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ABSTRACT: Sillenite-type members of the bismuth ferrite family have , )
demonstrated outstanding potential as novel photocatalysts in environmental U e R OEC
remediation such as organic pollutant degradation. This investigation has
developed a low temperature one-step hydrothermal technique to fabricate
sillenite bismuth ferrite Bi,sFeO,, (S-BFO) via co-substitution of 10% Gd
and 10% Cr in Bi and Fe sites of BiFeO;, respectively, by tuning
hydrothermal reaction temperatures. Rietveld refined X-ray diffraction
patterns of the as-synthesized powder materials revealed the formation of
S-BFO at a reaction temperature of 120—160 °C. A further increase in the
reaction temperature destroyed the desired sillenite structure. With the
increase in the reaction temperature from 120 to 160 °C, the morphology of
S-BFO gradually changed from irregular shape to spherical powder nanomaterials. The high-resolution TEM imaging demonstrated
the polycrystalline nature of the S-BFO(160) nanopowders synthesized at 160 °C. The as-synthesized samples exhibited
considerably high absorbance in the visible region of the solar spectrum, with the lowest band gap of 1.76 eV for the sample S-
BFO(160). Interestingly, S-BFO(160) exhibited the highest photocatalytic performance under solar irradiation, toward the
degradation of rhodamine B and methylene blue dyes owing to homogeneous phase distribution, regular powder-like morphology,
lowest band gap, and quenching of electron—hole pair recombination. The photodegradation of a colorless organic pollutant
(ciprofloxacin) was also examined to ensure that the degradation is photocatalytic and not dye-sensitized. In summary, Gd and Cr
co-doping have proven to be a compelling energy-saving and low-cost approach for the formulation of sillenite-phase bismuth ferrite
with promising photocatalytic activity.

Pollutants’

B INTRODUCTION

In the last few decades, semiconductor photocatalysis has been
regarded as a promising technology for deteriorating toxic

ordering at room temperature is mostly studied in the field
of visible-light responsive photocatalysis.'' Compared to
perovskite BFO, the synthesis and analysis of other phases

organic pollutants such as dyes and antibiotics from waste-
water."”” Environmental remediation with photocatalysts has
two advantages: first, it converts pollutants from complex
molecules to simpler, non-toxic ones, and second, it avoids the
need for additional treatment, disposal, or usage of high-cost
oxidizing chemicals by employing solar energy.” The majority
of research has so far focused on the titania (TiO,)
photocatalyst, which has a strong oxidizing ability and chemical
stability.* However, due to its wide band gap (Eg =32 eV),
titania only responds to ultraviolet irradiation, which accounts
for only ~3—4% of the whole solar spectrum.” Hence,
developing new visible light-active photocatalysts is of
significant research and technological interest among the
scientific community.®™®

Bismuth ferrites, a large group of transition-metal oxides,
including perovskite, mullite, and sillenite-type structural
compounds have lately sparked the interest of researchers
due to their superior fundamental physics and wide-ranging
technological applications.”'® Among them, perovskite-type
BiFeO; (BFO) with a suitable band gap of ~2.2 eV and the
existence of simultaneous ferroelectric and ferromagnetic
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such as sillenite-type BiysFeO,, with the I23 cubic crystal
structure are yet less explored.'”'® The sillenite compounds,
bearing the general formula of Bi;;MO,, (M = Ge, Ti, Ga, Fe,
Bi, V, etc), exhibit unique properties such as photo-refractivity,
optical activity, and photo-conductivity.'* So far, investigations
on sillenites such as Bi;,TiO,y,"° Bi;Ga,04,'° and
Biy,AlO;,'" have demonstrated promising photocatalytic
activity due to the presence of Bi—O polyhedra within the
Bi;,MO,, crystal structure. It has been reported that such a
polyhedron arrangement of Bi—O may result in a dipole
moment of 0.174 Debye and might suppress the electron—hole
pair recombination, thereby significantly facilitating the activity
of the photocatalysts.'®
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The sillenite-type Bi,sFeO,, was also found to exhibit
promising photocatalytic performance to degrade various toxic
compounds from wastewater. It has been revealed in the
previous investigation'” that using the hydrothermal technique,
the formation of sillenite-phase and perovskite-phase BFO
mainly depends on the reaction time and temperatures.
However, stabilization of the sillenite crystal structure is
quite challenging due to its metastable nature. For instance,
Verma et al.” have reported the formation of rhombohedral
structured BFO with the R3¢ space group, following the sol—
gel auto-combustion technique where the presence of sillenite
and mullite phases was unavoidable. Zhou et al*' have
demonstrated that following the facile hydrothermal technique,
the sillenite-phase BiysFeO,, was formed at the initial stage of
the synthesis, and as the reaction time extended, the sillenite
phase was gradually transformed into the rhombohedral phase.
In a previous investigation,”” we have also reported the same
phenomenon where the increase in the hydrothermal reaction
temperature has resulted in the sillenite to rhombohedral ;)hase
transition. However, in some previous investigations,23’ * the
substitution of dopants in the Bi and/or Fe site of BFO has
succeeded in changing the microstructure of the parent by
introducing distortions in the lattice structure and thereby
triggering phase transitions. For instance, in a previous
investigation,”” doping with 10% Gd and 20% Co resulted in
the phase transition from rhombohedral to sillenite phase,
following a sol—gel method. In another investigation,24 the
stabilization of sillenite-phase Bi,jFeO,, was observed, with
10% Ni** substitution in the Fe site of BiFeOs, following the
high energy ball milling method. In that investigation, the
formation of sillenite was ascribed to the reduction of Fe** to
Fe’" due to the substitution of Fe** by Ni**.

