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B-site modified photoferroic Cr’*-doped barium
titanate nanoparticles: microwave-assisted

hydrothermal synthesis, photocatalytic and
electrochemical propertiesy
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We report on the synthesis of photoferroic Cr**-doped BaTiOz nanoparticles with nominal Cr content

ranging from 2-8 mol% by a microwave-assisted hydrothermal method. The absorption properties of

the doped systems are significantly enhanced due to the d—d band transition of Cr¥*/#*. The structural

properties of the materials are examined on the basis of lattice distortions given by the tolerance factor

and microstrain. Raman scattering provides complementary information on the lattice vibrations
indicating a softening of the longitudinal optic (LO) phonon mode located at 716 cm™* with increasing

Cr concentration. The charge transport properties investigated through electrochemical impedance

spectroscopy (EIS) demonstrate that there is a reduction in the charge transfer resistance from 5.2 Q to

4.3 Q for the undoped and 4 mol% Cr*-doped respectively, which favors the degradation kinetics. The
photo-oxidation ability of the systems is evaluated by time evolution of photodegradation of methyl
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photocatalytic performance is achieved with the 4 mol% Cr**-doped BaTiOs nanoparticles, which is
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1 Introduction

Due to the increasing world population and industrialization,
water pollution has become a major global challenge that has
yet to be addressed. The classical solution to this challenge has
shown that various physicochemical treatment techniques e.g.
adsorption and membrane filtration have been effectively
deployed but the production of sludge and lack of selectivity for
target pollutants limit their applications. On the other hand,
wastewater treatment by means of chemical oxidation is also
viable mostly through the advance oxidation processes. Unfor-
tunately, the huge energy consumption alongside catalyst
recovery have retarded its applicability.” Photocatalysis for the
decomposition of pollutants has been identified as a promising
solution to parts of this challenge. The principle idea consists of
employing a semiconducting material to accelerate a photore-
action. Cascades of radicals are generated, leading to photo-
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~2.7 times higher than for the undoped sample. Evidence of superoxide radical being the dominant
active species is provided by in situ reactive oxide species (ROS) capture experiments.

oxidation/reduction of the pollutants. Although experimental
results are promising, the elimination of water pollutants
through photocatalysis remains limited by poor light absorp-
tion, charge carrier separation and transport** and redox
potential of charge carriers on the surface.® To address the issue
of poor light absorption, both non-metal and metal doping can
be employed to improve the light-absorption-improved photo-
catalytic activities.®® In addition, oxides, such as bimetallic
oxides have been identified as promising candidates for such
applications. In particular, inorganic oxide perovskites of the
type ABO; display a high potential for photocatalysis due to
their high stability and chemical resistance in aqueous solu-
tion.' In these materials, A- and B-site are mostly composed of
alkaline-earth and transition metals respectively. These mate-
rials already find numerous applications as high-temperature
(high-Tc) superconductors, piezoelectric and ferroelectric
materials, magnetoresistors, multiferroic and catalytic mate-
rials etc.'»'> Among the most commonly used oxide perovskites
is barium titanate (BaTiO3). Though conventional TiO, has
gained wide acceptance, the low absorption cross-section, low
adsorption capacity for hydrophobic contaminants, poor charge
carrier separation resulting to low quantum yield among others,
have placed a limitation on TiO,-based photocatalysis. To
overcome the shortcomings particularly the poor charge carrier

This journal is © The Royal Society of Chemistry 2019
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separation, the use of piezoelectric materials such as BaTiO;
plays remarkably non-trivial role in improving the photoactivity.
In mostly the low symmetry crystal phase, it offers the advan-
tage of increasing the lifetime of charge carriers sufficiently
long enough before the recombination that happens on a time
scale of picoseconds sets in. BaTiO3; is known to exist in
different structural phases as a function of temperature, size
and dopants. The high-temperature paraelectric phase shows
no spontaneous electric polarization due to Ti-atom occupying
the centrosymmetric sites with respect to oxygen' while the
orthorhombic (Amm2, <0-5 °C), rhombohedral (R3m, <—80 °C),
tetragonal (P4mm, <120 °C)"*** and high temperature hexagonal
(PA/mmm, 1460 °C) phases'® exhibit a ferroelectric response.
Ferroelectrics, being non-centrosymmetric, present the bulk
photovoltaic effect (BVPE), which significantly contributes to
enhanced photoactivity. The BVPE is a second order optical
response that can be described by a third rank tensor,
Bijr = el;;#, where e, [y, £ and ¢ are the electronic charge, mean
free path of charge carriers, excitation asymmetry and quantum
yield respectively, and the denominator corresponds to the
photonic energy.'” As a hot carrier effect, this bulk property
engenders carrier separation and energy loss in form of heat is
drastically reduced. This internal electric field-driven separa-
tion of charges significantly increases the lifetime, allowing
a larger fraction of the carriers to participate in redox reaction
thereby enhancing the photoactivity.

