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Cation disorder and octahedral distortion control
of internal electric field, band bending and carrier
lifetime in Aurivillius perovskite solid solutions for
enhanced photocatalytic activityt
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The overall photocatalytic activity shown by a semiconductor photocatalyst stems from a complex
interplay of several critical factors that includes light absorption, carrier recombination dynamics, charge
transfer resistance, lifetime of photogenerated charge carriers and surface adsorption. While most of the
factors are intrinsic to a semiconductor controlled by its structure and composition, the overall activity is
determined by the dominance of a single or multiple factors. The present work examines the competing
roles of these factors in the photocatalytic activity of a closely related series of Aurivillius perovskite solid
solutions, Big_,SryTizixFes_xO1g (x = 0.75, 0.5, and 0.25). The cation disorder in the intergrowth structure
and octahedral distortion that control the internal electric fields in these compounds alter multiple
factors responsible for enhanced photocatalytic activity. The five-layer Aurivillius perovskites forming in
the non-centrosymmetric F2mm space group with highly distorted octahedra at the terminal position
and least distorted octahedra at the central perovskite layer are controlled by a second-order
Jahn-Teller effect of Ti**. While a greater extent of dye adsorption leads to faster photocatalytic
degradation in BisSrTisFeO1g and other Aurivillius perovskites, BissSrosTizsFe;s01g (x = 0.5) shows infer-
ior photocatalytic activity as compared to Bis 75Srg 25 Tiz 25Fe1 75018 (x = 0.25) and Bis 25Srg 75 Tiz75F€1 25018
(x = 0.75) despite having the highest dye adsorption in the series. The highest rate of photocatalytic RhB
degradation in the Fe;,s compound is due to its longest average carrier lifetime in the series, sluggish
e —h" recombination and lower charge transfer resistance. Furthermore, the enhanced activity observed
under external bias is understood to have originated from a greater upward band bending effect, which
acts as thermal barrier for e —h* recombination and facilitates effective charge separation and transfer.
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The work elucidates the delicate interplay of the competing factors affecting the photocatalytic activity
and establishes the origin of non-uniform and enhanced photocatalytic activity across the homologous
solid solution series of layered perovskites. The protocol will help breaking compositional limits in
uncovering new solid-solution compounds with enhanced activity by appropriate substitutions and
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rsc.li/materials-advances further enhancement under external bias for faster removal and degradation of pollutants.

Introduction

Increasing energy demands, growing population and depleting
fossil fuel reserves compel us to look for renewable and clean
resources of energy. With abundant sunlight reaching Earth’s
surface throughout the year, harvesting solar energy, a clean
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and renewable resource, can be the ultimate solution." One
requires efficient devices to harness the abundant solar energy.
Semiconductor photocatalysis have shown immense potential in
energy generation and environmental remediation using solar
energy.>® Photocatalysts with extended visible-light absorption can
harvest maximum sunlight and may have wide ranging applications
in the area of hydrogen production by water splitting,* degradation
or complete mineralization of organic pollutants in wastewater™®
and hydrogen peroxide generation.”®

Since the electrochemical decomposition of water at the
TiO, electrode by Fujishima and Honda in 1972,° research
based on semiconductor photocatalysis for the development
of new photocatalysts has surged. For the last several decades,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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metal-oxide based semiconductor materials have been widely
used for photocatalytic degradation.’®'" Most of them are TiO,
based semiconductors due to their availability, stability and
non-hazardous nature.’>'* However, they cannot be used
under visible-light due to their large band gaps falling mainly
in the UV region making them “inefficient” as the UV region
only accounts for 3-5% of the incoming solar energy. Thus,
novel visible-light-driven photocatalysts absorbing in the visible
region with a wider absorption range to utilize maximum amounts
of sunlight is indispensable. Many visible-light-driven photo-
catalysts were studied in recent years with layered compounds
getting huge attraction.>'*” Recently, photocatalyst designs
with self-healing internal electric fields have been demonstrated
exhibiting accelerated photocatalysis.”® Moreover, a gradient
doping of P in CdS was realized to create a built-in internal
electric field to facilitate charge carrier extraction and enhance
H, evolution.” Similarly, a heterojunction design with a graded
solid-solution interface in Mn,Cd;_,S facilitated efficient
separation and transfer of charge carriers due to a gradient
built-in electric field resulting excellent photocatalytic hydrogen
generation.>®

Compounds with the perovskite structure, especially the
layered variants have shown tremendous research thrust in
visible-light-driven photocatalysis.>"****? The layered compounds,
largely Aurivillius phases, attract a lot of attention for their
improved separation of charge carriers due to the presence of
internal electric fields®® resulting in enhanced photocatalytic
activity. The Aurivillius phases are a part of a large family of
layered perovskites with regular fluorite-like (Bi,O,)*" layers sand-
wiched between the perovskite (A,_;B,Os,1)> blocks, where n
represents the number of corner connected octahedral layers.**?”
There are many reports of Aurivillius phases related to the study of
their ferroelectric and dielectric properties®*™° but only some of
them were studied for their photocatalytic properties.****'~** Qut
of these, a very limited number of semiconductor photocatalysts
are active in the visible region of the solar spectrum. The layered
compounds are modified by substitution at the A-site as well as the
B-sites of the perovskite block to extend their absorption to
the visible region. The compositional substitution in layered
Aurivillius phases were studied most intensely for n = 1 mem-
bers of the family, namely, Bi,WO; and Bi,M00.*>! On the
contrary, higher order members (with n = 2, 4 and 5) were limited
and few were studied for their photocatalytic activities.>"*>">>~>*
Aurivillius phases, which always contain Bi, are noteworthy
because the presence of Bi pushes the top of the valence band
upward and often shifts the absorption edge in the higher
wavelength or visible region when compared with their non-
bismuth counterparts, thus enhancing the catalytic activities of
the compounds under visible-light irradiation. Recently, five-
layer BigTizFe,0;5 intrigued researchers towards its optical and
ferroelectric properties, and the rare earth (La, Sm, Gd, and Dy)
substituted BigTizFe,0;5 for their magnetic and magnetoelectric
properties.>>>¢

Considering that the five-layer BigTizFe,O,5 crystallizes in a
non-centrosymmetric space group and substitution at the A-site
as well as the B-sites of the perovskite would alter the strength

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

of internal electric fields, we envisaged various compositions
Big_,S1,Tiz Fe, ,Oq5 (x = 0.75, 0.5, and 0.25) that fall between
the two end members BigTizFe,03 and BisSrTiyFeO.g. The
compositions are attained by altering the amount of Fe with
respect to Ti and counterbalancing the charge by replacing Bi
with Sr. It is believed that the compositional manipulation
would change the extent of octahedral distortion, the strength
of internal electric field and charge carrier lifetime in addition
to subtle changes in the band structure of the compounds, and
thus help understanding the role of various factors affecting
photocatalytic activity in the closely related solid-solution series.
The interplay of various factors responsible for photocatalytic
activity and their relative dominance or suppression in affecting
the photocatalytic activity of Big_,Sr,Tis.,Fe, ,Oqs (x = 0.75, 0.5,
and 0.25) are reported. The study highlights the effect of
photocatalytic activity in the presence of bias voltage and its
consequences under simulated solar radiation.

