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ABSTRACT: The quest for clean energy conversion has become
one of the most important efforts for tackling the greenhouse effect
for a sustainable environment. This involves energy-scavenging
processes like photovoltaics and catalysis, which have been
manifested using the solar spectrum. For high-efficiency and
durable conversion processes, the search for the low-cost, stable,
and environment-friendly functional materials is elusive. In the field
of solar cells and catalysis, double perovskite oxides (DPOs) have
emerged as potential candidates in recent years. Through compositional tuning and band gap engineering, a plethora of materials are
being developed for pertinent applications in this field of energy. Oxide perovskites possess the advantage of a high carrier lifetime
compared to that with halide perovskites, which can be beneficial for energy applications. In this perspective, we have presented
theoretical investigations focusing on the different types of double perovskite oxides based on the composition space in a systematic
manner. Corresponding electronic and optical properties are discussed along with a future outlook on the novel routes to find
efficient members in this family.
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■ INTRODUCTION
An increase in energy demand globally has inspired the
research community to determine better materials for
sustainable and clean energy along with reducing concerns
about environmental pollution from fossil energy. In this
regard, perovskite materials have been established as a family
of materials for energy conversion and storage.1−4 Any mineral
with an ABX3 structural framework is known as perovskite,
with CaTiO3 being the first to be discovered. Here, A is a
cation, B is usually a metallic cation, and X is oxygen or
halogen. Extensive studies on improving these perovskite
materials have extrapolated into developing double perovskites
with A2BB′X6 stoichiometry.5 The oxide family of double
persovskites with A2BB′O6 stoichiometry6−8 have much
advanced dominance in the field of energy harvesting, which
includes solar cells, light-emitting diodes, and photocataly-
sis.9,10 In the field of solar cells, the charge-carrier
recombination can be envisaged, whereas in photocatalysis,
the photoexcited electrons are the prominent governing
factors. In this regard, double perovskite oxides (DPOs)
have emerged as a promising materials family for such energy
applications, while a profound understanding is required from
the electronic structure perspective in order to explore their
ability to be used as highly efficient photovoltaic and
photocatalytic materials. We have witnessed a series of
experimental and theoretical investigations on DPOs where
the structural, electronic, and optical properties have been

manifested in the last couple of decades. In this perspective, we
have taken a constructive theoretical viewpoint regarding the
electronic and optical properties of DPOs, while exploring the
compositional space and stoichiometry of these materials
classified as alkaline earth−transition metal−rare earth−mixed
anion/cation-based DPOs. A schematic representation of the
classification of DPOs in our perspective is shown in Figure 1.
In alkaline earth double perovskite oxides (AA′BB′O6), the

A- and A′-sites with a valence of +1/+2 belong to the first or
second group of the periodic table (K, Ba, Sr, etc.), whereas B-
and B′-sites mostly have variable oxidation states (+3, +4, +5,
+6) combined stoichiometrically.11,12 Apart from this, there is
a constant ongoing effort to explore more of its electronic and
optical properties through substitution of lighter elements,
such as Sb, in place of heavier Bi. For exploring transition-
metal-based DPOs, rare-earth-based DPOs, and mixed anion/
cation DPOs, researchers have used a combinatorial approach
having different proportions. Nowadays, due to data-driven
research and development in the field of machine learning
(ML) and artificial intelligence (AI), it is very much helpful to
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study the feasibility and predict the properties of material
computationally without it being synthesized physically, giving
rise to a huge amount of research opportunity in these areas.
Advanced studies in perovskites reveals the new family of

complex DPOs.6,7 In general, the 3d and 4d electron
configuration and their multivalency features make transition
metal elements the best candidates to be occupied in the B-site
cation position.13−15 It is also worthy to note that the
transition metal oxides exhibit perovskite-like structure and
possess extensive physical properties, making the perovskite
constituted with these transition elements a better solar-cell
material.16−19 Along with other components, the BX6
octahedral tilt further stabilizes the perovskite oxide structure
by lowering the crystal symmetry.10 In addition, the cation
ordering in such perovskites also plays a pivotal role in
obtaining better stability.
Recently, tremendous efforts have been made to address the

energy issues through developing new functional materials.
Nevertheless, oxide perovskites and their derivatives have been
extensively used in many technologies, reflecting their versatile
properties.9,10 Due to their compositional and structural
flexibility, oxide perovskites show several other attractive
properties including superconductivity, ferroelectricity, mag-
netoresistance, and ionic conductivity. Although halide perov-
skites20 have shown considerable promise in photovoltaic (PV)
applications due to their superior photovoltaic properties such
as extremely high optical absorption coefficient, super long
carrier diffusion length, and low-temperature solution process-
ability, the practical use of it and its commercialization is still
not always possible because of the instabilities associated with
moisture, temperature, and other environmental factors. On
the other hand, double perovskite oxides and their derivatives
have shown greater applications in electrocatalysis, photo-
catalysis, and photovoltaics attributed to their superior
stability. Here, we provide an overall perspective on the
structural and compositional flexibility of DPOs and their
derivatives. Further, we discuss the status of their applications
in catalysis and photovoltaics. Finally, we also deliver a brief

insight into potential DPO-based research fields one could
consider exploring in the near future.