However, the photocatalytic activity of BaTiO; remains
limited by low intrinsic absorption. The absorption property
can be improved by introducing a dopant in the crystal struc-
ture. The doping element is incorporated through atomic
substitution of an A- and/or B-site. It is to be chosen carefully
depending on the application as it could lead to tuning of the
ferroelectric Curie temperature’® or control of material's
permittivity." Furthermore, a difference between radii of the
dopant and that of the substituted atom can induce strain in the
material that in turn may result in a phase change.” In this
context, doped BaTiO; using donor and/or acceptor atoms for
environmental remediation has been reported.***> Chromium
is a promising option, as it is a transition metal with the
potential of enhancing the optical properties through an
increase in the absorption cross-section in the visible region.
That is, its charge transfer center is associated with strong
absorption in the visible range, beneficial for energy harvesting.
Compared to doping with noble metals, chromium is
economically feasible and suitable for large-scale production.

Different chemical routes*® have been established to
synthesize BaTiO;. Some require pyrolysis and crystallization of
a disordered precursors, which yields poorly crystalized mate-
rials.* The microwave-assisted hydrothermal (MWHT) method
offers the advantage of a rapid synthesis usually in one step by
interaction of dielectric molecules in solid or liquid phase with
nonionizing microwave radiation. First results confirmed the
suitability of this method has been identified for the synthesis
of Cr-doped BaTiO; for photocatalytic applications.'® However,
although the process was rapid, barium titanate crystallized in
the paraelectric phase, while a ferroelectric phase such as the
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tetragonal structure might be far more beneficial due to the
existence of the aforementioned BPVE.

Herein, we synthesize Cr**-doped BaTiO; by MWHT and
demonstrate its potential for photocatalysis. Structural charac-
terizations reveal that the material is indeed in the tetragonal
phase. We use hydrogen peroxide, H,O, to scavenge excess
protons that are the primary cause of leakage in the ferroelectric
bulk and also contribute to surface defects acting as recombi-
nation sites. XPS reveals a negligible concentration (below the
detection limit) of hexavalent chromium and the presence of its
trivalent state, more appropriate for water purification and
environmentally less problematic. Moreover, the misconception
of band gap narrowing arising from doping is addressed (see
ESI, Fig. S17) as it is generally misinterpreted as a reduction in
the fundamental absorption of a material.

2 Experimental details
2.1 Synthesis of Cr**-doped BaTiO; nanoparticles

The nanoparticles of Cr**-doped BaTiO; are synthesized by
MWHT using high purity and analytical grade precursors of
titanium oxide (TiO, (>99.7%)), barium hydroxide (Ba(OH),-
-8H,0 (>98%)), chromium nitrate Cr(NO;3)3-9H,0 (>98%), and
hydrogen peroxide (H,0, (30%)) purchased from Sigma-Aldrich
Chemicals. The nanoparticles are prepared from a mixture of
TiO,, Ba(OH),-8H,0 and Cr(NOs);-9H,0 in the molar ratio of
18: 29 : 2 dissolved in distilled water.

A TiO, slurry is prepared by dispersing the powder in
distilled water. The Ti*" solution is then magnetically stirred for
10 min followed by the addition of Ba(OH),-8H,0, Cr(NO;);-
“9H,0 (Cr’* = 2, 4, 6 and 8 mol%), and 2 mL of H,0,. The H,0,
is added to scavenge the excess H' ions, which are the main
cause of electronic leakage. The resulting mixture is then stirred
for another 20 min to obtain a homogeneous solution.

Subsequently, the mixture is transferred into a Microwave
Acid Digestion autoclave (Parr Instrument) with 23 mL capacity.
The reactor assembly is placed in a Panasonic Inverter Micro-
wave Oven (2.45 GHz) operating at 120 W for 10 min. These
parameters correspond to 1 cycle of microwave irradiation. To
avoid overpressure, the reactor assembly is allowed to cool
down almost to room temperature for ~1 h before repeating the
process of microwave irradiation. Finally, after a total of three
cycles, the final product is washed in distilled water, filtered and
dried at 80 °C for 15 h. The same procedure is employed to
synthesize the undoped BaTiO; sample but without the addi-
tion of chromium.