Experimental
Materials and synthesis

For the synthesis, Bi, O3 (> 98%), StCO; (>99.9%), TiO, (99.8%)
and FeC,0,4-2H,0 (99%) were obtained from Sigma-Aldrich and
used directly as supplied. All analytical grade reagents were used
where required without any further purification in all our
experiments and Millipore (Bedford, MA, USA) water used for
preparing all the dye solutions.

The five-layered Aurivillius phases, Big_,Sr,Tis: Fe, ,Oqg
(x=1.0,0.75, 0.5, 0.25, and 0.0), were prepared by conventional
solid-state reactions. For this, stoichiometric amounts of Bi,O3,
SrCO3;, TiO, and FeC,0,4-:2H,0 were ground in an agate mortar
for 1 h and the powder mixture was fired at 780 °C for 2 h. Then,
the mixture was ground again and pressed into pellets of 12 mm
diameter. These pellets were reheated at 1000 °C for different
times with intermediate grinding as given in Table S1 (ESIt).

Characterization

Powder X-ray diffraction (PXRD) analysis. The progress of
the reaction and phase formation after each step was monitored by
PXRD analysis. The PXRD measurements were carried out on a
Bruker AXS D8 Advance diffractometer operated at 40 kV and 30
mA using graphite monochromatized CuK,, (1 = 1.5406 A) radia-
tion in the angular range of 5-90°. The phase purity of synthesized
compounds was determined by matching the observed diffraction
patterns with the standard PDFs available in the JCPDS (Joint
Committee on Powder Diffraction Standards) database and
literature. PROSZKI program®” was used for least-squares refine-
ment of lattice parameters of Big ,Sr,Tiz«Fe, 015 (x = 1.0,
0.75, 0.5, 0.25, and 0.0). Rietveld refinements of PXRD data were
carried out using the Fullprof program suite.’® For these refine-
ments, the PXRD were recorded in the range 5° < 20 < 90° with
a step size of 0.018° for 5 h.

In the earlier stages of structure refinement, scale factor
and cell parameters were refined followed by background
coefficients along with zero shift. In the successive runs shape
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and other profile parameters were refined systematically to
avert any divergence. Positional parameters were refined just
before the thermal parameters in the later stages of the refine-
ment based on the atomic weights of elements, i.e., by choosing
the heavier one first while positional parameters of oxygen were
refined last as it is the lightest atom, although its thermal
parameters were left unchanged to avoid unrecoverable divergence.
Finally, refinement by varying the occupancy of atoms was per-
formed to examine cation disorder by fixing refined positions and
thermal parameters of the atoms.

Field emission-scanning electron microscopy (FE-SEM) and
energy dispersive spectroscopy (EDS) analysis. Morphology of
the powder samples were studied using a Carl Zeiss FE-SEM,
Ultra plus55, operated at an accelerating voltage of 20 kv. The
elemental compositions and mapping analysis of the samples
were done using an energy dispersive X-ray spectroscope (EDS)
(Oxford Instruments) attached to the FE-SEM instrument. For this,
the sample was prepared by smearing the powdered compounds
on a carbon tape pasted on a metal sub and then a thin layer of Au
was sputtered on it for electrical conductivity. Spot and area
analysis were performed to ascertain the elemental compositions
in different regions of the sample to determine local as well as
overall compositional homogeneity.

High-resolution-transmission electron microscopy (HR-TEM)
analysis. High-resolution transmission electron microscopy
(HR-TEM) images and selected area electron diffraction (SAED)
patterns were recorded using a JEM-3200FS field-emission
electron microscope working at 300 kV. A very small amount
of the sample (~0.1 mg) was dispersed in ethanol by grinding
in a pestle and mortar for 10 min. Then, a small amount of the
suspension was taken in a micropipette and drop cast on a
carbon-coated copper grid and allowed to dry in air.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-vis
DRS) analysis. The optical properties of the compounds were
measured by UV-visible diffuse reflectance spectroscopy (DRS).
It involves measurement of the relative change in diffuse
reflected light compared with that of BaSO, used as reference
material in all possible directions from particles oriented in all
directions. For this, a Shimadzu UV-2450 UV-vis spectrophoto-
meter was used and the UV-vis DRS data were recorded in
the wavelength range 200-800 nm. The reflectance data were
converted into absorption and band gaps were calculated using
the standard equations and methods given in the ESI.}

Photoluminescence (PL) analysis. Upon photoexcitation of
electrons in a semiconductor, the electrons get excited from the
valence band to the conduction band and when they sponta-
neously de-excite they emit light; this combined process is called
photoluminescence. Room temperature PL measurements were
carried out on a Horiba Fluoromax-4 spectrofluorophotometer in
the wavelength range 400-550 nm at an excitation wavelength of
355 nm. For PL studies, first, the powder sample was filled in the
groove of a sample holder; it was placed in the spectrofluorophoto-
meter, and the PL spectra were recorded. Fluorescence lifetime
spectroscopy (FLS) was utilized to measure the average lifetime
of photogenerated charge species. For this, suspensions of
samples in solutions of pH 2.4 were prepared and decay spectra
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was recorded on a Horiba Jobin Yvon FluoroCube fluorescence
spectrophotometer at an emission wavelength of 470 nm.