■ RECENT PROGRESS IN DOUBLE PEROVSKITE
OXIDES

Alkaline-Earth-Based Double Perovskite Oxides

There are several types of complex oxide perovskites. One
being the pyrochlore mineral family having the general formula
(Na,Ca)2Nb2O6(OH). These pyrochlores can be subclassified
as complex oxide perovskites with A2B2O6O′ as the evolved
formula.21 Unlike usual perovskites, pyrochlores have two
types of anions: one that links the A- and B-site (O) and the
other that brings the link between the pair of A-sites (O′). The
complex pyrochlore structure perovskites can be subcatego-
rized in six ways: (1) A2B2O6, obtained by a defective or vacant
O′ oxide state; (2) A2−xB2O7, arisen due to the partial
occupancy of the A-site; (3) the neutral structure, caused by
the O′-site occupying balancing anions along with the oxide
ions; (4) A2B2O7, due to the O′ migrating under constraints
giving rise to partial occupancy for a previously unoccupied
oxide site; (5) mixing of the A- and B-site metals; (6) AB2O6
β-pyrochlore, obtained with the metal in A-site residing on the
O′-site.11
Another new family of complex double oxide perovskites,

AA′BB′O6 (A and A′ are univalent A-site cations; B and B′ are
univalent B-site cations), have emerged from recent studies on
lead-free perovskites.12 This family of perovskites have proven
its successful applications in photovoltaic and optoelectronic
industries with improved stability and efficiency. In fact,
compared to A2BB′O6, these AA′BB′O6 materials are believed
to possess lower band gap addition for improved photovoltaic
applications. The same work12 reports that with a simple
charge balancing variation, 29,515 unique structures of
AA′BBiO6 DPOs can be obtained. Few of the structures can
be obtained from the Inorganic Crystal Structure Database
(ICSD). One such structure with high thermodynamic
stability, KBaTeBiO6, is the first one ever to be reported. In

Figure 1. Representation of the classification of double perovskite oxides with the material class and pictorial representation of an example structure
in each case.
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the work by Thind et al.,12 among all the predicted
compounds, only two compounds, KBaTeBiO6 and SrBaV-
BiO6, having negative formation enthalpy in their ground state
and showing ideal perovskite structure, are lead-free.
SrBaVBiO6 has a flat valence band (VB) and conduction
band (CB), making it a nonsuitable photovoltaic material.
KBaTeBiO6 has negative formation enthalpy of ΔHf = −39
meV/atom, suggesting it as an interesting system along with
the feasibility of it to be synthesized. The same work also
reports on the synthesis and analysis of KBaTeBiO6 with a P4/
nmm space group and a0a0c0 as the octahedral tilt pattern. The
theoretical indirect band gap of KBaTeBiO6 is reported to be
1.94 eV, whereas the experimental indirect band gap is found
to be 1.88 eV. However, a theoretical direct band gap is found
to be 2.83 eV occurring at Gamma-point. The work12 also
predicts that the band structure possesses highly dispersed
valence and conduction bands, which are most desirable for
faster transport of holes and electrons, making it more
interesting. The effective mass of holes and electrons in
KBaTeBiO6 is calculated to be 0.25 and 0.28me, respectively
(where me is the mass of electrons). This low effective masses
of holes and electrons contributes toward achieving better
carrier transport. Furthermore, analysis of electronic properties
in the KBaTeBiO6 complex DPO has been discussed in the
same work by Thind et al.12 Presently, our group is working on
further analysis of the system theoretically, and our computa-
tionally obtained results for total and projected density of
states for KBaTeBiO6 is shown in Figure 2. Analysis of the

partial density of states suggests that the O−2p and Bi−6s
states contribute to the valence band regime with minor
contribution from the Te−4d state, whereas the conduction
band is dominated by Bi−6p and Te−5s states with the smaller
occupancy by the O−2p state. The presence of the Bi−6s
antibonding state in the valence band maxima rather than
conduction band minima results in its +3 oxidation state. This
oxidation state is further supported by 2.73e empty conduction

band states of Bi. These aspects of Bi impact the defect
tolerance due to the lone-pair chemistry.
Another interesting addition to the work12 is the evaluation

of another material configuration, K0.625Ba1.375Te0.875Bi1.125O6.
It is fascinating to see that without introducing any defect, this
new nonstochiometric system exhibits a reduced band gap of
1.18 eV. The new system possesses the P 1 ground-state space
group along with an a−b−c− octahedral tilt pattern. The new
system also favors thermodynamic cation nonstoichiometry
due to the calculated formation enthalpy of ΔHf = −148 meV/
atom, lower than that of the pristine sample.12 The efficiency
of KBaTeBiO6 is calculated to be 0.057%, which is relatively
low; however, it shows much better stability than many other
bismuth-based halide perovskites. Also, solar cells composed of
KBaTeBiO6 nanoparticles exhibit a performance similar to
those based on high-quality thin films of other inorganic oxide
perovskites. Much higher efficiency of the solar cells based on
KBaTeBiO6 can be achieved by controlling and optimizing the
stoichiometry and growing high-quality thin films using
aerosol-based technology.
Furthermore, studies have been carried out that effectively

