Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&CHEMISTRY

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

Journal Name

Journal of Materials Chemistry C

»

\L SOCIETY
CHEMISTRY

Combined Experimental-Theoretical Study of the Optoelectronic
Properties of Non-Stoichiometric Pyrochlore Bismuth Titanate

Received 00th January 20xx,
Accepted 00th January 20xx Takanabe?*
DOI: 10.1039/x0xx00000x

www.rsc.org/

Dalal Noureldine,? Sheikha Lardhi,” Ahmed Ziani,” Moussab Harb,?* Luigi Cavallo? and Kazuhiro

A combination of experimental and computational methods was applied to investigate the crystal structure and
optoelectronic properties of the non-stoichiometric pyrochlore Bi>—Ti207-1.5x. The detailed experimental protocol for both

powder and thin-film material synthesis revealed that a non-stoichiometric Bi»—Ti207-1.5x structure with an x value of ~0.25

is the primary product, consistent with the thermodynamic stability of the defect-containing structure computed using

density functional theory (DFT). The approach of Density functional perturbation theory (DFPT) was used along with the

standard GGA PBE functional and the screened Coulomb hybrid HSEO6 functional, including spin-orbit coupling, to

investigate the electronic structure, the effective electron and hole masses, the dielectric constant, and the absorption

coefficient. The calculated values for these properties are in excellent agreement with the measured values, corroborating

the overall analysis. This study indicates potential applications of bismuth titanate as a wide-bandgap material, e.g., as a

substitute for TiO: in dye-sensitized solar cells and UV-light-driven photocatalysis.

Introduction

Semiconductors lie at the heart of optoelectronic
technology, functioning as photon absorbers and/or as charge-
carrier transporters. TiO, is one of the most popular
semiconductors for this purpose; it has been utilized in dye-
sensitized solar cellst and in basic studies of
photoelectrochemical water splitting reactions2. To improve the
performance of TiO,-based devices, alternative semiconductor
materials with highly effective photophysical properties, such as
light absorption, charge-carrier extraction and carrier diffusion,
are currently screened. Among the most promising materials
are bismuth titanates, since they demonstrate great potential
because of their excellent photophysical properties and their
bandgaps, which can be tuned through site substitution with
different elements.3 In particular, the bismuth titanate
pyrochlore structure has been used as a pigment* and, recently,
as a UV-light-responsive photocatalyst.>-10

In the literature, the properties and functions of bismuth
titanates remain controversial because of a lack of detailed
information on their optoelectronic properties. In part, this lack
of clarity results from the difficulty in controlling their chemical
stoichiometry through material synthesis. Pyrochlore bismuth
titanate has been synthesized using several methods, including
metal-organic decomposition,! the sol-gel method,!? and co-
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precipitation.324 |t was first introduced as Y;-,BixTi.O7, and
several non-stoichiometric forms have also been reported, such
as the Bi3*- and 0% -deficient compound Bij 33Ti,06.75.1> Often,
the perovskite BisTizO12 structure is co-generated in the
attempt to synthesize the stoichiometric pyrochlore Bi,Ti,O7
through solid-state reactions.1® Later, Bi;.74Ti,O662 synthesized
via co-precipitation was reported as a single pure product
refined via neutron diffraction, thereby confirming the
stoichiometry.l” Recently, a non-stoichiometric structure
synthesized via an aqueous sol-gel method was reported,
namely, a non-stoichiometric (Biy—«Tio.7sx)Ti2O7 material with x
equal to 0.44.7 There remains a need for a detailed study to
elucidate the crystal structure as well as the optical and
transport properties of this non-stoichiometric Bi—xTi207-1.5¢
material.

To resolve the
structure and optoelectronic properties of pyrochlore bismuth
titanate in the literature, we report here a detailed study
combining both experimental and theoretical methods. On the
experimental side, care was taken to synthesize the non-

inconsistencies regarding the crystal

stoichiometric phase without any secondary phases. Density
functional theory (DFT) and density functional perturbation
theory (DFPT) employing both the standard PBE functional and
the more accurate screened Coulomb hybrid HSEO6 functional
were employed,!81° with inclusion of spin-orbit coupling. Our
approach enabled the determination of the electronic
structure, optical absorption coefficient, dielectric constant and
effective charge-carrier masses of the non-stoichiometric
Bi175Ti206.62. The good agreement between the measured and
the calculated values. The impact of the non-stoichiometric
structure relative to the ideal Bi,Ti,O7 stoichiometric structure
on these properties was also investigated, and a general
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comparison of the properties with those of the well-studied
material TiO, was performed.

