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ABSTRACT

The orthorhombic phase of FeNbOy, a promising anode material for solid oxide fuel cells (SOFCs), exhibits good catalytic activity toward
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, Feg.375A40.0625NbO4 and FeNbo.0375Bo.062504 (A, B = Ti, V, Cr,
Mn, Co, Ni) and the oxygen-deficient structures Feg937540.062sNbO3.9375 and FeNby 0375 Bo.062503.9375, where the dopant is positioned in the
first nearest neighbor site to the oxygen vacancy. Our DFT simulations have revealed that doping in the Fe sites is energetically favorable
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 of the oxygen-deficient structures indicates
that doping in the Fe site, particularly with Ti and V, considerably narrows the bandgap 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.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0192749

l. INTRODUCTION ~0.7 S cm™}, which is over ten times larger than the commonly used
Lag.75Sr0.25Cro5sMno503>* > anode.
Despite these promising attributes, our previous work and

FeNbOj, gained initial recognition as a hydrogen sensor in the K
other experimental results” ~ have revealed that the bandgap

early 21st century.'” In recent years, research on this material has
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diversified into various applications, including as dielectric ceramic
materials,'’ ° anode materials for lithium-ion batteries, and cat-
alytic electrodes.'’ >’ Notably, an exploration of the orthorhom-
bic phase with a disordered cation distribution as an alternative
material for solid oxide fuel cell (SOFC) anodes has provided new
insights into the stability and catalytic performance of such Fe-based
anode materials.'”"" Previous experimental studies have shown
that the orthorhombic FeNbO, anode material exhibits robust
resistance to sulfur poisoning and a good electric conductivity of

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 stoi-
chiometric and O-deficient orthorhombic FeNbOj structures 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)
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to evaluate the feasibility of incorporating these dopants into the
material, fully characterizing their effect on the structural and elec-
tronic properties, which is crucial in guiding future experimental
work.

1. COMPUTATIONAL METHODS
A. DFT calculations

We have employed the Vienna Ab initio Simulation Package,
VASP (version 5.4.4),”"" to carry out the DFT calculations of
the FeNbO, models. The frozen ion-electron interactions were
modeled using the projector-augmented wave (PAW) method.*
We have treated the following as valence electrons: Fe:3p°®3d’4s',
Nb:4p®5s'ad®4s?, 0:2s%2p°, 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 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 Fig. 1, and the rationale for this choice is discussed in
Sec. 11T A. 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 elec-
trons with the U values set at 4.3, 3.5, 3.5, 3.5, 4.0, 4.5, and 5.0 eV,
respectively, based on previous studies.” After test calculations, the
kinetic energy cutoff for the plane wave basis set was set at 500 eV,
and the Henkelman algorithm was employed to calculate the Bader
charges.”” A 3 x 3 x 3 gamma-centered Monkhorst-Pack grid was
used to simulate the bulk models, and structural optimizations were
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carried out using the conjugate gradient method, terminating when
forces were converged within 0.01 eV/A. The electronic energy
was considered optimized when it exhibited a change of less than
1077 eV between two consecutive self-consistent loops.

B. Doping energy

We represent the doping process in both stoichiometric
(Fe1sNb16064) and O-deficient Fe;sNb;sOs3 using the Kréger-Vink
notation equations (1)-(4). This notation follows a set of conven-
tions employed to describe the positions of point defects and charges
within the crystal. We have designated A/B;O, as the metal oxide
phases TiO2, V,0s5, Cr,03, MnO,, Co304, and NiO in their most
stable structures, i.e., with the space groups P4,/mnm, P2;/m, R3c,
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 Co3O4 at the Nb site, indicating that
this gas molecule is a reactant and not a product,

1 1
;Axoy(s) + Fe15Nb16064(S) A FelsANb16064(S) + EF€203(S)

2y —3x

> 1
o (»

+

1 1
;on},(s) + FelsNb15064(S) Ad Feler153054(S) + EszOs(S)

2y —5x
4x

+ O,, (2)

1 1
;AXO},(S) + Fe16Nb16063(s) Ad Fe15ANb16063(s) + EFCzOs (S)

2y —3x

O, 3
P ©)

+

1 1
;ony(s) + Fe16Nb16063 (S) <> F€16Nb153063(3) + EszOs(S)

2y —
D A

yp O;. (4)

FIG. 1. (a) Stoichiometric and (b) O-deficient structures showing the magnetic configurations employed in this study. O is shown in red, Fe is shown in brown, and Nb is

shown in green.
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The doping energy (Egoping) 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)-(4).