introduce pressure upon DPO materials in view of observing
an enhanced properties regime such as inaccessible structural
phase via temperature variation, Jahn−Teller distortions, band
gap and photoluminescence evolution, as well as piezochrom-
ism.22 In recent advances, pressure-induced evaluation of
various properties in DPOs is an exciting field in terms of its
structural evolution and usage in various energy applications.
Transition-Metal-Based Double Perovskite Oxides

Transition-metal-based double perovskite oxides are those in
which the B-site cation is a transition metal such as Ni and Fe.
Along with a number of exotic phenomena such as room
temperature magnetoresistance, magneto-capacitance, and
magnetostriction, these transition-metal-based DPOs exhibit
other thought-provoking properties such as metallic/half-
metallic ferromagnetism and magnetoresistance, as observed
in Sr2FeMoO6, which is a half-metallic ferromagnet,13

Sr2FeReO6, a half-metallic ferrimagnet,14 and Sr2FeWO6, an
antiferromagnetic insulator.15

Theoretical studies on lead-based DPOs, Pb2ScSbO6, have
been reported by Hnamte et al.24 Pb2ScSbO6 exhibits a face-
centered cubic symmetry with a Fm m3 space group. The
material shows a direct band gap at 2.712 eV. This study also
establishes the occurrence of a large number of density states at
both VB and CB edges along with identifying the material as a
semiconductor based on the band structure and optical
absorption study.
The tetragonal Sr2NiMoO6 (SNMO) has been studied by

Xu et al.16 The structure studied shows an I4/m space group.
Sr ions are located between two types of corner-sharing
octahedra, NiO6 and MoO6. SNMO nanoparticles crystallize in
work-like nanograins with 20−50 nm diameters. The SNMO
DPO structure exhibits indirect transitions with a band gap of
2.1 eV. The band structure analysis reveals that the VB is
dominated by Ni−3d and O−2p from the MoO6 octahedra,
whereas the CB is dominated by Mo−5d and Ni−3d orbitals.
Due to the position of the CB being more negative than the
H2O reduction energy, SNMO may split H2O into H2 with
irradiation of visible light. In addition, O2 evolution may also
be observed since the VB is more positive than the O2
oxidation energy. The photoluminescence study on SNMO
shows an average lifetime of the system to be 11.2 μs.16 This

Figure 2. Computational analysis of KBaTeBiO6 showing total and
projected density of states.
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large carrier lifetime dictates the importance of Ni ions in
delaying the recombination of excitons. A large carrier lifetime
also serves as a benefit for the system to be used in
photocatalysis. The photocatalytic activity in SNMO can be
described from multivalent Ni2+/Ni3+ and Mo6+/Mo5+, which
may contribute to improving the photodegradation. A
schematic of multivalent Mo and Ni ions in Sr2NiMoO6 is
shown in Figure 3. Ni3+ and Mo5+ ions in SNMO act as a

donor and acceptor, respectively, altering the recombination of
photocreated hole−electron pairs:

++ +eMo Mo electron trap6
CB

5

++ + +hNi Ni hole trap2
VB

3

Rai et al. studied the magnetic properties of A2FeReO6 (A =
Sr, Ba).17 With the analysis of density of states (DOS) and
band structure in A2FeReO6 (A = Sr, Ba), they clearly observed
the ground state of Sr-based Sr2FeReO6 to be a ferrimagnetic
metal with the Fe d states contributing a VBM at 2.0 eV and a
CBM at 2.2 eV. However, the Fe−d states in Ba-based
Ba2FeReO6 possess a bandwidth of about 4.6 eV spread
between −2.30 and 2.4 eV. Both systems show an insulating
nature in the spin-up state with a finite band gap
corresponding to the split between occupied Fe/Re 3d−t2g
(dxy, dyz, dxz) and unoccupied Fe/Re 3d−eg (dx2−y2, dz2) with
the majority contribution from Re−d and Fe−d orbitals in CB
and VB, respectively. However, in the spin-down state, the
band structure shows broader bands, indicating its metallic
behavior. Along with the broad bands, it also shows the Fermi
energy, EF, passing through the increasing peak, further
establishing a confirmed spin-polarization at EF, which is a
signature of half-metallic materials. Interband transitions along
the Δ−H symmetry takes place in these indirect band gap
materials. The metallic behavior of this material is further
validated by optical absorption analysis in which reflection is
more prominently observed.
Song et al. discussed the Bi2FeCrO6 structure and its