Notably, Bi,sFeO,, with a smaller band gap of ~1.8 eV, is
thought to be a potential visible-light response material, and its
superparamagnetic nature may also provide an extra advantage
for easy separation and recovery of the photocatalyst from the
reaction medium.”> However, compared to perovskite BFO,
there has been seldom comprehensive investigation on,
especially, the photocatalytic performance of the sillenite
BiysFeOyo. In most of the earlier investigations’®”” on the
Bi,sFeO,, photocatalyst, the synthesis was conducted at
comparatively high reaction temperatures with long time-
consuming steps, which resulted in large grain-sized final
products. It is to be noted that in a few prior low temperature
hydrothermal fabrications,” > either the obtained sillenite
BFO phases were not scrutinized by Rietveld or relevant
analyses or the experiments were performed at a certain
temperature with prolonged reaction time (about 20—24 h).
Interestingly, in the present investigation, we have synthesized
sillenite-phase bismuth ferrite with nanopowder-like morphol-
ogy at a lower reaction temperature of 120—160 °C, following
a simple, energy-saving, and cost-effective hydrothermal
technique within only 6 h of reaction time without any pre
or post-processing steps. Here, we have attempted to stabilize
the sillenite structure by doping 10% Gd and 10% Cr at Bi and
Fe sites, respectively. The structural, morphological, optical,
and magnetic properties of the as-synthesized compounds were
critically analyzed using relevant advanced techniques. The
photocatalytic activity was evaluated by the degradation of
dyes rhodamine B (RhB), methylene blue (MB), and antibiotic
ciprofloxacin (CIP) under solar illumination. Along with
industrial dyes, the photocatalytic activity of the as-synthesized
photocatalysts toward antibiotic degradation was worthwhile,

considering their severe harmful effect on the environment,
human health, and the food chain.' Lastly, a tentative
photocatalytic reaction mechanism has also been systematically

explored.

B RESULTS AND DISCUSSION

Structural and Morphological Analyses. Figure la—c
shows the Rietveld refined XRD patterns of S-BFO
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Figure 1. XRD patterns of S-BFO samples at (a) 120, (b) 140, and
(c) 160 °C reaction temperatures, respectively; XRD patterns of (d)
BFO, (e) BGFO, and (f) BGFCO perovskites from previous
investigations' *° are included for comparison.

compounds synthesized at 120, 140, and 160 °C hydrothermal
reaction temperatures, which have been denoted as S-
BFO(120), S-BFO(140), and S-BFO(160), respectively, to
facilitate the description.

For optimization, we have also recorded the XRD data for
samples synthesized at 180 and 200 °C reaction temperatures,
included in the Supporting Information Figure S1. As observed
from these patterns, above 160 °C temperatures, the crystal
structures have almost deteriorated. Therefore, the Rietveld
refinement was conducted on the compounds within the 120—
160 °C reaction temperature range. Diffraction peaks for all the
S-BFO compounds, as shown in Figure 1, matched well with
JCPDS card no. 0046-0416 and are indexed as Bi,sFeO,, with
the body-center cubic structure (space group-123)."> However,
a few impurity phases of Bi,Fe,O, and Gd(OH); were also
observed, which is very obvious during synthesis at such low
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reaction temperatures.”””” In a previous investigation,22 the
authors observed that without any rare earth dopant, sillenite-
type Bij,sFegsO 95 was formed at 120 and 140 °C reaction
temperatures, with the presence of several impurity peaks of
Bi,0; and Bi,Fe, O, phases. Also, the sillenite structure was not
stable. Notably, for comoparative analysis, XRD data from
previous investigations”’3 on undoped, mono-doped, and co-
doped BFO have been included in Figure 1d—f. In our recent
investigation,'" doping with 10% Gd in the bismuth site at 160
°C hydrothermal reaction temperature resulted in the
formation of perovskite BFO. Moreover, in another inves-
tigation,”” the authors demonstrated that co-doping of Gd and
Cr in BFO, followed by the chemical solution deposition
technique at high calcination temperature (600 °C), resulted in
the formation of mixed-phase perovskite BFO. Surprisingly, in
the present investigation, we have succeeded to form sillenite
BFO by substituting 10% Gd in the Bi site along with the
substitution of 10% Cr in the Fe site. It can be anticipated that
the ionic size mismatch of cations in co-substituted BFO
resulted in lattice distortion, which favored the formation of a
sillenite structure rather than a perovskite one. Such structural
deformation due to co-doping has also been reported in several
previous investigations.g‘3 =2