I1l. RESULTS AND DISCUSSION

First, we have investigated the impact of the transition metal
dopants on the structural and electronic properties of FeNbO4. We
have employed both the ordered stoichiometric structure and the
O-deficient structure in the configuration with the largest probabil-
ity, as identified in our previous work, see Fig. 1.% It is crucial to note
that the lowest energy stoichiometric FeNbOy structure exhibits
an ordered distribution of cations, characterized 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 2 x 2 x 2 supercell of FeNbOj, whose size is sufficient to cap-
ture the random cation distribution and simulate the bulk properties
of the doped Feg937540.0625NbO4/FeNbg 9375 B0.062504 and oxygen-
deficient Feg.9375A0.0625NbO3.9375/FeNbg 9375 Bo.062503.9375 configura-
tions. Specifically, when introducing one dopant atom into the Fe or
Nb sites of the 2 x 2 x 2 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

ARTICLE pubs.aip.org/aipl/jcp

layers along the c axis have opposite spin directions, see Figs. 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 Fig. 1(b).

A. Effect of dopants on FeNbO,
1. Structural properties

The stoichiometric FeNbOy, modeled as a 2 x 2 x 2 super-
cell and belonging to the space group Pbcn, comprises 16 Fe,
16 Nb, and 64 O atoms (Fe;sNb1sOs4). 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 Fig. 2. Initially, we have scrutinized the effect
of dopants in the Fe site on the lattice parameters, which are sum-
marized in Table I. 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 in the b and
¢ lengths of the cell. Our computations indicate that post-doping,
the a 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 overesti-
mation in comparison with the ideal 4c Wyckoff position value of
0.1786. In addition, we have computed the volume as V=ax b x ¢

Dopants (Co, Cr, Mn,
Ni, Ti and V)

FIG. 2. Optimized structures of FeNbOy4 with Co, Cr, Mn, Ni, Ti, and V dopants on the (a) Fe site and (b) Nb site. O is red, Fe is brown, Nb is green, and dopants are dark blue.

TABLE |. Lattice parameters (a, b, and c), lattice angles (e, 3, and y), y coordinate of dopants, and volume of the FeNbO,

structure with dopants incorporated at the Fe site.

A, B ad) bA) A a® BE) y(©) y V(AY  AVIV (%)
Stoichiometric 9.407 11.380 10.046 90 90 90 0.1786 1075.627 e

Ti 9421 11.388 10.062 90 90.01 90 0.1809 1079.584 0.368
Vs 9414 11387 10056 90 89.94 90 0.1828 1077.887 0.210
Cr 9411 11.382 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 9.412 11.376 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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FIG. 3. Octahedral geometry and orbital splitting of dopants in the Fe site of the stoichiometric structure. The Jahn-Teller distortion is defined as djr = (de1 + de2) /2 — da,

where de1, de2, and d, indicate the equatorial bond distances 1 and 2 and the axial bond
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tures doped with Co or Ni underwent a 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 pre-
vious research, where the introduction of Ti and Cr on the Mn site of
NaMnO; resulted in volume stretching, while Co and Ni, possessing
larger atomic numbers than Mn, led to volume compression.**

For a transition metal atom with an octahedral geometry,
the five d orbitals are split into three degenerate lower-energy tsg
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

. Our findings indicate that struc-

NbO,

1.968 A Nb: [Kr]4d*5s' (Opg)

Tiz|Ar|3d4s® (0p,,)

distance, respectively.

is known as the Jahn-Teller distortion. We found that the octahedral
geometries of all dopants, also including Fe and Nb in the stoi-
chiometric 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 Figs. 3 and 4. We have cal-
culated the Jahn-Teller distortion as djr = (de1 + de2) /2 — da, where
de1, de2, and 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 ey orbitals leads to a stronger
Jahn-Teller distortion than the partial occupation of the t4 orbitals,
as found in previous studies.””** 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 stoichiomet-
ric 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 ta levels. For the Cr and Ni dopants,
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FIG. 4. Octahedral geometry and orbital splitting of dopants in the Nb site of the stoichiometric structure. The Jahn-Teller distortion is defined as dyr = (de1 + de2) /2 — da,
where de1, de2, and da indicate the equatorial bond distances 1 and 2 and the axial bond distance, respectively.