{-Potential. (-Potential is the measure of the potential
difference existing between the surface of a solid particle
immersed in a conducting liquid and the bulk of the liquid.
{-Potential measurements were carried out using a Malvern
Zetasizer Nano ZS90. Samples were prepared by suspending
10 mg of solid sample in 10 mL aqueous solution of different
pH (2, 3, 5, 7, 9 and 11).

Photocatalytic activity study

Adsorption studies. For adsorption study, 100 mg of the
catalyst (as the adsorbent) was dispersed in 100 mL of 1 X
107> M RhB dye solution of a relevant pH (2, 7 and 11). Then
this dye-photocatalyst suspension was magnetically stirred at a
rate of 420 rpm for 6 h in the dark and the absorbance was
measured using a Shimadzu 2450 UV-visible spectrophoto-
meter by taking aliquots of the suspension at regular intervals.
The percentage of dye adsorbed was calculated using the equation
given below:

Adsorption (%) = (1 — C/Cy) x 100 (1)

where C is the concentration of the dye at any time interval and
C, is the initial dye concentration.

Photocatalysis. Photocatalytic activity was investigated via
degradation of the dye (RhB) under solar irradiation at different
pH. These photocatalysis experiments were performed at IIT
Roorkee during September-October with Direct Normal Irradiance
~220-188 W m™ >, For this, 0.1 g of photocatalyst was added
into 100 mL of 1 x 10~> M RhB dye solution. Then, the dye-
photocatalyst suspension was magnetically stirred in the dark
for 3h to attain adsorption-desorption equilibrium (optimized
by adsorption test studies) and subsequently irradiated with
sunlight. Change in the dye concentration during degradation
was measured by taking an aliquot (~4 mL) of dye suspension
at regular time intervals, centrifuging it at 10000 rpm to
separate suspended catalyst and recording the absorbance of
the centrifugate on a Shimadzu 2450 UV-visible spectrophoto-
meter. A blank experiment was also performed under similar
conditions to account for any correction due to self-degradation
of the dye.

Catalyst dosage test. A test was performed to optimize the
catalyst amount required to achieve maximum efficiency dosage.
For this experiment, varying amounts of catalysts (2.5, 5, 7.5, 10,
12.5, 15 and 17.5 mg) were dispersed in 10 mL of 1 x 10~°> M RhB
dye solution. Then these dye-photocatalyst suspensions were
sonicated for 5 minutes and irradiated under sunlight for
10 minutes. After irradiation with light, these suspensions
were centrifuged to separate the catalyst and absorbance of
these solutions was measured on an UV-vis spectrophotometer
(Fig. S1 in the ESIY).

Analysis of reactive species. Reactive species playing leading
roles in the degradation of the RhB dye over the Bis ;5Srg.,5-
Ti; 25Fe; 75015 catalyst under sunlight were determined using
scavengers that were added into the suspension. Ammonium
oxalate (AO) for holes (h"), benzoquinone (BQ) for superoxide

© 2021 The Author(s). Published by the Royal Society of Chemistry
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radical anions (0,*”) and tertiary butyl alcohol (¢-BuOH)
for hydroxyl radicals (*OH) were used as scavengers in our
experiments. All the experiments were performed in similar way
to that illustrated in the photocatalysis studies.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) studies were
carried out on a Multi Autolab/M204 electrochemical work-
station (Metrohm Autolab B.V., Netherlands) with a three-
electrode assembly. For this, Pt wire was used as the counter
electrode, Ag/AgCl was used as the reference electrode and the
photocatalyst material coated on ITO was used as the working
electrode in a 10 mM K;[Fe(CN)s] solution containing 0.1 M KCl
as the electrolyte while the EIS study under illumination at biased
voltage was carried out on a Zahner Electrochemical Workstation
in the frequency range of 100 mHz to 1 MHz under the light
intensity of 400 W m~2 at 0 and 1 V in a two-electrode system. For
this, Pt wire was used as the counter electrode, the photocatalyst
coated ITO was used as the working electrode and tetrabutyl-
ammonium hexafluorophosphate (TBAPF6) in dichloromethane
(DCM) was used as the liquid electrolyte. Working electrodes
were prepared by mixing compounds with 2% of PVDF (poly-
vinylidene difluoride) in NMP (N-methyl-2-pyrrolidone) to make
a slurry, which was then coated on ITO and dried overnight at
60 °C. Experimental data were fitted with equivalent electrical
circuits using ZView" software from Scribner Associates to
estimate various parameters.

Results and discussion
PXRD analysis

The observed PXRD patterns (Fig. 1) of Big_,Sr,Tiz.Fe, ,Oig
(x=1.0,0.75, 0.5, 0.25, and 0.0) indicate the formation of a five-
layer Aurivillius phase which is in agreement with the JCPDS
PDF #21-0101 and earlier data reported in the literature for five-
layer phases.'®® All the reflections present in a pattern are
indexable in the F2mm (no. 42) space group. The least squares
refined unit cell parameters (Table S2 in ESIt) show an increase

Bi SrTi FeO,,

Bi, Sr, Ti, Fe O

1.5 718

Intensity (a.u.)
=

Fig. 1 PXRD patterns of Big_,SryTizixFe2_xO1g (x = 1.0, 0.75, 0.5, 0.25, 0.0).
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in the c-parameter for the compounds in the series with
increasing Fe from 1.25 to 1.75.

Rietveld structure refinements of the compounds are carried
out using the FullProf program suite using the model structure
of BieTizFe,0;5, where one complete layer of Fe is confined to
the central perovskite layer and the remaining Fe (0.25, 0.5 and
0.75) are statistically distributed over the terminal Ti(1)
and pre-terminal Ti(2)-sites. During the trial runs with all Fe
distributed over all the octahedral sites and Sr over the A-sites
of perovskite as well as the [Bi,0,]*" layers, the refinement
resulted in higher values of the reliability factors. The observed,
calculated and difference profiles with the lowest z> value are
shown in Fig. 2. The refined atomic positions, occupancies and
thermal parameters are given in the Tables S3-S5 (ESIt) and the
crystal structure drawn from the refined parameters for a repre-
sentative member, Bis ;5S¢ 5T i3 25F€; 75015, is shown in Fig. 2.
The Aurivillius perovskites form in the non-centrosymmetric
F2mm space group with the occupation of one Fe in the
central octahedral layer while the remaining Fe’s are statistically
distributed over the pre-terminal and terminal octahedral layers
(ignored in the structural presentation). The distortions of
octahedra are visible for regular FeOq octahedra at the central
layer and distorted Ti/FeOq octahedra at the pre-terminal and
terminal positions with out-of-centre displacement of the Ti/Fe.

