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Introduction

ABSTRACT

A series of Fe;O5;/BiVO, composite photo-Fenton catalysts were prepared by a
simple ultrasonic-assisted calcination method. By changing the calcination
temperature, FB-2 with tetragonal structure BiVO, has excellent photo-Fenton
performance. The crystal structure and chemical composition of the composite
catalyst were studied by a series of characterizations. Under 5 W LED illumi-
nation, 97% rhodamine B dye (Rh B) was degraded within 40 min in FB-2
sample, which was attributed to the high efficiency of photogenic electron-hole
pair separation. The subsequent capture experiment and Tafel test proved that
h*, e, -OH were the main active substances in the degradation process and the
flow direction of electrons in the reaction process. The composite catalyst has
good cyclic stability and efficient photo-Fenton catalytic degradation perfor-
mance, and has good reference value for the degradation of water dyes.

containing wastewater will directly destroy the eco-
logical balance of water bodies and harm on human
health [1].In order to solve the problem of dye pol-

With the rapid progress of industrialization in soci-
ety, many water pollution problems have come along
[1, 2], among which, dye pollution accounts for most
of them. Generally speaking, dyes have complex
structures, high molecular weights, are readily sol-
uble in water, resist degradation, have potential car-
cinogenicity and mutagenicity. Therefore, dye-

Handling Editor: David Cann.

lution in water, the photo-Fenton process has been
widely concerned. Under the condition of additional
introduction of light, Fe>* can not only accelerate the
reduction of Fe*™, but also directly photolysis H,O, to
produce -OH. Therefore, the synergistic action of
Fe’* and light can produce more -OH, thus improv-
ing the degradation efficiency of photo-Fenton.
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BiVO, has three crystal forms: tetragonal zircon
structure (t-z BiVO,), tetragonal scheelite (t-s BiVO,)
and monoclinic scheelite (m-s BiVO,) (Fig. 1a—c). The
most studied BiVO, photocatalyst is the scheelite
BiVO,, with a band gap of 2.4 eV [2]. The crystal
structure of m-s BiVOy, is similar to that of t-s BiVO,,
and it has a scheelite structure. The Bi-O polyhedron
in m-s BiVO, is more severely deformed by the 65*
lone pair of Bi*" than the Bi-O polyhedron in t-s
BiVO, [3], so m-s BiVO, exhibits higher photocat-
alytic performance [4].

In the field of photo-Fenton, Fe,O; and BiVO, are
both hot research materials in recent years. In these
years, a series of two-dimensional photo-Fenton
catalytic materials such as Fe,O3/BiVO;, [5], Fe;O3/
Bi,WOs [6], and Fe;O3/BipMoOg [7] have been pre-
pared by simple method, which is effective for
methylene blue (MB) and tetracycline (TC) have good
degradation properties. The Fe,O3/BiOI [8] synthe-
sized by the two-step hydrothermal emulsion poly-
merization method and the immersion precipitation
method showed good degradation performance for
methyl orange (MO), phenol and tetracycline
hydrochloride (TCH). Therefore, it is a practical
measure to use Fe,O3 as a Fenton catalyst to couple
with a semiconductor photocatalyst matching the
band gap to prepare a composite catalyst with good
photo-Fenton performance.

Therefore, in this paper, Fe,O;/BiVO, two-di-
mensional composite photo-Fenton catalyst was
prepared by ultrasound-assisted calcination for the
first time in the field of photo-Fenton. A series of
photo-Fenton catalysts with different crystal struc-
tures of BiVO, were prepared by adjusting the cal-
cination temperature. Using rhodamine B (Rh B), MB
and MO as target pollutants, the performance of
Fe;O3/BiVO, composite photo-Fenton catalyst was
tested, and the catalytic mechanism of the catalyst
was further analyzed. The composite catalyst has
high efficiency photo-Fenton catalytic performance

Figure 1 a—c Crystal
structure of BiVO, with
tetragonal zircon structure,
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tetragonal scheelite structure
and monoclinic scheelite
structure.
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and has good reference value for the degradation of
dyes in water.

Materials and methods

Bismuth nitrate pentahydrate (Bi(NO;);-5H,0),
ammonium metavanadate (NH4VO3), ferric chloride
hexahydrate (FeCl;-6H,0), sodium lauryl sulfate
(C12Hp5S04Na) were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Rho-
damine B (Rh B) was purchased from Shanghai
Aladdin Industrial Company. All reagents are of
analytical grade, and no further purification is
required when used. All experiments use deionized
water.