J. Chem. Phys. 160, 154713 (2024); doi: 10.1063/5.0192749
© Author(s) 2024

160, 154713-4


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

the electrons are distributed evenly in the to; or eg levels, and thus,
we would not expect distortion. However, we found weak distor-
tions of 0.052 and 0.015 A for Cr and Ni, respectively, that are even
larger than for other ions with uneven occupation of the t;; orbitals.
The Jahn-Teller distortion found here follows the order d;r(Mn)
> d]T(Fe) > d]T(CI') > d]T(CO) > d}T(Tl) > d]T(Ni) > d]T(V).

Our calculations indicate that the ty; and eg levels of Nb are
empty in the stoichiometric structure. We also found that after
doping the Nb site with Ti and V, the ty; and e; remain unoccu-
pied, whereas only three electrons occupy the tg level of the Mn
dopant, which explains the weak Jahn-Teller distortions of up to
dyr = 0.092 A for the V ion, see Fig. 4. Despite an odd number of
electrons distributed in the ez 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 t;; 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 spec-
ulate 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 bend-
ing 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.

Table II 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 struc-
ture. 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 FeNbOy, with the Mn-doped material,
exhibiting the most significant reduction of 0.556%. In general, our
findings indicate that doping the Nb site induces a greater degree
of symmetry breaking compared to doping the Fe site, resulting
in the formation of triclinic structures. Crucially, our calculations
reveal a volume decrease solely for FeNbg 9375 Bo.062504, with respect
to FeNbOy, underscoring the prominent role of Nb site doping in
reducing the overall volume of the material.

ARTICLE pubs.aip.org/aipl/jcp

TABLE II. Atomic Bader charges (q) in the doped FeNbO, structure.

Fe site Nb site

qA qo qFe qNb qB qo qFe qNb
A, B e (© (@ (@ (@ (@© (@ (

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
\% +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

The Bader charges for both Fegos75400625NbOs and

FeNbo.0375B0.062504 structures are presented in Table III. We
observe a consistent decrease in the Bader charges of first row
transition metal dopants at the Fe site, following the order g7; > qv
> qcr ® qun > qco > qni> which is consistent with their respective
positions in the Periodic Table. Our calculations indicate that the
Bader charges of O, Fe, and Nb remain constant with respect to the
stoichiometric structure, except for Ti- and V-doped structures,
where the Bader charge of oxygen exhibits a marginal increase.
We noted a similar trend in the Bader charges of dopants between
Fer04937SBO.O62504 and Feo,9375A0,0625NbO4. Our DFT calculations
indicate that Bader charges of dopants tend to be larger at the
Nb site than at the Fe site. This observation suggests a greater
likelihood for the Nb site to form stronger ionic interactions with
the crystal than its Fe counterpart.

Next, we have calculated the magnetic moments of the cations
in the stoichiometric and doped materials, as shown in Table IV.
The magnetic moment of Fe is underestimated at 4.27 yg, 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 Fep937540.0625NbO4
structure, we have approximated the magnetic moments of dopants
to the nearest integer, resulting in ms(Fe) = 5 ug, ms(Nb) = 0 ys,
ms(Ti) = 1 pp, ms(V) = 2 pp, ms(Cr) = 3 pp, ms(Mn) = 4 us,

TABLE II. Lattice parameters (a, b, and c), lattice angles («, 3, and y), y coordinate of dopants, and volume of the FeNbO,

structure with dopants incorporated at the Nb site.

