered in this study, ranging
between 2.14 eV for FFF and 4.13 eV for FNN. This suggests that the material will not
spontaneously undergo reduction. The FNN-type vacancy exhibits the largest volume
expansion, consistent with its higher number of surrounding Nb atoms. The decreasing order
of formation energy for the oxygen vacancies is EENN > EFFN > EFFF Using the entropy of
an O, molecule from thermodynamic tables*® we have calculated its contribution to the energies
at various temperatures. We found that the entropy contribution of half an O; molecule is -TAS
= 2.14 eV at 1580 K, which compensates exactly the energy of -2.14 eV for the process
represented in equation (5). Thus, we expect this material to reduce spontaneously between

1580 and 1800 K, which is the melting point. Note that we have assumed that the entropy of

the bulk solid phases does not change in this analysis

1
FeigNb160g4(s) © FeigNbys0g3(s) + 502(9) (5)

Table 6. Lattice parameters (a, b and c), angles (o, p and y), volume (V) and formation energy of

oxygen vacancy (Evac) for the O-deficient FeNbQ4 structure.

ad) bA c@A a©® BO 1O VA) AVV(%) Eu(eV)
stoichiometric 9.393 11.367 10.127 90.03 89.93 89.68 1081.339 - -
FFF 9.409 11.386 10.144 89.94 90.15 89.82 1086.819 0.51 2.14
FFN 9.405 11.383 10.191 90.15 90.27 89.41 1091.086 0.90 3.28
FNN 9415 11.405 10.180 89.99 89.83 90.17 1093.294 1.10 4.13
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3.2.1 Structural properties

First, we considered the substitutional doping of one Fe cation surrounding the O vacancy in
the FFF-, FFN- or FNN-vacancy type structures, as shown in Figure 9. The calculated magnetic
moment, valence state of the first-row transition metal dopant and the doping energy released
upon substitution of the structural Fe ion are listed in Table 7. Our simulations indicate that the
magnetic moment decreases to ~3.70 pgin only two Fe cations in the three types of structures
as a result of the formation of the oxygen vacancy. We observe that two 1* NN Fe ions of the
oxygen vacancy have a smaller magnetic moment in the FFF and FFN-type structures, whereas
one 1% and one 2™ NN cation experience a reduction in the magnetic moment in the FNN-type

structure. Although underestimated, the calculated magnetic moment of ~3.7 pg corresponds to
an electronic distribution of F etef;TT 111 for an octahedral Fe?*, as shown in Figure S4. We found

that Ti has the smallest magnetic moment of ~0.80 pip of all the dopants considered in this study,
where the magnetic moments increase with atomic number of the transition metal from Ti to

Mn, which has the largest value of ~4.57 ug. Our calculations also suggest that the magnetic

moment decreases from Mn to Co and from Co to Ni. The electronic distributions of Ti g g1

eg eg? egT? egTt .eg™
V t2g11> Cr £2g111° Mn £2g111> Co tzgm”and Ni (2111 correspond to the valence states +3,

+3, +2, +2, +2 and +2, respectively, see Figure S5-7. Replacing Fe by Mn and Ni dopants is an
energetically favourable process compared to introducing Ti, V, Cr and Co dopants, displaying
the following decreasing order of doping energies Eq; > Ey > E¢p > Eco > Eyn > Eni.
The analysis of the magnetic moments suggests that Fe gains one electron, reducing its valence
state from 3+ to 2+, upon the formation of the O vacancy in the stoichiometric material, as
shown in Tables 4 and 7. The calculated magnetic moments and valence states of the transition
metal dopant atoms are essentially the same in the three types of O-deficient structures.
Moreover, we found that the magnetic moments and electronic structures of the dopant atoms
are very similar in both Feg9375A0.062sNbO4 and Feoo375A0.062s5NbO3 9375, with the exception of
the Cr and Mn dopants. The calculated magnetic moment increases from 2.91 to ~3.6 ug and
from 3.85 to ~4.5 ug for Cr and Mn, respectively, suggesting that the formation of the O vacancy
reduces these cations from the 3+ to the 2+ oxidation state. Only Cr and Mn display a larger