The FTIR spectra of all the synthesized samples were
recorded at room temperature to further evaluate the
formation mechanism of the S-BFO samples. As show in
Figure 2, the peaks within 400—600 cm™" agree well with the

Transmittance (a.u.)

o —— S-BFO(120)
| »= —— S-BFO(140)
—— S-BFO(160)

L 1 L
500 1000 1500 2000 2500 3000 3500
Wavenumber (cm™)

Figure 2. Room temperature FTIR spectra of S-BFO samples
synthesized at different reaction temperatures.

characteristic peaks of cubsic sillenite”” and are assigned to the
Bi—O bending and Fe—O stretching vibrations.”® The bands
around 850 and 1050 cm™ are due to the presence of NO;~
on the surface of the sample.”> The band near 1330 cm™ is
attributed to the C-OH stretching vibration.”® The bands in
the region of 1400—1500 cm™' indicate the existence of
organic compounds (like ethanol) may be due to residual
during the washing process. The bands near 3000—3600 cm™
may be assigned to the O—H stretching, and the peak at 1634
ecm™ is attributed to H—O—H stretching of the adsorbed
water molecules.”® Also, the peaks at 1600—1700 cm™' may
correspond to nitrile.’* In the spectra of the compounds with
different reaction temperatures, some shifting in modes along
with the change in intensity of peaks in comparison with each
other have been observed, which can be explained in terms of

the existence of internal stresses in the samples and lattice
distortions.™

The morphological analysis of the synthesized samples was
initially conducted by FESEM imaging, as shown in Figure 3a—

Figure 3. FESEM images of (a) S-BFO(120), (b) S-BFO(140), and
(c) S-BFO(160) samples.

c. The effect of hydrothermal reaction temperature on the
morphology can be clearly observed from the figures. At 120
°C reaction temperature, as the temperature was too low, the
crystal nucleation of S-BFO(120) could not grow completely
during the reaction process, and we have obtained a
combination of rod and particle-like morphology. As the
temperature increases, the thermodynamic mechanism was in
the favor of the formation of nanoparticles. The S-BFO powder
synthesized at 140 °C reaction temperature displayed
agglomerated nature, consisting of nanoparticles of irregular
shape. Such an agglomeration phenomenon suggests that the
elemental growth of bismuth followed the growth mechanism
of nucleation and agglomeration.>> At 160 °C reaction
temperature, the morphology is almost similar to that of the
S-BFO(140) sample, though the agglomeration was compara-
tively reduced. Moreover, the energy dispersive X-ray spec-
troscopy (EDX) analysis was also performed with a view to
determining the elemental composition of synthesized S-
BFO(160) nanoparticles. Supporting Information Table S1
demonstrates the measured mass and atomic percentages of all
the elements in the representative sample.

To gather more detailed information about the microscopic
morphology and the crystalline structure of S-BFO com-
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pounds, TEM images of the representative sample S-
BFO(160) were captured (Figure 4). Based on the favorable

Figure 4. (a—c) Low to high magnification TEM images and (d)
corresponding SAED pattern of S-BFO(160).

crystal structure, as observed from the Rietveld analysis, the
sample S-BFO(160) was selected to be further analyzed,
following TEM and HRTEM. As shown in Figure 4a—c, the
sample displays micron-scale plate structures assembled by

dozens of nanometer particles.”” The SAED image in Figure
4d indicates the polycrystalline nature of these nanoparticles.
TEM imaging also ensured that S-BFO(160) powders are
composed of nanoparticles, as was also observed from FESEM
imaging.