A, B ad) b@A) c@A al® BCO) yO y V(AY  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
Vs 9390 11.378 10.031 90 89.92 90 0.1817 1071.851 —0.351
Cr 9387 11.380 10.026 89.97 89.90 90.05 0.1750 1071.000 —0.430
Mn 9383 11.355 10.039 90.04 89.82 90.02 0.1630 1069.650 —0.556
Co 9391 11.369 10.034 89.91 89.95 89.93 0.1684 1071.420 —0.391
Ni 9385 11.368 10.038 89.85 89.83 90.16 0.1525 1071.011 —0.429

J. Chem. Phys. 160, 154713 (2024); doi: 10.1063/5.0192749
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TABLE IV. Atomic magnetic moments (ms) and valence states (VS) of the doped
FeNbOy, structure.

Fe site Nb site
A,B ms (us) VS ms (up) VS
Stoichiometric 4.27-(Fe) +3 0-(Nb) +5
Ti 0.80 +3 0 +4
A\ 1.86 +3 0 +5
Cr 291 +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

ms(Co) = 3 ug, and ms(Ni) = 2 up. All cations, including dopants,
are in octahedral coordination, splitting the 3d orbital into three
degenerate tyg orbitals (dyy, dxz, and dy.) and two also degenerate
eg orbitals (d,2_» and d ). 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. In addi-
tion, 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 val-
ues 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. Fur-
thermore, the valence states of Co and Ni in the Fe.937540.0625NbO4
structure is smaller than that of the substituted Fe’*, suggesting
that oxygen donated electrons to these two dopants, a trend that is
also evident in Ti-, Cr-, Mn-, Co-, and Ni-doped FeNby.0375B0.062504
structures.

Shannon’s effective radius for each dopant and their doping
energies into FeNbOy are detailed in Table V. 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 mag-
netic moments of 3 and 4 ug, respectively, or low-spin states, with

TABLE V. Shannon effective ionic radii (R) for dopants and doping energy (E4) for the
doped FeNbO, structure.

Fe site Nb site
A,B R(A) E; (eV) R(A) E; (eV)
Stoichiometric 0.645 e 0.690 e
Ti 0.670 1.67 0.605 2.30
\ 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 cee 3.70
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magnetic moments of 1 and 2 yg, respectively, see Fig. 4. Our cal-
culations indicate that the magnetic moments of Co and Mn align
closely with high-spin states, measuring 3 and 4 g, respectively. In
contrast, Ti, V, Cr, and Ni exhibit only one magnetic configuration,
as illustrated in Fig. 4. Our calculations show that only Ti** pos-
sesses 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 V. Fur-
thermore, 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 oxida-
tion states. The calculated doping energies imply that inserting V>*,
Cr’", or Mn’" is generally more facile than replacing Fe with Co®*,
Ni?*, or Ti**. In addition, we found that dopant size correlates with
doping energy, evidenced by the sequence Rco > Rni > Rri > Ry
> Ry > Rer and the order of doping energy as Eti > Eco > Eni > Ev
> Ema > Ecr. This suggests that dopants with smaller radii find it
easier to replace Fe than those with large radii with the exception of
Tiand V.

Table V shows that only Ti**, V>, Cr'*, and Mn®" have
smaller radii than Nb>*. Note that the effective radius of Ni in the
1+ oxidation state is not reported in Shannon’s table. Our calcu-
lated 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 favorable. 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.

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.
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FIG. 5. Projected density of states (PDOS) for the stoichiometric FeNbO,,
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The electronic states of the first nearest neighbor (NN) ions to the
dopant site were selected for display, owing to the symmetry of
the stoichiometric structure, see Fig. S3. Figure 5 illustrates that
stoichiometric FeNbO,4 behaves as a semiconductor with a PDOS
bandgap of 2.2 eV. The ty, 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 to; and eg 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 pre-
vious work on Fe304."” Meanwhile, the t,5 and eg orbitals of Nb are
exclusively observed in the conduction band above 3 eV, given that
this cation is fully oxidized, having transferred all its 4d electrons
to the oxygen anions. The 2p state of oxygen is delocalized in the
valence region, from —5.5to 0 eV.