2.2 Characterization of samples

The phase identification of the samples is done by powder X-ray
diffraction (XRD, Bruker D8 Advance) using Cu-K,, radiation (2
= 1.5406 A). 20 scans in the 20-60° range are performed with
a 0.02° step size. The absorbance spectra are measured in the
300-600 nm range using a (PerkinElmer, Lambda 750) UV-
visible-NIR spectrometer with 1 nm spectral resolution.
Samples for the optical absorption are prepared by dispersing
a weighed quantity of the nanoparticles in distilled water

RSC Adv., 2019, 9, 20806-20817 | 20807
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followed by dip-coating of a pretreated quartz substrate. Also,
plain quartz substrate is used as reference. Raman scattering
spectra are acquired with a Horiba iHR320 equipped with
a 473 nm solid state blue Cobolt 04-01 laser (linearly polarized,
TEMO00) and a thermoelectrically cooled Horiba Scientific
Synapse Back-Illuminated Deep Depletion CCD detector. The
bright field surface images of the samples are acquired by
transmission electron microscopy (TEM, JOEL Model: JEM-
2100F). The chemical composition of the samples is investi-
gated by X-ray photoelectron spectroscopy (XPS) using a VG
Escalab 220i XL system equipped with a 1486.6 eV Al-K,, source.
The C-C bond of C 1s peak with binding energy of 284.6 eV is
used to calibrate the whole spectra.

A reactor assembly consisting of a three-electrode system
connected to a Zahner Elektrik Zennium Photoelectrochemical
Workstation is employed for the electrochemical measure-
ments. In the three-electrode system i.e. counter, reference and
working electrode, Pt, Ag/AgCl and photoferroic films on ITO
are used, respectively. The cell electrolyte consists of a 0.5 M
Na,SO, solution. The working electrode is prepared by
dispersing 50 mg of the photoferroic nanoparticles in 600 pL of
a N-methyl-2-pyrrolidone (NMP) and polyvinylidene fluoride
(PVDF) composite solution. The resulting solution is ultra-
sonicated for 10 min before being spin-coated on the pre-
treated ITO substrates at 4500 rpm. Lastly, the spin-coated
electrodes are dried in the oven at 100 °C for 15 h.

2.3 Photocatalytic activity measurements

The photocatalytic degradation of methyl orange with Cr**-doped
BaTiO; nanoparticles is carried out in a photochemical reactor
using a calibrated solar simulator equipped with a 150 W xenon (Xe)
lamp (Model-#SS50AAA, PET Photoemission Tech., Inc.). The setup
is as illustrated in Fig. 1. The light intensity from the solar simulator
is adjusted to 100 mW cm ™2 In a typical test, 50 mg of the as-
synthesized nanoparticles are dispersed in 50 mL of 20 mg L™*
methyl orange solution. The dispersed nanoparticles are magneti-
cally stirred in the dark for 30 min in order to achieve adsorption—
desorption equilibrium. The quartz photochemical reactor is placed
under continuous stirring and illumination during the experiments.
The residual concentration C; of the dye molecules is determined by
evaluating the photovoltage response from a photodetector placed
directly behind the reactor. For consistency and reproducibility, the
position of the photodetector remains unchanged throughout the

it Irradiance attenuator unit

Simulator

Computer

1 Spectral filter unit

Op-amp

Data acquisition

H

= Photodetector
Stirring bar

Magnetic stirrer

Fig. 1 Schematic of the set-up employed for the photocatalytic
activity measurements.
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experiment. The absorbance can be obtained from a logarithmic
ratio of the photovoltages V,, and V;, where V;, and V; are the pho-
tovoltage responses at initial (C,) and residual (C,) concentration,
respectively.

The role of different active species in the photocatalytic degra-
dation of methyl orange with Cr**-doped BaTiO; nanoparticles are
verified by investigating the effect of adding the following scaven-
gers: benzoquinone (BQ), tert-butyl alcohol (TBA), and ethylene
diaminetetraacetic acid (EDTA). Under similar experimental
condition outlined, 0.5 mM BQ, 2 mM TBA, and 2 mM EDTA are
introduced differently into a 50 mL capacity photochemical reactor
to scavenge the following radicals; O, ", h*, and OH" respectively.

3 Results and discussion
3.1 Structural analysis

The structural properties of the samples are identified using
XRD. Fig. 2a shows the XRD patterns of the as-synthesized
samples with different chromium contents. The patterns show
diffraction peaks that correspond to tetragonal BaTiO; of P4mm
space group (JCPDS # 01-075-1606).***> All the patterns present
a secondary phase corresponding to BaCOj3, in agreement with
literature.**** One possible source of this phase comes from the
high surface reactivity of BaTiO; nanoparticles with dissolved
CO, resulting in carbonate formation. Due to high basicity of
BaO, which constitutes 50% of the vicinal (100) surfaces, BaCO;
is formed on the surface of the nanoparticles through the
formation of CO;>~ from dissolved CO, species during
synthesis.>®

While Cr doping may result in the presence of different ions
with different radii: Cr** (0.80 A), Cr** (0.615 A), Cr** (0.55 A),
Cr® (0.49 A) and Cr®" (0.44 A),”” the close ionic radii of Cr** and
Ti** (0.62 A) make this configuration the most favorable in the
system. Since the incorporation of Cr*" occurs through an
aliovalent substitution, the charge compensation mechanism
induces the formation of oxygen vacancies V. These oxygen
vacancies V; being unstable, they get reduced into singly
ionized oxygen vacancies V( according to V; + e~ < V,.2%*
However, if the number of oxygen vacancies becomes too high,
the BaTiO; tetragonal structure becomes distorted and trans-
forms into the hexagonal configuration. From the XRD patterns,
no peak associated with the hexagonal phase is observed. This
indicates that the distortion induced by oxygen vacancies can be
accommodated by the tetragonal structure, an advantage of Cr
doping over Fe, Co or Mn doping.****

