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A density functional theory (DFT) study on stoichiometric bismuth titanate pyrochlore (Bi,Ti,0;—BTO) is
presented. Pseudopotential plane wave calculations were carried out to determine band gaps, density of states
(DOS), and partial density of states (PDOS) of BTO. The theoretically determined optical property of BTO
with a direct band gap of 2.6 eV corresponds to a red shift of 70 nm in absorption activity compared to
titanium dioxide (TiO,). A rationale has been developed to determine various possibilities of adding impurity
elements within the BTO structure to enhance the visible light absorption. Mainly the effects of 3d element
(Fe, Ni, Cr, Mn, and V) substitution in the crystal structure of BTO at the titanium position have been the
focus of this study. The substitution of these elements shows the formation of different midgap states which
indicates the flexibility of the BTO structure to tunability. Among the elements studied, Fe substitution showed
a shift in the valence band toward the conduction band. This band gap reduction may facilitate a better
electron transfer process. These theoretical results suggest that BTO can be a promising candidate for

photocatalytic applications, such as solar-assisted water splitting reactions.

Introduction

Solar hydrogen production by water splitting is an environ-
mentally benign method to produce energy. However, this
method is challenging since solar hydrogen production is a
relatively inefficient process compared to high-temperature
hydrogen production from hydrocarbons. For the conversion of
solar energy, there is a need to find an appropriate material that
is photoactive in a broad spectrum of light and stable in
electrolyte medium. Several photoactive materials for hydrogen
production have been examined.'® Photocatalysts, such as
transition metal oxides (TiO,, WO3* Fe,03),>® mixed oxides,”!!
and chalgonides'>'* have been primary candidates of interest.
However, these photocatalysts have limitations such as harvest-
ing only UV light (TiO,), toxicity (CdSe), and instability issues
(composites such as TiO,—Au).">"'7 Binary metal oxides with
different crystal structures show excellent photoactivity due to
the orientation of atoms in a layer structure and the presence of
vacancies in the crystal structure. For example, different crystal
structures such as perovskites (ABO;), pyrochlores (A,B,07),
spinels (AB,O,), and delafossites (ABO,) are of interest as
photocatalysts. In this context, pyrochlores are a family of
interesting compounds that can offer the properties desired of
an ideal photocatalyst.>!82° Generally, the pyrochlores can be
represented as A*"B,*"0O; (or A,0:B,0¢) which has an
interpenetrating cuprite-type A,O tetrahedral framework along
with a corner sharing BOg octahedron.?!?? Several elements can
be used in the A site as well as in the B site to design a
pyrochlore.
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Figure 1. Crystal structure of bismuth titanate (BTO) of pyrochlore
geometry (Bi,Ti,07) constructed for the theoretical study. (In the color
diagram: the gray indicates Ti, red indicates oxygen, and purple
indicates the Bi atom.)

From the photocatalytic point of view, pyrochlores are
interesting as they offer the ability to manipulate electron/hole
mobility by choice of different elements introduced in the
structure.”* Charge mobility can be one of the factors that
controls the photocatalytic activity by influencing the probability
of photogenerated charges reaching the reaction site of a
photocatalyst.* The variation in the composition of A, B, and
oxygen sites in A;B,0;, as well as bond length variation,
together contribute lone pair electrons which influence the
electronic structure of pyrochlore.?>?>-2” The band structure and
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TABLE 1: (a) Details of the BTO Pyrochlore Crystal Geometry and Symmetry Space Group Described and (b) Atomic

Distance and Atomic Charge in BTO

(a)
symmetry group BTO original crystal
periodicity 3D (crystal)
name FD-3M
international tables # 227
option Origin-1
long name F 41/D-32/M
Schoenfiles name OH-7
crystal system Cubic; a =b =c¢ = 102978 A; . = = y = 90°
crystal class m-3m
face-centered (0,0,0), (0,1/2,1/2) (1/2,0,1/2), (1/2,1/2,0)
# of operators 192
(b) o
bond population length (A) experimental data®!
Owspn—Ti 0.44 1.988 1.964
Osa—Bi 0.16 2.229 2227
Owsp—Bi 0.12 2.541 2.559
species S p f total charge (e)
Oga) 1.87 4.89 0.00 0.00 6.76 —0.76
Osn 1.90 5.04 0.00 0.00 6.95 —0.95
Ti 2.31 6.47 2.11 0.00 10.89 1.11
Bi 1.80 1.54 0.00 0.00 3.35 1.65

the mixing of orbitals to absorb visible light of the solar
spectrum can be tuned by choice of elements from different
groups of the Periodic Table.?® This described property can be
designed by choosing any element for introduction in the A
and B sites as long as they satisfy the ratio ra/rg = 1.29—2.30
(r = ionic radius) and maintain an overall charge neutrality
within the structure.?-!