Experimental and theoretical methods
Chemicals

The following chemicals were used: bismuth nitrate
pentahydrate (Aldrich, 99.999%), titanium isopropoxide
(Aldrich, 99.999%), glacial acetic acid (Fisher Scientific, 99.8%),
ammonium hydroxide (Fisher Scientific, 29.44%), methoxy
ethanol (Sigma, 99%), acetyl acetone (Aldrich, 99%), and sodium
hydroxide (Sigma-Aldrich, 99.99%).

Synthesis of bismuth titanate powders and films

Bismuth titanate powders were synthesized using the co-
precipitation method.* Bi(NOs)3.5H,0 (10 mmol) was dissolved
in 25 ml of glacial acetic acid under stirring at room temperature
for 3 h until the solution became clear. Then, titanium
isopropoxide was added to adjust the starting Ti/Bi molar ratio
to values of 1, 1.23, 1.50, 1.75 and 2 to form crystalline samples
with different stoichiometries. After 5 min of stirring, 33 ml of
cold ammonium hydroxide was slowly added. When the pH
became ~7, a white precipitate was formed, which was filtered
and washed extensively with Milli-Q water (>18 MQ). After
drying at 90 °C for 24 h, the obtained mixture was ground and
heat treated at 550 °C for 16 h in a static furnace.

Pyrochlore bismuth titanate films were deposited using the
chemical solution deposition method via the spin-coating
technique. The starting solution was prepared by dissolving 3
mmol of Bi(NOs3)3.5H,0 in 5 ml of glacial acetic acid. Methoxy
ethanol (2.5 ml) was added to adjust the tension of the solution.
Then, a stoichiometric amount of titanium isopropoxide (3.7
mmol, Ti/Bi molar ratio = 1.23) was added, causing the solution
to turn light yellow. Acetyl acetone (1.5 ml) was added to
prevent titanium complexation. In each cycle, the solution was
spin coated onto a Si wafer or fluorine-doped tin oxide (FTO)
substrate at 3000 rpm for 30 s. Unless otherwise stated, the
deposition was repeated over 10 cycles. Then, the film was
dried for 5 min at 200 °C. Finally, it was calcined at 600 °C for 2
h.

Structural and optical characterization

X-ray diffraction (XRD) patterns were collected using a
Bruker D8 Advanced A25 diffractometer equipped with a Cu X-
ray tube (Cu-Ky; A=0.15418 nm) operated at 40 kV and 40 mA in
the Bragg-Brentano geometry using a linear position-sensitive
detector with an opening of 2.9°. The diffractometer was
configured with a 0.44° divergence slit, a 2.9° anti-scatter slit,
2.5° Soller slits, and a nickel filter to attenuate contributions
from Cu-Kg fluorescence. The XRD data were analyzed via the
Rietveld method using the fundamental parameters approach,
as implemented in the software TOPAS V4.2 (Bruker-AXS). The
XRD pattern of pyrochlore bismuth titanate was refined using
the cubic structure (space group FD3m) taken from card 01-089-
4732 in the ICSD database. The profile parameters included the
scale factor, a sample displacement parameter, and a three-
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term polynomial for the background. The fundamental
parameters approach involves analytically calculating the
instrumental broadening in the peak profile. The particle size
was calculated from the Lorentzian contribution to this profile.
The values of Rwp, Rerage, and the goodness of fit (GOF) were
approximately 9, 3, and 2, respectively, for all refinements.

Inductively coupled plasma (ICP) measurements were
performed using an Agilent 720 Series ICP-OES instrument
(Agilent Technologies). Digestion of the material was performed
in an ETHOS 1 microwave digestion system (Milestone Srl).

The thicknesses and complex refractive indexes (n + ik) of
the films were determined by applying the spectroscopic
ellipsometry technique to films deposited on Si substrates.
Measurements were collected via scanning in the 1-6 eV range
using a Jobin-Yvon ellipsometer (UVISEL).