Synthesis of BiVO,

The tetragonal BiVO, was synthesized following the
reported literature [9]. 4 mmol (1.94 g) Bi(NO3)s-
5H,0 and 4 mmol (0.468 g) NH,VO; were dissolved
in 50 mL of deionized water and stirred vigorously
for 1 h at room temperature. The aqueous solution
was then sonicated for an additional 1 h in a high-
intensity ultrasonic bath. In an instant, the color of the
precipitate turned yellow. The yellow precipitate was
then washed with deionized water, centrifuged, and
excess water molecules were removed with absolute
ethanol, and then placed in an oven at 60 °C for 12 h.
The powder material was calcined at 300 °C for 4 h,
and the resulting bright yellow material was denoted
as BiVO;,.

Synthesis of Fe,O3;/BiVO, photo-Fenton
catalysts

The Fe,O;/BiVO, was synthesized following the
reported literature [10] (Fig. 2). 1 mmol (0.324 g)
BiVO, was uniformly dispersed in 50 mL deionized

then 3 mmol FeCl;-6H,O and

water, 0.81 g)

(b)
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1.5 mmol (0.45 g) SDS were added, and ultrasonically
treated for 2 h. Then remove excess water with
ethanol. Put it in a 60 °C oven for 12 h, and heat the
dried powder at 100 °C, 300 °C, 500 °C, and 700 °C
for 4 h to remove the organic content. Substances
obtained after calcination were designated as FB-1,
FB-2, FB-3, and FB-4, respectively. For comparison,
Fe;O; could also be synthesized following a similar
procedure.

Characterization

XRD patterns were obtained on a D/Max-RB X-ray
diffractometer (Rigaku) with Cu Ko as scan rate (20)
and irradiation at 5°/min in the range of 10°-80°.
Powder morphologies were characterized using SEM
(Zeiss Supra 55), HR-TEM (FEI Tecnai F30) and
STEM techniques equipped with energy dispersive
X-ray (EDX) compositional analysis. XPS measure-
ments were performed on a PHI-5000 C ESCA system
operating at 14.0 kV and 25 mA using a Mg Ka
source. Fourier transform infrared spectra were
measured between 400 and 4000 cm ™" using a Nico-
let Aexus 470 infrared spectrometer with KBr as a
reference background. Diffuse reflectance spec-
troscopy (DRS) was measured by UV-visible spec-
trophotometry (PERSEE T9), with BaSO, as the
reference sample. The RF-5301PC fluorescence spec-
trometer was used for testing, and the specific
parameters were: 150 W xenon lamp, wavelength
measurement range of 340-750 nm, and wavelength
moving speed of 20000 nm/min. Transient pho-
tocurrent, electrochemical impedance spectroscopy
(EIS) and Mott-Schottky test (M-S), all in a three-
electrode system (one ITO glass electrode (working
electrode), platinum electrode (counter electrode)
and saturated calomel electrode (SCE, reference

Figure 2 Flow chart of
preparation of BiVO,/Fe,05
composite photo-Fenton
catalyst.

Bi(NO,),;*5SH,0 NH,VO,
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electrode)) on a PARSTAT 2273 electrochemical
workstation.

Photo-Fenton experiments

The degradation experiments of different dyes
proved the catalytic activity of Fe,O3;/BiVO,; com-
posite photo-Fenton catalysts. The photo-Fenton
reaction was carried out in a PCX50A discover multi-
channel photocatalytic reaction instrument produced
by Beijing Perfect-light Technology Company. The
photocatalytic reactor uses 9 LED lamps with a
power of 5 W as the cold light source. During the
reaction, the disc is set to rotate one grid per minute,
thereby ensuring that each reaction vial is evenly
irradiated with light. Usually, 0.1 g of the prepared
photo-Fenton catalyst was added to 100 mL of dye
solution (Rh B = 20 mg/L, MB = 35 mg/L, MO = 40
mg/L), and after 30 min adsorption under dark
conditions, the dye was the adsorption-desorption
equilibrium was reached with the catalyst sample.
Then add a 5 W LED light source, and at the same
time add an appropriate amount of H,O, (30%). 4 mL
of the suspension was taken at intervals and cen-
trifuged to remove solid particles. The concentration
of the dye was determined by UV-vis spectropho-
tometry (PERSEE T9) at the corresponding maximum
absorbance. Where C, is the initial concentration of
the dye, C is the dye concentration sampled at dif-
ferent times during the reaction process, the degra-
dation efficiency of the composite photo-Fenton
catalyst to organic pollutants was calculated by C/C,
and the first-order kinetic curve In (the relationship
between Cy/C) and time t yields the photoreaction
rate constant.