To quantify the stability and degree of distortion of the TiOg/
CrOg octahedra, the Goldschmidt tolerance factor #** is calcu-
lated according to

(RBa + RO)

N V2(Rrijc: + Ro) ®

where Ry, Rri/cr and R, are the ionic radii of Ba®* ion in 12-fold
coordination, Ti/Cr** ion in 6-fold coordination and O>~ ion in
6-fold coordination respectively. By considering the ionic radii
of Ba?* (Rp, = 1.61 A) and Ti**/Cr*", a tolerance factor of ~0.81 is
estimated for all samples. This indicates a distortion of the

This journal is © The Royal Society of Chemistry 2019
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Fig.2 (a) XRD patterns of undoped and Cr**-doped BaTiOs nanoparticles. The peaks reflecting BaTiO3, BaCOz and TiO are indicated by ll, ¢
and @ respectively. (b) Variation of lattice microstrain as a function Cr composition.

octahedra, as suggested by the splitting of the peak at 26 = 45°
into (200) and (002) for the tetragonal phase.

Moreover, the different ionic radii of chromium and tita-
nium result in strain in the crystal, which is evidenced by
a broadening in the diffraction line profile of the host lattice. If
this strain is sufficiently large, it can cause a CrO¢/TiOg Octa-
hedra tilting causing a structural phase transition. To deter-
mine the lattice strain, the XRD peaks are fitted with a Gaussian
weighting function.* The lattice strain ¢ is determined from*

B
= 2
T 4tan o @)

where 3,5 and 6§ are the FWHM of individual diffraction peaks
and Bragg's angle, respectively. An average value of ¢ is obtained
for each composition by performing this calculation for all
diffraction peaks.

Fig. 2b shows the variation of the mean lattice strain thereby
obtained as a function of Cr composition. It shows that the
strain decreases monotonically with increasing Cr concentra-
tion, from 0.25% in the undoped material, down to ~0.11% in
the 8 mol% Cr**-doped sample. One of the reasons for the
observed trend may be likely due to increase in grain size as
evidenced from the TEM. The strain may also stem from
a shortened Cr-O bond length considering the next unit cell
with CrOg octahedron. These low values indicate that the strain
is not high enough to induce a structural phase transition.**
Evidence of this tetragonal phase and absence of octahedra
tilting is also provided by Raman scattering results.

3.2 Raman spectroscopy

Raman spectroscopy is employed to further study the influence
of Cr’" on the lattice vibration and microstructural properties of
the materials. The Raman active phonon modes of undoped
and Cr’*-doped BaTiO; nanoparticles with different Cr
compositions are shown in Fig. 3a. Multiple Raman peaks are
observed in the 0-800 cm™' range at 185 cm ', 264 cm *,
310 cm ™', 518 cm™ ' and 715 ecm ™ '. These peaks corresponds to

those reported for the tetragonal phase of BaTiO;.'****¢ These

This journal is © The Royal Society of Chemistry 2019

spectra further confirm that the tetragonal phase remains the
dominant phase in all samples. The acquired Raman spectra
are deconvoluted into a series of Lorentzian-shaped peaks
(Fig. S27) from where the phonon frequency and FWHM of
individual peaks are determined. The peaks centered around
185 cm™ "' and 264 cm ™" are attributed to the E(TO) and A1(2TO)
mode (stiffened components of the soft mode) respectively; the
asymmetric broad peak at ~518 cm ' corresponds to the
A1(3TO), E(TO) mode, while the sharp peak at ~310 cm ™" and
the broad peak at ~715 cm™ " are attributed to the B1, E(LO +
TO) and A1(LO). E(LO) modes, respectively. While the second
order peaks at 270 cm ™' and 518 cm ™' persist in the cubic
phase, the Raman peaks located at 310 cm ™' and 715 cm™* are
first order modes of the room temperature tetragonal BaTiO;
phase.'®'*33738 [n particular, the 310 cm ' Raman mode
represents the torsional vibration of Ti-O; when the TiOg
octahedron undergoes an order-disorder transition.*

By comparison of the spectra of the different samples, we
observe a significant drop in intensity of 306 cm ' and
713 cm™' Raman peaks as the Cr’* content increases. This
suggests a gradual suppression of the tetragonality with
increasing doping concentration. The decrease in Raman
intensity of the 715 cm ™" phonon mode is accompanied by an
increase in FWHM of the Raman line shape as shown in Fig. 3b.
This indication of a shortened phonon lifetime is generally
associated to defect-induced disorder that enhances interfer-
ence effects between coupled modes.*>** The two bands at
268 cm™ ' and 518 cm " can still be observed with enhanced
peak broadening indicating local Ti*" ion disorder as the Cr**
composition increased in BaTiO; lattice.*”