The electronic structure of FeNbO4 doped at the Fe site with
first-row transition metal atoms is depicted in Fig. 6. It is noteworthy
that in the Ti-, V-, and Cr-doped structures, the ty; valence orbitals
of the dopants progressively shift into the delocalized valence band
region. In the Ti- and V-doped structures, we observe only one
localized tyg orbital below the Fermi level, while in the Cr- to
Ni-doped structures, most 3d states are distributed in the valence
region from —6 to 0 eV. The PDOS of the Co- and Ni-doped struc-
tures indicate that the t; and ey 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 ty; and e; orbitals gradually become fully occupied

from Cr to Ni, corresponding to the electronic occupations of Ti.*

g1’
Vit Cel e Mg, Coffllry and Nigfll . In addition, we
found that after doping with Mn, Co, or Ni, acceptor levels com-
prising ta; and eg 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
bandgap, especially for the structure containing Ti on the Fe site,
where the Fermi level is close to the CBM, in agreement with exper-
imental findings.”® The impact of dopants on the PDOS of Fe, Nb,
and O is negligible with respect to the parent material.

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 ty; and eg 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. With increas-
ing atomic numbers, the electrons in the 3d orbitals of Co- and
Ni-doped structures tend to occupy states further toward —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 struc-
ture, indicating that the effect of doping is minimal and can be
disregarded (Fig. 7).

Despite finding that the d-band centers of the dopants appear at
particular positions in the DOS, as well as changes in the cell volume
and electronic bandgap of the structures owing to the incorporation
of transition metal atoms, no trend or relationship between them
could be identified, see Tables S2-S4.

B. Effect of dopants on the O-deficient FeNbO,

Next, we introduced one oxygen vacancy into the super-
cells and subsequently again incorporated first-row transition metal

ARTICLE pubs.aip.org/aipl/jcp

dopants into the Fe and Nb sites to investigate their effect on the
geometric and electronic properties. Figure 8 illustrates four dis-
tinct configurations of the O-deficient FeNbOj structure, i.e., when
the oxygen vacancy is surrounded by (i) three Fe (FFF), (ii) two Fe
and one Nb (FEN), (iii) one Fe and two Nb (FNN), and (vi) three
Nb (NNN) cations. However, we observed that the NNN type oxy-
gen vacancy migrated and transformed into the FNN type following
optimization.

The lattice parameters of the O-deficient structures are pre-
sented in Table VI. 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, a slight dis-
tortion in the crystal shape is noted, with all angles deviating from
90°, see Table VI. The enlarged lattice parameters and distorted cell
shape collectively contribute to a volume expansion in the structure.
This expansion can be rationalized by considering the larger size of
Fe’* compared to Fe’™ cations when the latter undergo reduc-
tion upon the formation of an O vacancy, as reported in previous
studies."”"” The formation energy of the oxygen vacancy was cal-
culated as Ey,c = Epewawo63 - EFelswao64 + %Eoz, where EFC[sNb[sOsg
and Epe Nb0, represent the total energies of the O-deficient
FeNbOj4 and stoichiometric FeNbOy, respectively, and Eo, 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 reduc-
tion. 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 o PN EEFE 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 con-
tribution 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 Eq. (5). Thus, we expect this material to reduce spon-
taneously 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
Felng16054(S) > F€16Nb15063(5) + EOz(g). (5)

1. Structural properties

First, we considered the substitutional doping of one Fe cation
surrounding the O vacancy in the FFF-, FEN-, or FNN-vacancy type
structures, as shown in Fig. 9. The calculated magnetic moment,
the 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 VII. Our simulations indicate that the magnetic
moment decreases to ~3.70 yg in only two Fe cations in the three
types of structures as a result of the formation of the oxygen vacancy.
We observe that two first NN Fe ions of the oxygen vacancy have
a smaller magnetic moment in the FFF- and FFN-type structures,
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FIG. 8. Optimized structures of four distinct oxygen vacancy types in the FeNbO, 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.

