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Abstract: Bismuth ferrite-based heterojunction composites have been considered as promising visible-
light responsive photocatalysts because of their narrow band gap structure; however, the synthetic
methods reported in the literature were usually time-consuming. In this study, we report a facile
and quick preparation of bismuth ferrite-based composites by the hydrothermal method, combined
with spark plasma sintering (SPS), a technique that is usually used for the high-speed consolidation
of powders. The result demonstrated that the SPS-assisted synthesized samples possess significant
enhanced photoelectric and photocatalytic performance. Specifically, the SPS650 (sintered at the
650 ◦C for 5 min by SPS) exhibits a 1.5 times enhancement in the photocurrent density and a 3.8 times
enhancement in the tetracycline hydrochloride photodegradation activity than the unmodified
bismuth ferrite samples. The possible influence factors of SPS on photoelectric and photocatalytic
performance of bismuth ferrite-based composites were discussed carefully. This study provides a
feasible method for the facile and quick synthesis of a highly active bismuth ferrite-based visible-
light-driven photocatalyst for practical applications.
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1. Introduction

Over the past few decades, the development of sustainable energy resources, such as
solar energy, wind energy, hydrogen energy, and geothermal energy, etc., has become one of
the most important issues around the world because of the shortage of conventional energy
resources and environmental pollution problem. Among various sustainable energies, solar
energy has attracted much attention, due to its inexhaustibility, environmental friendliness,
and wide availability, etc. [1,2]. Semiconductor photocatalytic technology, which can
directly convert solar energy into chemical energy through semiconductor photo-catalysts,
has been recognized as one of the most attractive solutions for achieving sustainable energy
supply and environmental restoration [3–6].

The common semiconductor photocatalytic materials include TiO2, ZnO, SrTiO3, Bi2S3,
GaN, etc. Compared with the other photocatalytic materials, TiO2 possesses the advantages
of stable, non-toxic, high activity, photo-corrosion resistance, etc., and these characteris-
tics make it one of the most representative semiconductor photocatalysts. However, the
low utilization of visible light and high electron-hole recombination rate limit its wide
application. In order to expand the spectral absorption range of TiO2 photocatalyst and
improve its photocatalytic efficiency, scientists have tried a variety of methods, such as
metal/non-metal doping, hetero-junction construction, dye sensitization, etc. [7–10]. On the
other hand, much effort had been paid to the development of novel, visible-light-responsive
photocatalytic materials, such as metal oxides, metal sulfide, metal nitride, and organic
compounds, etc. Recently, bismuth ferrite (BFO), such as BiFeO3, Bi2Fe4O9, Bi25FeO40, etc.,
have attracted much attention as a kind of potential candidate for visible-light responsive
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photocatalysts because of their narrower band gap structure (1.5~2.2 eV) and ability to
degrade organic pollutants under visible light illumination [11–15]. However, there are still
two issues, such as fast electron-hole recombination and low quantum yield, that limit its
practical application. To further improve their photocatalytic performance, much effort had
been made, such as synthesis with different methods and the control of process parameters,
etc. However, most synthetic methods reported in the literature are time-consuming. Thus,
developing a more economical and facile method to obtain highly efficient BFO-based
photocatalyst is desirable.

Spark plasma sintering (SPS) is a typical field-assisted sintering technique, which is
usually used for a high-speed consolidation of powders [16–18]. Recently, M.A. Lange
reported that the heat treatment of WO3−xFx by SPS on a minute (<10 min) scale can obtain
higher photocatalytic performance [19]. Yang reported that self-doping TiO2 with the use
of directly treated commercial P25 at a desired temperature for only 5 min through SPS
technology exhibited significantly high photoelectric and photocatalytic performance [20].

Compared with the other high-temperature heat treatment technologies, SPS possesses
the following advantages. Firstly, its temperature can be raised quickly in a short time,
while conventional methods usually take much longer to reach the same temperature.
Secondly, the direct pulse current applied in the SPS process tends to activate the surface of
the particles, thereby generating a large amount of hydroxyl radicals and atomic oxygen
or oxygen-free radicals, which is profitable for the promotion of photocatalytic activity.
Although the effects of SPS heat treatment on the ferroelectric, piezoelectric, and dielectric
properties of bismuth ferrite (BFO) materials have been reported [21–23], the effect of
SPS heat treatment on the photoelectric and photocatalytic activity of BFO materials is
still lacking.

To explore the influence of SPS on the BFO photocatalysts and expand its application
range, in this study, we reported a facile and rapid preparation of BFO-based composites
by the direct use of hydrothermal-prepared BFO at a desired SPS temperature X (X = 300,
400, 500, 600, 650, 700) ◦C for only 5 min, and the corresponding products were named
SPSX. The overall procedure for the synthesis of heterostructured BFO-based composites is
shown in Figure 1a.
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Figure 1. (a) Preparation scheme for bismuth ferrites, (b) X-ray diffraction (XRD) spectra of as-
prepared samples, (c) SEM image of untreated BFO, (d) SEM image of SPS650.