For the Fenton-like reaction process, except that the
5 W LED light source was not introduced, the rest of

Vacuum filtration Calcination
Drying
BiVO,
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the experimental process was the same as the above
operation. For the photocatalytic experiments, the
rest of the experimental procedures were the same as
those described above, except that no H,O, was
added.

Results
Morphologies and structures

First, the crystal structures of the as-prepared BiVO,
and a series of Fe,O3/BiVO, (FB-1 ~ FB-4) were
characterized (Fig. 3a). The XRD pattern of pure
BiVO, prepared by calcination at 300 °C was mat-
ched with that of tetragonal BiVO, (PDF# 14-0133)
[9]. In 18.41°, 24.4°, 30.76°, 32.68°, 34.83°, 39.64°,
43.92°,47.19°, 48.51° and 49.99° in the diffraction peak
of respectively with (101), (200), (211), (112), (220),
(301), (103), (321), (312), (400) crystal plane matching.
Tetragonal BiVO, (PDF# 14-0133) corresponds to FB-1
and FB-2 prepared by calcination at 100 °C and
300 °C. Because monoclinic BiVO, and tetragonal
BiVO, are calcined at 528 K, a reversible crystal phase
transition [4] can occur, that is, from tetragonal BiVO,
at low temperature to monoclinic BiVO,. FB-3 and
FB-4 were obtained by increasing the calcination
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temperature at 500 °C and 700 °C. The diffraction
peaks of the two at 18.8°, 28.92°, 30.64° and 53.34° are
consistent with the monoclinal BiVO, (PDF# 14-0688)
(011), (121), (040) and (161) planes, which is consis-
tent with the previously reported view that calcina-
tion can change the crystal phase of BiVO, [6]. In the
XRD patterns of FB-1 ~ FB-4, no pronounced Fe;,O3
diffraction peaks were observed, which may be
related to its low content or poor crystallinity. How-
ever, the existence of Fe,O3 can be further confirmed
by the surface element scanning of TEM. The char-
acterization results of XRD can prove that by
changing the calcination temperature, BiVO, with
two different crystal phases are obtained, and Fe,O3
is compounded with BiVO, without changing the
crystal structure of the original BiVO,. Furthermore,
no other diffraction peaks were observed, confirming
the phase purity of all composites [11].

In order to study the chemical composition and
chemical structure of the heterogeneous catalysts, the
XPS technique was used for further analysis. Only the
peaks of four elements, Bi, V, O, and Fe, were
detected in the full spectrum in Fig. 3b, which proves
that the prepared catalyst is of high purity. The
characteristic peaks at 516.5eV and 524.2 eV in
Fig. 3c correspond to the V 2p3,, and V 2p;,, spin
orbits of V>, respectively [12]. In the high-resolution
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Figure 3 a XRD patterns of the prepared samples b XPS spectra of the total survey. c—f XPS diagram of V-2p, Bi-4f, Fe-2p and O-1 s.
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XPS image of Bi 4f in Fig. 3d, Bi 4f5,, and Bi 4f;,,
were observed to have two symmetrical characteristic
peaks at 159.1 eV and 164.5 eV [13], which indicates
that the primary element valence of Bi is Bi’* [14].
The two distinct peaks at 711.3 eV and 724.7 eV in
Fig. 3e belong to the Fe 2p;,, and Fe 2p; , spin—orbit
states [15] of Fe,O; nanoparticles, respectively. In
addition, the XPS spectrum of O 1s of Fe;O5;/BiVOy is
divided into two peaks around 529.8 eV and 531.3 eV
(Fig. 3f), and an apparent binding energy peak is
formed at 529.8 eV, which belongs to Bi-O in BiVO,
and is centred at 531.3 eV. The rise belongs to the
Fe,O; species Fe-O [16]. The above results confirmed
that Fe,O3/BiVO, nanocomposites were successfully
prepared.