Electrochemical measurements

Electrochemical measurements were performed using Milli-
Q water. Sodium hydroxide was used as received to prepare the
required 0.1 M electrolyte with pH 13.2. All experiments were
performed using a research-grade multi-channel potentiostat
(VMP3, BiolLogic Science Instruments). Cyclic voltammetry (CV)
experiments were performed using a regular one-compartment
electrochemical cell with a three-electrode configuration. A Pt
wire and an Ag/AgCl (saturated KCI) electrode were used as
counter and reference electrodes, respectively. All experiments
were recorded against this reference electrode, which was
reported on the reversible hydrogen electrode (RHE) scale.
Pyrochlore bismuth titanate films on FTO were used as the
working electrodes. The CV results were recorded at a scan rate
of 10 mV s1. Electrochemical impedance spectroscopy was
performed to estimate the flatband potential of the prepared
samples. Prior to impedance spectroscopy, CV was conducted
under Ar bubbling at a 10 mV s~ scan rate from a potential of O
to 1.7 V vs. RHE to determine the potential window for Mott-
Schottky analysis. For this analysis, we chose a potential range
of 0.5 - 1 V vs. RHE, in which the faradic current remains
negligible. Impedance spectra were recorded between 10 Hz
and 200 kHz, and the amplitude of the superimposed sinusoidal
potential signal was 5 mV for each of the 70 steps.

Computational methods

Starting from the cubic crystal structure of Bi,;Ti,O7
(pyrochlore phase; space group is Fd3m), which contains 16
functional units (Bi1gTi1s0s6) or 88 atoms (see Fig. 1a), we
modeled the non-stoichiometric Bii75Ti20662 Structures by
removing two neutral Bi atoms and three neutral O atoms from
various possible sites in the cell to obtain Biy75Ti2O6625. We
explored several geometrical configurations by paying
particular attention to key structures exhibiting separated or
aggregated Bi and O vacancies (see Fig. 1b and Fig. S1). In the
structural models considered in our calculations, the oxidation
states of the examined elements were Bi3*, Ti**, and O%. The
various generated structures were optimized using periodic
DFT, as implemented in VASP20-23 ysing the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional?* and the

This journal is © The Royal Society of Chemistry 20xx
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projected-augmented plane wave (PAW) approach.?> The
configurations of the valence electrons adopted in the PAW
potentials were 6s2 6p3 for Bi, 3d3 4s! for Ti, and 2s2 2p*for O.
Cutoff energies of 500 and 610 eV were used for the wave
functions and charge augmentations, respectively. The
convergence criterion for the SCF cycles was set to 10 eV per
cell. The atomic coordinates and cell parameters were fully
relaxed until all components of the residual forces reached
values below 0.01 eV A-. In all cases, the Brillouin zone was
sampled using a 5 x 5 x 5 Monkhorst—Pack k-point grid.2¢

For density-of-states (DOS) calculations, we employed the
screened Coulomb hybrid Heyd-Scuseria-Ernzerhof (HSE06)
exchange-correlation functional,27-2° as implemented in
VASP,20-23 hased on the optimized geometries obtained at the
PBE level. We used the tetrahedron method with Blochl
corrections for the Brillouin-zone integration. As reported in the
references,3%32 the well-known limitation of GGA functionals
(underestimated bandgaps) is expected to be considerably
mitigated through the use of HSE06.30-38

(@)

(b)

Fig. 1. DFT-optimized lowest-energy structures obtained using
the PBE functional for (a) perfect Bi,Ti,O; and (b) defect-
containing Biy75Ti2Og62 material with aggregated Bi and O
vacancies. Color legend: Bi in purple, Ti in gray, O in red, and Bi
(O) vacancies in dotted circles.

To calculate the UV-Vis optical absorption properties of
these materials, we applied DFPT, as implemented in VASP

This journal is © The Royal Society of Chemistry 20xx
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using the HSEO6 formalism. The optical properties were
obtained from the frequency-dependent complex dielectric
function &(w) = ei1(w) + iez(w) following a methodology
described in the literature.3® The real part £1(w) was obtained
using the Kramers-Kronig relation and it is defined as the
electronic contribution to the dielectric constant, whereas the
imaginary part £2(w) was calculated by summing all possible
transitions from occupied to unoccupied states in the Brillouin
zone weighted with the matrix elements describing the
probabilities of transition. To determine the fraction of the light
absorbed in these materials, we calculated the optical
absorption coefficient a(w) (in cm™1) for each compound as a
function of the wavelength of the incident light using the
following equations:
a(w)= 4”2(60) @

(2)

where A and w are the wavelength and frequency of the incident
light, respectively, and k(w) represents the extinction
coefficient.

The vibrational contribution to the dielectric constant
tensors (evi) were obtained by computing the full phonon
spectrum of the crystal using DFPT and the PBE functional in the
framework of the linear response method implemented in
VASP.