magnetic moment, corresponding to a reduction from 3+ to 2+ with respect to the doped
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material without O vacancies, in agreement with the charge of the Fe* that they substituted.
However, Ti and V, which have a valence state of 3+ donated one electron to the 1* or 3nd NN
Fe cations. The doping energy for Ti, V, Cr and Mn (Co and Ni) decreases (increases) from the
FFF to the FFN and from the FFN to the FNN type O-deficient structure. Our calculated doping
energies suggest that replacing Fe with Ti** and V** is thermodynamically less favourable than
doping with the other cations in the 3+ oxidation state. We found that the total energy
differences (Ei = Evact Edoping) between the stoichiometric and doped O-deficient materials are
still larger for the FNN-type structure, with the exception of the Ti-doped phase, indicating that
doping and partial reduction cannot enhance its stability with respect to the FFF and FFN type

structures.

Table 7. Atomic magnetic moments (m;), valence states (VS), and doping energy (Ea) and energy

differences (E¢ )of the O-deficient FeNbQs structure with dopants in the Fe site.

FFF (Fe site) FFN (Fe site) FNN (Fe site)
A ms (us) VS Ea (eV) E«eV) ms(ps) VS Ea (eV) E«(eV) ms (uB) VS Ea (eV) E«(eV)
Fe 1st neigh 3.73 (2) +2 - - 3.72(2) +2 - - 3.7(1) +2
Fe 3rd neigh - - - - - - - - 3.73(1) +2
Ti 0.84 +3 3.72 5.86 0.82 +3 3.31 6.59 0.80 +3 2.01 6.14
\% 1.89 +3 1.53 3.67 1.86 +3 1.39 4.67 1.84 +3 1.28 5.41
Cr 3.60 +2 091 3.05 3.60 +2 0.76 4.04 3.57 +2 0.68 4.81
Mn 4.57 +2 -0.28 1.86 4.56 +2 -0.32 2.96 4.55 +2 0.34 3.79
Co 2.75 +2 0.27 2.41 2.71 +2 0.35 3.63 2.74 +2 0.36 4.49
Ni 1.74 +2 -0.79 1.35 1.70 +2 -0.68 2.60 1.73 +2 -0.55 3.58

Next, we introduced dopants on the five-fold Nb sites in proximity to the oxygen vacancies and
subsequently relaxed the structures before computing their properties, as detailed in Table 8.
The FFF-type vacancy structure was not considered for Nb site doping due to the absence of a
1 NN Nb site. Our simulations indicate that magnetic moments remain zero for all Nb atoms
within the FFN and FNN-type vacancy structures. The magnetic moment of the dopants

progressively increases with atomic number from Ti to Mn, while it decreases from Mn to Ni.
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The magnetic moment configurations for the first-row transition metal atoms correspond to

egtiT

. eg eg eg eg? eg1® . .
Ti V Cr Mn £2g1117 Co t2ngTlTland Ni £2gMNTL - We have inferred valence

t2g> ¥ t2g1> “T 29111
states of +4 for Ti, +4 for V, +3 for Cr, 43 for Mn, +1 for Co and +1 for Ni. Our calculated
doping energies reveal that the insertion of Ti, V, and especially Cr and Co into the Nb sites is
thermodynamically more difficult than the incorporation of Mn and Ni, with exothermic doping
energies of approximately —0.7 and —0.25 eV, respectively. Generally, the generation of oxygen
vacancies does not alter the magnetic moment, electronic structure, or oxidation state of Nb>*
in FeNbO3 9375 compared to FeNbOs. Specifically, the formation of the oxygen vacancy in the
doped material leads to changes in the magnetic moments of V, Cr, Mn and Co from 0 to 1 pg,
1.60 to ~2.90 pg, 3.03 to ~3.80 us, and 2.59 to ~2.0us, respectively, corresponding to a
reduction of their oxidation states from +5 to +4, +4 to +3, +4 to +3 and +2 to +1, respectively.
Furthermore, we observed that the oxidation state of each dopant is smaller than that of the
removed Nb”* ion. For instance, the 1+ cations received one electron from each Fe** and one
electron from two 2" NN O atoms, whereas the 3+ and 1+ cations received charge density from
one or two Fe”* ions, respectively. We found that Mn and Ni are the only dopants that can be
inserted spontaneously into both the Fe and Nb sites, with Mn displaying a larger preference
for the Nb position and Ni for the Fe site. Ti and V are thermodynamically more favourable to
dope into the Nb than the Fe site for each vacancy-type structure, whereas Cr and Co
preferentially substitute Fe rather than Nb. The largest total energy difference for
FeNbo.9375B0.062503.9375 was calculated for the FNN-type structure, suggesting that doping is

unable to modify the order of stability of the doped O-deficient materials.