Bismuth titanate in stoichiometric pyrochlore crystal structure
exists as Bi,Ti,O;. Bi occupies the A site with +3 oxidation
state, and Ti occupies the B site with +4 oxidation state to form
stoichiometric A,B,0; pyrochlore. In recent studies, the choice
of bismuth as the element for the A site of the pyrochlore has
been shown in photocatalysis.?>*} Using a p-block element, such
as bismuth, has been reported to show high electron mobility
as well as improved photocatalytic activity compared with
TiO,.** In Bi, the 6s orbital helps to shift the valence band
upward to reduce the band gap.®> This phenomenon has also
been shown in different crystal structures of BTO, especially
in layered compounds of perovskite BiyTi30;,%® and sillenite

A general schematic representation of BTO pyrochlore band
edges in comparison with TiO, band edges is shown in Figure
S1 (Supporting Information). The structure of BTO pyrochlore
can be written as Bi,Ti,O40’, where the oxygens are differenti-
ated by 48f and 8a positions. Distortion in the TiOg octahedra
causes the Ti t,, orbitals to overlap with the 2p and 2s orbitals
of oxygen. The 6s levels of Bi causes the formation of localized
orbitals in the valence band (Ti—Ouw) and conduction band
(Ti—Oxr* levels). Generally, the Bi*t cation in the BTO
pyrochlore structure shows a distorted Bi,O” network.?* This
disorder is due to the static displacement, by the lone pair of
electrons in the Bi*" cation. Further, complex pyrochlores can
also be prepared by suitable substitution of different group
elements at the A and B sites. The structures are represented
by a genera] formula [AXA,lfx]2B207 [(FCOAQBiOAg)QTizoﬂ“O or
Ay[B.B’1_,],07 [BiMNbO; (M = Al, Fe, In, Sm)].*! Thus,
multiple elements can be selected to be included at A and B
sites to tailor the properties of the pyrochlore composite.

Pyrochlores allow internal flexibility for different charge bal-
anced combinations as well (A,>TB,*t0;, A,>'B,°T0;, and
A,'B,°10,). 42 However, from the perspective of solar energy
harvesting for visible light photocatalysis, BTO in stoichiometric
pyrochlore (Bi,Ti,O5) crystal structure has not yet been exam-
ined. The effects of substitution in the BTO structure are also
not well understood. A systematic study of bismuth titanate and
substituted bismuth titanate pyrochlores is thus required.

In a recently published paper, different families of the
Bi—Ti—O group have been studied along with nonmetal element
(nitrogen and carbon) substitution. In the case of C and N doped
BTO structures, the electronic properties depend on the extent
of the impurity p-orbital mixing with the host valence band.*
However, no systematic theoretical study has been found in the
literature on transition metal substituted BTOs in spite of the
fact that, in general, metal substitution can promote catalytic
activity. Here, we report an in-depth analysis of the suitability
of stoichiometric BTO pyrochlore for visible light photocatalytic
activity through first-principle calculations. These studies ex-
amine the optical and electronic properties of BTO and 3d
transition metal substituted BTO. The effect of these substitu-
tions at the Ti site on band properties has been examined and
compared with TiO,. The optical properties of BTO and
substituted BTO have been examined keeping in mind its
applicability to the water redox property. These studies lay the
foundations of a fundamental approach for examining and
identifying appropriate photocatalysts with the right band gap
for visible light activity.

Computational Model and Methodology

The first-principle computational calculations of BTO were
performed by using the plane wave based DFT. The CASTEP
program in Materials Studio supplied by Accelrys has been
utilized in this study. Ultrasoft pseudopotentials were used with
a plane wave basis set with a kinetic energy cutoff of 300 eV.
We have considered a cutoff of 300 eV for various reasons.
First, published reports have examined different cutoff energies
from 250 to 400 eV for In,Ga;_,N utilizing a CASTEP code
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Figure 2. (a) XRD pattern of the BTO pyrochlore crystal structure
simulated using density functional theory (DFT) calculations. The hkl
values are indexed to the JCPDS file # 32-0118. (b) The simulated
optical absorbance spectra of (a) TiO, anatase and (b) BTO with
pyrochlore structure are shown. Note that the onset absorbance of BTO
pyrochlore in (b) is located at 495 nm (red-shifted by 70 nm compared
to TiO, at 425 nm).