On this basis, the chemical composition and
chemical structure of the composite catalyst was
further confirmed by FT-IR (Fig. 4a). In the FT-IR of
Fe,05, 598 cm ™! corresponds to the stretching vibra-
tion of Fe-O [17], 1134 cm™' corresponds to the
characteristic absorption peak of Fe,O; [18], and
1595 cm ™! corresponds to the N-H vibration [18]
caused by the residual SDS in the preparation pro-
cess, while 3404 cm™" corresponds to the stretching
vibration [19] of the hydroxyl group adsorbed on the
surface of Fe,0;. The FT-IR of BiVO, at 736 cm ™’
corresponds to the stretching vibration of VO,>~ [20].
From the enlarged FT-IR image (Fig. 4b), it can be
observed that the characteristic peak of VO,>~ in the
FB-1 ~ FB-4 composite catalyst has shifted and the
intensity has decreased, which may be caused by the
successful contact between Fe,O3 and BiVO, [18]. The
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Figure 4 a, b FT-IR image and partial enlarged image of the
prepared sample.
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outflow of electrons from the conduction band of
BiVO, will lead to changes in the local electronic
structure [21], which corresponds to the mechanism
explanation in the following part. Possibly due to the
low loading content of Fe,Oj3, there is no prominent
FT-IR diffraction peak of Fe,O; in the FB-1 ~ FB-4
composites. The FT-IR characterization results are
consistent with the XRD and XPS analysis results.

The morphologies and microstructures of Fe,Os,
BiVO, and Fe,O;/BiVO,; nanocomposites were
observed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Figure 5a, b
are the SEM images of the Fe,O; sample and the
BiVO, sample, respectively. It can be seen that Fe,O3
is a varying block in a stacked state, while the BiVO,
sample is a sphere with varying size and rough sur-
face. Figure 5¢c—f shows the FB sample prepared
under different temperature calcination, with an
average size of about 1-2 pm. With the increase of the
calcination temperature, the morphology of the FB
sample gradually changed from regular spherical to
irregular because more irregular Fe,Oz [10] would
crystallize on the surface of the BiVO, sample during
this process, covering the active sites on the surface of
the BiVO, sample. Compared with the other three FB
samples, FB-2 is smaller in size and closer in shape to
regular spherical particles, which is similar to the
BiVO, sample [9]. The SEM-EDS (Supplementary
Fig. S1) analysis results show that Bi, V, Fe, and O are
well distributed in their respective regions [22],
which agrees with the XRD analysis results. As
depicted by the TEM image in Fig. 5g, h, the inter-
planar distances are 0.16 and 0.27 nm, matching
Fe;O; (121) and BiVO, (400), respectively.

Photoelectric properties

The absorbance of the initial samples and composite
samples were characterized by UV-vis diffuse
reflectance spectroscopy (UV-vis DRS), and the
results are shown in Fig. 6a. The absorption sideband
of BiVO, is 530 nm, which is in line with a previous
report [9]. Fe,Os; exhibits broad absorption up to
700 nm due to transitions in the d orbital [23], indi-
cating high activity in the visible region. Further-
more, due to the lower Fe,O; content in the FB
samples, the FB composites exhibited similar
absorption properties to pure BiVO,. The recombined
FB-2 ~ FB-4 all undergo a red shift, attributed to the
charge transition between Fe,O5 and BiVO, [24]. This
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Figure 5 a—f SEM images of Fe,03, BiVO, and FB series samples, g, h TEM of FB-2.

indicates that the photo-response range has been
expanded, and more photoinduced electrons and
holes can be excited to form [14], that is, the utiliza-
tion of visible light by the composite sample is
enhanced. Calculate the band gap value of the

semiconductor according to the Kubelka-Munk for-
mula (Eq. 1) [25], where A is the absorption coeffi-
cient, & is Planck’s constant, and v is optical
frequency, E; is the band gap, and the value of n
depends on the semiconductor type.
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Figure 6 a UV-Vis diffuse reflectance spectra of Fe,03, BiVO,
and FB series samples. b Estimate the band gap values of Fe,O3
and BiVO, based on the plotted (ohv)"? versus hv. ¢ PL emission
spectra (the excitation wavelength is 340 nm). d Transient
photocurrent curves of prepared samples. e, f Mott-Schottky and

EIS curves of the prepared samples (in a three-electrode system
with ITO glass electrode as working electrode, platinum electrode
as counter electrode and saturated calomel electrode as reference
electrode. 0.5 M Na,SO, solution was used as electrolyte
solution).
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ahv = A (v —E,)"?, (1)

BiVO, and Fe,O; are direct-gap semiconductors
and indirect-gap semiconductors, respectively, with
n values of 2 and 1/2 [14]. The material’s band gap
[21] was estimated from the inflexion point between
the tangent line on the inflexion point and the hori-
zontal line, and the band gaps (E;) of BiVO4 and
Fe,O; were determined to be 2.2 eV and 1.9 eV,
respectively (Fig. 6b). The band gap of composite
samples FB-1 ~ FB-4 is between 2.04 and 2.14 eV
(Fig. S2a, b), which is smaller than that of pure BiVO,
samples.