The B-cation displacement in the pre-terminal and terminal
octahedra give rise to the short and long bond sequence along
the c-axis direction (see later for detail). This also leads to the
buckling of in-plane bonds at the pre-terminal and terminal
octahedra. Because of this, the centre of symmetry of BOg

BisasStozsTiyrsFer O

© O G
6o A
{ARAA .,

Intensity (a. u.)

Bi,0,

20 (deg)

Ti,/Fe,
Big S,
Ti,/Fe,
) H
Fe; —> z
z

o 50 %

o
20 (deg.)

JBi B
oo
2R o '

@o S e

20 (deg.)

Fig. 2 Rietveld refinement profiles of Bis 5Srg75Tiz7s5Fe1 25018, BissSros-
Ti3_5Fel_5013 and Bi5‘755r0>25Ti3‘25F81>75018 (rlght panel). Observed (+),
calculated (—) and difference (bottom) profiles are shown, Vertical bars
represent Bragg positions. The crystal structure of Bis 75Srg 25Tiz 25F€1 75018
constructed from the refined parameters is shown in the left panel.
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octahedra is lost, leading to the development of local non-zero
polarization at the octahedra while in a centrosymmetric structure,
the dipoles cancel each other resulting in the loss of overall
polarization. In compounds with non-centrosymmetric space
groups the resultant dipoles persist causing permanent polar-
ization in the compounds.

FE-SEM, EDS and elemental mapping analysis

The FE-SEM images of Big_,Sr,TiziFe, ,O;5 (x =0.75, 0.5, 0.25)
(Fig. S2 in the ESIt) show aggregated particles dominated by
plate-like crystallites for all the compounds with the particle
size ranging from hundreds of nanometers to few micrometers.
The features are same throughout as seen in the images taken at
several regions of the sample. The average calculated elemental
ratios from EDS are in good agreement with the nominal
compositions within admissible error limits. Elemental mapping
is performed to look at the elemental distribution in Big_,-
Sr,Tizi, Fe, ,O15 (x = 0.75, 0.50, 0.25) in different areas of the
powder samples. The EDS elemental maps indicate a homo-
geneous distribution of the constituent elements in all the cases
as shown in Fig. 3. An increase in the quantity of Bi and Fe and
decrease in the quantity of Sr and Ti as x varies from 0.75 to 0.25
can be clearly seen in the elemental maps.

HR-TEM and EDS analysis

The lattice periodicity and crystalline structure is further analysed
with TEM. The cross-sectional HR-TEM image (Fig. 4a) reveals the
intergrowth of Aurivillius structure with [Bi,O,]** units interleaving
between the five-layer perovskite slabs as seen clearly by the
contrast of lattice fringes. A lattice distance of 4.91 nm between
the marked fringes corresponds to the c-parameter periodicity of
Bis 7551025 Ti3 25F€1 75018 and is in agreement with the calculated
distance obtained from the PXRD. Moreover, the SAED pattern
(Fig. 4b) shows single crystalline diffraction patterns and some of
the bright spots are indexable corresponding to specific kI planes
allowed by the F2mm space group and in agreement with the
PXRD data.

UV-vis DRS analysis

Fig. S3 (ESIT) shows the UV-vis DRS in absorption term and the
corresponding Tauc plots for the compounds. The compounds
show two-step absorption feature with stronger and sharper

Fig. 3 SEM images and corresponding EDS elemental maps for Bis »5Srg 75-
Ti3 75F61 25018 (a—e), B|5 55[’0 5Ti3 5Fe1 5018 (f_J) and B|5 75Sr0 25Ti3 25F€1 75018
(k—o0).
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Fig. 4 (a) HR-TEM image showing periodic lattice fringes in the c-direction
(the inset shows lattice periodicity in the ab-plane) and (b) SAED pattern of
Bis 755r0.25Tiz 25F€1 75018

absorption at the lower wavelength side, while the higher
wavelength edge is more stretched. This is attributed to the
electronic band structure of the compounds. It is presumed
that the valence band (VB) states of these Aurivillius phases are
made up of Fe (3d), Bi (6s) and O (2p) hybridized states, while
the conduction band (CB) states are mostly made up of Ti (3d)
and Bi (6p) states.®® The extension of absorption edges in the
visible region is clear with increasing amount of Fe in the
compounds and this corresponds to the build-up of Fe (3d)
states on the top of valence band. Subsequently, the higher
energy edge is also red-shifted consistent with the decreasing
trend of band gaps in the compounds. Band gap energies of
these compounds are determined by the Tauc plots (see Table
S2 and Fig. S3 in the ESIT). The plots suggested an indirect
band gap transition as (ah)"" vs. hi was better fitted for n = 2.
It can be claimed that the UV-vis absorption features do not
change significantly in the series Fe, ,5 to Fe; 75, although more
Fe (3d) states build up with increased density of states (DOS)
contribution near the top of the valence band.

PL and FLS analysis

The PL spectra of the compounds (Fig. 5) recorded at an
excitation wavelength of 355 nm give a broad emission (425-
510 nm) that peaks around 470 nm. Intensity of PL spectra
gives indirect information about charge carrier separation in
Big_,Sr,TizFe, Oqg (x = 1-0). A higher PL intensity suggests
greater radiative e -h" recombination leaving fewer charge
separated carriers®' that can take part in the photocatalytic
activity. Thus, one can expect photocatalytic activity in the order,

@ (b) —e—Bi,, S, Ti, e, .0,
- — Fe, 0, 125 4—4—Bi, Sr, (Ti, Fe, 0,
5 ——Bi, St i, Fe, 0, —v—Bi_,Sr,,Ti,,Fe, , 0,
) —— BiTi,Fe,0,, 100 {——BiTi Fe,0,,
f= =
2 S 754
2 N
= 50
-
~ 254
0 T

T T T T T T T T T
400 425 450 475 500 525 550 0 25 50 100 125 150

‘Wavelength (nm)
Fig. 5 (a) PL spectra (lex = 355 nm) of Big_,SryTizixFez_xO1g (x = 1, 0.75,
0.5, 0.25 and 0.0). (b) EIS Nyquist plots of Big_,SrcTizxFes xO1g (x = 0.75,
0.5, 0.25 and 0.0).