Chemical States. XPS measurements were carried out on a
representative sample, S-BFO(160), to learn about the
chemical composition and valence states of its elements. The
full survey spectra in Figure Sa validate the inclusion of Gd and
Cr in the S-BFO structure. In Figure 5b, the Gd-3d spectra
show two peaks centered at 1187.5 and 1219.1 eV,
corresponding to the spin—orbit splitting of 3ds,, and 3d;,,
energy levels with an energy difference of about 32 eV. These
findings agree with the reports obtained for Gd(OH);. %’
The deconvolution of each Cr-2p;,, and Cr-2p, /, peak (Figure
Sc) corresponds to higher and lower binding energy peaks,
thereby suggesting the appearance of Cr in multiple states in
the S-BFO(160) sample.” Such an appearance of at least two
nonequivalent oxidation states in Cr-doped sillenite crystals,
for example, Bi},SiO,, and Bi},TiO,, has also been reported
previously.” Figure 5d—f demonstrates the high-resolution Bi-
4f, Fe-2p, and O-1s XPS spectra of the sample. The Bi-4f
narrow scan spectra can be decomposed into two peaks. One
peak centered at 158.5 eV can be indexed to the Bi-4f,/, and
another at 163.8 eV is ascribed to Bi-4f;,, thereby confirming
the presence of the Bi in the trivalent state in the sample. In
Figure Se, for the Fe-2p orbital, the doublets Fe-2p;,, and Fe-
2p,, occur due to spin—orbit splitting. By the deconvolution
of the Fe-2p;,, peak, two peaks were observed. The 709.5 eV
peak belongs to Fe®*, while the peak at 711.1 €V corresponds
to the Fe’* valance state and thus manifests the existence of
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Figure 5. XPS full survey spectrum (a); narrow scan spectra of (b) Gd-3d, (c) Cr-2p, (d) Bi-4f, (e) Fe-2p, and (f) O-1s for the S-BFO(160)

sample.
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Figure 7. Changes in the concentration of (a) RhB and (c) MB vs irradiation time and first-order kinetics of photodegradation of (b) RhB and (d)

MB using different S-BFO samples.

both divalent and trivalent states of Fe in the S-BFO(160)
sample.'' The O-1s spectra (Figure 5f) have been
deconvoluted and fitted with three peaks with binding energies
centered at 529.6, 531.1, and 532.8 eV, which could be
assigned to O*~ bound to Bi, oxygen vacancies, and the surface
adsorbed hydroxyl group, respectively."” The occurrence of the
oxygen vacancies may promote the separation of photo-
generated charge carriers, enhancing the properties of the
photocatalyst.”"

Optical Characterization. The optical properties of the
synthesized samples were evaluated by UV—vis DRS and
steady-state PL spectroscopy analyses. Following the Kubelka—
Munk (K—M) theory, the experimentally obtained UV—vis
DRS spectra were converted to the corresponding absorption
spectra. As seen in Figure 6a, all the S-BFO samples
demonstrated strong and broad absorption in the range of
200—600 nm, which is proven to be beneficial for visible light

34905

harvesting and improvement of photocatalytic performance.12

The band gaps of S-BFO(120), S-BFO(140), and S-BFO(160)
were determined to be 1.86, 1.82, and 1.76 eV, respectively,
using the plot of (ahv)? versus the photon energy (hv) (inset
of Figure 6a). These band gap values are very close to those of
early investigations on sillenite-type bismuth ferrites.””>”
Moreover, compared to some other sillenite materials such
as BiysGaOj,, Bij;GeO,q, Bi};Si0y, and BiyAlOs,' " ~* the
as-synthesized S-BFO samples have a lower energy gap which
will give large spectral coverage, implying their potential
application in wastewater treatment as promising UV and
visible light active photocatalysts. The steady-state PL spectra
of all the samples were recorded at room temperature to
qualitatively understand the electron—hole pair recombination
rate. While looking at Figure 6b, it is clear that the variation in
the reaction temperatures during the synthesis of S-BFO has
induced a change in the PL intensity, without changing the
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emission peak position. However, a strong quenching of the PL
intensity for the sillenite BFO compound synthesized at 160
°C reaction temperature is clearly observed, suggesting the
lowest recombination rate of the photogenerated charge
carriers for S-BFO(160) and hence may greatly influence its
photocatalytic properties.*®

Photocatalytic Performance. The photocatalytic per-
formance of the prepared samples was initially evaluated
through the degradation of RhB dye under solar illumination,
and the results are presented in Figure 7a,b. Here, C/C, is used
to quantify the degradation efficiency, where C is the
concentration of RhB at any time t, and C, is the primary
concentration of RhB. It is to be noted that before conducting
this photocatalytic experiment, a dark test was performed
under constant stirring for about 1 h so that adsorption—
desorption conditions could be attained. From Figure 7a, it can
be observed that the efficiency of RhB degradation was ~88%
with S-BFO(120) and ~91% with S-BFO(140) samples, while
with S-BFO(160) nanopowders, almost 100% degradation was
completed within 120 min of irradiation. Figure 7b displays the
illumination time profiles of In(C,/C). The slopes indicate the
reaction rate constants and thus intuitively show the
photocatalytic activity of the materials. Notably, the degrada-
tion efficiency of this co-doped sillenite-phase S-BFO photo-
catalyst is much higher as compared to the perovskite-phase
undoped and mono-doped BFO photocatalysts.'" This could
be due to their super-fine nanopowder-like morphology which
remained completely blended within the dye—catalyst mixture
throughout the degradation process and destructed the whole
conjugated chromophore structure of RhB. The RhB
degradation was found to follow the pseudo first-order kinetic
model, and the rate constants are 0.02003, 0.02282, and
0.03529 min~' with S-BFO(120), S-BFO(140), and S-
BFO(160), respectively (Figure 7b). The rate constant for
RhB alone was only 1.50 X 10™* min™". It is noteworthy that S-
BFO(160) displayed the highest photocatalytic activity
compared to the rest.