Photoluminescence spectroscopy can study the
efficiency of photogenerated carrier recombination
and separation. The results of photoluminescence
spectroscopy can reveal electron-hole pair transfer,
migration and recombination processes [26]. When
the semiconductor is illuminated by light, the catalyst
generates electrons and holes, and the fluorescence
emission spectrum represents the released energy of
some of the electrons and holes recombination.
Higher emissivity indicates better charge recombi-
nation efficiency. The emission spectra of Fe,O; and
BiVO, show higher intensities (Fig. 6¢c), indicating
that the electron-hole pairs of Fe;O; and BiVO, are
rapidly recombined. As expected, the PL intensity of
the FB-2 composite is lower than that of Fe,O3; and
BiVO,. Therefore, the FB-2 composite structure is
illustrated to facilitate the efficient separation of
electron-hole pairs, which is consistent with the
optical properties of DRS [27].

Figure 6d compares the transient photocurrent
densities of the obtained BiVOy, Fe,O3 and a series of
FB electrodes under visible light irradiation. All
electrodes produced a fast photocurrent response
when the light was present. Then, when the light is
cut off, it instantly drops to zero, these materials are
photosensitive. Under visible light irradiation, the
photocurrent of FB-2 was significantly higher than
pure BiVO,. These results show that BiVO, has a
higher photogenerated electron and hole combina-
tion rate than FB-2. That is, FB-2 has efficient charge
separation, consistent with the results of PL spec-
troscopy [28].

It is well known that the photocatalytic activity of a
catalyst is closely related to its band structure and
charge transfer kinetics. The band structures of the
samples were prepared, and their charge transfer and
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recombination properties were analyzed. First, the
flat-band potential of the sample was measured using
M-S. Figure 6e is the M-S curve of the measured
sample. The slopes of Fe;O3 and BiVO, are positive,
indicating that the semiconductor is n-type, consis-
tent with the results reported in the previous litera-
ture [18]. Meanwhile, the flat-band potentials
(approximately equal to the conduction band in n-
type semiconductors) of Fe,O; and BiVO, materials
are — 0.27 V and — 0.7 V, respectively (relative to a
common hydrogen electrode (RHE)). In general, the
bottom of the conduction band of an n-type semi-
conductor is 0.1 V [29] minus the flat band potential.
Therefore, the conduction band potentials of Fe,O3
and BiVO, materials are — 037V and — 08V,
respectively (relative to standard hydrogen electrode
(RHE)). After that, the conduction band values of
Fe,O3 and BiVO, materials close to normal hydrogen
electrode (NHE) were calculated according to Eq. (2)
[30], which were — 0.78 V and — 1.21 V, respectively.

ERHE = ENHE + 0.059 pH (2)
Evg = Eg + Ecp (3)

Combined with the above DRS test, the band gap
values of Fe,Os; and BiVO, materials are 1.9 eV and
2.2 eV, respectively. Therefore, according to Eq. (3),
the valence band positions of Fe,O; and BiVO,
materials are further calculated to be 1.12 eV and
0.99 eV, respectively. In summary, the specific energy
band structure values of Fe,O5; and BiVO, materials
are shown in Table 1.

The changes in charge separation and transfer in
the FB composite were further determined by elec-
trochemical impedance spectroscopy (EIS). The
smaller the diameter of the semicircle in the EIS
diagram, the faster the electron mobility and the
more efficient the separation of carriers [17]. The
semicircle diameter of the FB-2 composite sample in
Fig. 6f is much smaller than that of the other com-
posite samples, indicating that the FB-2 interfacial
layer resistance is reduced, which is beneficial to
charge separation and transfer.