magnetic properties.18 Various studies on Bi2FeCrO6
18,25,26

have shown that its ground-state structure exhibits a non-
metallic R−3 space group. The alternating rotations of O ions
around Fe/Cr cations in FeO6/CrO6 octahedra, crystal field
splitting, and spin exchange splitting lead the structure to
displace from its cubic phase. The material has a semi-
conductor behavior with a band gap slightly larger than 0.26 eV

formed between fully occupied Cr 3d−t2g and unoccupied Fe
3d−t2g bands. The magnetic order turns is ferrimagnetic with
every Cr spin orienting upward and every Fe spin orienting
downward. The Fe/Cr show high spin states along with a
magnetic moment of 3.70μB for the Fe sphere and −2.18μB in
case of the Cr sphere, indicating its antiparallel nature, along
with each Fe3+ and Cr3+ cation contributing 5 and −3μB,
respectively. The spin exchange interaction study of Bi2FeCrO6
among ferrimagnetic, ferromagnetic, and two magnetic orders
obtained by reversing one of the two Cr/Fe spins in
ferrimagnetic order was carried out by Song et al. The three
magnetic structures, Fe−Cr, Fe−Fe, and Cr−Cr, have a
ground-state energy of 310, 161, and 166 meV, respectively.
The same work also supports the analysis of Curie temperature
(TC) based on Monte Carlo simulations and has a reported Tc
value slightly higher than 450 K, which is consistent with other
experimentally reported high Curie temperature values above
room temperature.27−31 However, few other works25,26

reported obtaining a low Curie temperature of ≈130 K.
Dutta et al. reveals the study on Ba2(InM)O6 (M = Nb,

Ta),19 whereas Ting et al. reported Ba2(InNb)O6 (BIN) with a
Fm m3 crystal structure space group along with the lattice
parameter of a = 8.2819 Å.32,33 A work by Lufaso et al.34

emphasizes the Ba2(InTa)O6 (BIT) system with a Fm m3
space group and a lattice parameter of a = 8.2814 Å. However,
Zurmühlen et al. report infrared reflectivity on both BIN and
BIT.35,36 The electronic property study on these materials
shows that their electrical properties are highly influenced by
the interaction between transition metal d orbitals and oxygen
2p orbitals. Yin et al.37 have done an extensive study on BIN
with both Raman scattering and UV−visible reflectance
spectroscopy. In the work by Yin et al.,37 different ionic radii
of cations leading to distortion in the octahedron was reported.
Three vibrational branches in the Raman spectra analogous to
a stretching mode, bending mode, and external mode further
aid the justification of octahedral distortion. The same work
also establishes a report with the band gap of BIN at 3.82 eV
based on UV−visible spectra. Work by Dutta et al. reveals the
band structure of both BIN and BIT to be similar. Both of
these structures exhibit a direct band gap at a high-symmetry Γ
point. The band gaps of BIN and BIT are reported to be 2.75
and 3.5 eV, respectively. A comparative smaller band gap of
BIN with BIT indicated the more covalent nature of Nb−O
bond compared to the Ta−O bond. The static dielectric
function (ε0) is reported to be 4.8 and 4.3 for BIN and BIT,
respectively.19 We can also establish validation of the Penn
model38 by comparing the values of ε0 being inversely
proportional to the band gap, Eg. Based on optical function
analysis, the static refractive index (n0) is reported to be 2.2
and 2.1 for BIN and BIT, respectively.
There are several reported studies on Ba2MgWO6, among

which Brik has reported a first-principles study,23 whereas the
first experimental studies have been reported in another
work39,40 which establishes the cubic phase of the material.
The lattice constant of Ba2MgWO6 was found to be 8.016
Å.23,41 The system exhibited an indirect band gap of 2.89 eV
based on a theoretical study,23 whereas it was reported to be
3.4 eV based on experimental observation.42 The band
structure of Ba2MgWO6 obtained theoretically is shown in
Figure 4. The bottom of the CB mainly consists of W−5d
orbitals, and the top of VB is dominated by O−2p orbitals.23

The band structure analysis also reveals the presence of two
sub-bands at the CB edge with a narrow gap of ≈1 eV. A lower

Figure 3. Schematic representation of multivalent Mo and Ni ions in
transition-metal-based double perovskite oxide, Sr2NiMoO6.
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band observed in the range of 3.5−4.5 eV is closely flat in
nature, indicating an inferior electron mobility, whereas the
upper band lying between 5.5 and 9.5 eV reveals a more
dispersed nature. The bonding of Mg and Ba ions with the
Ba2MgWO6 crystal lattice is expected to be ionic in nature,23