similar to ours and concluded that 300 eV cutoff is an
appropriate trade-off between accuracy and computational cost.*®
Another report on Ga,—,Zn,N,_,O, compared plane wave cutoff
energy at 340 and 300 eV, and these authors concluded that
structural and electronic property changes are minimal at the
two cutoffs.*’ Second, it is well-known that TiO, is a widely
studied material for photoelectrodes. Therefore, it is imperative
to compare the electronic properties of BTO with those of TiO,
using the criteria used for TiO; in other studies. So, we have
chosen a cutoff that has already been employed and verified
for TiO,. For example, there are studies available on TiO, with
the same code as ours with 300 eV cutoff energy.*®*° Finally,
we have found that 300 eV cutoff energy produces reliable
results for the density of states and optical properties of BTO
(as evidenced from our previously published experimental paper
with preliminary modeling information®®). The Generalized
Gradient Approximation (GGA) with Perdew—Wang exchange
and correlation functional (PW91) has been adopted for the DFT
calculations.’'? It is important to mention here that ref 45 uses
a PBE functional.
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BTO with a pyrochlore crystal structure (Figure 1) was
considered for the computational study. The details of the
symmetry space group, atomic population with individual s, p,
d, and total charge on the species, and bond length of optimized
crystal are given in Table 1. BTO with a pyrochlore crystal
structure was obtained from the Inorganic Crystal Structure
Database (ICSD) (ICSD# 413013) for verifying the computa-
tional output.?> All the properties have been calculated by
utilizing a primitive unit cell of the BTO pyrochlore crystal
structure. The symmetry of crystal structure was automatically
reduced to point symmetry operators without transitional
components. All electronic band structures and the optical
absorption spectra were calculated on the corresponding opti-
mized crystal geometries with 3 x 3 x 3 k-point sampling using
Monkhorst-Pack grid parameters. The scissors operator has not
been considered in these calculations. All the structures are
optimized with a convergence accuracy of 5 x 107° eV/atom.
The atomic coordinates are obtained by minimizing total energy
as well as atomic forces. The cell parameters had been optimized
along with atomic coordinates during the iterative optimization.
The magnetic moments of the atoms were also not considered
in the calculation. Reflex Tool in Materials Studio software was
used to find the XRD pattern of optimized crystals in the
polycrystalline mode. Anatase TiO, (ICSD # 82080) was
considered as a standard for comparison.

Results and Discussions

1. XRD and Optical Absorption Property. The crystal
structure used to study the electronic properties was subject to
theoretical simulation of powder XRD pattern in the polycrys-
talline mode. The DFT powder X-ray diffraction was determined
over the 26 range from 5 to 80°. The X-ray radiation source
was Cu Ka with a wavelength 4 = 1.54439. Figure 2a shows
the XRD pattern for the BTO crystal obtained from theoretical
simulations. The peaks obtained in the calculation were identi-
fied and indexed to Bi,Ti,O; (JCPDS # 32-0118) value. The
100% peak at 20 = 29.99 corresponds to the (444) hkl plane;
20 = 28.7 corresponds to the (622) plane; and 20 = 14.89
corresponds to the (222) plane. From this analysis, it can be
inferred that the crystal structure obtained from the theoretical
calculations shows the XRD pattern similar to experimentally
synthesized Bi,Ti,O7. Since the XRD pattern of the simulated
BTO matches well with the experimental values for a crystalline
BTO pyrochlore, it suggests that the model crystal structure used
for DFT calculations is in pyrochlore crystal geometry. Simi-
larly, the XRD pattern for anatase TiO, crystal obtained using
the simulation is given in Figure S2 (Supporting Information).
This XRD shows the peaks that correspond to anatase TiO, with
JCPDS # 21-1272.