75
z'(Q)
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Bis 75570 25Ti3 25F€1. 75015 > BigTizFe;013 > Bis 5Sr0.5Tis 5
Fe; 5013 > Bis 25510 75Ti3.75F€1 25015 > BisSrTisFeOyg, by com-
paring the PL intensities (Fig. 5a) although the final activity
order is different depending on the dominance of other competing
factors.

FLS analysis tells us about the lifetime of photogenerated charge
species. The radiative lifetimes and their percentage contributions
are obtained by fitting the FLS decay spectra (Fig. 6). An enhance-
ment in decay lifetime is observed for Bis ;551 25Tl 25F€1 75018 With
a relatively stretched exponential decay of fluorescence intensity.
The average lifetime (7,) is calculated using a three exponential
function using the following formula:**

3 3
Tavg = ZAiBiZ/Z A;B;
i=1 i=1

where, T, is the average lifetime and A; and B; are the amplitude
and radiative lifetimes, respectively. The 7, values of Bis 55510 5-
Tiz 75F€1 25018, Bis 550 5Tz sFe; 5015 and Bis 75810253 25F€1 75015
are 4.66, 6.29 and 10.22 ns, respectively. The higher average
fluorescence lifetime in Bis ;551 ,5Ti; 5Fe, ;50,5 indicates effi-
cient separation of charge carriers and suppression of the e -h"
recombination process leading eventually to higher photocatalytic
activity in the compound (see the Photocatalytic activity section).

)

EIS analysis

EIS measurements are carried out to study the electrical proper-
ties at the interface such as charge transfer resistance (Rcr) to
the flow of photogenerated charge carriers. The corresponding
EIS Nyquist plots (Fig. 5b) of the compounds give a semicircle in
the higher frequency side signifying the Rcr and a tail at lower
frequency range implies the Warburg impedance contribution.
Bis ;5510 25 i3 25Fe€, 75015 indicate a smaller semicircle as compared
to others implying a smaller Rcr. The estimated Rcr values for
Bis 755102513 25F€1.75015, Bis55To5Ti35F€1.5015, Bis 25870 75Tis.75
Fe, ,50,5 and Bi¢TizFe,0,5 are 58.7, 68.3, 79.9 and 83.6 Q,
respectively. This would help the easy transfer of electron and
holes at Bis 7551y 25Ti; 25Fe 75018 semiconductor surfaces, implying
improved activity compared to other compounds with higher R¢r.
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Fig. 6 FLS spectra of Big_,SrcTizixFes_xO1g (x = 0.75, 0.50 and 0.25).
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The EIS analysis of Bis;5Sr925Tis25F€q.7,5015 under light
illumination and an external bias is carried out to understand
the actual resistance to charge-transfer and e -h" pair recom-
bination dynamics during photocatalysis. We observed a lower
Rcrat 1V applied bias compared to that at 0 V under simulated
solar illumination (see Fig. S4a in the ESIT). This suggests that
the compound would show higher photocatalytic activity under
the applied bias. The effect of applied voltage on the photo-
catalytic activity is studied and discussed in the next section.
The charge transfer resistance (Rcr), double layer capacitance
(Cq1) and Warburg parameters of all the samples under external
bias have been estimated for comparison by fitting the impe-
dance data using a conventional R-C circuit and Warburg
impedance (Fig. S5-S7 and Table S6 in the ESI¥).

Photocatalytic activity

Photocatalytic activities of the semiconductor photocatalysts
are estimated by way of dye degradation. For this, we have
selected aqueous solutions of RhB dye as a model system for
photocatalysis and the quantity of catalyst used was determined
by dosage optimization results (Fig. S1, ESIt). The compounds,
Big_,Sr,Tiz. Fe, yOqg (x = 0.75, 0.5, 0.25), showed very efficient
photocatalytic activity toward complete degradation of RhB at
pH 2 within 20 to 25 minutes of sunlight irradiation (Fig. 7a).
The UV-vis absorption data (Fig. S8, ESIt) also show clear-cut
fast kinetics for Bis;5Sry.,5Tis.5F€e1 75015, Whereas the com-
pounds with Fe; ,5; and Fe,; 5 show similar kinetics. Moreover,
there is negligible or no degradation of RhB at pH 7 and 11
(Fig. S9, ESIT) and no self-degradation or photolysis of the dye in
the sunlight at any of the pH investigated (Fig. 7 and Fig. S9, ESIt).
The kinetics of the photocatalytic RhB degradation over
Big_,Sr,TizFe, O (x = 0.75, 0.50, 0.25) was fitted with a
Langmuir-Hinshelwood rate expression.*?

In(Cy/C) = kt (3)

where, C, is the initial dye concentration, C is the dye concen-
tration at time ¢ and k is the pseudo-first-order rate constant.
The linearity of In(Co/C) vs. irradiation time () plot indicates
that photocatalytic RhB degradation over Big_,St,TizixFe, xOqg
(x = 0.75, 0.5, and 0.25) follows a first-order kinetics. The degrada-
tion rate constants (k) calculated from the slope of In(Cy/C) versus ¢
plot (Fig. 7b) shows the highest value (k = 0.2170 min™") for
Bis ;510 25Ti5 »5Fe; 75015 and while decreases in the order
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(@) Co/C vs. irradiation time for RhB at pH 2 and (b) corresponding

In(Co/C) as a function of irradiation time over Big_,SrTizxFes_xO1g
(x =0.75, 0.5, and 0.25).
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Bis 75570.25Tiz.25F€1 75015 > Bis 510 5Tiz sFe; 5015 (kK =
0.1795 min~") > Bis 55T 75Tis.75F€1.25015 (k = 0.1717 min™%).

The effect of applied voltage on the photocatalytic activity is
studied by the degradation of RhB at 0 and 1 V applied bias
for five minutes under simulated solar light. At 1 V bias,
Bis 75510 »5Ti3 25F€; 75015 degrades ~64% of dye while only
~44% dye is degraded at 0 V after five minutes of irradiation
(see Fig. S4b in the ESIf). The enhanced activity is correlated
with the additional band bending effects (see later section) in
the presence of an external electric field, in addition to the
already existing internal electric fields in the compounds. It is
believed that under the external electric field the ferroelectric
domains and local surface dipoles in powder samples preferen-
tially orient in the direction of the field improving the carrier
separation efficiency. Moreover, the enhanced thermal barrier
due to an upward band bending also reduces the chances of
e -h" recombination.