2. Results and Discussion

The phase structure of the as-prepared samples was determined by X-ray diffraction
(XRD) (Figures 1b and S1). As shown, the unmodified sample (BFO) and low-temperature
SPS treatment samples (SPS300, SPS400, and SPS500) exhibited similar diffraction pat-



Int. J. Mol. Sci. 2022, 23, 12652 3 of 12

terns, all diffraction peak patterns can be indexed to orthorhombic Bi2Fe4O9 (JCPDS#25-
0090) [24–26], and no other impurity phase appeared, indicating that low-temperature SPS
treatment has no obvious effect on its phase structure. When the SPS heating temperature
increased to 600 ◦C, two strong diffraction peaks at 28.2◦ and 28.9◦, corresponding to the
(121) and (211) crystal planes of orthorhombic Bi2Fe4O9, weakened, and two new character-
istic peaks appeared at 27.8◦ and 32.9◦, which can be attributed to the (310) and (321) crystal
planes of cubic Bi25FeO40, according to the PDF standard cards (JCPDS#46-0416) [27,28],
which means that the Bi25FeO40 and Bi2Fe4O9 phase coexistence was at 600 ◦C. With the
increasing of the SPS processing temperature (SPS 650), the content of Bi25FeO40 phase
gradually increased. At 700 ◦C, Bi2Fe4O9 was almost entirely transformed into Bi25FeO40.
Anyway, the sample treated at 300, 400, and 500 ◦C under SPS for 5 min exhibited similar
photocatalytic activity as the unmodified BFO (omitted here). For the sake of simplicity,
in this work, we mainly reported the unmodified BFO sample and the samples treated at
600, 650, and 700 ◦C under SPS for 5 min and the percentage of Bi2Fe4O9 and Bi25FeO40
in the BFO, SPS600, SPS650, SPS700 were shown in Table S1. The morphology of the BFO
and SPS650 samples was observed by scanning electron microscope (SEM) (Figure 1c,d).
As indicated in Figure 1c, the unmodified BFO particles are near spherical with average
diameter of ca. 70 nm. After being treated by SPS 5 min at 650 ◦C, the shape of BFO became
irregularly spherical, with an average diameter reaching 80–90 nm (Figures 1d, S2 and S3).
In Figure S4, the peaks of Bi 4f, Fe 2p, and O 1s can be observed in the survey XPS spectra of
the BFO samples before and after SPS modification, indicating that the elements contained
in the sample were consistent with the target product.

For clarity, the HRTEM of as-prepared BFO and SPS650 samples were performed
to further elucidate the microstructure of the samples. For unmodified BFO (Figure 2a),
the lattice fringes of the (001) planes with interplanar spacing of approximately 0.600 nm
corresponded to Bi2Fe4O9 [29,30]. For SPS650 (Figure 2b–d), the fringe of the (212) plane
with interplanar spacing of approximately 0.220 nm corresponded to Bi2Fe4O9, while the
fringes of the (321) planes with interplanar spacing of approximately 0.273 nm corresponded
to Bi25FeO40 [31–33], indicating some of Bi2Fe4O9 transformed into Bi25FeO40 when treated
with SPS for 5 min, and the Bi2Fe4O9/Bi25FeO40 heterojunction was synchronously formed
during this process.
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Figure 2. HRTEM image of (a) untreated BFO, (b) SPS650, (c,d) corresponding magnified image
of (d).

The optical absorption properties of the as-prepared samples were investigated by
UV–Vis DRS technology, as shown in Figure 3a,b. As indicated, all the samples can response
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to visible light; however, in comparison with the unmodified BFO, the samples with SPS
treatment exhibited a significant enhancement in absorption intensities, along with the
absorption redshift. The absorption edges of BFO located at ~570 nm corresponds to an
optical bandgap (Eg) of 2.18 eV, which was calculated from the tangent line in the plot of
the K-M function (αhv)2 vs. photo energy (hv) by extrapolating the tangent line to another
small absorption edge at ~810 nm, which corresponds to an optical band gap of 1.60 eV. The
absorption edge at ~570 nm can be ascribed to the electronic transfer from the valence band
to the conduction band, and the absorption at ~810 nm is ascribed to the d-d transitions
of Fe [34–36]. For the Bi2Fe4O9/Bi25FeO40 samples, the absorption edge of SPS700 was
~775 nm, and the absorption edges of SPS600 and SPS650 lied somewhere in between.
According to Kubelka–Munk function, the band gaps for SPS600, SPS650, and SPS700 were
2.10 eV, 2.02 eV, and 1.60 eV, respectively (Figure 3b). In view of the preparation process,
the close contact and strong interaction between the Bi2Fe4O9 and Bi25FeO40 existence in
the SPS-treated samples is suggested. The valence band position (VB) of semiconductors
was further determined by X-ray photoelectron spectroscopy, as shown in Figure 3c, which
indicates that the VB (Ev) of Bi2Fe4O9 (BFO) and Bi25FeO40 (SPS700) were about 1.55 eV and
0.27 eV, respectively. Correspondingly, the conductor band positions (CB, Ec) of Bi2Fe4O9
(BFO) and Bi25FeO40 (SPS700) were estimated to be −0.63 eV and −1.33 eV, respectively,
according to the equation: Ec = Eg − Ev.
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Figure 3. (a) The UV–Vis absorption spectrum of the as-prepared sample; (b) the calculation bandgap
diagram of the as-prepared sample, according to Kubelka–Munk function. (c) The XPS VB spectra of
as-synthesized Bi2Fe4O9 and Bi25FeO40 samples; (d) N2 adsorption and desorption isotherms of the
as-prepared samples.

The nitrogen adsorption isotherms (SBET) of the as-prepared catalysts were shown in
Figure 3d, and the specific surface area (SBET) was calculated according to the Brunauer–
Emmet–Teller method. The order of SBET was as follows: SPS650 (23.1 m2·g−1) > SPS600
(19.2 m2·g−1) > SPS700 (15.8 m2·g−1) > BFO (11.7 m2·g−1). In our experiment, with the
increasing of heat-treated temperature, the Bi2Fe4O9 phase gradually changed into the
Bi25FeO40 phase. The specific surface area is connected to the crystal structure and particle
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stacking way, so the SPS650 sample exhibited the optimum specific surface area in our
case. A larger surface, in general, means more surface-active sites and faster interfacial
charge transfer for the reaction; thus, the SPS650 sample was expected to exhibit the higher
photocatalytic activity.