TABLE VI. Lattice parameters (a, b, and c), lattice angles («, 3, and y), volume (V), and formation energy of oxygen vacancy

(Evac) for the O-deficient FeNbOy structure.

ad) b@A) @) a) BC) y() VA) AVIV(%) Ec(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  0.90 328
FNN 9.415 11405 10.180 89.99 89.83 90.17 1093.294  1.10 4.13

whereas one first NN cation and one second NN cation experi-
ence a reduction in the magnetic moment in the FNN-type struc-
ture. Although underestimated, the calculated magnetic moment of

et
ottt for an

octahedral Fe**, as shown in Fig. $4. We found that Ti has the small-
est magnetic moment of ~0.80 ug of all the dopants considered in
this study, where the magnetic moments increase with the 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 elec-

~3.7 up corresponds to an electronic distribution of Fe

. . . . .€g eg et egtt et
tronic distributions of Tltng, V‘zgﬁ, CrtngM, Mntzgm, CotZgT s and
Nice!t correspond to the valence states +3, +3, +2, +2, +2, and
LT

+2, respectively, see Figs. S5-S7. Replacing Fe by Mn and Ni dopants
is an energetically favorable process compared to introducing Ti, V,

Cr, and Co dopants, displaying the following decreasing order of
doping energies Eti > Ev > Ecr > Eco > Emn > Exi. The analysis of
the magnetic moments suggests that Fe gains one electron, reduc-
ing its valence state from 3+ to 2+, upon the formation of the
O vacancy in the stoichiometric material, as shown in Tables TV
and VIL. 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 mag-
netic moments and electronic structures of the dopant atoms are
very similar in both Feg.9375A0.062s NbO4 and Feg.9375A0.062sNbO3 9375,
with the exception of the Cr and Mn dopants. The calculated mag-
netic moment increases from 2.91 to ~3.6 up 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+ oxi-
dation state. Only Cr and Mn display a larger magnetic moment,
corresponding to a reduction from 3+ to 2+ with respect to the
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FIG. 9. Projected density of states (PDOS) for FeNbO, with different types of oxygen vacancies: (a) FFF, (b) FFN, and (c) FNN.

doped material without O vacancies, in agreement with the charge
of Fe*' that they substituted. However, Ti and V, which have a
valence state of 3+ donated one electron to the first or third NN
Fe cations. The doping energy for Ti, V, Cr, and Mn (Co and Ni)
decreases (increases) from the FFF- to the FFN-type and from the
FEN- to the FNN-type O-deficient structure. Our calculated doping
energies suggest that replacing Fe with Ti** and V** is thermody-
namically less favorable than doping with the other cations in the
3+ oxidation state. We found that the total energy differences
(Et = Evac + Egoping) 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 par-
tial reduction cannot enhance its stability with respect to the FFF-
and FFN-type structures.

Next, we introduced dopants on the fivefold Nb sites in proxim-
ity to the oxygen vacancies and subsequently relaxed the structures
before computing their properties, as detailed in Table VIIL. The
FFF-type vacancy structure was not considered for Nb site doping
due to the absence of a first 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. The magnetic moment
configurations for the first-row transition metal atoms correspond

.eg e e et et
to Tig, Vit Clyarp Mg gy, oetitinys We have
inferred valence states of +4 for Ti, +4 for V, +3 for Cr, +3 for Mn,

+1 for Co, and +1 for Ni. Our calculated doping energies reveal that

eg!t .
Coy typypy> and Ni
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TABLE VII. Atomic magnetic moments (ms), valence states (VS), doping energy (E4), and energy differences (E;) of the
O-deficient FeNbO, structure with dopants in the Fe site.

FFF (Fe site) FEN (Fe site) FNN (Fe site)

Mg Ed Et Mg Ed Et ms Ed Et
A (us) VS (eV) (eV) (u) VS (eV) (eV) (ug) VS (eV) (eV)
Fe first neigh  3.73(2) +2 3.72(2) +2 3.7(1) +2
Fe third neigh ce e cee e e 373(1) 42
Ti 084 +3 372 586 0.82 +3 331 659 080 +3 201 6.14
\% 1.89 +3 1.53 3.67 1.86 +3 139 4.67 1.84 +3 1.28 541
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 -0.32 296 4.55 +2 -0.34 3.79
Co 275 42 027 241 271 +2 035 363 274 +2 036 4.49
Ni 1.74 +2 -0.79 1.35 1.70 +2 -0.68 2.60 1.73 +2 —0.55 3.58

TABLE VIIl. Atomic magnetic moments (ms), valence states (VS), doping energy
(Eg), and energy differences (E;) of the O-deficient FeNbO, structure with dopants
incorporated into the Nb site.