In addition, the presence of residual TiO, from the fabrica-
tion is indicated by one strong intense peak at low frequency
144 cm ™! and two weak peaks at ~396 cm ™' and ~639 cm ™.
These bands are assigned to the Eg4, By, and E; modes of anatase
TiO,, respectively.” The peak at 226 cm ', due to in-plane
bending vibrations of the CO;>~ ion, denotes the presence of
BaCO; arising from the surface reactivity of CO, with BaTiO;
phase®®* in agreement with the XRD results. Finally, the

RSC Aadv., 2019, 9, 20806-20817 | 20809
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phonon frequency at 354 cm ™ is due to E, stretching vibration
of Cr-O bonds in the structure.**** This further confirms that
Cr*" primarily substituted Ti** with evidence of local distortion
in the vicinity of the CrOg octahedron.

3.3 X-ray photoelectron spectroscopy

In order to understand the binding energies associated with the
chemical states of different elements present in Cr**-doped
BaTiOj3, XPS is performed on the undoped sample and on the
4 mol% Cr-doped BaTiO;. The general survey is shown in
Fig. 4a. Peaks associated to Ba, O, Ti and Cr are measured. Ba 4d
and Ba 4p peaks are also detected. The high-resolution scans for
individual elements are shown in Fig. 4b-e. The most intense
peak corresponding to Ba 3ds,, is resolved at 778.28 eV and
780.34 eV for the undoped and (777.96 eV and 779.35 eV) for the
4 mol% Cr-doped sample, respectively (Fig. 4b). These peaks are
typical of barium ions in the 2+ oxidation state.*® The addition
of dopant causes an energy shift AE of 0.32 eV and 0.99 eV to the
lower energy state in Ba 3ds, respectively. The O 1s peak
(Fig. 4c) is also deconvoluted for proper identification. It is
composed of two peaks located at 528.99 eV and 530.61 eV
linked to oxygen bonded to BaTiO; lattice and surface-adsorbed
oxygen atoms.*® Three Gaussian peaks are used to fit the spec-
trum for the doped sample. The peak at 529.74 eV may likely be
a surface adsorbed oxygen bonded to carbon (C-O) due to the
presence of carbonate contaminant consistent with the XRD
result. The Ti 2p core level showing the 2p;/, and 2p,, states are
shown in Fig. 4d. In the spectrum, the Ti 2p;,, peak is more
intense and narrower than the Ti 2p,, peak. The peaks at
457.75 eV and 463.68 eV are binding energies of tetravalent
titanium in both states whereas those at 457.58 eV and

20810 | RSC Adv., 2019, 9, 20806-20817

463.68 eV correspond to binding energies of reduced titanium
(Ti**) likely initiated by charge compensation mechanism due
to defects. The fitted peaks at 457.75 eV and 463.35 eV show
a spin-orbit splitting of 5.60 eV which is consistent with the
reports of Sodergren et al*’ The addition of Cr impurity
increases the splitting orbital energy slightly to 5.78 eV with
a blueshift of 0.04 eV and 0.37 eV for both peaks respectively.
Fig. 4e depicts the spectrum of Cr 2p doublet, which is
deconvoluted into four different peaks. The most intense peak
for the Cr 2p3/, and Cr 2p;, core levels at 576.7 eV and 585.9 eV
confirms the presence of Cr*" state, whereas those at 575.5 eV
and 584.4 eV correspond to the tetravalent oxidation state of
chromium.** The fit results showing low peak area for the Cr**
indicate that it manifests through charge compensation
mechanism while the Cr*" state remains the dominant species.
In comparison to the Cr 2p,,, peak, a splitting orbital energy of
9.20 eV is estimated relative to Cr 2p;/,. Based on these obser-
vations, the possibility of hexavalent metallic Cr (Cr®*) forma-
tion is excluded from the doped samples making our Cr**-
doped BaTiO; more appropriate for wastewater purification.
The report is in agreement with the XRD and Raman results.

3.4 TEM and energy dispersive X-ray spectroscopy (EDX)

The particle size distribution and microstructural properties of
the Cr’"-doped BaTiO; nanoparticles are investigated using
TEM. Fig. 5a-e show the bright field TEM images of the undo-
ped and Cr**-doped BaTiO; nanoparticles. The surface of the
undoped sample is composed of partially aggregated, facetted
particles with a high shape isotropy. The addition of chromium
appears to promote a shape anisotropy towards rods, this
however remains to be statistically consolidated. Beyond

This journal is © The Royal Society of Chemistry 2019
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4 mol% Cr concentration, it appears as if individual facets
decrease in size, promoting surfaces with higher Miller indices
that indicate a weakening of the crystalline bonds. Since the
nanograins have different degrees of shape anisotropy, the
estimation of the particle size has to take this into consider-
ation. The insets of Fig. 5a-e give an estimate of the particle size
distribution deduced from the TEM images. We can see that the
particle size increases up to 79 £ 4 nm for the 4 mol% Cr
composition before decreasing due to high concentration of
chromium. At this point, we would like to point out that due to
shape anisotropy of the nanoparticles, it is rather challenging to
quantitatively estimate the overall particle size.