Table 8. Atomic magnetic moments (ms), valence states (VS), and doping energy (Ea) of the O-

deficient FeNbOQs structure with dopants incorporated into the Nb site.

FFN (Nb site) FNN (Nb site)
A,B ms(us) VS Ea(eV) EdfeV) ms(us) VS Ea(eV) EdeV)
Nb 0 +5 - - 0 +5
Ti 0 +4 027 355 0 +4 0.38 451
v 100 +4 0.4 3.68 1.00 +4 0.79 4.92
Cr 292 43 547 8.75 291 +3 4.76 8.89
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Mn 3.89 +3 -0.78 2.50 3.84 +3 -0.65 3.48

Co 2.04 +1 591 9.19 2.09 +1 5.32 9.45

Ni 1.47 +1 -0.26 3.02 1.45 +1 -0.24 3.89

3.2.2 Projected density of states (PDOS)

Here, we discuss the PDOS of ions proximate to the oxygen vacancy in the undoped and doped
structures. In the FFF-vacancy type configuration, we selected the three Fe ions, positioned as
the 1 NN to the O vacancy at approximately 2.0 A, and the five Nb atoms, situated as the 3™
NN within the range of 3.2 to 4.0 A, see Figure S10. In the FFN-vacancy type arrangement, we
focused on the two Fe and the sole Nb cations, serving as the 1* NN of the O vacancy at around
2.0 A. For the FNN-vacancy type structure, we considered the lone Fe and the two Nb ions,
constituting the 1* NN of the O vacancy at approximately 2 A. The PDOS was plotted utilising
the twelve O anions from the three vacancy-type structures (2™ NN of the O vacancy between
2.6 and 3.4 A) as well as the three Fe and two Nb ions from the FEN- and FNN-vacancy type
structures (3" NN of the O vacancy between 3.4 and 4.4 A), to plot the PDOS, shown in Figures

S11-13.

Figure 9 illustrates that the t;; and e, levels in the majority spin channel between -8.0 and -1.5
eV are fully occupied for the 1 NN Fe ions of the O vacancy in the FFF-vacancy type structure.
In the FFN-vacancy type structure, the to; and e, orbitals of the 1 NN Fe are distributed in the
majority spin region from -7 to -1 eV. Our calculations suggest that the minority spin channel
remains empty in FeNbOy for the 1* NN Fe ions in both the FFF- and FFN-vacancy type
structures, with the exception of part of the highly-localised t; orbital just below the Fermi
level. The ty, and e, states of the 1* NN Fe are located in the majority spin channel, while the
orbitals in the minority spin channel are unoccupied in the FNN-vacancy type structure. The
majority and minority spin channels of the 3d orbitals of the 1* NN Nb of the O vacancy are
symmetric, and their density of states is smaller for the valence than for the conduction band in
both the FFN- and FNN-type vacancy structures. We found that the full 2p orbitals of all the
2" NN oxygen remain delocalised from -7 to -1 eV with respect to the stoichiometric material.
For the 3" NN Nb in the FFF-type vacancy configuration, the negligibly occupied 3d states

appear from -7 to -1 eV, whereas the localised states are above 1.0 eV, similar to the FFN- and
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FNN-type structures. Our simulations indicate that the t, and e, levels of the 3™ NN Fe cations
are occupied in the majority spin channel in the FFN- and FNN-type vacancy structures.
Interestingly, we found that part of the occupied t», state of the 3™ NN Fe appears highly-

localised below the Fermi level in the FNN-vacancy type structure.