The separation and transfer rate of photogenerated electrons and holes are also the
main factors affecting the photocatalytic performance. Herein, to explore the photoelectric
separation and transferring performance of the as-prepared samples, the photocurrent
response (I-t), photoluminescence emission spectra (PL), electrochemical impedance spec-
troscopy (EIS), and transient photoluminescence spectra of the as-obtained samples were
carefully explored (Figure 4). Generally, the transient photocurrent reflects the charge
carrier density and charge mobility. The stronger the photocurrent, the greater the density
of the photo-generated carrier, and the more efficiencies of the charge separation [37–40].
As indicated in Figure 4a, the SPS650 sample exhibited the highest photocurrent density
of 2.78 µA/cm2, which is about 5.56 times that of unmodified BFO (0.5 µA/cm2), and far
larger than that of SPS600 (2.20 µA/cm2) and SPS700 (1.75 µA/cm2).
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Figure 4. (a) The curve of photocurrent density versus time; (b) photoluminescence spectrum (PL),
(c) electrochemical impedance spectroscopy (EIS), (d) transient photoluminescence spectrum (TRPL).

Figure 4b indicates the PL spectra of the as-prepared samples at an excitation wave-
length of 325 nm. In general, PL emission intensity is related to the recombination of
excited electrons and holes—the lower the PL peak intensity, the smaller the probability of
recombination [41,42]. As indicated, the PL intensity of the SPS650 sample is the weakest
among all the samples, inferring that the recombination rate of charge carries is the smallest
among all the samples. The possible reason is maybe due to the fact that the moderate
heterogeneous junctions produced in the SPS650 sample effectively accelerate the charge
transfer and correspondingly reduces the charge’s recombination. As a result, the problem
of fast charge recombination, as a historical intrinsic drawback of BFO photocatalysts, was
effectively restrained by simply modifying the BFO by SPS heat-treatment for 5 min at a set
temperature. Additionally, the diameters of the arc radius on the EIS Nynquist plot of the
SPS-treated BFO samples were smaller to that of the unmodified BFO, while the SPS650
sample shows the least arc radius (Figure 4c). The smaller the internal resistance of the
charge transfer means the higher the migration rate of the photo-generated electron-hole
pairs and the higher the carrier separation rate [43–45]. Anyway, the time-resolved PL
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(TRPL) measurement results of the as-prepared samples indicate that the SPS650 composites
have longer lifetimes than all the other samples (Figure 4d). In other words, compared with
the other samples, the photoinduced electron-hole pairs in SPS650 are easier separated and
transferred to the sample surface through an interfacial interaction between two different
bismuth oxides, correspondingly resulting in a higher photocatalytic performance.

Tetracycline hydrochloride (TCH) is a commonly used, but difficult to self-degrade,
antibiotic [46]. Therefore, the photocatalytic performance of the as-prepared samples was
evaluated by TCH as the target degradation product under visible light irradiation. As
shown in Figure 5a, the characteristic absorption peaks at 275 nm and 356 nm decreased
with the increasing of irradiation time, indicating the photodegradation of TCH under
visible-light irradiation in the presence of catalysts. Figure 5b indicates that about 58% of
TCH are degraded by BFO for 2 h, while the SPS-treated samples exhibited significantly
enhanced photocatalytic performance, and the degradation ratios of TCH reached 82%,
96%, and 74% for the SPS600, SPS650, and SPS700 samples, respectively. It has been found
that the SPS650 sample demonstrates the optimum photocatalytic activity, revealing the
synergistic effect between Bi25FeO40 and Bi2Fe4O9, which is beneficial to the separation of
photo-generated carriers, correspondingly resulting in a higher photocatalytic performance.
This value is also higher than some previously reported catalysts (Table S3) [47–52]. The
linear plots of (C0/C) versus irradiation time (t) suggest a pseudo-first order kinetic (Fig-
ure 5c). The rate constants k are estimated to be 0.006 min−1, 0.014 min−1, 0.025 min−1, and
0.012 min−1 for the samples BFO, SPS600, SPS650, and SPS700, respectively. The apparent
quantum yield (AQY%) was calculated to be 4.66%, according to equation [47,48], and the
detailed calculation can be found in Table S2:

AQY% =
the number of degraded moleculars

N
× 100%
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Obviously, with the increasing of SPS heat-treat temperature, the photocatalytic ef-
ficiencies of the composites firstly increase to a maximal value and then decrease. The
photo-reactive rate constant of the sample SPS650 was at 0.025 min−1, which is about
4.2 times that of unmodified BFO, 1.8 times that of the sample SPS600, and 2.1 times that
of the sample SPS700. The reason for the relatively weaker photocatalytic performance
for SPS600 and SPS700 can be ascribed to the fact that the amount of Bi2Fe4O9/Bi25FeO40
heterojunction was not formed enough. In addition, the photodegradation efficiency of
SPS650 had slightly decreased after 5 cycle times (Figure S5), inferring its excellent stability,
which is beneficial for the practice application.

The total organic carbon (TOC) removal ratio was used to evaluate the mineralization
efficiency of TCH by SPS650 under visible light irradiation. As shown in Figure S6, the TOC
decreased gradually, and the efficiency of TOC removal was 67% under 2 h irradiation. It is
worth noting that the efficiency of TOC removal was lower than that of photodegradation,
which can be attributed to the incomplete mineralization of the TCH or generation of a low
molecular weight organic.

To confirm the speculation about the main active species, the agents of 1,4-benzoquinone
(BQ, 0.1 mmol), disodium ethylenediamine tetraacetate (EDTA-2Na, 0.1 mmol), and tert-
butyl alcohol (TBA, 0.1 mmol) were introduced as the superoxide radical (•O2−) scavenger,
hole (h+) scavenger, and hydroxyl radical (•OH) scavenger, respectively. As indicated in
Figure 5d, the degradation ratio of TCH over SPS650, without adding scavengers, was
96%. With the adding of BQ and EDTA-2Na, the degradation efficiencies of TCH were
reduced to 63%, 72%, and 96%, respectively, indicating that superoxide radical was main
active species, and the hole plays a relatively important role in the photocatalytic oxidation
process. On the contrary, the photocatalytic activity of SPS650 had no obvious change by
the addition of TBA, which infers that the hydroxyl radical was not the main active species
to the degradation process.