The elements present in the undoped and 4 mol% Cr*'-
doped BaTiO; samples are independently identified by energy
dispersive X-ray (EDX) spectroscopy. Fig. S31 shows the
elemental composition of the samples as analyzed by EDX. The
peaks on the energy scale confirm the presence of Ba, Ti, O, and
Cr in the system.

3.5 Optical absorption studies

For photocatalytic applications, light utilization is crucial as
it determines the numbers of available photogenerated
charge carriers that participate in the catalytic redox reac-
tion. The energy band gap is an important intrinsic property

This journal is © The Royal Society of Chemistry 2019

that defines the intrinsic optical absorption of the material.
Fig. 6a shows the optical absorption spectra of the samples.
The intrinsic absorption is the same for all the samples and
can be assigned to charge transfer of valence band electrons
to conduction band. In the chromium-doped samples, an
additional absorption band appears in the 420-480 nm
spectral range. This is due to d-d band transitions between
the high spin Cr®" center and Ti*" site resulting in a weak
shoulder peak.*® The light induced excitation of Cr**/**
exchange-coupled pair is also possible due to multivalent
state transitions in chromium.*® Furthermore, no other
absorption was recorded in the far visible region. The
apparent absorption threshold is extracted for these curves
and presented in Fig. 6b. In the undoped sample, it is esti-
mated to be near 390 nm. Upon the introduction of 2 mol%
Cr, it redshifts to 458 nm. When the Cr content is further
increased no significant shift is observed and the apparent
absorption edge remains in the 458-475 nm range. The
extracted cut-off wavelength dependence on Cr content
follows a theoretical model as shown by the fit. Hence as
long as the lattice is not completely changed and the unit
cells remain within the limit of structural modifications,
there is always a slight increment in absorption upon
doping. Therefore, Cr’" doping offers the possibility of

RSC Adv., 2019, 9, 20806-20817 | 20811
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modulating the light absorption properties as evidenced by conducted to gain insight on the process of charge transfer. We

the redshift of the absorption edge. examine the electrochemical behavior of the undoped, 4 mol%
and 8 mol% Cr. Fig. 7a shows the time dependent photocurrent
3.6 Photoelectrochemical measurements response of the 4 mol%, 8 mol% and undoped samples

measured by chopped light amperometry (CLA) under simu-
lated sunlight. In all the structures, the photocurrent profiles
exhibit a photoresponse that decays over time. Also, the

The degradation kinetics of a catalytic redox reaction is mainly
determined by the charge transfer properties of the material.
For this purpose, photoelectrochemical measurements are
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Fig. 6 (a) Optical absorption spectra of the undoped and Cr®*-doped BaTiOz samples, and (b) variation of apparent cut-off wavelength with Cr
composition.
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photocurrent density observed under homogenous illumina-
tion is low. Such a behavior is typical of ferroelectric crystals and
is caused by poor bulk dc conduction, reflecting a low charge
carrier mobility.**

The electrochemical impedance spectroscopy investigates
the interfacial charge transfer properties of the samples under
standardized solar light irradiation. The variation of the abso-
lute value of the impedance |Z| with frequency (Bode plots) for
the three samples (4%, 8% and undoped) is presented in
Fig. 7b. In the low frequency regime, it is observed that the
impedance of doped samples decreases in comparison to that
of the undoped sample. This feature indicates a low charge
transfer resistance of the doped materials in electrolytic solu-
tion. Similar observation has been reported by Yu et al.*®* which
favors the photoactivity of methyl orange. In order to extract the
charge transfer resistance of these materials, a Z view software
is used for the complex non-linear least-squares regression. The
equivalent circuit comprises of charge transfer resistance (R
which is in series with a parallel connection of bulk resistance,
(Rpui) and a constant phase element (CPE) as depicted in the
inset of Fig. 7b. The electrochemical impedance (R.;) obtained
from the regression analysis shows a decrease from 5.2 £ 0.2 Q
to 4.3 + 0.03 Q for the samples. This suggests that the kinetics
of the electron transfer is faster in the doped nanostructures, an
asset for photocatalysis.