Our calculations show that the 1% NN Fe cations of the O vacancy act as donor levels in the
FFF- and FFN-type vacancy structures, reducing the bandgap by approximately 1.2 eV
compared to the stoichiometric configuration. This behaviour has also been observed in other
O-deficient materials such as LaFe;..NbsO3 and Li,FeSiO4’'%. However, the electron in this
highly-localised orbital is derived from the 3* NN Fe in the FNN-vacancy type structure,
suggesting a preference for electron conduction in the rather more remote area from the FINN-
type vacancy. The absence of localised Fe ty; and e, states around -8 eV implies the absence of
Fe’* in the vicinity of the vacancy sites, specifically in the 1** NN region of the FFN- and FNN-
type structures. Our calculations indicate that the 3d electronic states of Nb, regardless of their
positions, slightly hybridize with the 2p orbitals of oxygen in the valence band, similar to the
stoichiometric FeNbOs. Consequently, we opted not to discuss their density of states in the

subsequent sections.
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Figure 9. Projected density of states (PDOS) for FeNbQO4 with different types of oxygen vacancies
(a) FFF; (b) FFN and (c) FNN.

First, we have simulated the PDOS for Feo.9375A0.062sNbO3 9375 structures, containing FFF-, FEN-,
and FNN-type vacancies, respectively, see Figure S13-15. Overall, we found that the electronic
states of the dopants and Fe cations exhibited similar distributions in the three types of oxygen-
vacancy structures. In this context, we chose to analyse only the PDOS of the doped FFF-

vacancy type configuration to investigate the effect of dopants on the electronic structures.

Figure 10 illustrates that the 3d orbitals of the 1* NN Fe occupy the majority spin channel from
-8 to -1 eV, while the minority spin channel remains unfilled above 1 eV in all the doped
structures. Electronic states of Ti, V, and Co dopants are primarily distributed in the conduction
region, with one, two and four sharp orbitals, respectively, appearing below the Fermi level.
The majority spin channel of the Mn dopant is fully occupied, while its minority spin channel
is in the conduction region. The t2, and e, levels of the Co and Ni dopants are present in both
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the majority and minority spin channels in the valence region, and part of the conduction band
remains unoccupied over 1 eV. In general, our simulations reveal that the highly-localised states
of Fe** below 0 eV are replaced by the ty, orbitals of the Ti, V, and Cr dopants, reducing the
band gap to less than 0.5 eV, especially for the Ti- and V-doped structures. In contrast, the t2g
and e levels of the Mn, Co, and Ni dopants shift towards the deep region of the valence band,
resulting in no states around the Fermi levels, consistent with observations in doped TiO; as
well**4°. Overall, comparing with the doped Feo9375A0.062sNbOs structures, we observe that the
electronic states of Ti and V remain similarly allocated in both doped configurations. On the
other hand, the highly-localised orbitals of Cr and Mn are generated below the Fermi levels in
the O-deficient structures. The electronic states of the Co and Ni dopants tend to be delocalised
in the valence region from -7 to -1 eV in the Feo.9375A0.0625NbO3.9375 structures, rather than being

concentrated around -8 eV in the Feg.0375A0.062sNbO4 configurations.
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501

502 Figure 10. Projected density of states (PDOS) for dopants and the 1° nearest neighbour (NN) Fe
503 in the FFF-type Feo.9375A0.062sNb03.9375 structures featuring (a) Ti, (b) V, (¢) Cr, (d) Mn, (e) Co,
504 and (f) Ni dopants on the Fe site.

505

506  We also selected the PDOS of the FFN-type FeNby 9375B0.062503.9375 materials to illustrate their
507  electronic structures, see Figure 11, as they exhibit similar distributions to the FNN-type, see