On the basis of the above analysis, the photodegradation mechanism for the Bi2Fe4O9/
Bi25FeO40 composites was proposed (Scheme 1). Generally, the performance of photo-
catalyst depends on a series of parameters, such as the surface area, adsorption capacity,
light absorption, carrier recombination rate, and energy band structure [53–58]. In our
case, the significant improvement of the photodegradation performance for SPS650 may
be related to the following factors: firstly, due to the high-temperature sintering of the
spark plasma, the surface of the modified BFO sample has more separated electrons, holes,
and OH radicals. These active materials react with pollutants in the solution to show
better photocatalytic activity. Secondly, the Bi25FeO40 produced by SPS treatment results in
the formation of Bi2Fe4O9/Bi25FeO40 heterojunction. Under visible light irradiation, the
photoinduced electrons tend to migrate from Bi25FeO40 to Bi2Fe4O9, which leads to the
faster transfer and separation of photogenerated carriers at the heterojunction interface,
thereby improving the photodegradation performance.
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3. Materials and Methods
3.1. Synthesis

BFO powders were firstly synthesized by the hydrothermal method, as reported
previously, with a little change. Typically, Bi(NO3)3·5H2O and Fe(NO3)3·9H2O with the
molar mass ratio Bi3+: Fe3+ = 1:1 were first dissolved and stirred at 1 M HNO3 solution
to form an aqueous solution, and pH is ~2. Then, 4 M KOH solution was slowly added
into the aforementioned solution with vigorously stirring for 1 h to tune the pH value to
9 (here, HNO3 was used as dissolvent, and KOH as precipitator and mineralizer). After
that, it was quickly transferred into a teflon-lined stainless-steel autoclave and heated at
200 ◦C for 12 h. Finally, the product was collected and washed with deionized water and
alcohol several times to about pH 7, followed by drying at 80 ◦C overnight. According
to the XRD analysis (Figure 1), the obtained sample belonged to orthorhombic Bi2Fe4O9
(JCPDS 25-0090) and was named BFO.

Next, the obtained BFO sample was further treated using the SPS technology. In a
typical SPS heat-treatment process, 1.0 g of the as-prepared BFO powder was first put into
a cylindrical carbon die with an inner diameter of 15 mm and then transferred into the SPS
device (SPS-3.20 MKII, Sumitomo Coal Mining Co. Ltd., Tokyo, Japan) for sintering. The
temperature was raised to the set temperature with a heating rate of 50 ◦C/min and kept
at the temperature for 5 min under 60 MPa, then naturally cooled to room temperature.
During the sintering process, the sample temperature was measured using an infrared
camera through a hole in the middle of the cylindrical carbon die. The modified BFO
sample after SPS heat treatment were denoted as SPSX, and X (X = 300–700) represents the
set temperature from 300 ◦C to 700 ◦C.

3.2. Characterization

The phase composition of the samples was analyzed by Bruker D8 X-ray diffractometer
(XRD, Cu Kα, λ = 1.5406 Å), the sampling interval was 0.02◦, the sampling rate was
5 ◦/min, and the scanning range of the sample was 10◦–70◦. TEM (TEM, JEOL JEM-
2010 FEF, Japan) was used to further confirm the morphology of the obtained samples.
Ultraviolet-visible diffuse reflectance spectroscopy (UV–Vis DRS) analysis adopted U-4100
solid spectrophotometer, and the test wavelength range was 200–800 nm. The valence
bands of the sample surfaces were characterized using X-ray photoelectron spectroscopy



Int. J. Mol. Sci. 2022, 23, 12652 9 of 12

(XPS, Thermo Scientific Escalab 250, Waltham, MA, USA) with a monochromatic Al K
X-ray source. All binding energies were referenced to the C 1s peak (284.6 eV) arising
from adventitious carbon. The specific surface areas of the catalysts were determined by
applying the Brunauer–Emmett–Teller (BET) method to the adsorption of nitrogen at 77 K.
All the samples were degassed at 180 ◦C prior to nitrogen adsorption measurements. The
photocurrents, electrochemical impedance spectroscopy (EIS), and Mott–Schottky were
measured by an electrochemical analyzer (CHI660A, CH Instruments Co. Shanghai, China)
at room temperature. The photoluminescence (PL) spectroscopy was carried out with the
FLs980 full-function steady-state/transient fluorescence spectrometer in Edinburgh, UK,
with an excitation wavelength of 325 nm. Total organic carbon (TOC) was measured by a
Multi N/C 3100 TOC analysis instrument.

Photocatalytic Performance

The photocatalytic performance was measured by degrading the 10 mg/L tetracycline
hydrochloride (TCH) aqueous solution under visible light. Typically, 50 mg of catalyst was
added to 50 mL of TCH solution and kept in the dark for 1 h to reach adsorption-desorption
equilibrium. After that, a 350 W xenon lamp and 420 nm cut-off filter were used as the light
source to simulate sunlight, and samples were taken every 20 min.

4. Conclusions

In summary, the self-doped Bi2Fe4O9/Bi25FeO40 heterostructure composites were
successfully obtained by spark plasma sintering technology, combined with a facile wet
chemical process. The ratio of Bi2Fe4O9 to Bi25FeO40 in the composites was controlled by
the spark plasma sintering temperature. The as-prepared sample (SPS650) exhibited signifi-
cantly higher photoelectric performance and photocatalytic activity than that of Bi2Fe4O9
and Bi25FeO40 on the degradation of TCH. It was found that formation of well-defined
heterojunction between Bi2Fe4O9 and Bi25FeO40, which effectively sped the transformation
and separation of photoinduced carriers, correspondingly resulted in the enhancement of
the photoelectric property and photocatalytic activity. Anyway, it could be easily recycled
without an obvious decrease of photocatalytic activity. This study provides a simple and
economic method for the facile and quick synthesis of a highly active bismuth ferrite-based
visible-light-driven photocatalyst for practical applications.
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//www.mdpi.com/article/10.3390/ijms232012652/s1.