The effective mass tensors of photogenerated holes (my”)
and electrons (m.*) at the band edges of these compounds were
computed based on their k-space band structures obtained
from the PBE functional using the following expression:

(i,i=xy,2)

( 1 ] _1PE(k) )

m), 2 okk,

where i and j denote reciprocal components and E,(k) is the
dispersion relation for the n-band. Note that the derivatives
were evaluated numerically using the finite difference
method.4°

Results and discussion

Structural properties

We made an experimental attempt to synthesize single-
phase pyrochlore bismuth titanate. We used the co-
precipitation method to synthesize powder materials with
various Ti/Bi precursor ratios. Samples with starting Ti/Bi molar
ratios of 1, 1.23, 1.5, 1.75 and 2 were synthesized. The actual
Ti/Bi ratios in these samples were confirmed via ICP and found
to be 0.96, 1.16, 1.51, 1.71 and 1.92, respectively. Fig. S1 shows
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the XRD patterns for the samples with varied Ti/Bi molar ratios
(ESI). Fig. S1 shows a magnified view of the region in which
amorphous phases appear (23°<268<28°). It can be seen that for
the sample with an initial Ti/Bi ratio of 1, a mixture of the
pyrochlore phase with BisTizO12 as a secondary phase was
obtained at 20 = 33°. The XRD pattern of the powder sample
with a Ti/Bi ratio of 1.16 showed a single phase of the
pyrochlore structure with no impurities (neither a secondary
nor an amorphous phase), and the peaks were indexed
according to ICSD PDF# 01-089-4732. The characteristic peaks
of the pyrochlore structure were clearly observed for the (111)
and (222) peaks. Indeed, no amorphous phase existed for the
samples with Ti/Bi ratios of 1.16 to 1.51. Higher Ti/Bi ratios of
1.72 and 1.92 led to the formation of an amorphous phase that
manifested as a broad increase in the background at 26 values
of 23 to 32°. This chemical composition was confirmed by an ICP
measurement, in which a Ti/Bi ratio of 1.16 was found, close to
the initial ratio of 1.23. This confirmed that excess titanium
created vacancies at the bismuth and oxygen sites, consistent
with the proposal in the literature that such vacancies may
stabilize the entire structure.l’ It should be noted that the
impurity phase with low Ti (BisTi3O12) caused the band edge to
shift to longer wavelengths, whereas excess Ti would not cause
any shift in the band edge, as observed from the Kubelka-Munk
function from the UV-Vis spectroscopy results (Fig. S2). Further
data and discussion on the stoichiometry of Bi,—4TiO7-1.5x can be
found in ESI.

Therefore, for the subsequent characterizations presented
in this work, we chose a ratio of Ti/Bi =1.16. Fig. 2 shows the
representative XRD patterns for (a) the single-phase
Bi>—xTi207-15¢x powder synthesized using the co-precipitation
method, to be refined using the Rietveld analysis method; (b)
the Biy—«Ti207-1.5x thin film deposited on a Si substrate, used for
ellipsometric spectroscopy; and (c) the Biz—xTi207-15« thin film
deposited on an FTO substrate, used for Mott-Schottky analysis.
The thin film on the Si sample was calibrated versus the Si(400)
peak, which appears at 26=69.12°. All of the samples exhibited
a single-phase pyrochlore structure with the same d-spacing for
the main peaks (e.g., d222 = 2.98 A). The relative intensities of
the peaks were similar to those in the powder samples, thereby
confirming that the films were randomly oriented, similar to the
polycrystalline powders.

Rietveld analysis was performed for the Biy—xTi207-15x
sample with Ti/Bi=1.16 synthesized using the co-precipitation
method. The Wyckoff positions of the atoms were summarized

in Table S1, and the lattice parameters are summarized in Table
1. The sample had a cubic structure belonging to the Fd3m
space group and a lattice parameter of a = 10.35 A. Bismuth ions
(Bi3*) partially occupied 96g, which is of lower symmetry than
the normal atomic position (16c) in this space group. Titanium
ions (Ti**) fully occupied the 16d position, and two types of
oxygen atoms were present, the first (O) fully occupying the 48f
position and the second (O’) partially occupying the 8a position.
From Table S1, the numbers of bismuth, titanium, and oxygen
atoms deduced from their Wyckoff positions and the
corresponding occupancies were 14, 16, and 53 atoms
respectively. The chemical composition determined for this
structure was Bi; 75Ti20g.62.
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Fig. 2. XRD patterns of a) Bi1.75Ti206.62 powders, b) a Bi1.75Ti206.62
thin film on a Si substrate, and c) a Bi1.75Ti2O¢.62 thin film on an
FTO substrate.