3.7 Photocatalytic activity

The photocatalytic performance of photoferroic Cr*'-doped
BaTiO; nanoparticles is evaluated by investigating the photo-
degradation of methyl orange, a common pollutant.* The time
dependent adsorption as well as photodegradation of the
organic pollutant by undoped and Cr**-doped BaTiO; samples
with different molar concentrations of Cr in the dark and under
simulated light irradiation is shown in Fig. S4f and 8a respec-
tively. From the plot (Fig. S47), the adsorption capacities show
that the 4 mol% Cr doped sample provides an efficient
adsorption due to the aspect ratio offered by a composition of
geometries as observed in the morphology. The photo-oxidation

This journal is © The Royal Society of Chemistry 2019

of methyl orange under simulated light irradiation without
photocatalyst is included as a reference (MO), and does not
depict any significant changes over time. This demonstrates
that neither photolysis of the methyl orange solution nor
contribution of chromium oxide to redox reaction is observed.
As photodegradation follows the Beer-Lambert model, all the
plots are fitted exponentially. The doped samples show a higher
visible light photocatalytic activity than the undoped BaTiO;
due to an enhanced light harvest, as depicted in Fig. 8b. The
difference in degradation efficiency between the undoped and
doped materials could be due either to the higher absorption
cross-section offered by Cr** doping, or to the BPVE. Since, the
absorption cross-section is extended by a few tens of nano-
meter, the dominant factor responsible for this increase is
attributed to BPVE driven enhanced charge carrier separation.
After 90 min of visible light irradiation, the photodegradation
efficiency of methyl orange is 52% for undoped BaTiO; while 72,
87, 80 and 77% are observed for the 2 mol% Cr, 4 mol% Cr,
6 mol% Cr and 8 mol% Cr, respectively. The best photocatalytic
performance is therefore achieved with the 4 mol% Cr-doped
BaTiO; and compares well with degradation efficiencies re-
ported in literature (Table S1%). In particular, the presence of
asymmetric velocities of charge carriers in the potential of these
tetragonal materials makes the difference when compared to
the same material for catalytic reduction of nitrobenzene to
aniline with a yield of 98.2% in 6 h (i.e. 63.4%, recalculated to 90
min).*®

Furthermore, the dominant reactive species present during
the photocatalytic degradation are explored using BQ, TBA, and
EDTA as scavengers for the following radicals; 0, ", h*, and OH"
respectively. With the 4 mol% Cr**-doped BaTiO; nanoparticles
exhibiting the best photocatalytic performance, the irradiation
time-dependent photocatalytic degradation (C,/C,) of methyl
orange with and without scavengers are investigated and results
are displayed in Fig. 8c. It is observed that 43% of the methyl
orange is degraded after 90 min when BQ is added to the
system. This demonstrates the inhibiting role of BQ in
degrading the organic dye in comparison to the efficiency

RSC Adv., 2019, 9, 20806-20817 | 20813
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sample with different scavengers. (d) The energy band structure illustrating the charge transfer mechanism in the doped photoferroic. (e)
Photodegradation kinetics of the samples. (f) Photostability of 4 mol% Cr®*-doped BaTiOs after 4 consecutive cycles.

obtained in the absence of the scavenger. When TBA is added,
the kinetics slows down slightly, yielding a degradation effi-
ciency of 76% after 90 min. On the other hand, a recovery of
degradation time (~2 min) is recorded when EDTA is added to
the system. Hence, at 80 min of light exposure, the concentra-
tion decreased to 3.9 4+ 0.25 mg L' representing ~80%
degradation efficiency. It suggests an enhanced kinetics
through a reduced trapping of holes, which would otherwise
cause recombination of charge carriers. In general, the results
show the dominance of O, " in the degradation of methyl

20814 | RSC Adv., 2019, 9, 20806-20817

orange when the photoferroic nanoparticles are illuminated. A
further account of the photocatalytic degradation pathway
being initiated by majorly a reaction between streams of
photoelectrons and surface adsorbed oxygen is discussed next.

To better understand the photocatalytic process, the poten-
tial of the photogenerated redox species is investigated using
the band alignment or offset of the semiconductor material.
The conduction band potential is calculated from the following
equation,*

ECB =X — Ee - OSEg [3)