Author Contributions: Z.L., Y.T. and J.G. methodology and investigation; X.R. investigation and
resources; W.L., J.L., H.M. and X.R. data curation, and formal analysis; R.X. and J.W. writing, re-
view, and editing, and supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Science Foundation of China, grant numbers
91963207 and 12075174.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, P.; Wang, T.X.; Chang, X.; Gong, J.L. Effective charge carrier utilization in photocatalytic conversions. Acc. Chem. Res.

2016, 49, 911–921. [CrossRef] [PubMed]
2. Armaroli, N.; Balzani, V. The future of energy supply: Challenges and Opportunities. Angew. Chem. Int. Ed. 2007, 46, 52–66.

[CrossRef] [PubMed]
3. Chong, M.N.; Jin, B.; Chow, C.W.K.; Saint, C. Recent developments in photocatalytic water treatment technology: A review. Water

Res. 2010, 44, 2997–3027. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms232012652/s1
https://www.mdpi.com/article/10.3390/ijms232012652/s1
http://doi.org/10.1021/acs.accounts.6b00036
http://www.ncbi.nlm.nih.gov/pubmed/27075166
http://doi.org/10.1002/anie.200602373
http://www.ncbi.nlm.nih.gov/pubmed/17103469
http://doi.org/10.1016/j.watres.2010.02.039
http://www.ncbi.nlm.nih.gov/pubmed/20378145


Int. J. Mol. Sci. 2022, 23, 12652 10 of 12

4. Bahnemann, D. Photocatalytic Water Treatment: Solar energy applications. Sol. Energy 2004, 77, 445–459. [CrossRef]
5. Wang, H.L.; Zhang, L.S.; Chen, Z.G.; Hu, J.Q.; Li, S.J.; Wang, Z.H.; Liu, J.S.; Wang, X.C. Semiconductor heterojunction photocata-

lysts: Design, construction, and photocatalytic performances. Chem. Soc. Rev. 2014, 43, 5234–5244. [CrossRef]
6. Chen, F.; Ma, T.; Zhang, T.; Zhang, Y.; Huang, H. Atomic-level charge separation strategies in semiconductor-based photocatalysts.

Adv. Mater. 2021, 33, 2005256. [CrossRef]
7. Schneider, J.; Matsuoka, M.; Takeuchi, M.; Zhang, J.L.; Horiuchi, Y.; Anpo, M.; Bahnemann, D.W. Understanding TiO2 photocatal-

ysis: Mechanisms and materials. Chem. Rev. 2014, 114, 9919–9986. [CrossRef]
8. Lee, S.Y.; Park, S.J. TiO2 Photocatalyst for water treatment application. J. Ind. Eng. Chem. 2013, 19, 1761–1768. [CrossRef]
9. Choi, S.K.; Kim, S.; Lim, S.K.; Park, H. Photocatalytic Comparison of TiO2 nanoparticles and electrospun TiO2 nanofibers: Effects

of mesoporosity and interparticle charge transfer. J. Phys. Chem. C 2010, 114, 16474–16480. [CrossRef]
10. Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Visible-light photocatalysis in nitrogen-dDoped titanium oxides. Science

2001, 293, 269–271. [CrossRef]
11. Gadhi, T.A.; Mahar, R.B.; Bonelli, B. Chapter 12—Actual mineralization versus partial egradation of wastewater contaminants in

nanomaterials for the detection and removal of wastewater pollutants. Micro Nano Tech. 2020, 331–350.
12. Hua, Z.T.; Liu, J.C.; Yan, X.L.; Oh, W.D.; Lim, T.T. Low-temperature synthesis of graphene/Bi2Fe4O9 composite for synergistic

adsorption-photocatalytic degradation of hydrophobic pollutant under solar irradiation. Chem. Eng. J. 2015, 262, 1022–1032.
[CrossRef]

13. Li, F.H.; Zhou, J.K.; Gao, C.J.; Qiu, H.X.; Gong, Y.L.; Gao, J.H.; Liu, Y. A green method to prepare magnetically recyclable
Bi/Bi25FeO40-C nanocomposites for photocatalytic hydrogen generation. Appl. Surf. Sci. 2020, 521, 146342. [CrossRef]

14. Wu, Y.; Chen, Y.C.; Huang, S.Q.; Li, G.B.; Sun, S.P.; Jiang, Y.; Liang, G.B.; Zhao, S.J.; Liu, W.Q. Comparison of bismuth ferrites for
chloride removal: Removal efficiency, stability, and structure. Appl. Surf. Sci. 2022, 576, 151804. [CrossRef]

15. Zhang, T.; Shen, Y.; Qiu, Y.H.; Liu, Y.; Xiong, R.; Shi, J.; Wei, J.H. Facial Synthesis and Photoreaction Mechanism of
BiFeO3/Bi2Fe4O9 Heterojunction Nanofibers. ACS Sustain. Chem. Eng. 2017, 5, 4630–4636. [CrossRef]

16. Guillon, O.; Julian, J.G.; Dargatz, B.; Kessel, T.; Schierning, G.; Rathel, J.; Herrmann, M. Field-assisted sintering technology/spark
plasma sintering: Mechanisms, materials, and technology developments. Adv. Eng. Mater. 2014, 16, 830–849. [CrossRef]