Table 1. Lattice parameters measured via Rietveld refinement and calculated using the PBE functional for the various optimized

structures shown in Fig. 2.

Lattice parameters (A, Degree)

Sample a b c a B Y
Bi1.75Ti206.62 (Experimental) 10.350 10.350 10.350 90.0 90.0 90
Bi1.7sTi2O662 (DFT; aggregated vacancies) 10.290 10.404 10.322 91 90.2 90.4
Bi1.75Ti206.62 (DFT; separated vacancies) 10.339 10.334 10.357 90.7 88.8 88.5
Bi,Ti,O7 (DFT) 10.328 10.328 10.328 90 90 90

4| J. Name., 2012, 00, 1-3
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We experimentally confirmed that the non-stoichiometric
pyrochlore phase is prevalent in Biz—Ti;O7-1.5¢ With x ~ 0.25 (rich
in Ti). Using the DFT/PBE computational method, we
systematically investigated the crystal structure of the non-
stoichiometric Biy7sTi2Os62 Structure and that of the ideal
stoichiometric Bi,Ti,O7 structure for comparison. Fig. 1 shows
the most relevant relaxed structures, and Table 1 reports their
corresponding lattice parameters. For the non-stoichiometric
compound, the structure with the lowest energy was obtained
for the configuration displaying a direct interaction between 2
Bi and 3 O vacancies (Fig. 1b). This interaction leads to the
formation of a small cage in the lattice. Interestingly, upon
relaxation, this structure retains very similar lattice parameters
(lengths and angles) relative to the stoichiometric structure, in
good agreement with the experimental data (Table 1). By
contrast, another non-stoichiometric structure displaying well-
separated Bi and O vacancies was found to be 0.2 eV less stable
than the previous one. In this case, the various atomic positions
are strongly displaced upon relaxation from their initial
positions, leading to different lattice parameters (especially the
angles). The configuration with aggregated vacancies shows less
cubic structure distortion (o, B, vy = 91, 90.2, 90.4°) in
comparison with the configuration with well-separated
vacancies (a, B, y = 90.7, 88.8, 88.5°). Therefore, we chose to
consider the structure with a small cage of defects for the
following discussion of the computed material. The formation
energy of the stoichiometric Bi,Ti,O7; was calculated to be
-1.608 eV per Bi atom, whereas that of Bi;75Ti20662 Was
calculated to be -1.783 eV per Bi atom. This confirms that the
non-stoichiometric structure is more stable, indicating that it is
more favorable to obtain experimentally.

Electronic structure and effective mass

Fig. 3 shows the electronic density of states (DOS) computed
for Bi1.75Ti206.62 Using the HSEO6 functional, compared with that
for stoichiometric Bi,Ti;O7. The energy dispersion curves of
these materials computed using the PBE functional are given in
Fig. 4. The electronic analysis reveals that the valence-band
states are governed by occupied O 2p orbitals with very weak
contributions from Bi 6s orbitals, whereas the conduction-band
states are predominantly composed of Ti 3d orbitals. Both
compounds are direct (at the I or X point) semiconductors (Fig.
4), with bandgap energies of 3.7 eV for Bi,Ti»O7 (Fig. 4a) and 3.4
eV for Bi175Ti2O0662 (Fig. 4b). The lowest-energy bandgaps of
these materials originate primarily from O 2p® - Ti 3d° orbital
transitions. By contrast, the DOSs calculated using the PBE
functional yield much smaller bandgap energies of 2.5 eV for
Bi,Ti,O7 and 2.3 eV for Bi175Ti,0662, cOnsistent with previous
theoretical studies of pyrochlore bismuth titanate.3#! We also
investigated the spin-orbit coupling effect on the electronic
structures of Bi>Ti,O; and Biy.75Ti,Os.62 Using the PBE functional,
obtaining small decreases in the bandgaps of 0.1 and 0.2 eV,
respectively. By comparing these relative shifts to the values
obtained using the HSEO06 functional, the bandgaps are

This journal is © The Royal Society of Chemistry 20xx
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predicted to be 3.6 eV for Bi;Ti,07 and 3.2 eV for Bi175Ti20662,
in very good agreement with the measured values.