The above series of photoelectric performance
characterizations further confirmed the successful
preparation of Fe,O5;/BiVO,4 composite photo-Fenton
materials. The prepared FB-2 sample has excellent
photo-response performance and efficient electron
transfer efficiency. This is inseparable from its
excellent photo-Fenton degradation efficiency below.
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Table 1 Specific band structure values of Fe,O; and BiVOy,
prepared

F6203 BIVO4
Em®ie) — 027V —07V
Ecnrup) —037V 08V
Ecpouie) — 078V — 121V
E, 1.9 eV 22eV
Evs .12V 099V

Photo-Fenton catalytic performance

Taking the degradation of Rh B as an example, the
performance of other photo-Fenton catalysts was
evaluated. Under the condition of adding an appro-
priate amount of Fe,O;, different calcination tem-
peratures have different affect the photo-Fenton
performance of the prepared catalysts. With Rh B as
the target pollutant, FB-2 calcined at 300 °C had the
highest photo-Fenton degradation efficiency (Fig. 7a).
As the calcination temperature increased, more Fe,O3
nanoparticles were crystallized, covering the active
sites on the FB surface. Moreover, the accumulation
of excess Fe;,O; nanoparticles due to unbalanced
forces hinders the efficient formation of heterojunc-
tions [31], which results in the ineffective separation
of photogenerated carriers and reduces the catalytic
activity. In addition, the photo-Fenton degradation
kinetics curves of FB-1 ~ FB-4 can be approximated
as a quasi-first-order process: In(Cy/C) = kt. By fit-
ting the obtained In(Cy/C) curve, the photoreaction
rate constant k was obtained (Fig. 7c), in which the
photodegradation rate of FB-2 was the highest,
reaching 0.086 min .

In Fig. 7d, the concentration changes of Rh B under
different degradation time during the photo-Fenton
degradation of Rh B by FB-2 were monitored. With
the increase of illumination times, the characteristic
peak intensity of Rh B decreased continuously. After
60 min, the absorption peak almost disappeared. The
final degradation rate of the FB-1 ~ FB-4 samples
can be observed in the bar graph of Fig. 7b, and the
broken line in the figure intuitively reflects the
changing trend of the degradation rate. It is further
confirmed that FB-2 has excellent photo-Fenton
degradation performance. Supplementary Fig. S3a—c
show the photo-Fenton, Fenton-like and photocat-
alytic degradation performance curves of BiVOy,
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Fe;O; and composite FB-2 for Rh B. The photo-Fen-
ton performance of the composite FB-2 was signifi-
cantly improved (Fig. 7e), and the degradation rate of
Rh B reached 97% within 40 min. It is proved that the
FB-2 composite sample obtained by calcination of
BiVO, loaded with an appropriate amount of Fe,O3
at 300 °C can promote the separation and migration
of photogenerated carriers. At the same time, the
exposure of more active sites enables the photocat-
alytic and Fenton oxidation has the best synergistic
effect. It is also proved that the photocatalytic
response of BiVO, is dominant in the Fenton-photo-
catalytic synergistic reaction of FB-2.

It is generally believed that the cyclic stability of
catalysts is one of the critical signs of good catalytic
performance. The catalytic stability of FB-2 catalyst
for five consecutive degradations of Rh B (20 mg L")
under visible light was investigated. After five photo-
Fenton catalytic cycles, the FB-2 composite catalyst
still has good degradation performance (Fig. 7f),
confirming the good long-term reusability of the FB-2
catalyst, which proposed a new idea for the practical
industrial application of composite catalyst.

It is generally believed that the photo-Fenton
catalysis reaction is carried out on the surface of the
catalyst, so the positive and negative charges on the
surface of the catalyst will directly affect the
adsorption process of the catalyst to the dye mole-
cules, thereby affecting the catalytic effect of the
photo-Fenton [32]. In this experiment, FB-2 has good
degradation performance on Rh B and MB cationic
dyes. However, the anionic dye MO did not achieve
the expected effect. It is speculated that the surface of
the FB-2 catalyst has many negative charges. At the
moment of adding the cationic dyes (Rh B and MB),
the negative charges on the catalyst’s surface quickly
attract the cationic dyes. When the light source is
introduced, and H,O, is added, the cationic dyes
adsorbed on the catalyst surface rapidly undergo a
series of redox reactions with H,O,. They are degra-
ded (Fig. 8a, d).

To clarify the photo-Fenton reaction mechanism of
the catalyst, the effects of HO, dosage (Fig. 8b) and
catalyst dosage (Fig. 8c) on the degradation perfor-
mance of Rh B were discussed. Figure 8b shows the
degradation efficiency of Rh B (20 mg L") by FB-2 by
adding different amounts of H,O,. It can be seen that
the decomposition rate of Rh B increases significantly
with the increase in the quantity of H,O, added.
From the fitted first-order kinetic line graph (Fig. 8e)
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performance curve and degradation rate histogram c First-order
kinetic curves of FB-1 ~ FB-4 after fitting d UV absorbance at