Detection of reactive species

A series of scavenger tests were performed in the presence of
ammonium oxalate (AO, h" scavenger), benzoquinone (BQ, O,*~
scavenger) and tertiary butyl alcohol (+BuOH, *OH scavenger) to
ascertain the reactive species responsible for the photocatalytic
RhB degradation over Bis,5Srg,5Tis5F€; 75015. The effect of
these scavengers on the RhB degradation efficiency of Bis ;5S¢ »5-
Tiz »5Fe;.75015 at pH 2 is shown in Fig. 8. Addition of AO to the
dye-photocatalyst suspension greatly reduces the photodegrada-
tion of RhB as compared to that in the absence of any scavenger.
Moreover, addition of BQ to the dye-photocatalyst suspension
causes a significant reduction in RhB degradation, while the
addition of #-BuOH to the dye-photocatalyst suspension caused
reduction in photodegradation only to a small extent at this pH.
Thus, the above results indicate that h* and O,*~ are key active
species involved in the photocatalytic degradation of RhB over
Bis 75570 25 i3 25F€1 75015 In the acidic medium and *OH plays a
negligible role in the degradation.

Stability and reusability studies

Whether the Aurivillius photocatalysts are reusable and stable at
ambient conditions or not is important for their repeated use.
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Fig. 8 Effect of different scavengers on the degradation efficiency of RhB
over Bis75Srg 25 Ti3.25Fe1 75018 under sunlight irradiation.
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The reusability study of Bis ;551 25Tiz 25F€;1 75045 for five successive
cycles (Fig. S10a, ESIt) shows ~98% of dye degradation even in
the 5th cycle almost without any change in its ability. The
slight decrease (~2%) in the activity is due to the inevitable
loss of catalysts during the experiment. The stability of
Bis 7551025 i3 25F€q 75015 is also assessed by PXRD, HR-TEM
and XPS analysis of the compound recovered after the 5th
cycle. PXRD patterns (Fig. S10b, ESIT) show retention of phase
purity with sharp peaks affirming the unchanged crystallinity
of the compound. The HR-TEM analysis (Fig. S10c, ESIt) of post-
catalytic samples also reaffirmed preservation of good crystal-
linity without any expansion or contraction in lattice parameters,
as the distances between fringes remained intact before and after
the photocatalysis. Similarly, post-catalytic PXRD of the Fe, ,5 and
Fe, 5 analogues also demonstrated good catalyst stability under
the reaction conditions (Fig. S11, ESIt).

Fig. 9 represents the XPS data of Bis;5Srg»5Tiz 25Fe1 75018
recorded before and after the photocatalytic studies. While the
survey scan shows surface presence of all the elements, the
high-resolution elemental scan shows that all the elements in
Bis 7551025 i3 25Feq 75015 are chemically stable. High-resolution
XPS of Bi 4f (Fig. 9b) show spin-orbit coupled Bi 4f;,, and Bi
4af;,, states at the binding energy (B.E.) of 158.8 and 164.1 eV,
respectively, confirming the presence of Bi in +3 oxidation
state. Similarly, Ti 2p3,, and Ti 2py/, states with B.E. of 457.7
and 462.8 eV (Fig. 9d) confirm the presence of Ti**. In the same
region, an additional peak of Bi 4d;/, at 465.6 eV is also seen
consistent with the Bi** state. In the Fe 2p spectra (Fig. 9¢), the
spin-orbit coupled states, 2p3/, and 2p,,,, appear at the B.E. of
710.2 and 723.7 eV, respectively, which corroborates well with
the presence of Fe** in the compound before and after photo-
catalysis. Likewise, Sr 3d XPS (Fig. 9c) also show spin-orbit
coupled doublet of 3ds/, and 3dj;/, states corresponding to the
presence of Sr**,

The O 1s XPS peaks at 529.3-529.5 and 531.1 eV (Fig. 9f)
normally correspond to the lattice and adsorbed or hydroxylated
oxygens, respectively. While the intensity of lattice oxygen peaks
appeared to remain same before and after the photocatalysis,
the peak intensity at 531.1 eV appeared to have increased
slightly. This generally corresponds to an increase in adsorbed
oxygen or hydroxylated species and it is natural to have this
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Fig. 9 (a) Survey and (b—f) high-resolution XPS of Bi 4f (b), Sr 3d (c), Ti 2p
(d), Fe 2p (e) and O 1s (f) of Bis 75Srg.25Tiz25Fe17501g, before and after five
cycles of photocatalytic RhB degradation at pH 2.
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increase due to the continuous exposure of the compound to
the acidic aqueous atmosphere in several catalytic cycles. Con-
sidering the harsh environment at pH 2, post-catalytic PXRD,
HR-TEM and XPS studies indicate that the Aurivillius com-
pounds are robust under the photocatalytic reaction condition
and are stable to photoleaching or photocorrosion and phase
decomposition. Moreover, the intact chemical state of the
transition element (Fe in this case) indicates the pure photo-
catalytic nature of the dye degradation process and the absence
of any redox catalytic processes during degradation.

Adsorption

It is well established and proved from earlier findings that
adsorption of dye at the catalyst surface plays a vital role in
photocatalytic degradation. Hence to determine the effect of
adsorption on the photocatalytic activity, RhB adsorption tests
are performed over Big_,Sr,Tiz.Fe, ,Osg (x = 0.75, 0.5, and 0.25)
under acidic, neutral and alkaline pH. The adsorption results
show the highest adsorption at acidic pH (Fig. 10a) and order
varies as Bis 5SrosTiz sFe15015 > Bis75Sr025Tiz05F€1.75018 >
Bis 55570 75T i3 75F€1 25015 The photocatalytic activity order of the
compounds, however, did not follow the adsorption order, in
contrast to earlier reports. This brings out the important role of
other competing factors in determining the overall activity of
these closely related Aurivillius solid-solution phases.