Photocatalytic degradation of another dye MB was used to
further investigate the photocatalytic activity of the synthesized
samples, and the results are presented in Figure 7c,d. Under
solar illumination, the samples demonstrated very good
photocatalytic activity for MB solution, and about 81, 88,
and 97% degradation for MB in 180 min was observed with S-
BFO(120), S-BFO(140), and S-BFO(160), respectively
(Figure 7c). In this case, also, S-BFO(160) showed the
highest rate constant of 0.02077 min~’, while without any
photocatalyst, the rate constant during MB degradation was
436 x 10~* min~" (Figure 7d). However, MB’s degradation
rate was lower than that of RhB, which could be due to the
presence of stable and bulky aromatic rings in the molecular
structure of MB, which might have suppressed the interaction
between catalysts and dye molecules.”® Moreover, the
mineralization property of the most efficient photocatalyst
(S-BFO(160)) was ensured from the total organic carbon
(TOC) measurements. The amount of TOC present in the
aqueous solution after complete degradation of the pollutants
was found to be ~0.2 mg/L which is much lower than the
acceptable level of TOC (2—4 mg/L) in the treated/drinking
water."’

Decomposition of a colorless pollutant, CIP, using S-BFO
compounds was also performed to monitor the occurrence of
dye sensitization phenomena under simulated solar irradi-
ation.'" The characteristic absorbance peak of CIP was

observed at 276 nm, and the corresponding intensity of the
UV-—vis absorption spectra decreased over time, demonstrating
the photocatalytic degradation of CIP. As seen in Figure 8,

(a)

e M
0.8+

5 —o— Blank (CIP)

L 987 hark —o— S-BFO(120)

o —o— S-BFO(140)
04 —o— S-BFO(160)
0.2}

00 1 1 1 1 1 1 1
60 -30 0 30 60 90 120 150 180
Irradiation (time)

(b)
20F
__15¢
Q
O1.0 5 @ Blank (CIP)
= @ S-BFO(120)
o5l @ S-BFO(140)
: @ S-BFO(160)
0.0 .____o—-—c——*—'—'—_—,

30 60 90 150 1é0 1é0
Irradiation (time)
Figure 8. (a) Plot of changes in the CIP concentration and (b)

pseudo-first order kinetics for CIP photodegradation, with and
without using S-BFO photocatalysts.

among all the samples, the S-BFO(160) photocatalyst
demonstrated the highest efficiency (89%) and rate constant
(0.0057 min~") during CIP degradation within 180 min of
solar irradiation. These results clearly show that the RhB and
MB dye degradation were related to the photocatalytic
performance of the as-synthesized photocatalysts rather than
dye sensitization, as the colorless CIP is unable to sensitize a
photocatalytic reaction under solar illumination.***’

Stability and Scavenging Experiments. Reusability and
stability are two crucial factors for the large-scale industrial
application of photocatalysts for pollutant degradation.’ The
cyclic performances of the S-BFO(160) compound are shown
in Figure 9a,b, demonstrating five consecutive cycles of RhB
and CIP degradation. Nominal changes in the photocatalytic
activities were observed after five cycles, implying satisfactory
stability with good recycling ability of this photocatalyst. The
structural stability was further confirmed by XRD analysis,
which demonstrated no structural deterioration in the S-
BFO(160) photocatalyst after five cycles of recycling (Figure
9¢).

The active species trapping tests were conducted using the
S-BFO(160) sample to evaluate the most responsible species
for RhB dye degradation. During organic pollutant degrada-
tion, different reactive species including h* (holes), *O,”
(superoxide radical), and *OH (hydroxyl radical) are involved
in the photocatalytic reactions. From Figure 9d, it is observed
that the introduction of acrylamide (*O,” scavenger) into the
reaction medium had a minimal effect on the photocatalytic
degradation of RhB. On the contrary, when EDTA-2Na (h*
scavenger) was induced, the degradation efficiency was
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Figure 9. Reusability test toward (a) RhB and (b) CIP degradation during five successive runs, (c) XRD patterns before and after five consecutive
cycles of photocatalysis, and (d) active species trapping experiment for the S-BFO(160) sample.