whereas that of composite WO6 is found to be mostly covalent
due to the considerable difference between the calculated and
formal charges of the W/O ions. The same work23 also reports
the calculated refractive index (n0) as 2 for Ba2MgWO6. The
density of states analysis establishes transition from O−2p to
W−5d orbitals at ∼5 eV, whereas transition from the O−2p to
Ba−5d orbital occurs at 9 eV. Distinct work on pressure effects
in Ba2MgWO6 has been studied by Brik,23 which reveals the
behavior of Ba2MgWO6 from a pressure of 0 to 30 GPa. The
indication of pressure coefficient being 1 order of magnitude
greater for the lattice constant than the W−O interatomic
distance (0.0123 Å GPa−1 v/s 0.001 51 Å GPa−1) acknowl-
edges the rigidity in W−O compressibility. As the pressure
increases, there is an observed decrease in lattice constant,
which is credited to the WO6 octahedra shifting closer to each
other. The major ionic nature in the case of Ba−O and Mg−O
causes these bonds to exhibit easy compressibility compared to
that with the covalently interacting W−O bonds. Pressure
coefficients for Ba−O and Mg−O distances are similar to the
values of 0.00438 and 0.00464 Å GPa−1, respectively. Another
important pressure manifestation in Ba2MgWO6 is the linear
evolution of the band gap with a pressure coefficient of 0.006
01 eV GPa−1.
Previous works on Sr2FeMO6 (M = Mo, W, Re)13−15 reveal

the crystal structures of all three systems to be cubic in nature
with Fe−M distances of 3.945, 3.975, and 3.945 Å,
respectively. The same works also establish the FeM valence
to be +8; that is, the number of d electrons per FeMo and FeW
is found to be 6, whereas it is 7 in case of FeRe. In both
ferromagnetic and antiferromagnetic states, five electrons fill
and complete the majority of spin bands of Fe, while the
minority of spin bands in both M = Mo, W contain one
electron and M = Re holds two electrons. Further, the Curie
temperatures of SFMO and SFRO materials are found to be
419 and 401 K, respectively.13,15 The cause for this large
magnetic transition temperature was predicted by Sarma et
al.,43 as the huge interatomic exchange coupling strength, J,
between Fe and M and the low intra-atomic exchange
(between M and M) strength I gives the robust intensified

effective exchange at Mo due to the Fe 3d and Mo 4d
hybridization. Both SFMO and SFRO may be considered as
ferrimagnetic materials in nature since the magnetic moments
of Fe in both the materials are aligned ferromagnetically,
whereas Mo and Re exhibit induced magnetic moments which
are coupled antiferromagnetically to Fe moments. However,
these materials are categorized as ferromagnetic due to the fact
that Mo and Re are nonmagnetic by their very nature and their
antiparallel moments are induced by Fe moments via 4d/5d−
3d hybridization. An interesting, yet contradicting, phenom-
enon of the antiferromagnetic nature with very low Neél
temperature of 16−37 K occurs in a similar structure,
Sr2FeWO6(SFWO), despite W being a 5d equivalent of Mo
and occupying a position next to Re in the periodic table.
Extrapolating Sarma’s prediction in the work,43 Kanamori et al.
gave a generalized mechanism, now termed as Kanamori and
Terakura mechanism,44 followed by Fang et al. who established
a new mechanism on strong ferromagnetic stabilization in
these materials.45 In this work, they successfully showed that
stronger hybridization of O−2p with W−5d in the case of
SFWO compared to that with the O−2p−Mo−4d hybrid-
ization in SFMO is the main source in lifting W 5d orbitals to
higher energy, in turn paralyzing the ferromagnetic equal-
ization. However, in the case of SFRO, the deeper Re−5d
orbitals compared to W cancel the intensified p−d hybrid-
ization and rebuilds the ferromagnetic stabilization within the
system.
Owing to its intensified magnetic properties, these

transition-metal-based DPOs are suitable for spintronics. One
could certainly look upon these type of materials for
magnetization-related studies. It is a fascinating field to study
the structural evolution of materials by application of external
stimuli and its consequence on magnetic properties. The
possibility of catalysis in these materials is also another view
one could look upon.
Rare-Earth-Based Double Perovskite Oxides

Rare-earth (RE, also called as lanthanide)-based DPOs are of
the form A2B′B″O6. This wider group is further classified into
two subgroups based on the RE elemental occupancy site. One
group falls under the RE element occupying the A-site in which
the B′ and B″-site will be employed by transition-metal cations
such as Ni or Mn. Another subgroup takes up the RE element
at the B′- and/or B′′-site(s), whereas alkaline-earth metal such
as Ba fits into the A-site. Recently, these DPOs have gained
prominent interest among materialists due to their unique
control over magnetic behavior, optical properties, and charge
transfer.
RE Element Occupying the A-Site. The study by Sheikh

et al.47 reports on RE-based DPO, RE2NiMnO6 (RE = La, Eu,
Dy, Lu) (RENMO). Out of the four, three structures, ENMO,
DMNO, and LuNMO show crystallization in the P21/m
monoclinic phase, whereas LaNMO exhibits 44.36% crystal-
lization in the P21/n monoclinic space group and 55.64%
crystallization in the R3̅ rhombohedral space group. The Mn−
O−Ni bond angle gradually decreases from 166.37° in
LaNMO to 145.50° in LuNMO, accounting for an increased
octahedral distortion and decreased tolerance factor. However,
the average grain size of these structures increases from
LaNMO to LuNMO in the order of 190 to 560 nm,
respectively. The optical band gap of all four structures,
RENMO (RE = La, Eu, Dy, Lu), are in a range similar to that
of silicon (≈1.1 eV), showing their characteristics of being