{-Potential study

As the surface charge of catalysts is an important factor for dye
adsorption on the catalyst, the (-potential is measured at
different pH for the compounds (Fig. 10b). The highest negative
{-potential for the compounds is observed at alkaline pH and it
gradually decreases from more negative to less negative and
finally reaches positive values in the acidic medium (pH 2). The
following trend is due to the action of H and OH™ ions on
the surface oxygen or hydroxyl groups attached to the surface of
the oxide catalysts.” The potential of zero charge (pzc) arises at
a lower pH for Fe; s as compared to those of others. This
indicates a larger intrinsic negative surface charge.

Mechanism of photocatalytic activity

The mechanism of photocatalytic degradation can be interpreted
from the energy level diagram (ELD) presented in Fig. 11. All the
potentials shown in Fig. 11 are with reference to normal hydro-
gen electrode (NHE) potentials. The flat-band potential (Eg,) of

—=— Bi;SrTi FeO,,

7 8 9 10 11 12
pH

pH2 pHT7

pH 11 60

Fig. 10 (a) Adsorption percentage of RhB dye over of Big_,SryTizixFe2_xO1g
(x = 0.75, 0.50 & 0.25) at different pH values. (b) {-Potential of Big_,Sry-
TizxFea_xO1g (x = 1-0) catalysts at different pH.
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—0.511 V vs. SCE calculated for Bis-5Srg,5Tis 55Fe 75015 with
help of Mott-Schottky plots (see Fig. S12 in ESIt) corresponds to
—0.269 Vw.r.t. NHE. As Ejg, is very close to the bottom of Ec(1) in
n-type semiconductors, Eg, is considered as Ecg(1) (—0.269 V) and
Eyp (1.811 V) is calculated using the band gap (2.08 eV) from the
expression given below.

Eyg = Ecp + Eg (4)

Similarly, the position of the higher energy edge, Ecg(2)
(—0.819 V) is calculated using the energy of higher band
edge (2.62 eV). The positions for CB and VB edges for
Big_,S1,Tiz Fe, 045 (x = 0.0, 0.75, 0.5 and 0.25) calculated
using the flat band potentials (see Table S7 in ESIY)
are summarized in Table 1 and are shown in Fig. S13 of the
ESLT It is evident from the ELD (Fig. 11) that Ecg(2) of
Bis 7557005 Ti3.05F€1.75015 (—0.82 V vs. NHE) is suitable for
generation of the 0,°~ (Eq jo - = —0.33 V vs. NHE),* therefore,
the photoelectrons from Ecp(2) could be transferred to
adsorbed oxygens to produce O,°” radicals. In addition, the
holes generated in VB can also be transported directly to
HOMO of adsorbed RhB molecules and thereby degrade it.
However, the VB potential (+1.81 V vs. NHE) is not suitable for
generation of “OH radicals (E-opm,0 = +2.68 V vs. NHE)*' by
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142> 0\//'/ 5 =N TMO A
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Fig. 11 Schematic energy level diagram of Bis 75Srg 25Tiz 25Fe; 75018 with
respect to the potential of *OH/H2O (E«om/m,0). O2/02°" (Eo,/0,+-) and
the HOMO-LUMO levels of RhB (NHE scale).

Table 1 Calculated values of valence and conduction band positions for
Big_xSrxTizxFea xO1g (x = 0.75, 0.5, 0.25, 0.0)

Conduction band

Valence band,

Compound Eyg (V) Ecp(1) (V) Ecg(2) (V)
Bis 55T 7sTis 75F€; 25015 1.797 —0.333 —0.863
Bis 58705 Tis 5Fe; 501 1.954 ~0.156 ~0.686
Bis 75STo 55 Tis o5Fe; 75015 1.811 ~0.269 —0.819
Bi¢TisFe,015 1.850 ~0.230 ~0.809
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oxidizing H,O molecules. The above findings are consistent
with the scavenger studies showing 0,°~ and h" as the major
reactive species responsible for the RhB degradation. The
overall mechanism of 0,*~ and h* mediated RhB degradation
do not vary across the series of compounds given the close and
unaltered positioning of their VB and CB edges.

The role of the crystal structure in the photocatalytic activity
of the Aurivillius phase perovskites is evaluated. The catalyst
surface charge can be influenced by an unsymmetrical bond
polarization due to its non-centrosymmetric crystal structure
(space group, F2mm). The octahedral distortion parameter®"®
(4,) of the compounds are calculated for all the Fe/TiOs
octahedra to analyse the role of structural distortion on
the RhB adsorption on the catalyst surface. The octahedral

6
distortion parameter is defined as, 4, = éxg [(/i _ D//T

where, the sum is over six bonds of the octahedra, I is the
average bond distance and /; are individual bond distances. The
structure with central, pre-terminal and terminal octahedra
along with their bond distances for Big_,Sr Tizi Fe, (O
(x = 0.75, 0.5, and 0.25) are shown in Fig. S14 (ESIf) and the
calculated 4, values are given in Table S8 of the ESL.{

The highest 4, value of 0.0115 is obtained for the terminal
octahedra of BissSrysTi;sFe; 5015, While relatively smaller 4,
values of 0.0106 and 0.0076 are found for Bis ;551 »5Ti3 55F€; 7501g
and Bis »5ST 75 i3 75Fe; 2501, respectively. As reported in previous
studies that the 4, values gradually decreases in the order,
terminal > pre-terminal > central octahedral layer for the five-
layer Aurivillius phase perovskites in a given series of compounds,
is consistent with the second-order Jahn-Teller (SOJT) distortion of
d° cations in these compounds.®®™*® The increase in local octahe-
dral distortion enhances the extent of adsorption of dye molecules
on the catalyst surface. Furthermore, the axial distortion para-

meter, defined as, 4,x = %22:1 [(L-1)/ IT, where the J; are the two
i=
axial bond lengths in an octahedra parallel to the crystallographic
c-axis, is also calculated (Table S8, ESIT). Interestingly, the variation
of A, across the octahedral layers for any given compound also
follows the order of distortion similar to 4,, being highest for the
terminal and lowest in the central octahedral layer. It is shown that
the crystal chemical correlation can be exploited in the catalytic
activity enhancement by designing oxides with increased axial
octahedral distortion in a homologous series, wherein the frontier
band structure and photoluminescence properties largely remain
unaffected due to compositional modifications at the A-sites of the
perovskites largely by alkali and alkaline earth metals. However,
the subsequent B-cation substitution, ie., Ti by Fe in the present
series also modifies the charge carrier concentration, charge
transfer resistance and carrier lifetime that alters the expected
photocatalytic activity solely based on dye adsorption.