FFN (Nb site) FNN (Nb site)
ms Ed Et ms Ed
AB  (ug) VS (eV) (eV) (uB) VS (eV) Ei(eV)
Ti 0 +4  0.27 355 0 +4  0.38 4.51
\' 1.00 +4 04 3.68 1.00 +4 0.79 4.92
Cr 292 43 5.47 8.75 291 +3 4.76 8.89
Mn 3.89 +3 -0.78 250 384 +3 -0.65 3.48
Co 2.04 +1 591 9.19 2.09 +1 5.32 9.45
Ni 147 +1 -0.26 3.02 145 +1 -0.24 3.89

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 oxida-
tion state of Nb>* in FeNbO3.9375 compared to FeNbOj. 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
0to 1 ug, 1.60 to ~2.90 up, 3.03 to ~3.80 up, and 2.59 to ~2.0 us,
respectively, corresponding to a reduction in their oxidation states
from +5 to +4, +4 to +3, +4 to +3, and +2 to +1. 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 second 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 posi-
tion and Ni for the Fe site. Ti and V are thermodynamically more
favorable 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 FeNby 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.

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
first NN to the O vacancy at ~2.0 A, and the five Nb atoms, situated
as the third NN within the range of 3.2-4.0 A, see Fig. S10. In the
FFN-vacancy type arrangement, we focused on the two Fe and the
sole Nb cations, serving as the first 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 first NN of the O vacancy at
~2 A. The PDOS was plotted utilizing the twelve O anions from the
three vacancy-type structures (second NN of the O vacancy between
2.6 and 3.4 A) as well as the three Fe and two Nb ions from the
FFN- and FNN-vacancy type structures (third NN of the O vacancy
between 3.4 and 4.4 A), to plot the PDOS, shown in Figs. S11-S13.

Figure 9 illustrates that the ta; and eg levels in the majority spin
channel between —8.0 and —1.5 eV are fully occupied for the first
NN Fe ions of the O vacancy in the FFF-vacancy type structure. In
the FFN-vacancy type structure, the to; and eg orbitals of the first 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 first NN Fe ions in both the FFF- and FFN-vacancy
type structures, with the exception of part of the highly localized t5g
orbital just below the Fermi level. The ty; and eg states of the first
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 first 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 FEN- and FNN-type vacancy structures. We found
that the full 2p orbitals of all the second NN oxygen remain delocal-
ized from —7 to —1 eV with respect to the stoichiometric material.
For the third NN Nb in the FFF-type vacancy configuration,
the negligibly occupied 3d states appear from -7 to —1 eV, whereas
the localized states are above 1.0 eV, similar to the FFN- and FNN-
type structures. Our simulations indicate that the ts; and e levels
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of the third NN Fe cations are occupied in the majority spin chan-
nel in the FEN- and FNN-type vacancy structures. Interestingly, we
found that part of the occupied tag state of the third NN Fe appears
highly localized below the Fermi level in the FNN-vacancy type
structure.

Our calculations show that the first NN Fe cations of the
O vacancy act as donor levels in the FFF- and FFN-type
vacancy structures, reducing the bandgap by ~1.2 eV compared
to the stoichiometric configuration. This behavior has also been
observed in other O-deficient materials such as LaFe;_,Nb,O3 and
Li,FeSiO4.”"*” However, the electron in this highly localized orbital
is derived from the third NN Fe in the FNN-vacancy type struc-
ture, suggesting a preference for electron conduction in the rather
more remote area from the FNN-type vacancy. The absence of
localized Fe ty; and ey states around —8 eV implies the absence
of Fe*™ in the vicinity of the vacancy sites, specifically in the first
NN region of the FFN- and FNN-type structures. Our calcula-
tions 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 FeNbO,4. Consequently,
we opted not to discuss their density of states in the subsequent
sections.