The next task was to simulate the optical response of BTO
and determine its light absorbance. The geometrically optimized
crystal structure was considered for studying the optical
properties. To calculate the optical absorbance, the polycrys-
talline BTO pyrochlore crystal was used with a smearing of
0.5 eV. A similar kind of approach was adopted for TiO, crystal
in previous literature.>> Absorption spectra are generated as
a plot of absorption intensity with respect to the wavelength
(nm). The optical property of BTO was compared with TiO,
adopting a similar computational procedure. Figure 2b shows
the DFT generated absorption spectra of BTO pyrochlore and
TiO,. The visible light activity of the BTO is evident from the
red shift in the onset of absorbance compared to TiO,. The
estimated onset absorbance of TiO, is 425 nm, while that of
BTO is 495 nm. It can be noted that BTO demonstrates both
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Figure 3. Electronic band diagram of the BTO pyrochlore crystal along the k-vector.
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Figure 4. Comparison of total density of states of (a) TiO, and (b)

BTO pyrochlore, where BTO shows contribution from 6s orbitals of
Bi in the valence band.

UV light absorption property similar to TiO, and visible light
absorption due to the red shift in absorption edges. The shift of
70 nm shows the visible light absorption by the BTO. Generally,
substitution or doping of the TiO, crystal shows visible light
activity but at losses of UV activity.**=® This simulation suggests
that BTO visible light activity, with no loss of UV activity, can
be advantageous and lead to an overall enhancement in light
absorption

2. DOS and Band Gap Variation. Figure 3 shows the band
diagram of BTO. The k-vector along the symmetry lines of the
first Brilliouin-zone was examined. In the band diagram, a clear
separation of valence band and conduction band with a gap of
2.6 eV was noticed along the Brilliouin-zones of W, L, X, and
K. This can be attributed to the unique structure of the
pyrochlore which allows for element-specific varying degree
of hybridization to occur. The band structure across the various
high symmetry directions is consistent with the electronic band

gap noted in the calculation. For TiO,, theoretical calculations
and experimental results have shown an indirect band gap of
3.2 eV.”% The alignment of the valence band (VB) maxima
and conduction band (CB) minima toward the same k-vector,
shown in Figure 3, suggests that the Bi,Ti,O5 is a direct band
gap material, and the minimum gap was found at the X-point.
Similar observations have been noted for Ca,Nb,O; and
Ca,Ta,07 in pyrochlores.®! In contrast, the recently published
JPCC paper mentioned an indirect gap of 2.46 eV for pyrochlore
BTO.® However, their reported band gap at I'-point, 2.89 eV,
is similar to the band gap we found from our calculations at
the I'-point in Figure 3. The direct band gap materials are likely
to be more efficient in a photocatalytic process as they promote
minimization of recombination losses due to trapping of the
excited electrons as they transit from the valence band to the
conduction band. This shows that BTO will be useful for
photocatalytic applications. Generally, in metal oxides, the VB
is formed by the oxygen 2p orbitals in TiOg octahedra, while
CB is formed by the d orbitals associated with the metal
occupying the B site.®?

The partial density of states (PDOS) of BTO was also
analyzed. BTO shows a reduced band gap of 0.4 eV compared
to TiO, (Figure 4) in the total density of states. This provides
a quantitative estimate of the extent of band gap reduction. There
is a clear and distinct peak formation noticed in the energy range
between —8.0 and —11 eV. The presence of an interband in
the valence band of BTO is due to the contribution from the 6s
orbitals of the Bi atom. Thus, the combination of oxygen 2p
orbitals and 6s orbital of BTO contributes to the reduction of
the band gap. The interband formed by the occupied Bi 6s
orbitals shifts the valence band toward the conduction band,
which, in turn, leads to visible light activity and assists with a
facile electron transfer process.

3. Analysis of Conduction Band. The characteristics of the
conduction band are an important parameter to be evaluated in
studying the efficiency of the photocatalytic process. These
studies also help identify methods to avoid recombination loss
and favor competent electron transfer processes. In the case of
BTO pyrochlore, the conduction band is mainly derived from
the 3d bands of the Ti atom along with an additional contribution
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Figure 5. Partial density of states (PDOS) of each element (a) Bi p,
Bis, (b) Tid, Tip, Tis, and (c) O p, O s that forms the BTO structure
and the sum total of all orbital contributions for each element.

from the p-band of the Bi atom. In photochemical reactions,
the stability of the electrons in the conduction band helps in
reduction of recombination rates of excited charges. Since the
valence band mainly consists of oxygen p-orbitals, it will be
useful to have more p-character in the conduction band to avoid
recombination. Since Bi contributes the p-character of BTO,
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Figure 6. (a) TDOS of BTO after substitution of 3d elements at the
Ti site and aligning with respect to oxygen deep level orbitals in
comparison to TiO,: (a) TiO,, (b) Bi,Ti,O7, (c) Bi,;Ti;sV(507, (d)
Bi,Ti;5Cro507, (e) BiyTiisNigsO7, () BiyTijsMngsOs, (g) Bis
Ti; sFeys0O7. (b) The variation of TDOS due to 3d-element substitution
at the Ti site in the BTO crystal structure in comparison to TiO, shown
over the range —6 to +6 eV: (a) TiO,, (b) Bi,Ti,05, (c¢) Bi,Ti; 5V 507,
(d) Bi,Ti;sCros507, (e) BisTi;sNigsOy, (f) Bi,Ti;sMngsO;, and (g)
Bi,Ti, sFe( 507.