17. Dai, Z.H.; Akishige, Y. BiFeO3 ceramics synthesized by spark plasma sintering. Ceram. Inter. 2012, 38, S403–S406. [CrossRef]
18. Delbari, S.A.; Nayebi, B.; Ghasali, E.; Shokouhimehr, M.; Asl, M.S. Spark plasma sintering of TiN ceramics codoped with SiC and

CNT. Ceram. Int. 2019, 45, 3325–3332. [CrossRef]
19. Lange, M.A.; Krysiak, Y.; Hartmann, J.; Dewald, G.; Cerretti, G.; Tahir, M.N.; Panthöfer, M.; Barton, B.; Reich, T.; Zeier, W.G.;

et al. Solid state fluorination on the minute scale: Synthesis of WO3−xFx with photocatalytic activity. Adv. Funct. Mater. 2020, 30,
1909051. [CrossRef]

20. Yang, Y.C.; Zhang, T.; Le, L.; Ruan, X.F.; Fang, P.F.; Pan, C.X.; Xiong, R.; Shi, J.; Wei, J.H. Quick and facile preparation of visible
Light-Driven TiO2 photocatalyst with high absorption and photocatalytic activity. Sci. Rep. 2014, 4, 7045. [CrossRef]

21. Wang, T.; Song, S.-H.; Ma, Q.; Tan, M.-L.; Chen, J.-J. Highly improved multiferroic properties of Sm and Nb co-doped BiFeO3
ceramics prepared by spark plasma sintering combined with sol-gel powders. J. Alloys Compd. 2019, 795, 60–68. [CrossRef]

22. Nandy, S.; Mocherla, P.S.V.; Sudakar, C. Photoconductivity induced by nanoparticle segregated grain-boundary in spark plasma
sintered BiFeO3. J. Appl. Phys. 2017, 121, 203102. [CrossRef]

23. Zhang, L.W.; Ke, H.; Zhang, H.J.; Luo, H.; Li, F.Z.; Cao, L.; Wang, W.; Jia, D.; Zhou, C.Y. Ferroelectric domain structures in strained
BiFeO3 ceramics synthesizd by spark plasma sintering. Mater. Charact. 2020, 159, 110044. [CrossRef]

24. Yang, Y.C.; Liu, Y.; Wei, J.H.; Pan, C.X.; Xiong, R.; Shi, J. Electrospun Nanofibers of p-type BiFeO3/n-type TiO2 heterojunctions
with enhanced visible-light photocatalytic activity. RSC Adv. 2014, 4, 31941–31947. [CrossRef]

25. Ruan, Q.J.; Zhang, W.D. Tunable morphology of Bi2Fe4O9 crystals for photocatalytic oxidation. J. Phys. Chem. C. 2009, 113,
4168–4173. [CrossRef]

26. Hu, Z.T.; Liu, J.W.; Zhao, J.; Ding, Y.; Jin, Z.Y.; Chen, J.H.; Dai, Q.Z.; Pan, B.J.; Chen, Z.; Chen, J.M. Enhanced
BiFeO3/Bi2Fe4O9/H2O2 heterogeneous system for sulfamethoxazole decontamination: System optimization and degra-
dation pathways. J. Colloid. Interface Sci. 2020, 577, 54–65. [CrossRef]

27. Jiang, T.J.; Wang, Y.; Guo, Z.C.; Luo, H.P.; Zhan, C.X.; Wang, Y.J.; Wang, Z.; Jiang, F.; Chen, H. Bi25FeO40/Bi2O2CO3 piezoelectric
catalyst with built-in electric fields that was prepared via photochemical self-etching of Bi25FeO40 for 4-chlorophenol degradation.
J. Clean. Prod. 2022, 341, 130908. [CrossRef]

28. Ren, L.; Lu, S.Y.; Fang, J.Z.; Wu, Y.; Chen, D.Z.; Huang, L.Y.; Chen, Y.F.; Cheng, C.; Liang, Y.; Fang, Z.Q. Enhanced degradation of
organic pollutants using Bi25FeO40 microcrystals as an efficient reusable heterogeneous photo-fenton like catalyst. Catal. Today
2017, 281, 656–661. [CrossRef]

29. Wang, Y.Q.; Daboczi, M.; Mesa, C.A.; Ratnasingham, S.R.; Kim, J.S.; Durrant, J.R.; Dunn, S.; Yan, H.X.; Briscoe, J. Bi2Fe4O9 thin
films as novel visible-light-active photoanodes for solar water splitting. J. Mater. Sci. Chem. A. 2019, 7, 9537–9541. [CrossRef]

30. Liu, H.H.; Li, L.; Guo, C.F.; Ning, J.Q.; Zhong, Y.J.; Hu, Y. Thickness-dependent carrier separation in Bi2Fe4O9 nanoplates with
enhanced photocatalytic water oxidation. Chem. Eng. J. 2020, 385, 123929. [CrossRef]

31. Wang, G.M.; Cheng, D.; He, T.C.; Hu, Y.Y.; Deng, Q.R.; Mao, Y.W.; Wang, S.G. Enhanced visible-light responsive photocatalytic
activity of Bi25FeO40/Bi2Fe4O9 composites and mechanism investigation. J. Mater. Sci. Mater. 2019, 30, 10923–10933. [CrossRef]

http://doi.org/10.1016/j.solener.2004.03.031
http://doi.org/10.1039/C4CS00126E
http://doi.org/10.1002/adma.202005256
http://doi.org/10.1021/cr5001892
http://doi.org/10.1016/j.jiec.2013.07.012
http://doi.org/10.1021/jp104317x
http://doi.org/10.1126/science.1061051
http://doi.org/10.1016/j.cej.2014.10.037
http://doi.org/10.1016/j.apsusc.2020.146342
http://doi.org/10.1016/j.apsusc.2021.151804
http://doi.org/10.1021/acssuschemeng.6b03138
http://doi.org/10.1002/adem.201300409
http://doi.org/10.1016/j.ceramint.2011.05.020
http://doi.org/10.1016/j.ceramint.2018.10.223
http://doi.org/10.1002/adfm.201909051
http://doi.org/10.1038/srep07045
http://doi.org/10.1016/j.jallcom.2019.04.327
http://doi.org/10.1063/1.4983764
http://doi.org/10.1016/j.matchar.2019.110044
http://doi.org/10.1039/C4RA04258A
http://doi.org/10.1021/jp810098f
http://doi.org/10.1016/j.jcis.2020.05.043
http://doi.org/10.1016/j.jclepro.2022.130908
http://doi.org/10.1016/j.cattod.2016.06.028
http://doi.org/10.1039/C8TA09583C
http://doi.org/10.1016/j.cej.2019.123929
http://doi.org/10.1007/s10854-019-01436-4