Figure 4. Band structure of transition-metal-based double perovskite
oxide, Ba2MgWO6 showing indirect band gap. Adapted with
permission from ref 23. Copyright 2012 Elsevier.
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usable in photovoltaic applications. The observed band gap of
LaNMO, ENMO, DNMO, and LuNMO is 1.08, 1.1, 1.19, and
1.12 eV, respectively. The analysis on charge carrier lifetime
based on the frequency-dependent Bode plot in RENMO (RE
= La, Eu, Dy, Lu) is reported to be 0.022, 0.110, 0.108, and
0.076 ms, respectively, establishing RENMO as useful for the
photovoltaics industry. The same work47 also analyses the J−V
characteristics of RENMO (RE = La, Eu, Dy, Lu). The
combined effect of low series resistance (RS) and charge-
transfer resistance (RCT) along with a high recombination
resistance (Rrec) in LaNMO makes it the best candidate for
solar cells among all four fabricated RENMO structures, with a
0.17% power conversion efficiency.
An interesting ferromagnetic material series, RE2NiMnO6

(RE = La, Pr, Sm, Tb) (RENMO), have been studied by
Lekshmi et al.46 The polycrystalline RE2NiMnO6 (RE = La, Pr,
Sm, Tb) has a P21/n monoclinic space group. In addition,
there exists an observed decrease in lattice parameter, unit cell
volume and bond angles in RENMO with a decrease in RE
ionic radii. The unit cell parameter including cell volume and
bond angle with respect to RE ionic radii is shown in Figure 5a.

The study involving thermo-magnetization for the
RE2NiMnO6 (RE = La, Pr, Sm, Tb) compound has been
reported,46 wherein the material magnetization was reported
with a temperature range of 10−300 K. It is interesting to
know that all four compounds show paramagnetic to
ferromagnetic transitions at higher temperature (>100 K).
Sm2NMO and Tb2NMO exhibit a magnetic transition at 160
and 110 K, respectively. This is followed by a re-entrant
magnetic transition at a low temperature of 20 and 12 K,
respectively. The presence of inherent coupling of the Ni−Mn
network along with the RE3+ ion48,49 might be the probable
cause of the low-temperature re-entrant nature.50 A decrease in

ionic radii from LaNMO to TbNMO also contributes to the
systematic decrease in their Curie temperature (TC). However,
Tmax and Eα1 show an indirect proportionality with ionic radii
of RE, indicating that electron hopping between Ni and Mn is
more suppressed with decreasing RE ionic radii. Variation of
Tmax with respect to ionic radii is shown in Figure 5b. The
tendency of coupling between magnetic and dielectric
properties of RENMO implies a spin−lattice coupling, opening
more research areas in spintronics. However, the double
transition at ≈160 and ≈240 K reported for disordered
La2NiMnO6 makes it an interesting compound. Even though
highly ordered La2NiMnO6 exhibits a magnetic transition only
at a high temperature of 270 K,51 its disordered phase also
exhibits a magnetic transition at a relatively lower temperature
of ≈150 K due to the strong superexchange interaction
between Ni3+−O−Mn3+ bonds. This unclear nature of two
magnetic transitions in La2NiMnO6 further opens up several
research opportunities in this direction.
RE Element Occupying the B-Site. The electrical

transport mechanism in Ba2ErNbO6 (BEN) was reported by
Mukherjee et al.52 The cubic perovskite BEN crystallizes in the
Fm m3 space group along with a tolerance factor value of Tf =
0.98, furthermore establishing its cubic structure. The average
grain size of BEN is ≈1.5 μm via scanning electron microscopy.
ErO6 and NbO6 octahedra in BEN do not show tilting in any
direction, which can be represented as a0a0a0 in Glazer
notation.53−55 Two well-defined bands found in the infrared
(IR) spectrum vibrational mode at 387 and 600 cm−1 represent
asymmetric bending and asymmetric stretching of NbO6
octahedron, respectively, whereas a weak band at 846 cm−1 is
due to the symmetric stretching in the NbO6 octahedra. In
addition, a dip in the IR region’s vibrational mode at 418 cm−1

is observed, corresponding to the stretching of ErO6 octahedra.
Further, the work also reports the activation energy of BEN as
Ea = 0.85 eV along with the relaxation time corresponding to
the frequency-dependent dielectric loss obeying the Arrhenius
law.
The structural study on Ba2RESbO6 (RE = Er, Ho) was