and the corresponding kinetic constant bar graph
(Supplementary Fig. S4a), it can be seen that as the
H,0, dosage increases from 0 to 1 mL, the fitted rate
constant rapidly increased to 0.07731 min~". This is
because with the addition of H,O,, the generation
rate of -OH is accelerated, promoting the degradation
of the target pollutants. However, when more than
1 mL of H,O, was added, the fitted rate constant
decreased from 0.07731 to 0.06162 min~"'. This may
be because excess H,O, captures -OH [Eq. (4)],
resulting in a continuous increase in the degradation
rate of -OH, and many HO,- is also generated.
Compared with -OH, the oxidation potential of HO,-
is lower, which inhibits the entire photo-Fenton
reaction process [Eq. (5)], in turn, reduces the rate of
pollutant degradation [33].

H,O, + -OH — HO2 + H,O
HO, + -OH — H,0 + O,

(4)
(5)

Usually, the catalyst degradation rate increases
with the increase of catalyst dosage. According to the
fitted first-order kinetic line (Fig. 8f) and the corre-
sponding kinetic constant histogram (Supplementary
Fig. 54b), as the catalyst dosage increased from 0.04 to

@ Springer

e photo-Fenton properties of BiVO,, Fe,O3 and FB-2 f photo-
Fenton cycle test of the FB-2 sample.

0.08 g, its fitted rate constant Increased from 0.07336
to 0.11745 min~'. However, when the dosage con-
tinued to increase, the fitted rate consistent decreased
to 0.06021 min~', which may be due to the decrease
of the transmittance of the solution due to the excess
catalyst, which reduced the photocatalytic efficiency
of BiVO, and hindered the electron from BiVO, flows
to Fe;Os;, which in turn reduces the photo-Fenton
catalytic degradation efficiency of the composite
catalyst.

Mechanism of catalyst performance
improvement

To study the experimental mechanism of the Fe,O3/
BiVO, photo-Fenton reaction, a capture experiment
was carried out to determine the active species that
played a significant role in the response process. In
the photo-Fenton reaction, silver nitrate (AgNOj3),
isopropanol (IPA), ethylenediaminetetraacetic acid
disodium salt (EDTA-2Na) and p-benzoquinone (BQ)
were used as trapping agents for e”, ‘OH, h" and
O,-7, respectively [34] (Fig. 9a). Among them, IPA,
EDTA-2Na, and BQ inhibited the degradation rate of
the catalyst to the dye by 60%, 60%, and 24%,
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Figure 8 a, d Photo-Fenton degradation performance curves and
bar graphs of FB-2 for different dyes (Rh B, MB, MO) b, c the
effects of different H,O, dosage and catalyst content on the photo-
Fenton performance of FB-2 samples e, f corresponding fitting

respectively (Fig. 9b). The results of capture experi-
ments showed that e~ and -OH were involved in the
photo-Fenton reaction, and h™ was the main active
species in the photo-Fenton reaction, which played a
crucial role in the degradation of Rh B. When BQ was
added to the photo-Fenton reaction, there was a
slight inhibitory effect during the reaction. It is
speculated that the addition of BQ may reduce
solution’s transparency, thereby inhibiting the
degradation efficiency of the catalyst. However, the
degradation efficiency of Rh B did not change in the
end, indicating that O,-~ was not the active species in
the reaction process.

To judge the electron flow direction between Fe,O;
and BiVO,, the Tafel curves of Fe,O; and BiVO,
under light and without light were tested (Fig. 9¢).
Under visible light irradiation, the redox equilibrium
potential of BiVO, shifted to a more negative direc-
tion [13] and the redox potential of Fe,O3 moves in a
more positive direction. Under visible light irradia-
tion, BiVO, has a more negative redox equilibrium
potential than Fe,Os;, indicating that BiVO, has a
higher surface electron energy level in Na,SO, solu-
tion under visible light irradiation [13]. At the same

Time (min)

0 10 20 30 40 50 60
Time (min)

first-order kinetic linear diagram of photo-Fenton degradation

performance of FB-2 samples with different H,O, dosage and

catalyst content.

time, it can be seen that the redox properties of Fe;O3
are more affected by visible light irradiation, indi-
cating that the energy level structure of Fe,Oj is more
affected by minority carrier injection. The open-cir-
cuit voltages of Fe,O3;/BiVO, under dark and light
conditions were measured to be — 0.88V and
— 0.81 V, respectively. These open circuit voltages lie
between the redox potentials of Fe,O3; and BiVO,,
representing the flow of electrons from BiVO, to
Fe,O3 during photo-Fenton catalysis.