This journal is © The Royal Society of Chemistry 2019
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where of Ecp is the conduction band potential, x is the elec-
tronegativity, E° is potential of free electron on normal
hydrogen energy (NHE) scale (4.50 eV)* and E, is the apparent
band gap energy of the doped material, while the valence band
potential, Eyg is obtained from the sum of Ecg and E,. The
apparent band gap value of 2.67 eV is obtained from the
apparent cut-off wavelength (465 nm). The electronegativity of
the doped photoferroic is determined using the geometric
mean electronegativity of the individual elements composing
the material. The molar ratio is calculated from the percentage
atomic concentration obtained by fitting the XPS data of
4 mol% Cr**-doped BaTiOj;, as summarized in Table 1. Only
oxygen bonded to the lattice is considered. The results show
that the photocatalytic process majorly proceeds through the
formation of superoxide as the Ecg ~ —0.885 €V is higher in
absolute value than the redox potential of 0,/O, " species
(—0.28 eV). Furthermore, as the valence band potential (1.785
eV) is lower than the potential of OH"/OH™ (1.99 eV) and OH'/
H,O0 (2.27 eV) redox couples, respectively, this indicates that the
photo-oxidation of H,O by holes to yield OH" radical is unlikely.
The charge transfer mechanism culminating from these band
potentials is illustrated in Fig. 8d. Hence, this redox reaction
cannot proceed even in the presence of large volume of photo-
generated holes as they lack the expected oxidation potential to
trigger the reaction. However, the involvement of OH" as
a supplementary radical through the dissociation of hydrogen
peroxide (H,0,) generated from direct adduct of protonated
superoxides is also possible and may not be ruled out. On the
basis of internally generated spontaneous polarization, we
remark that the stable configuration in the material leading to
high energy barrier height as shown in Fig. 8d is affected. This
culminates in the lowering of barrier height at the Helmholtz
layer and consequently a slight tilt of the energy level due to the
spontaneous polarization. Electrons and holes therefore gain
sufficient energy to be transported across the surfaces in the
polar material. Considering the samples with high concentra-
tion of chromium, the spontaneous polarization is weak as
evidenced by Raman scattering results; thus an increased
barrier height which does not favor sufficient transport of
charge carriers across the interface. This probably contributes
to the low degradation efficiency observed in these samples.
The kinetics of photodegradation depend on various
competing processes such as absorption of photons and exci-
tation of the photogenerated charge carriers, separation and
transport of photoexcited charge carriers and surface redox

Table 1 The electronegativity, atomic concentration as estimated
from XPS and corresponding molar ratios for the 4 mol% Cr**-doped
BaTiOsz nanoparticles

At. conc. from

Elements  Electronegativity, x (eV)  XPS fitting (%)  Molar ratio
Ba 2.40 (ref. 61) 16.83 1.00
Ti 3.45 (ref. 61) 11.26 0.67
o) 7.54 (ref. 61) 42.68 2.54
Cr 3.72 (ref. 61) 6.11 0.36

This journal is © The Royal Society of Chemistry 2019
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reactions.***” The rate of photo-oxidation of methyl orange is
examined by plotting In(Cy/C,) as a function of time, as shown
in Fig. 8e. For all the samples, a linear behavior is observed,
denoting a pseudo first-order kinetics for the liquid phase
heterogeneous photocatalysis.” The slope corresponds to the
observed apparent reaction rate constant, k.p,s and a value of
0.0215 min " is estimated for the 4 mol% Cr**-doped BaTiO;
nanoparticles, which is 2.7 times higher than that of the
undoped sample (0.00798 min*).

For environmental applications, the photostability test is
very important. Furthermore, this stability test excludes the
possibility of “dye-sensitized” photoinduced oxidative degra-
dation.’®*® To investigate this, four series of controlled experi-
mental reactions are conducted on the 4 mol% Cr’**-doped
BaTiO; sample, chosen for its high degradation efficiency. At
the end of each reaction, the photocatalyst is recovered by: (i)
decanting the used organic solution (ii) washing repeatedly in
distilled water to remove adsorbed species of organic mole-
cules, and (iii) drying in an oven at 80 °C. As observed in Fig. 8f,
the degradation efficiency decreased by ~6.6 £ 1.2% after the
fourth cycle of simulated sunlight illumination. This deviation
could be explained in terms of two factors: (i) instability, and (ii)
slight loss of mass of the photocatalyst. Since the Raman
features of the sample exist without apparent distortion
(Fig. S57), the latter is therefore expected to be the dominant
factor.®® This shows that the structural properties remain
unchanged and thus Cr**-doped BaTiO; nanoparticles exhibit
a good photocatalytic performance of up to the fourth cycle.

4 Conclusion

In summary, we describe the successful synthesis of photo-
ferroic Cr’*-doped BaTiO; nanoparticles by MWHT. The addi-
tion of mineralizer, H,O, is used to control the process-related
leakage current by scavenging the precipitated H'/metal ions,
making the materials suitable for photocatalytic applications
due to the presence of screened surface charges. Both results of
XRD and Raman scattering confirm a lattice distortion and
a ferroelectric ordering in the non-centrosymmetric BaTiO;
phase. The photoresponse of the host lattice is extended into
the visible region up to Acurorr = 480 nm due to the d-d band
transition of chromium. Moreover, XPS results show that the
chromium exists in trivalent oxidation state while its presence
slightly alters the binding energy of the host lattice.

We show that the photocatalytic activity, already enhanced
with respect to that of BaTiO; due to the presence of the bulk
photovoltaic effect, is further enhanced by the introduction of
Cr up to 4 mol%. The latter is mainly attributed to an additional
broad absorption band in the visible range. The best photo-
activity is obtained with the 4 mol% Cr**-doped BaTiOs, and
remains stable up to the fourth cycle of irradiation. O, " is
perceived as the dominant active species from the in situ ROS
capture experiments.
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