carried out by Halder et al.56 Both Ba2ErSbO6 (BES) and
Ba2HoSbO6 (BHS) systems were found to have cubic
symmetry with a Fm m3 space group. Lattice parameters of
BES and BHS were 8.4036 and 8.3908 Å, respectively. Density
of states analysis56 shows that electronic properties of both
BES and BHS are governed by the interaction between
transition metal d orbitals, rare-earth ion f orbitals, and oxygen
2p orbitals. Interestingly, both BES and BHS exhibit similar
band profiles. BES and BHS possess a direct band gap along
the highly symmetric Γ−Γ points with a band gap value of 2.2
and 3.45 eV, respectively. The desired nature of direct Γ−Γ
transitions gives these materials potential in the optoelec-
tronics industry for fabricating laser diodes and light-emitting
diodes in visible and ultraviolet regions. The static refractive
index n0 for BES and BHS was found to be 1.87 and 2.11,
respectively, whereas the calculated static dielectric constant
ε(0) was found to be 3.48 and 4.52, respectively. Based on the
Born effective charge (BEC) analysis,56 we can clearly see
larger BEC values for rare earth elements (Er, Ho) and Sb ions,
indicating its behavior as a donor, whereas the smaller BEC
value in case of O ions indicates its behavior as an acceptor,
due to which the charge transfer occurs from Ho, Er, or Sb to
O ions.
Rare-earth-based DPOs have applications in various fields

such as optoelectronic and photovoltaic industries. A huge

Figure 5. (a) Representation of the change in unit cell parameter
including cell volume and bond angle with RE ionic radii. (b)
Variation of Tmax of tan δ(T) and Eα1 with RE ionic radii. Inset:
Evolution of magnetic TC with RE ionic radii. Adapted with
permission from ref 46. Copyright 2014 Elsevier.
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scope is oriented toward the study of magnetic transitions in
these materials, which could be established in the field of
spintronics. Many unknown attributes underlying magnetic
phenomena disclose several new opportunities for materialists
to look into.
Mixed Cationic/Anionic Double Perovskite Oxides

Apart from pure DPOs, mixed cationic/anionic DPOs have
emerged as powerful materials that exhibit interesting proper-
ties which are highly influential in achieving usable materials as
photoanodes in photochemical and photoelectrochemical
water splitting as well as in spintronics.
Analysis by Kangsabanik et al.57 not only reveals the

understanding of new Na2BIO6 (B = Bi, In) DPOs but also
constructs the orbital engineering approach for band gap
tuning. Interesting structural observation in ANaIO6 (A = Sr,
Ca, Pb), where octahedral distortion is due to the Na atomic
radii that lies exactly between that of Sr and Ca, both of which
possess a monoclinic P21/n space group that can also be seen
in same work. From the structural analysis, among all of the
structures, only Na2BIO6 (B = Bi, In) is reported to be stable
in the monoclinic P21/n phase. The highly covalent nature of
Bi−O bonding in Na2BiIO6 (NBIO) compared to that of In−
O in Na2InIO6 (NIIO) leads to higher orbital overlap in the
case of NBIO, giving rise to more dispersive valence bands.
NBIO possess an indirect band gap of 2.33 eV at highly
symmetric C and A points for VBM and CBM, respectively,
whereas NIIO has a direct band gap of 2.48 eV at the highly

symmetric Γ point. In further analysis, Bi substitution in the
case of NIIO (Na2Bi0.25In0.75IO6) observes the introduction of
hybridization between lone pair Bi 6s and O 2p orbitals, which,
in turn, establishes the reduction in band gap to 1.66 eV, as
shown in Figure 6. This new Bi-substituted NIIO compound
possesses both an ideal band gap as well as a dispersive band
structure that is essential for photovoltaic applications.
Although Tl is toxic, it is substituted for NBIO mainly to
validate the orbital-engineering method. This new compound,
Na2Tl0.25Bi0.75IO6, exhibits an intermediate band below the
CBM consisting of Tl s states, helping to reduce the indirect
band gap for 1.78 eV, shown in Figure 6. Better absorption
characteristics and dispersed band-edges make these com-
pounds applicable in the photovoltaics industry, whereas the
position of the VBM, which is the occurrence of oxygen
evolution reaction (OER), efficiently makes the materials
useful as photoanodes in photochemical and photoelectro-
chemical (PEC) water splitting. Promising optical absorption,
highly dispersive band-edges, and well positioned VBM for
efficient OER make the substituted compounds potential
candidates for PC/PEC applications.
A family of DPOs, A2BB′O6 (A = Ba, Sr) (BB′ = FeRe,

MnMo, MnRe) were studied by Ali et al.58 Interestingly, all of
these DPOs exhibit a cubic structure with the Fm m3 space
group at ambient temperature. The bond lengths calculated
between B−O and B′−O indicate that the B′O6 octahedra are
marginally smaller than the BO6 octahedra. Analysis by Ali et
al.58 on A2BB′O6 (A = Ba, Sr) (BB′ = FeRe, MnMo, MnRe)