Table 1. Overview of Pollutant Degradation Ability of Sillenite-Phase BFO Photocatalysts in Previous Investigations

composition method (temp.) pollutant
Bi,sFeOy hydrothermal (200 °C, 6 h) methyl orange
Bi,sFeO, hydrothermal (120—200 °C, 24 h) rhodamine B
Bi,FeO,, hydrothermal (180 °C, not mentioned) rhodamine B
BiysFe, 05, solvothermal (150 °C, 12 h) rhodamine B
Bi,FeO,, hydrothermal (180 °C, 12 h) rhodamine B
Bi,sFeO,, molten-salt growth (650 °C, 2 h) rhodamine B
Bi;,FeO, hydrothermal (200 °C, 72 h) congo red
methylene blue
Bi,sFeOyq hydrothermal (160 °C, 6 h) rhodamine B

methylene blue

ciprofloxacin

light source time (min.) degradation (%) reference

500 W Xe lamp 420 84 S0

500 W halogen lamp 180 99 (180 °C sample) 21

500 W Xe lamp 240 62 12

300 W Xe lamp 60 9.3 35

500 W Xe lamp 300 13 27

250 W Xe lamp 240 30 26

natural sunlight 210 32.10 S1
210 74.23

500 W Hg Xe lamp 120 99 present study
180 97
180 89

significantly decreased, indicating that holes were the principal
reactive species accountable for the photocatalytic activity. The
addition of IPA (*OH scavenger) also demonstrated a
reduction in the degradation rate, indicating the contribution
of *OH to the degradation mechanism.

Comparative Analysis of the Photocatalytic Perform-
ance. In Table 1, we have presented a comparative analysis of
the photocatalytic performance of our most efficient photo-
catalyst, S-BFO(160), with few previous relevant investigations
on sillenite-phase BFO compounds. Notably, the photo-
catalytic ability of photocatalysts depends strongly on
experimental parameters; hence, for comparison, the relevancy
of the parameters was considered as much as possible.
Nevertheless, among all the samples tabulated here, S-
BFO(160) showed the highest efficiency with almost complete
degradation of RhB and MB dye within 120 and 180 min of
solar irradiation. Moreover, most studies presented here on
photocatalytic performance of sillenite BFO samples evaluated
the photocatalytic activity of the photocatalyst by the
degradation of colored dye alone, which is known to sensitize
a photocatalytic reaction.’>> However, in our experiment,

34907

along with colored dyes, we have examined the photocatalytic
properties of our synthesized samples through the degradation
of colorless antibiotic, which indicated that the degradation is
purely photocatalytic, not dye-sensitized.'"** Though in most
of the earlier studies, the sillenite BFO samples were
synthesized following a facile solvothermal or hydrothermal
reaction route, the process was very time-consuming, and the
photocatalytic activity was not very promising.27’35 However,
in the present investigation, we were able to produce sillenite-
structured BFO within 6 h at a very lower reaction temperature
of 140—160 °C without any sort of pre/post-processing time
and energy consuming steps. Moreover, in earlier inves-
tigations on the photocatalytic performance of both sillenite-
and perovskite-phase BFO, the presence of H,0, in the
reaction medium has been observed to facilitate the pollutant
degradation rate, which is not preferable from the eco-friendly
point of view.”? However, in the present investigation, we
have observed very good pollutant deterioration efliciency of
our synthesized photocatalyst without introducing any toxic
reagent in the reaction medium. Hence, it can be anticipated
that these smaller sized S-BFO(160) particles with high surface
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to volume ratio have resulted in improving the activity of the
photocatalyst by absorbing significant number of photons from
the solar spectrum and creating electron—hole pairs to take
part in the degradation reaction. The high photocatalytic
performance also gets support from PL analysis, which revealed
the suppression of charge carrier recombination due to the
inclusion of dopants into the BFO structure."'

Photocatalytic Mechanism. To investigate the profound
photocatalytic performance of the sillenite bismuth ferrite
samples, the band edge potentials of the S-BFO(160)
photocatalyst were identified with the help of the Mulliken
electronegativity formula.’* These band edges play a crucial
role in understanding the separation, generation, and passage
of the photogenerated charge carriers throughout the
degradation process. The valence band (VB) and conduction
band (CB) edges were calculated using the following
equations48

1
Eyg =y — E, + —E
VBTA T BT o5 (1)

Ecg = Evp — E; (2)

Here, the CB and VB edge potentials are denoted by Ecy and
Eyp, respectively; y represents the absolute electronegativity of
a semiconductor, and for the sillenite BFO structure, the value
is 6.24 eV; E, is the energy of free electrons on the hydrogen
scale (~4.5 eV) and E, is the band gap energy [1.76 eV vs
NHE for S-BFO(160)], respectively. Therefore, the Eyy and
E g values were calculated to be 2.62 and 0.86 eV, respectively,
which match well with a previous study.”> Based on these
calculations and results of active species trapping experiments
on the S-BFO(160) sample, a schematic diagram for the
photocatalytic mechanism toward RhB degradation is
proposed in Figure 10.