we further examined the CB in detail. Figure 5 shows the partial
density of states (or PDOS) of individual elements in BTO. It
is noted that the contribution of the s orbital from Bi plays an
important role. The shift in the conduction band of BTO is due
to the combined effect of empty d-orbitals of the Ti atom and
Bi 6p states. To find the percentage of p-character in the
conduction band, the partial density of states (PDOS) was
calculated. The analysis indicates that the percentage of the
p-character increased in BTO by 7% (from 14.32% in TiO, to
21.68% in BTO). This shows that the presence of Bi in the A
site helps not only to shift the VB but also to enhance
synchronized mixing of the p-orbital in the CB which in turn
can improve the electron transfer process.

4. Effect of Substitution. Addition or substitution of transi-
tion metal atoms like Fe, Cr, Mn, and Ni and also nonmetallic
elements, such as nitrogen, sulfur, and carbon, in the TiO,
structure, are reported to have increased photocatalytic activity.*>¢*
Especially, substitution of transition metals in TiO, shows visible
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SCHEME 1: List of Elements That Fit the General
Formula Bi,Ti;-,M,0; (Where M = Element Which Can
Be Substituted at the Ti Site)*

e ]
|
[ eeymenmen, |

Where M having +4 oxidation state
and r,/rg=1.29-2.3

v ¥
3d Elements 4d Elements
V (58), Cr (55), Mn (53), Zr (72), Nb (68), Mo (65), Tc (65),
Fe (59) Ni (48) Ru (62), Rh (60), Pd (62)

I v
5d Elements
Hf (71), Ta (68), W (66), Re (63),
Os (63), Ir (63), Pt (63)

P-block Elements
Pb (78), Sn (69), Qe (53), Se (50)

“ Essential criteria for the stable pyrochlore formation are ra/rg =
1.29—2.30 (r = ionic radius) and the overall charge neutrality. The
numbers in the brackets are ionic radius of the element in picometers.

light activity, and each element behaves differently when
substituted into the TiO, lattice. BTO structure has the ability
to accommodate a variety of elements which can satisfy the
charge neutrality and the ionic radii requirements. Different
elements can be substituted in the A and B sites of the bismuth
titanate pyrochlore. The Bi atom is essential at the A site to
enhance the visible light absorption activity by shifting the
valence band toward the conduction band in BTO. Therefore,
we discuss the effect of substitution at the B site (Ti atom) with
+4 oxidation state elements. It was shown that a change at the
B site of the pyrochlore can affect CB and VB properties, such
as orbital mixing, charge transport, and band edge locations.?*®
Such compounds are represented by the general formula
Bi,Ti,— M,0; (M = substituted element at the Ti site). Besides,
there also exists the possibility of a substitution of a trivalent
(M3%) or a pentavalent (M>") cation in the B site.*”* In this
paper, the substitution of various transition metals of the
tetravalent cation (M*") in the Ti*" position is considered. A
list of suitable elements for substitution at the Ti site from
different blocks is identified in Scheme 1. Elements that
demonstrate a +4 oxidation state and that meet the charge
neutrality requirement (ionic radii ratio ra/rg = 1.29—2.30 (r
= ionic radius)) are identified as compatible within the BTO
structure.

Among the type of elements that can be substituted at the Ti
site, 3d elements demonstrate the most interesting behavior that
includes manipulation of visible light activity as well as tuning
of interband state locations.*-% 3d elements generally tend to
form octahedral crystal structure, in which they exhibit split
states of d-orbitals in the form of t,, and e, levels in the higher
energy region. As the number of 3d electrons increases, both
ty, and e, states shift to the lower energy because the positive
nuclear charge increases with this change. This change makes
the chemical potential of d-electrons lower and closer to the
p-orbital %8 It is, therefore, of interest to study the effect of
3d elements on the BTO crystal structure. Theoretical calcula-
tions were carried out by substituting 3d elements (Fe, Ni, Mn,
Cr, and V) given in Scheme 1. About 25% of the Ti site in the
optimized BTO crystal structure was considered for substitution
by 3d elements. The substitution of x = 0.25 was arbitrarily
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Figure 7. Comparison of DFT simulated optical spectra of TiO, anatase
and various 3d transition element substituted BTO pyrochlore crystal:
(@) TiO,, (b) BiTi;O7, (¢) BisTiisVosOs, (d) BiTiisCrosOs, (e)
Bi,Ti; sNigsO7, (f) Bi,Ti; sMnosO7, and (g) Biz Tij sFeqs07.