Based on the above series of photoelectric charac-
terization, performance testing experiments, trapping
experiments and Tafel curves, the electron flow dia-
gram during the reaction of the FB-2 composite
photo-Fenton catalyst (Fig. 9d, f) and the reaction
mechanism of Rh B degradation (Fig. 10) are pro-
posed. Under illumination, BiVO, and Fe,O3 are
excited to generate photogenerated electrons (e”) and
holes (h™) simultaneously [Eq. (6)]. Since the con-
duction band and valence band of BiVO, are more
negative than Fe,O;, the e~ on the conduction band
can be easily transferred to the conduction band of
Fe,O3 which is closer to it (Fig. 9e), further reducing
Fe’" to Fe*" [Eq. (7)], the Fe*" generated by the
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reduction reaction reacts with H,O, to generate -OH
active species that participate in the photo-Fenton
reaction to degrade Rh B [Eq. (9), (11)]. The added
H,0; can not only oxidize the generated Fe*" to Fe*"
(Eq. (9)), but also react with e™ to generate -OH active
species to promote the degradation of the dye
[Eq. (8)]. At the same time, the holes in the valence
band of Fe;O5 can also react with the OH™ generated

Figure 10 Reaction
mechanism diagram of Fe,O5/
BiVO, composite photo-
Fenton catalyst.

— ]
~ —

Potential(eV) vs NHE

—
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by the decomposition of H,O, to generate -OH to
promote the degradation of pollutants [Eq. (10)]
(Fig. 9f). The Fe,O;/BiVO, photo-Fenton catalyst
system accelerates the transfer of electrons and pro-
motes the cycle between Fe’* and Fe’", thereby
improving the catalytic degradation efficiency of the
FB-2 composite photo-Fenton catalyst.
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Table 2 Summary of properties of BiVO,—Fe,O; composites
Catalyst Target pollutants Light source Degradation time/efficiency Application field References
Fe,05/BiVO, MB (10 mg/L) 300 W Xenon lamp 40 min/100% Photo-Fenton [5]
Rh B (15 mg/L) 30 min/98.4%
Fe,05/BiVO, TC (20 mg/L) 300 W Xenon lamp 120 min/75.8% Photocatalytic [14]
Fe,05/BiVO, 4-NP (0.4 mmol/L) 300 W Xenon lamp 30 min/98% Photocatalytic [35]
Fe,03/BiVOy, Rh B (20 mg/L) 5 W LED lamp 40 min/97% Photo-Fenton This work
MB (35 mg/L) 40 min/80%
Fe;O3/BiVO, + hv — e~ +h* (6) affects the photo-Fenton performance of FB series
5 ) composite catalysts. FB-2 with tetragonal BiVO,
Fe’™ + e~ — Fe*" (7) . . o
structure, which was calcined at 300 °C, degraded
H,O, + e~ — -OH + OH"™ (8) 97% of Rh B (20 mg L~!) within 40 min, and main-
Fe?* 1+ HO Fe** 1 OH . OH- 9 tained high activity after five cycles of testing. The
e+ My — et A-OH A+ ©) capture experiment and Tafel test further demon-
h*+OH™ — -OH (10) strated the main active species and electron flow
Dye + -OH — CO, + H,O (11) between catalyst interfaces during the reaction. The

Discussion

In this paper, the photo-Fenton catalyst with high
catalytic degradation performance was prepared by
ultrasound-assisted calcination. FB-2 with tetragonal
BiVO, structure was obtained by calcination at
300 °C with the best photo-Fenton degradation per-
formance. The capture experiment and Tafel test
proved that h*, e~ and -OH were the main active
species in the reaction process and the specific
direction of electrons in the reaction process.

Compared with other Fe,O3/BiVO, photocatalytic
degradation experiments (Table 2), under the irradi-
ation of a weak light source (5 W LED) in this
experiment, Rh B (20 mg/L) and MB (35 mg/L) dyes
still have good degradation efficiency within 40 min.
That is, under low-intensity light, the FB-2 composite
photo-Fenton catalyst prepared in this experiment
still has good catalytic degradation activity.

Conclusions

Fe;O3/BiVO, composite photo-Fenton catalyst was
prepared by a simple ultrasonic-assisted calcination
method. The change of calcination temperature

close interfacial contact and efficient charge transfer
between Fe,O3 and BiVO, greatly enhance the syn-
ergistic reaction between them. At the same time, it
provides a new idea and solution for the practical
application of Fe,O; based heterogeneous photo-
Fenton catalyst.
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