Upon solar irradiation with the energy of photon equal to or
greater than the band gap of S-BFO, the electrons (e”) in the
VB receive the energy and get transferred from the VB to the
CB, which results in the creation of holes in the VB and
electrons in the CB. The holes accumulated at the VB may
directly degrade the RhB molecules, as shown in eq 4, or/and
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Figure 10. Schematic charge transfer mechanism in the photo-
degradation of RhB dye by the S-BFO(160) photocatalyst under solar

irradiation.

may combine with adsorbed H,O molecules on the photo-
catalyst surface and generate *OH as the VB potential (2.62
eV) is more positive than that of *OH/H,0 (2.38 eV).”
These hydroxyl radicals will also take part in the decom-
position of RhB into less harmful by-products, followed by the
production of H,O and CO,. However, the electrons in the CB
of the photocatalyst are not able to absorb dissolved O, to
produce *O,” that can oxidize RhB as the CB potential (0.86
€V) is more positive than the O,/°0,~ redox potential (—0.32
eV).*® Thus the degradation mechanism is mainly governed by
H* and *OH, rather than by *O,~, which is also consistent with
our findings from the active species trapping experiments.

The following is the proposed mechanism for the photo-
degradation of RhB dye molecules

S-BFO + hv — S-BFO (e” + h') (3)
h" 4+ Dye — degraded products (4)
h" + H,0 - *OH (s)
Dye + *OH — degraded products (6)

Magnetic Characterization. Along with its photocatalytic
properties, the potential application of a photocatalyst depends
on its efficient separation from the solution medium. If the
photocatalyst possesses magnetic properties, it is expected to
be easily separable using a magnetic field. To explore such
characteristics in the as-synthesized photocatalysts, the
magnetization versus magnetic field (M-H) hysteresis loops
of two powder samples S-BFO(140) and S-BFO(160) were
measured at room temperature, as can be seen in Figure 11.

M (emu/g)
o

6r —— S-BFO(140)

sl —— S-BFO(160)

-60 -40 -20 0 20 40 60
H (kOe)

Figure 11. Room temperature M-H loops of S-BFO(140) and S-
BFO(160) photocatalysts.

The magnetic behavior of the S-BFO(120) sample was not
studied as the sillenite structure was not completely formed in
this sample, and also, the morphology was irregular. The
maximum magnetization at 50 kOe is 6.97 and 3.63 emu/g for
S-BFO(140) and S-BFO(160) samples, respectively. Such a
high magnetization value of S-BFO(140) is probably
associated with the higher secondary phases present in the
sample, which were not detected by the XRD technique due to
its limit of detection.”'”® This observation also suggests that
our desired photocatalyst with a better sillenite structure is S-
BFO(160) compared to that of S-BFO(120) and S-BFO(140).

A careful observation of the shape of the room temperature
M-H loops of the as-synthesized S-BFO(140) and S-
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BFO(160) samples indicates a superposition of their para-
magnetic and superparamagnetic nature, arising mainly from
sillenite and some other phases.”® To identify these phases and
investigate their comprehensive role on magnetic behavior,
further investigation is required. Nevertheless, we have
observed the difference in room temperature magnetic
behavior of our sillenite-type bismuth ferrite samples
synthesized by co-doping of Gd and Cr to that of a perovskite
phase Dy and Cr co-doped bismuth ferrite sample.”” In their
investigation, Mao et al. synthesized Dy and Cr co-doped BFO
through a sol—gel technique and observed the formation of a
perovskite phase BFO. The room temperature M-H loops of
these samples demonstrated a wider loop at the center of the
hysteresis, which is clearly different from that of our sillenite-
phase powder samples, for which we did not observe any wider
central loop. Therefore, based on our XRD and magnetization
measurement, we can confirm the formation of sillenite-phase
bismuth ferrite by a low temperature hydrothermal technique
via the co-doping approach. The promising magnetic behavior
of the as-synthesized S-BFO sample might be beneficial for the
recovery of the catalysts from the catalytic reaction medium.

B CONCLUSIONS

We have demonstrated a simple technique to fabricate
sillenite-type Bi,sFeO,, at a very low reaction temperature.
Co-doping of 10% Gd and 10% Cr at the Bi and Fe sites of
BFO disclosed a structural phase transformation of BFO from
perovskite to sillenite by tuning the hydrothermal reaction
temperatures for a fixed reaction time of only 6 h. The
formation of the sillenite phase was confirmed by XRD and
magnetization measurements. Sillenite compounds synthesized
at reaction temperatures ranging from 120 to 160 °C exhibited
promising photocatalytic performance toward the degradation
of RhB, MB, and CIP. More specifically, the sillenite-type
Bi,sFeO,, synthesized at 160 °C displayed higher photo-
catalytic efficiency compared to other synthesized compounds,
as well as undoped, and mono-doped perovskite BFO
synthesized under similar hydrothermal conditions. Such
profound performance of S-BFO(160) could be imputed to
its nanopowder-like morphology, relatively small band gap
(1.76 eV), and suppressed charge carrier recombination
phenomena. According to active species trapping experiments,
holes and hydroxyl radicals played the principal roles in the
photocatalytic reaction. On this basis, a plausible charge
transfer mechanism has been proposed. From an economic
perspective, such an energy-efficient production of the sillenite
bismuth ferrite photocatalyst is appealing, and it shows
potential to be used in purifying contaminated water supplies.