Figure 6. Band structure and optical transition probability (p2) between an allowed band at the minimum band gap in (a) Na2Bi0.25In0.75IO6 and
(b) Na2Tl0.25Bi0.75IO6. (c) Representation of molecular orbitals for Na2Bi0.25In0.75IO6, where empty and filled boxes specify unoccupied conduction
bands and occupied valence bands. (d) Computed absorption coefficient spectra. (e) Spectroscopic limited maximum efficiency versus thickness of
the material at 298 K for pristine and mixed compounds. (f) Band-edge positions with respect to water redox levels for Na2BIO6 (B = Bi, In,
In0.25Bi0.75) marked on the x-axis as Tl0.25Bi0.75 (TlBi), Bi0.25In0.75 (BiIn), Tl0.25In0.75 (TlIn). Adapted from ref 57. Copyright 2020 American
Chemical Society..
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reported both a generalized gradient approximation (GGA)
approach as well as a GGA+U approach. The GGA-based
approach showed d−d hybridization between FeRe, MnMo,
and MnRe in both spin-up and spin-down states, indicating the
metallic nature of all of these compounds; the GGA+U-based
approach emphasized only Ba2FeReO6, Sr2MnMoO6, and
Sr2MnReO6 to be metallic, whereas Ba2MnReO6,
Ba2MnMoO6, and Sr2FeReO6 to be half-metallic. Spin−orbit
coupling (SOC), including a GGA+U approach, discovers
further interesting observations that indicate all the structures
to be metallic in nature. Since SOC becomes a crucial factor to
be considered during the presence of heavy elements such as
Ba and Re, we may conclude that the results based on SOC
included GGA+U; that is, all structures showing a metallic
nature were more accurate. The Fermi region of all of the
structures is mainly occupied by BB′ ions, which is mainly d
state orbitals. The study on charge density by Ali et al.58

reveals the covalent bonding between B/B′ with O atoms
driven by the strong hybridization between cationic d orbitals
and anionic p orbitals, whereas the ionic bond existing between
Mn and O has been studying based on its electronegativity.
The same study also shows that the ionic nature of O with
alkaline earth metal decreases from Ba to Sr in A2BB′O6 (A =
Ba, Sr) (BB′ = FeRe, MnMo, MnRe). In addition, all of the
considered systems in A2BB′O6 (A = Ba, Sr) (BB′ = FeRe,
MnMo, MnRe) exhibit ferromagnetic behavior with high
magnetic moments.
The study of hybrid materials has always been exciting in

glazing intermediate regimes, and these mixed cations/anions
definitely serve as one such group. With the interplay of
cation/anion composition space, much more advanced
phenomena with respect to all electronic, optical, and magnetic
properties are expected. Further studies on these materials are
in the limelight for establishing much better materials with
flexibility of structural deformation along with use in various
applicational fields such as catalysis and water splitting and is
certainly an open field to seek new materials.

■ FUTURE OUTLOOK AND SUMMARY
In this perspective, we have discussed how to exploit the
double perovskite oxides and their derivatives for widespread
applications and provided an outlook on the challenges and
opportunities that lie ahead for this enticing class of
compounds. We posit that this class of materials has enormous
potential for the future development of multidisciplinary
research combining spintronics, electronics, and photonics.
This perspective attempts to describe how the properties of
DPOs are tuned for specific applications. Compositional
tuning and band gap engineering are extensively used
techniques due to the flexibility of the perovskite structure.
Though a lot of research has already been done on bulk
perovskite, layered and heterostructure-combined perovskites
have not been thoroughly looked at by the scientific
community. Without distorting the advantages of oxide
perovskite structures and properties, we have addressed how
the shortcomings of corresponding applications are now a
major challenge for the scientific community. An extensive
approach involving passivation, intrinsic material stability, and
doping strategies needs to be adopted to overcome the
shortcomings of DPOs.
The synergistic effect in terms of electronic and optical

properties of the individual double perovskite oxides could be
amplified further when the corresponding heterostructure can

be constructed from them. In this regard, theoretical insight
would be influential to predict new combinations of DPOs for
efficient heterostructure material. The theoretical investigation
also facilitates resolving lattice mismatch in individual oxide
perovskites for heterostructure construction. Another route for
efficient and novel DPOs is through exerting hydrostatic
pressure. This would certainly pave the way to find new
compositions and stoichiometries that might be difficult to
synthesize in laboratory. The electronic and optical properties
can be tuned under the influence of external strain, and
researchers can further try to expand the possibility of finding
new stable and good-performing materials which could later be
synthesized and put into practical use. One can also perform a
systematic high-throughput screening based on electronic and
optical properties to find a promising double perovskite oxide
material for applications in photovoltaics and photocatalysis.
Magnetic properties are known to be seen in oxide perovskites,
and DPOs have already proven to have varied magnetic
properties. Transition-metal-based DPOs are exceptionally
well-suited materials for the study of magnetic behavior and
for further applications in spintronics. DPOs span various
categories both in terms of understanding fundamental
phenomena as well as in application-oriented tasks and, thus,
create immense research opportunities. Overall, there is a huge
potential in the double perovskite oxide family that can be
manifested further while tuning the underlying electronic and
optical properties.
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