(b)

—— 1

o sy

34 eV
Potential (V vs. RHE)

Ey=2.93

Fig. 3. Electronic DOSs obtained using the HSE06 functional for
(a) stoichiometric Bi,Ti,0; and (b) non-stoichiometric
Bi175Ti06.62 material in their most stable configurations, as
reported in Fig. 2. Color legend: total DOS in black; DOSs
projected onto Bi in red, onto Ti in blue, and onto O atoms in
green. Potentials for valence band edge, conduction band edge,
and flatband estimated from Mott-Schottky analysis are also
represented in RHE scale (pH 13.2).
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Fig. 4. Electronic band structure diagrams along the high-
symmetry k-points obtained using the PBE functional for (a)
stoichiometric Bi,;Ti»O7 and (b) non-stoichiometric Bi1.75Ti.O662,
ErissetatOeV.

The effective mass tensors of photogenerated holes (mp”)
and electrons (m.") were computed at the band edges of
Bi,Ti2O7 and Bi1s5Ti20662 to evaluate their charge-carrier
transport properties. Table 2 reports the values calculated in
the three principal crystallographic directions. For Bi,Ti,O7, the
effective electron and hole masses were found to be relatively
small (0.17, 0.2, and 0.87 for electron and 0.56, 0.75, and 3.5 for
holes in the [001], [010], and [100] directions, respectively). In
the case of Bi1.75Ti»O6.62, the effective masses were found to be

J. Name., 2013, 00, 1-3 | 5
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slightly higher both for electrons (0.3, 0.39, and 1.66,
respectively) and for holes (0.45, 36.4, and 14, respectively). In
comparison, anatase TiO, exhibits much lower effective
electron and hole masses (0.05mp and 0.1mo, respectively).1®
This reflects the excellent transport properties in the TiO;
system.

Table 2. Calculated effective masses of electrons and holes in
Bi175Ti20662 and Bi;TioO7 in the principal crystallographic

directions.
m*y m’e
Direction 100 010 001 100 010 001
Bi1.75Ti206.62 14 36 0.45 i 1.7 0.39 0.30
Bi,Ti>O7 3.5 0.75 0.56 { 0.87 0.20 0.17

Dielectric properties

The dielectric constant (g/) is a frequency-dependent
parameter and consists of two components: an ionic vibrational
polarization component (&vb) and an electronic polarization
component (€-). At high frequencies relevant to the UV-Vis
region considered in our experimental study (1014-10%> Hz), the
dielectric constant deduced via spectroscopic ellipsometry
contains only the electronic contribution. At lower frequencies
(< 10%3 Hz), the vibrational contribution dominates, which is
relevant for Mott-Schottky analysis, as previously discussed.

Through retro-simulation of the experimental data, we can
deduce the film thickness and also extract the refractive index
(n) and the absorption index (k) (Fig. S3). To correlate the
complex refractive index with the dielectric properties, the
following equation is applied:

g=g1+ig;=N?=(n+ik)? (4)
Thus, we can deduce the dielectric constant as follows:
£1= Ew=n% - k2. (5)

Concerning the electronic contribution to the dielectric
constant (€-), Fig. 5 displays the results measured via
ellipsometry and calculated using the DFPT/HSEO6 method
through the real part e€;(w) of the frequency dependent
dielectric function (see computational methods for more
details). Experimentally, we found €. to be equal to 9.8 at a
bandgap of 3.3 eV. From the calculations, dielectric constants of
8.8 and 6.5 were obtained for the stoichiometric Bi,Ti,O7
compound and the non-stoichiometric Bi; 75Ti2O¢.62 cOMmpound,
respectively. Moreover, both structures were found to be
isotropic materials along the xx, yy and zz directions. This means
that the light absorption and the subsequent exciton
dissociation do not depend on the direction (x, y or z) of
polarization of the light. In comparison with TiO; (€~ = 6), the
bismuth titanate structure possesses a higher dielectric
constant.18

The ionic contributions &, were calculated using the
DFPT/PBE approach. We obtained a value of 80.1 for the
stoichiometric Bi,;Ti,O; compound in all three crystallographic

6 | J. Name., 2012, 00, 1-3

directions. However, for the non-stoichiometric Bi1.75Ti»Os.62
structure, the ionic contributions were 56.6, 76.8 and 87.4 in
the xx, yy and zz directions, respectively. Higher dielectric
constants were previously reported for these materials (101
and 104),4243 but those observed here still surpass the dielectric
constant value of 45.7 for TiO,.%4