Int. J. Mol. Sci. 2022, 23, 12652 11 of 12

32. Köferstein, R.; Buttlar, T.; Ebbinghaus, S.G. Investigations on Bi25FeO40 powders synthesized by hydrothermal and combustion-
like processes. J. Solid. State Chem. 2014, 217, 50–56. [CrossRef]

33. Liu, Y.; Guo, H.G.; Zhang, Y.L.; Tang, W.H.; Cheng, X.; Li, W. Heterogeneous activation of peroxymonosulfate by sillenite
Bi25FeO40: Singlet oxygen generation and degradation for aquatic levofloxacin. Chem. Eng. J. 2018, 343, 128–137. [CrossRef]

34. Ameer, S.; Jindal, K.; Tomar, M.; Jha, P.K.; Gupta, V. Insight into electronic, magnetic and optical properties of magnetically
ordered Bi2Fe4O9. J. Magn. Magn. Mater. 2019, 475, 695–702. [CrossRef]

35. Ji, W.; Yao, K.; Lim, Y.F.; Liang, Y.C.; Suwardi, A. Epitaxial ferroelectric BiFeO3 thin films for unassisted photocatalytic water
splitting. Appl. Phys Lett. 2013, 103, 062901. [CrossRef]

36. Yin, S.M.; Li, W.Q.; Cheng, R.S.; Yuan, Y.F.; Guo, S.Y.; Ren, Z.H. Hydrothermal synthesis, photocatalytic and magnetic properties
of pure-phase Bi2Fe4O9 Microstructures. J. Electron. Mater. 2021, 50, 954–959. [CrossRef]

37. Zhong, X.; Sun, Y.Y.; Chen, X.L.; Zhuang, G.L.; Li, X.N.; Wang, J.G. Mo doping induced more active sites in urchin-like W18O49
nanostructure with remarkably enhanced performance for hydrogen evolution reaction. Adv. Funct. Mater. 2016, 26, 5778–5786.
[CrossRef]

38. Pan, L.; Zhang, J.W.; Jia, X.; Ma, Y.H.; Zhang, X.W.; Wang, L.; Zou, J.J. Highly efficient Z-scheme WO3-x quantum dots/TiO2 for
photocatalytic hydrogen generation. Chin. J. Catal. 2017, 38, 253–259. [CrossRef]

39. Khoomortezaei, S.; Abdizadeh, H.; Golobostanfard, M.R. Triple Layer Heterojunction WO3/BiVO4/BiFeO3 porous photoanode
for efficient photoelectrochemical water splitting. ACS Appl. Energy Mater. 2019, 2, 6428–6439. [CrossRef]

40. Huang, S.Q.; Li, L.; Zhu, N.W.; Lou, Z.Y.; Liu, W.Q.; Cheng, J.H.; Wang, H.M.; Luo, P.X.; Wang, H. Removal and recovery of
chloride ions in concentrated leachate by Bi(III) containing oxides quantum dots/two-dimensional flakes. J. Hazard. Mater. 2020,
382, 121041. [CrossRef]

41. Rafiq, U.; Majid, K. Mitigating the charge recombination by the targeted synthesis of Ag2WO4/Bi2Fe4O9 composite: The facile
union of orthorhombic semiconductors towards efficient photocatalysis. J. Alloy. Compd. 2020, 842, 155876. [CrossRef]

42. Zhang, J.; Xu, Q.; Feng, Z.C.; Li, M.J.; Li, C. Importance of the relationship between surface phases and photocatalytic activity of
TiO2. Angew. Chem. Inter. Ed. 2008, 47, 1766–1769. [CrossRef] [PubMed]

43. Godin, R.; Wang, Y.; Zwijnenburg, M.A.; Tang, J.W.; Durrant, J.R. Time-resolved spectroscopic investigation of charge trapping in
carbon nitrides photocatalysts for hydrogen generation. J. Am. Chem. Soc. 2017, 139, 5216–5224. [CrossRef]

44. Zhao, G.; Hao, S.H.; Guo, J.H.; Xing, Y.P.; Zhang, L.; Xu, X.J. Design of p-n homojunctions in metal-free carbon nitride photocatalyst
for overall water splitting. Chin. J. Catal. 2021, 42, 501–509. [CrossRef]

45. Indra, A.; Acharjya, A.; Menezes, P.W.; Merschjann, C.; Hollmann, D.; Schwarze, M.; Aktas, M.; Friedrich, A.; Lochbrunner, S.;
Thomas, A.; et al. Boosting Visible-Light-Driven Photocatalytic Hydrogen Evolution with an Integrated Nickel Phosphide-Carbon
Nitride System. Angew. Chem. Int. Ed. 2017, 56, 1653–1657. [CrossRef]

46. Han, W.M.; Wu, T.; Wu, Q.S. Fabrication of WO3/Bi2MoO6 heterostructures with efficient and highly selective photocatalytic
degradation of tetracycline hydrochloride. J. Colloid Inter. Sci. 2021, 602, 544–552. [CrossRef]