508  Figure S16 and 17. We observe that the occupied states of the Fe cations are distributed from -
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8 to -1 eV for the Ti- and V-doped structures, and from -8 to 0 eV for the Cr-, Mn-, Co- and
Ni-doped structures. The t», and e, levels of the Ti and V dopants predominantly occupy both
the majority and minority spin channels in the conduction region, except for the localised tag
orbitals of V near the VBM. Specifically, a sharp level is observed in the CBM of the Cr-doped
structure, and this type of highly-localised orbitals shifts towards the Fermi levels with an
increase in atomic numbers from Cr to Ni. In general, our calculations demonstrate the removal
of highly-localised orbitals of the Fe cations below the Fermi levels in the Ti- and V-doped
structures. Moreover, we found no evidence of Fe** in the Cr-, Mn-, Co- and Ni-containing
structures, indicating that it has been oxidized back to Fe** after doping. Furthermore, acceptor
levels are generated and tend to move close to the Fermi levels in the Cr- to the Ni-doped
structures. During this process, we observe a reduction in the bandgap to 0.5 eV for the Co-
doped structure, while it remains relatively large at -1.8 eV for the Cr- and Ni-doped structures,
even exceeding that of the undoped O-deficient structures. When comparing with the
FeNbo.9375B0.0s2504 structure, we found that the electronic states distributions of Ti dopants
remain the same, whereas the additional localised levels of V dopants are situated in the VBM
after the generation of oxygen vacancies. The acceptor level, composed of the 3d orbitals of Cr
tends to move towards the CBM after the creation of oxygen vacancies. For the Mn-, Co-, and
Ni-doped configurations, the impact of the oxygen vacancy on the electronic structures of the

dopant is negligible and can be disregarded.
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Figure 11. Projected density of states (PDOS) of the dopants, the 1°* and 3™ nearest neighbour
(NN) Fe in the FFN-type Feo.9375A0.062sNb3.9375 structures with (a) Ti, (b) V, (¢) Cr, (d) Mn, (e)
Co, and (f) Ni dopants on the Nb site.

4. Conclusions

We have conducted DFT calculations of the Feoo375A0.062sNbOs and FeNbgo375Bo.062504

materials, where A, B = Ti, V, Cr, Mn, Co and Ni, as well as the O-deficient
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Feo.9375A0.062sNbO3 9375 and FeNby 9375sB0.062503.9375 structures (A, B = Ti, V, Cr, Mn, Co and Ni).
Our calculations indicate that substituting the Fe cation with these dopants is considerably more
energetically favourable than the Nb site, leading to significant compression of
FeNbo.0375B0.062504, except for the Ti-doped configuration. Doping Ti, V, and Mn at the Fe site
of the stoichiometric structure transforms it into an n-type semiconductor, while the Co- and

Ni-doped FeNbo.0375B0.0s2504 structures shift to p-type semiconductors.

In the O-deficient structure, random distribution of cations occurs, resulting in the identification
of three stable types of oxygen vacancies, i.e. FFF-, FFN-, and FNN-type vacancies. Our
calculations have shown that the stability of O-deficient configurations depends on the number
of 1" NN Nb atoms at the O vacancy. For instance, generating the FFF-type vacancy is less
endothermic than the FNN-type vacancy, leading to the largest volume expansion. Overall, for
the doping process in the Fe or Nb sites surrounding the vacancies, we observe that the type of
oxygen vacancies does not significantly affect the structural properties and electronic structures
of the dopants. However, the presence of an oxygen vacancy can alter the oxidation state and
doping energies relative to the Fep9375A0.0625NbO4/FeNbo 9375Bo.062504 structures. For instance,
the order of doping energies in the Fe sites of the non-vacancy configurations is as follows:
Eqis+ > Ecpa+ > Eyja+i > Eys+ > Eyps+ > Ep3+, whereas in the O-deficient structures, the
sequence becomes: Ep;s+ > Eys+ > E2+ > Epg2+ > Eppp2+ > Eyj2+ . Furthermore, it is
noteworthy that doping Ti and V into the Fe sites of the O-deficient structures could
significantly enhance electronic conduction by moving the donor levels close to the CBM.
However, doping these first-row transition metals into the Nb site surrounding the vacancies
tends to shift the structures towards p-type semiconductors, especially for the Co-doped

configurations, where the bandgap narrows from 1.0 to 0.5 eV.

5. Supplementary Material

The Supplementary Materials include the structural information of metal oxides used for

calculating doping energies, the relationship between volume change, band-gap and d-band
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centre, the magnetic configurations, the octahedral filed of splitting, the selected sites for

doping atoms, and the PDOS plots of the O-deficient structures.
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