15 LR TR SRR MR PAECLES Fie s TR RS Rt SR T
— Bi, ,;Ti,O, ., (experimental)
12 L= =~ Bi, 15 Ti,0¢ ., (HSE06) |
- - - Bi,Ti,O, (HSE06)
9
e
6
sl N
\
i
y
0 s b b b g b la s b b laa il
00 05 1.0 1.5 2.0 25 3.0 3.5 4.0 45 50
Energy (eV)
12 T T T T T T T T
—Bi, ,;Ti,0, ., (experimental)
- - - Bi,,4Ti,0; ., (HSE06)
9 - - - Bi,Ti,0, (HSE06)
o Gl
3 L

0 L !
00 05 1.0 15 20 25 3.0 3.5 40 45 50

Energy (eV)
Fig. 5. The dielectric function for the Biy 75Ti2Og62 Structure
measured via spectroscopic ellipsometry (solid blue line) and
those calculated using the HSEO6 functional for the same non-
stoichiometric structure (dashed blue) and for the
stoichiometric Bi,Ti.O7 compound (red line).

Absorption properties

In Fig. 6, the measured and calculated absorption
coefficients of non-stoichiometric Bi175Ti20662 are plotted,
together with the corresponding results calculated for
stoichiometric Bi,Ti,O;. The experimental
absorption coefficient was deduced from the imaginary part of
the dielectric constant measured via spectroscopic
ellipsometry. We investigated the bandgap of the non-
stoichiometric Biy175Ti2Og62 Structure using spectroscopic
ellipsometry. The inset of Fig. 6 shows the Tauc plot for the
direct transition,*> indicating a bandgap of approximately 3.3
eV. The bandgap values previously reported in the literature are
much smaller: theoretically, it has been reported to be 2.6,3 and
2.89 eV,*! and experimentally, it has been found to be 2.9,%6
2.95,5 and 3.0 eV.® These lower previously reported bandgaps
can be explained by the presence of secondary phases (e.g.,

value of the
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BisTizO12) with smaller bandgaps. A reduced bandgap was
indeed observed for the sample that contained a BisTisO12
phase (~2.95 eV) with a Ti/Bi ratio of 1, as shown in Fig. S2. It
has been reported that as the fraction of the BisTizO12 phase in
the sample increases, the color of the powder changes from
pale white to yellow.1* Hence, accurate measurements of the
bandgap can only be achieved using the single-phase material.
From Fig. 6, it can be seen that the calculated absorption
coefficient for Bi175Ti20662 (dashed blue) agrees well with the
measured one. Both show an onset of absorbance at
approximately 3.3 eV, consistent with the observed bandgap
energy. It can be seen that the non-stoichiometric structure
exhibits a narrowing of the bandgap with respect to the
stoichiometric Bi,Ti,O7 structure. This confirms that an accurate
description of the absorption properties of the pyrochlore
bismuth titanate structure is achievable by considering non-
stoichiometric effects, i.e., the presence of (Bi, O) vacancies in
the structure.

TE 50 . . -
G [ “:;75 ;
° SEAE /
- a0+ E o]
X Sat i
- = i §
3 ;
o 0Ty o
5 e v ;
) bo=02 3.3 3.4 o
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= e Bi, ;5 Ti,0; ¢, (Experimental
'6 b [1 = S Bi, ;Ti,0; ¢, (HSE0E) i B
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< L =
| [ S e e S R e
2.0 2.5 3.0 3.5 4.0 4.5

Energy (eV)
Fig. 6. Absorption coefficients of the spectra of Bi1 75Ti2O6.62
obtained via ellipsometric spectroscopy (solid blue) and
computed using the HSEO6 functional, together with the results
computed for Bi,Ti,O;. The inset shows the Tauc plot of the
measured results for Biy 75Ti20¢.62.

Band positions

We performed Mott-Schottky measurements of the
Bi1.75Ti206.62 film on the FTO substrate. A frequency range of 70
to 150 Hz was chosen by analyzing the Bode plot (Fig. S4a), and
the potential range (0.6-1.0 V vs. RHE) was chosen to be the
double-layer region in which there is no faradic current (Fig.
S4b). Fig. 7 shows the Mott-Schottky plot for the Bi1.75Ti206.62
film.