chosen. This relatively higher impurity level was chosen so that
a systematic study can be made with the 3d transition metal
element substitutions with reasonable computing time. We
believe that the results may vary with reduction in doping level;
however, the trends are not expected to change significantly.
In addition, the fraction experimentally noted for the formation
of stable substituted photoactive pyrochlores lies over a much
broader range (Bi,Ti,—.M,07, where x = 0—1), and the results
presented here are representative within this range. The substitu-
tion position of 3d elements in the BTO crystal structure is
shown in Figure S3 (Supporting Information). Figure 6a shows
the aligned TDOS plots of various substituted 3d metals of BTO
in comparison to TiO,. The Fermi level of all the substitutions
has been aligned with respect to the deep oxygen orbital energy
levels. For a clear understanding of Fermi level alteration with
respect to 3d transition metal substitution in BTO, Figure 6a
was expanded in the region of interest between 6 and —6 eV in
Figure 6b. This analysis shows that 3d transition metal substitu-
tion in the BTO structure shows variation in Fermi levels by
forming substrates between the VB and CB. Formation of such
sub- or interband states can be noticed with substitution of any
element from the group. A shift in the valence state with the
nature of the substituted 3d element is also observed. This
formation of interband states can promote the charge transfer
process efficiently as noted with 3d transition element doping
in Ti0,.%

In a related study, a correlation between bandgap, ionic radii,
and photoactivity was made for Bi,RNbO; (R = Y and rare
earth elements) for photocatalytic water splitting.%® The study
reports that as the ionic radii increase the bandgap increases
causing a decrease in the photoactivity. When 3d elements are
substituted in the BTO lattice, it results in band gap reduction
due to the formation of midband states. Our analysis offers a
choice of elements to be considered for substitution at the B
site. The optical property of substituted BTO was identified to
calculate the shift in the absorption activity. Figure 7 shows
the optical property of 3d metal-substituted BTO. A shift in
the onset absorption of BTO with substitution of 3d element
atoms at the B site is evident. From the DOS analysis (Figure
6), it can be observed that substitution using any 3d element
leads to the formation of midbands. These midbands are due to
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the localized d-orbitals of 3d-metals. These midcenters may or
may not increase the electron transfer process and depend upon
the interaction with valence band or conduction band orbitals.
Among these 3d elements, the substitution of Fe in BTO shows
a band which is close to the valence band and is particularly
interesting. This has the preferential probability to combine with
the valence band to enhance the electron transfer process. It
has been shown in the literature that, among different metals
substituted (Fe, In, and Ga) for Ta in Bi,Ta,0;, Fe has been
noted to cause the least distortion of the Bi,Ta,0O5 structure and,
hence, is believed to offer maximum stability.”*'7*-7> Substitu-
tion of Fe shows a shift toward CB from VB, whereas other
elements show a shift from the CB toward VB. Though midband
formation plays a role in the reduction of the band gap, these
can also act as recombination centers in case they are very
localized. These results indicate the applicability of BTO as a
possible candidate to tailor photocatalysts for energy conversion
applications. The effects of substitute concentration and further
detailed analysis of oxidation state through theoretical core shell
spectroscopy and the nonstoichiometric composition analysis
are needed to completely understand the full potential of these
materials.

Conclusions

First-principle theoretical calculations of BTO support the
possibility that BTO can be used in visible light photocatalytic
applications for energy conversion. The effects of substitution
of various 3d elements at the Ti site of the BTO on its optical
and electronic properties have also been examined. Especially,
formation of midband states by substitution of Fe in the
pyrochlore structure leads to a shift in valence band toward the
conduction band which enables reduction of the band gap.
Utilization of these materials for photocatalysis depends upon
development of simple and efficient synthesis methods. This
study opens new approaches to identify unique blends of
photoactive pyrochlores that might find applications in photo-
catalytic water splitting and photovoltaic materials that are active
in visible light.
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