47. Zhang, Y.; Shi, J.; Xu, Z.; Chen, Y.; Song, D. Degradation of tetracycline in a schorl/H2O2 system: Proposed mechanism and
intermediates. Chemosphere 2018, 202, 661–668. [CrossRef]

48. Xie, Z.; Feng, Y.; Wang, F.; Chen, D.; Zhang, Q.; Zeng, Y.; Lv, W.; Liu, G. Construction of carbon dots modified MoO3/g-C3N4
Z-scheme photocatalyst with enhanced visible-light photocatalytic activity for the degradation of tetracycline. Appl. Catal. B
Environ. 2018, 229, 96–104. [CrossRef]

49. Liu, Y.; Kong, J.; Yuan, J.; Zhao, W.; Zhu, X.; Sun, C.; Xie, J. Enhanced photocatalytic activity over flower-like sphere
Ag/Ag2CO3/BiVO4 plasmonic heterojunction photocatalyst for tetracycline degradation. Chem. Eng. J. 2018, 331, 242–254.
[CrossRef]

50. Deng, F.; Zhao, L.; Luo, X.; Luo, S.; Dionysiou, D.D. Highly efficient visible-light photocatalytic performance of Ag/AgIn5S8 for
degradation of tetracycline hydrochloride and treatment of real pharmaceutical industry wastewater. Chem. Eng. J. 2018, 333,
423–433. [CrossRef]

51. Wang, W.; Xiao, K.; Zhu, L.; Yin, Y.; Wang, Z. Graphene oxide supported titanium dioxide & ferroferric oxide hybrid, a
magnetically separable photocatalyst with enhanced photocatalytic activity for tetracycline hydrochloride degradation. RSC Adv.
2017, 7, 21287–21297.

52. Barhoumi, H.; Olvera-Vargas, N.; Oturan, D.; Huguenot, A.; Gadri, S.; Ammar, E.; Brillas, M.A. Kinetics of oxidative degrada-
tion/mineralization pathways of the antibiotic tetracycline by the novel heterogeneous electro-Fenton process with solid catalyst
chalcopyrite. Appl. Catal. B Environ. 2017, 209, 637–647. [CrossRef]

53. Shraddha, J.; Ricardo, N.M.; Paulina, L.S.; Ignacio, R.G.E.; Oracio, S.; Juan, M.P.H. Enhanced photocatalytic activity of TiO2
modified with GaI toward environmental application. Inorg. Chem. 2020, 59, 1315–1322.

54. Jadhav, S.; Hasegaw, S.; Hisatom, T.; Wang, Z.; Seo, J.; Higashi, T.; Katayama, M.; Minegishi, T.; Takata, T.; Peralta-Hernández,
J.M.; et al. Efficient photocatalytic oxygen evolution using BaTaO2N obtained from nitridation of perovskitetype oxide. J. Mater.
Chem. A 2020, 8, 1127–1130. [CrossRef]

55. Zhang, L.Y.; Zhang, J.J.; Yu, H.G.; Yu, J.G. Emerging S-Scheme Photocatalyst. Adv. Mater. 2022, 34, 2107668. [CrossRef]
56. Kumar, R.; Raizada, P.; Verma, N.; Bandegharaei, A.H.; Thakur, V.K.; Le, Q.V.; Nguyen, V.H.; Selvasembian, R.; Singh, P. Recent

advances on water disinfection using bismuth based modified photocatalysts: Strategies and challenges. J. Clean. Prod. 2021, 297,
126617. [CrossRef]

http://doi.org/10.1016/j.jssc.2014.05.006
http://doi.org/10.1016/j.cej.2018.02.125
http://doi.org/10.1016/j.jmmm.2018.12.028
http://doi.org/10.1063/1.4817907
http://doi.org/10.1007/s11664-020-08583-z
http://doi.org/10.1002/adfm.201601732
http://doi.org/10.1016/S1872-2067(16)62576-7
http://doi.org/10.1021/acsaem.9b01041
http://doi.org/10.1016/j.jhazmat.2019.121041
http://doi.org/10.1016/j.jallcom.2020.155876
http://doi.org/10.1002/anie.200704788
http://www.ncbi.nlm.nih.gov/pubmed/18213667
http://doi.org/10.1021/jacs.7b01547
http://doi.org/10.1016/S1872-2067(20)63670-1
http://doi.org/10.1002/anie.201611605
http://doi.org/10.1016/j.jcis.2021.05.128
http://doi.org/10.1016/j.chemosphere.2018.03.116
http://doi.org/10.1016/j.apcatb.2018.02.011
http://doi.org/10.1016/j.cej.2017.08.114
http://doi.org/10.1016/j.cej.2017.09.022
http://doi.org/10.1016/j.apcatb.2017.03.034
http://doi.org/10.1039/C9TA10684G
http://doi.org/10.1002/adma.202107668
http://doi.org/10.1016/j.jclepro.2021.126617


Int. J. Mol. Sci. 2022, 23, 12652 12 of 12

57. Xu, C.P.; Anusuyadevi, P.R.; Aymonier, C.; Luque, R.; Marre, S. Nanostructured materials for photocatalysis. Chem. Soc. Rev. 2019,
48, 3868–3902. [CrossRef] [PubMed]

58. Gadhi, T.A.; Hernández, S.; Castellino, M.; Chiodoni, A.; Husak, T.; Barrerad, G.; Allia, P.; Russo, N.; Tagliaferro, A. Single BiFeO3
and mixed BiFeO3/Fe2O3/Bi2Fe4O9 ferromagnetic photocatalysts for solar light driven water oxidation and dye pollutants
degradation. J. Ind. Eng. Chem. 2018, 63, 437–448. [CrossRef]

http://doi.org/10.1039/C9CS00102F
http://www.ncbi.nlm.nih.gov/pubmed/31173018
http://doi.org/10.1016/j.jiec.2018.03.004

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Synthesis 
	Characterization 

	Conclusions 
	References