We can see from the positive slope that the Bi175Ti2O662
material has an n-type nature. According to the Mott-Schottky
equation,

1 2

kT
=—— % |g_-g_-l8_
c? gogreNDAz[ e ej (6)

This journal is © The Royal Society of Chemistry 20xx

Journal of Materials Chemistry C

where C is the capacitance, & is the vacuum permittivity, &, is
the dielectric constant, Np is the majority carrier concentration,
A is the electrode area, kg is the Boltzmann constant, T is the
temperature, and e is the elementary charge. The value of the
dielectric constant & (73.6) was obtained from theoretical
calculations of both the
contributions because the Mott-Schottky measurement was

ionic and electronic vibrational

performed at relatively low frequencies and therefore included
the ionic vibrational contribution. The flatband potential Ers was
deduced from the intercept of the plot as a function of the
applied potential E, yielding an Egg of -0.12 V vs. RHE.

0.008 T T T T T T T T T T T

0.006

0.004

1IC (uF )

0.002

fl n 1 1 1 ! 1 3
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Potential (V vs. RHE)

FIG. 7. Mott-Schottky plot for non-stoichiometric Bi1 75Ti;O¢ 62.

The majority carrier concentration (Np) was found to be 3.26
x 1018 cm~3 from the slope of the plot. Next, the density of states
in the conduction band (Nc) was calculated using equation 7:

2 s
N, :(FJ(ZﬂmekT)z )

where h is Planck’s constant and m." is the effective electron
mass. From this measurement, the electron effective mass was
found to be 0.3my.

We could also deduce the difference between the bottom
of the conduction band (Ec) and Egs using equation 8:

N
EC - EFB =—kT In[N—D] (8)

o}

Table 3. Summary of semiconductor properties deduced
through Mott-Schottky analysis.

Parameter Value

Eoo 9.8

Evib (DFPT/PBE) 73.6

Np 3.26 x 1018 cm-3
Nc 4,12 x 1018 cm3
me” 0.3

Ec -0.47 V vs. RHE
Erg -0.12 V vs. RHE
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The edge of the conduction band was measured to lie at
—-0.47 V vs. RHE. Consequently, Bi; 75Ti2O¢.62 has a more negative
conduction band edge than does TiO,, whose conduction band
edge has been reported to lie at =0.19 V vs. RHE under similar
pH conditions.?” The result is added into Fig. 3 in RHE scale (pH
13.2). This more negatively located conduction band may allow
this material to be applied as an alternative anode material in
place of TiO in dye-sensitized solar cells to increase the open-
circuit potential. The parameters obtained through Mott-
Schottky analysis are summarized in Table 3.

To summarize the comparison with the well-studied
material TiO3, higher dielectric constants and higher effective
masses were observed in the pyrochlore Bi; 75Ti2Og.62 System.
The most prominent difference was evident in the flatband
potentials; Bi175Ti20662 possesses a more negatively located
conduction band, although the bandgap and absorption
properties are similar. To take full advantage of these
properties, a Biy175Ti206.62/TiO2 composite may result in better
overall performance than either TiO, or Bi;Ti,O; alone for
photocatalytic reactions.*8

Conclusions

A study combining experimental and theoretical methods
was conducted to investigate the optoelectronic properties of
the non-stoichiometric Biy—xTi207-15¢ structure (x = 0.25), in
which a clear distinction between this material and the ideal
perfect stoichiometric configuration (x = 0) was observed. Our
calculated results for the bandgap and absorption coefficient of
the non-stoichiometric structure (Bi17sTi2Og62) exhibited
excellent agreement with the bandgap of 3.3 eV measured via
ellipsometry, which is narrower than the bandgap computed for
the stoichiometric Bi,Ti,O7; material (3.6 eV). The nature of the
bandgap was found to be direct as a result of a transition at the
I or X point. Our calculated static dielectric constants exhibited
high values of up to 80.1 for Bi1.75Ti;O¢.62. The results indicate
that the material is highly anisotropic, with high effective
electron and hole masses in certain directions, which may result
in lower charge-carrier mobility. The flatband potential and the
bottom of the conduction band were measured in 0.1 M NaOH
solution (pH 13.2) to be -0.12 and -0.47 V vs. RHE, respectively,
more negative than those of the well-known TiO, compound.
This study identified several key parameters of the pyrochlore
Bi»—xTi207-15¢x material, which may have various potential
applications, e.g., may be substituted for or mixed with TiO; in
dye-sensitized solar cells and photocatalytic applications.
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