First, we have simulated the PDOS for Feg9375A0.0625NbO3.9375
structures, containing FFF-, FEN-, and FNN-type vacancies, respec-
tively, see Figs. S13-S15. 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 analyze 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 first 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. The electronic states of Ti, V, and Co dopants are pri-
marily 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 ty; and e,
levels of the Co and Ni dopants are present in both the majority and
minority spin channels in the valence region, and part of the conduc-
tion band remains unoccupied over 1 eV. In general, our simulations
reveal that the highly localized states of Fe** below 0 eV are replaced
by the t,; orbitals of the Ti, V, and Cr dopants, reducing the bandgap
to less than 0.5 eV, especially for the Ti- and V-doped structures. In
contrast, the t; and ez levels of the Mn, Co, and Ni dopants shift
toward the deep region of the valence band, resulting in no states
around the Fermi levels, consistent with observations in doped TiO,
as well.***° Overall, comparing with the doped Fe.937540.0625NbO4
structures, we observe that the electronic states of Ti and V remain
similarly allocated in both doped configurations. Meanwhile, the
highly localized 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 delocalized in the valence region
from -7 to —1 eV in the Fep9375A40.0625NbO3.9375 structures, rather
than being concentrated around —8 eV in the Fep9375A40.0625NbO4
configurations.

ARTICLE pubs.aip.org/aipl/jcp

We also selected the PDOS of the FFN-type
FeNbo.o375B0.062503.9375 materials to illustrate their electronic
structures, see Fig. 11, as they exhibit similar distributions to the
FNN-type, see Figs. S16 and S17. We observe that the occupied
states of the Fe cations are distributed from -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 ey levels of the Ti and
V dopants predominantly occupy both the majority and minority
spin channels in the conduction region, except for the localized
tyg 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
localized orbitals shifts toward the Fermi levels with an increase
in atomic numbers from Cr to Ni. In general, our calculations
demonstrate the removal of highly localized 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 FeNbgo375Bo.062504 structure, we found that
the electronic state distributions of Ti dopants remain the same,
whereas the additional localized 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 toward 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.

IV. CONCLUSIONS

We have conducted DFT calculations of the
Feo‘9375A0‘0525NbO4 and Fer0‘937SBO‘062504 materials, where
A, B = Ti, V, Cr, Mn, Co, and Ni, as well as the O-deficient
Feg.9375A40.062sNbO3.9375 and FeNby0375Bo.062503.9375 structures. Our
calculations indicate that substituting the Fe cation with these
dopants is considerably more energetically favorable than the Nb
site, leading to significant compression of FeNbgg375B0.062504,
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 FeNby.9375B0.062504
structures shift to p-type semiconductors.

In the O-deficient structure, a 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 calcula-
tions have shown that the stability of O-deficient configurations
depends on the number of first 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

J. Chem. Phys. 160, 154713 (2024); doi: 10.1063/5.0192749
© Author(s) 2024

160, 154713-15

90:81:G1 G20z AInF €2


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

not significantly affect the structural properties and electronic struc-
tures of the dopants. However, the presence of an oxygen vacancy
can alter the oxidation state and doping energies relative to the
Feo.9375A0.0625 NbO4/FeNby 9375 Bo 062504 structures. For instance, the
order of doping energies in the Fe sites of the non-vacancy config-
urations is as follows: Eps+ > Ec+ > Egpr > Eyse > Eyyov > Eps,
whereas in the O-deficient structures, the sequence becomes E;+
> Eys+ > Eq v > Ec2v > Eyy 2 > Egpr. Furthermore, it is noteworthy
that doping Ti and V into the Fe sites of the O-deficient struc-
tures 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 toward p-type semiconductors, especially for
the Co-doped configurations, where the bandgap narrows from
1.0to 0.5€V.

SUPPLEMENTARY MATERIAL

The supplementary material includes the structural informa-
tion of metal oxides used for calculating doping energies; the rela-
tionship between volume change, bandgap, and d-band center; the
magnetic configurations; the octahedral field of splitting; the selected
sites for doping atoms; and the PDOS plots of the O-deficient
structures.
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