B EXPERIMENTAL SECTION

Sample Preparation. In a typical procedure, stoichio-
metric amounts of bismuth nitrate pentahydrate (Bi(NO;);-
SH,0), iron nitrate nonahydrate (Fe(NO;);-9H,0), gadoli-
nium nitrate hexahydrate (Gd(NO;);:6H,0), and chromium
nitrate nonahydrate (Cr(NO,;);-9H,0), along with 10 M
KOH, were dissolved in S0 mL of deionized (DI) water. The
obtained suspension was stirred for 4 h at ambient temper-
ature. The solution was then transferred into a 100 mL Teflon
lined stainless steel autoclave, and the sealed reactor was
heated for 6 h at different hydrothermal reaction temperatures
(120—200 °C). The final products were washed with DI water
and ethanol several times, then dried at 80 °C for 10 h, and the

bismuth ferrite samples at different reaction temperatures were
obtained. The 10% Gd and 10% Cr concentration were chosen
based on some Previous investigations on BiFeO; conducted
by our group.”"" Supporting Information Figure S2 schemati-
cally shows the hydrothermal synthesis steps of the S-BFO
compound at 160 °C reaction temperature.

Characterization. The structural characteristics of the as-
prepared samples were analyzed by X-ray diffraction (XRD,
Rigaku SmartLab) with Cu radiation Ka (0.15406 nm).
SmartLab Studio 2 software was utilized for phase identi-
fication. Fourier transform infrared (FTIR) spectra of all the
samples were collected using a Spectrum Two FT-IR
spectrometer (PerkinElmer). The surface morphology of the
as-synthesized powder samples was analyzed by a field
emission scanning electron microscope (JEOL, JSM-7600F,
Japan). Furthermore, a transmission electron microscope
(Talos F200X, Thermo fisher scientific, USA) was employed
for extensive morphological analysis. A Ka X-ray photoelectron
spectrometer (Thermo Fisher Scientific) was used to study the
valence states of all elements in the compounds. The optical
properties of the samples were investigated from the diffused
reflectance spectra, using an ultraviolet—visible (UV—vis)
spectrophotometer (UV-2600; Shimadzu, Japan). A Spectro
fluorophotometer (RF-6000; Shimadzu, Japan) was employed
to conduct steady-state photoluminescence (PL) spectroscopy
to explore the electron—hole recombination rate during the
photocatalytic reactions. The room temperature magnetic
hysteresis (M-H) loops were measured using a physical
property measurement system (PPMS).

Photocatalytic Activity. Photocatalytic performances of
the as-synthesized photocatalysts were assessed following the
degradation of cationic dyes such as RhB and MB and a
colorless antibiotic CIP under solar irradiation.'' Photo-
catalytic activities were conducted in a glass beaker under
continuous magnetic stirring to keep the dye and catalyst
mixture homogeneously distributed in the solution. A 50 mL
dye solution (12 mg/L) that contained 40 mg of the as-
synthesized S-BFO photocatalyst was taken in a beaker and
was stirred in the dark for about an hour so that adsorption—
desorption conditions could be achieved. Then, the photo-
catalytic tests were performed at room temperature under solar
illumination using a 500 W Hg Xe lamp (irradiance power
density = 100 mW cm™) as a solar simulator.”® A schematic
photocatalytic reactor setup for the pollutant degradation
experiments has been depicted in Supporting Information
Figure S3. During the photocatalytic reaction, after equal
intervals of time, a sufficient amount of solution was taken
from the beaker, the catalyst was separated from the dye
solution by centrifugation, and the dye solution was analyzed
using a UV—vis spectrophotometer. The separated photo-
catalyst after each experiment was collected, washed with DI
water, dried, and used again for the reusability test. The pH of
the solution was maintained at around 3. For the degradation
of antibiotic CIP, 15 mg of the photocatalyst was mixed in 50
mL of DI water at neutral pH, and the concentration of CIP
was 10 mg/L, and the rest of the procedures were similar to
those for dye. The amount of the total organic carbon (TOC)
was determined with a TOC analyzer (Shimadzu, Japan),
according to method 5310B.

Active species trapping experiments were carried out
following the similar photocatalytic procedure with the
addition of scavengers, namely, isopropyl alcohol (IPA),
acrylamide, and disodium ethylenediamine tetraacetic acid
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(EDTA-2Na) into the RhB solution to trap hydroxyl radicals,
superoxide radicals, and holes, respectively."®
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