It is clear from previous reports that Bi;SrTi,FeO,g exhibits
higher activity compared to that of BigTizFe,0,5 and the extent
of dye adsorption is a crucial factor for the enhanced photo-
catalysis. The introduction of one Sr in place of lone pair active
Bi in the five-layer perovskite modifies the overall octahedral
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distortion of the perovskite blocks and enhances the electric
polarization at the terminal octahedra ensuing enhanced
surface charge and dye adsorption. While an increase in the
photocatalytic activity is observed on increasing amount of Fe
in BisSrTi,FeOg to Fe, 55, it decreases sharply in BigTizFe,O;g
(compound without Sr). Interestingly, the compound with Fe; 5
shows the highest extent of dye adsorption among all the
compounds in the series but does not show the highest activity.
Therefore, it brings out the role of other competing factors into
play when it comes to the overall rate of photocatalytic dye
degradation. The compound with Fe;,s shows the slowest
degradation activity due to its relatively high rate of carrier
recombination and shorter carrier lifetime and high Reor
together with smaller extent of dye adsorption. In the case of
the Fe; s compound, the highest extent of dye adsorption is
observed but it shows moderate activity due to its higher rate of
carrier recombination (increased PL intensity), high Rcr and
lower lifetime of charge carriers as compared to the Fe; ;s
compound. Despite showing an intermediate dye adsorption,
the Fe; ;s compound shows the highest activity due to the
combined effect of reduced carrier recombination, higher
carrier lifetime and enhanced charge transport (smallest R¢y).
It is presumed that the dominance of the above factors has
originated from the internal electric fields. In addition to
ferroelectric domain polarization, the polar surface termina-
tions due to intergrowth structure of two oppositely charged
motifs (fluorite like layers and perovskite blocks) would give rise
to an in-built electric field in the compounds. Moreover, the
local octahedral distortions of terminal octahedra at surfaces
and surface adsorption would modify the fields. The built-in
electric field is believed to be altered by the compositional
disorder of Sr at the [Bi,O,]*" layer. Structure refinements
enabling Sr disorder at the [Bi,0,]*" layer indicate the presence
of a higher extent of Sr disorder with increasing Sr content in
the compounds, i.e., Fe, ;5 < Fe; 5 < Fe, 5 (Table S9, ESIt). An
increase in Sr disorder would decrease the charges on the
structural motifs, thereby reducing the internal field. The Sr
disorder in the [Bi,0,]*" layer would also cause an expansion of
the in-plane lattice due to larger size of Sr. This is evident in the
case of Bis 5570 75Ti;5.75F€1.2501g, the sample with highest Sr
content in the series.

Furthermore, enhanced photocatalytic activity of Fe, ;5 is
observed under a biased voltage. The EIS with visible-light
illumination and photocatalytic activity of the compound under
the external bias can be correlated with an upward band bending
effect (Fig. 12). The initial upward band bending effect is due to
the internal electric field present in the non-centrosymmetric
Aurivillius perovskite phase, while further band bending results
with the application of an external electric field. The external field
(1 V) results in partial reversal of ferroelectric domain polarization
in the powder samples. The enhanced internal field thus helps in
better charge-carrier separation and reduced recombination as
the thermal barrier to e -h" recombination increases with the
increased band bending. It is observed that the impedance is
enhanced on the application of a negative bias (Fig. S15, ESIT)
and the positive bias condition favours the charge separation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic diagram showing band bending effect of n-type
Bis 75Srg. 25 Tis 05Fe1 75018 due to the internal electric field (left) and with
the externally applied electric field (right).

and transfer. Despite the samples being powder, the suggested
polarization under positive bias is attributed to arise from a
preferred orientation of the crystallites in the electrode due to
plate-like crystal habits of the layered Aurivillius compounds.

Moreover, the additional band bending (Fig. 12, right) can
also enable the participation of the Ecg(1) level for the generation
of O,*~, which is forbidden in the absence of an external field. In
addition, the bias voltage reduces the probability of trapping and
recombination in the semiconductor bulk and increases the hole
mobility substantially than that in the absence of an external field.
The above factors enhance the photocatalytic activity of Fe; ;s
compound substantially under the external bias. The idea can be
applied appropriately for engineering the right kind of band
bending and enhancement of photocatalytic activity of a semi-
conductor catalyst with an external electric field by compositional
control of cation disorder and octahedral distortion.

Conclusions

Five-layer Aurivillius perovskites, Big_,Sr,TizFe, Oq5 (X =
0.75, 0.5, 0.25 and 0.0), with different Ti/Fe and adjusted Bi/Sr
ratios were synthesized to study the competing effects of various
parameters affecting photocatalytic activity. The compounds crys-
tallized with orthorhombic structure in the non-centrosymmetric
F2mm space group. The Fe, ;s compound with smaller Sr and
larger Fe content in the series have exhibited the highest rate of
RhB degradation despite having relatively weak dye adsorption.
The octahedral distortion of the SOJT type is found to increase the
adsorption capacity of the compounds, being highest in the Fe, 5
compound. Scavenger results and energy level positioning sup-
ported h' and O,*~ mediated RhB degradation. A lower charge-
transfer resistance (Rcr) and enhanced carrier lifetime in Fe, 75
led to an enhanced photocatalytic activity. An external bias of
1V led to a further decrease in Rcr, and enhanced band bending
effect in the compound reduced the thermal barrier to e -h"
recombination and enhanced the charge-separation efficiency.
The enhanced charge-separation was presumed to originate
from partial ferroelectric polarization reversal effects of the
powder samples that augment the built-in electric fields. A
lower cation disorder at the [Bi,O,] layer of the intergrowth
structure in Bis 55S1.»5Ti3 25Fe; 75015 is believed to have resulted

© 2021 The Author(s). Published by the Royal Society of Chemistry
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from a higher internal electric field and played an important
role in enhancing its activity. The work demonstrates that the
cation disorder and octahedral distortion can be controlled via
compositional manipulations to achieve higher activities by
manipulating internal electric fields. Moreover, the barrier to
charge transfer may also be overcome by application of external
bias to enhance the photocatalytic activity. Further work invol-
ving measurements of polarization and carrier density on single
crystals of the compounds would provide quantitative details of
internal fields and carrier dynamics for new design strategies of
highly efficient photocatalysts.
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