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The inefficiency of conventional photocatalytic treatment for removing rhodamine B is posing potential risks
to ecological environments. Here, we construct a highly efficient photocatalyst consisting of AgzPO,4 and a-
Fe,O3 hybrid powders for the treatment of rhodamine B. AgzsPO4 nanoparticles (nanoparticles, about 50 nm)
are uniformly dispersed on the surface of a-Fe,Oz microcrystals (hexagonal sheet, about 1.5 pm). The AgzPO4-
deposited uniformity on the a-Fe,O5 surface first increased, then decreased on increasing the hybrid ratio of
AgzPO, to a-Fe,Os. When the hybrid ratio of AgzsPO4 to a-Fe,Ozis 1 : 2, the distribution of AgzsPO4 particles on
the sheet a-Fe,O3z is more uniform with excellent AgzPO,/a-Fe,Os interface performance. The catalytic
degradation efficiency of hybrids with the introduction of AgzsPO4 nanoparticles on the a-Fe,Os surface
reached 95%. More importantly, the hybrid material exhibits superior photocatalytic stability. AgsPOa4/a-
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reuses. The excellent photocatalytic activity of the as-prepared hybrids can be attributed to the
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1. Introduction

Due to its green, high efficiency, stability and environmental
friendliness, photocatalytic wastewater treatment has become one
of the most promising water treatment technologies.** Nano-TiO,
photocatalyst is the most widely used catalyst.>® However, the
application of TiO, nanomaterials is limited due to their wide
band gap (E, = ~2.4 eV), low quantum efficiency and low visible
light utilization rate. It is well known that Ag;PO, has a band gap
of 2.36 eV and can absorb visible light and ultraviolet light with
wavelengths less than 525 nm. The high quantum efficiency
makes Ag;PO, a potential visible light catalyst.®** However, the
high cost and poor stability of Ag;PO, limit its large-scale appli-
cation. The reduction of silver ions to silver on the surface can be
effectively inhibited by semiconductor compositing, metal ion
doping and introducing carbon materials, and a heterostructure
can be formed to improve the stability and photocatalytic activity
of Ag;PO,. Du et al** successfully constructed novel Z-scheme
Ag;PO,/g-C3N, heterostructures with a high photocatalytic effect.
The improved photocatalytic efficiency of Ag;PO,/g-C;N, may be
attributed to the formation of Z-scheme heterostructure structure
and matching valence band and conduction band. Zhouyue Wu
et al® designed and synthesized hybrid AgI@Ag;PO,
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recombination and broaden the visible light response range.

nanostructures for visible-light photodegradation of norfloxacin
via a facile self-assembly formation strategy. The experimental
results indicated that the AgIl@Ag;PO4-15 sample presented the
best visible-light photocatalytic performance, which was far better
than that of pristine Agl and 2.96 times that of pristine Ag;PO,.
Hematite («-Fe,O;) has a narrow band gap (E; ~ 2.2 eV) and
a maximum absorption wavelength of about 560 nm. It has a high
utilization rate of visible light such as sunlight. Moreover, a-Fe,0;
is a very promising visible light catalyst with low price, environ-
mental protection and high stability, and has a good application
prospect in the field of water treatment. It has become one of the
hot topics of research in recent years.'*™*

In this study, Ag;PO,/a-Fe,O; hybrids were prepared by
hydrothermal methods. Ag;PO, nanoparticles were loaded on
the hexagonal o-Fe,O; sheets, which greatly improved the
dispersion of Ag;PO, nanoparticles and increased the specific
surface area of hybrids. Thus, the visible light catalytic activity
of Ag;PO, will be further improved. The excellent photocatalytic
activity of as-prepared hybrids can be attributed to the hetero-
structure between Ag;PO, and a-Fe,O;, which can effectively
inhibit the photoelectron-hole recombination and broaden the
visible light response range.>*>*

2. Experiment section
2.1 Preparation of Ag;PO,/a-Fe,0; hybrids

Ag;P0O, nanopowder. 0.25 g AgNO; and a certain amount of
polyvinylpyrrolidone were dissolved in 60 mL ionized water, and
the solution A was obtained by ultrasonication for 5 min. 0.19 g

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Na,HPO, was dissolved in 60 mL ionic water and ultrasonicated
for 5 min to obtain solution B. In dark, under 75 °C with
continuous stirring, solution B was added to solution A drop by
drop and then the solution was left in dark for 30 min. The
product was centrifuged, washed twice with deionized water
and ethanol, and dried at 60 °C in a vacuum to obtain Ag;PO,
powder, as show in Fig. 1.

a-Fe,0; hexagonal sheets. 1.42 g FeCl;-6H,0 and 2 g of
NaOH were dissolved in 60 mL ionic water. The solution was
transferred into a kettle for hydrothermal reaction at 180 °C
for 24 h. After the reaction, the product was washed with
deionized water to neutral, and a-Fe,O; was obtained, as show
in Fig. 1.

Ag;PO,/a-Fe,0; hybrids. 0.156 g o-Fe,O; and a certain
amount of polyvinylpyrrolidone were ultrasonically dispersed in
60 mL of water, and then a certain amount of Ag;PO, was added
to form the precursor solution. The precursor was placed in the
reactor for hydrothermal reaction at 160 °C for 10 h. The reactor
was then cooled to room temperature and the product was
washed twice, first with deionized water then ethanol, hence
obtaining the Ag;PO,/a-Fe,O; hybrid. The hybrids with molar
ratiosof1:4,1:3,1:2and1: 1 of Ag;PO, to a-Fe,0; were also
prepared, as shown in Fig. 1.

2.2 Photocatalytic experiments

First, 50 mg Ag;PO,/a-Fe,0; hybrid powder was ultrasonically
dispersed in 100 mL rhodamine B solution with a concentration
of 5 mg L™". Then, the solution was magnetically stirred for
30 min in a darkroom to enable the catalyst and dye reach the
equilibrium of adsorption and desorption. The photocatalytic
performance was tested using a xenon lamp as the light source
to simulate sunlight. 4 mL of the solution was taken every
5 min, and the absorbance of the solution was measured by UV-
Vis spectrophotometer after centrifugation.

3. Results and discussions

The crystal phase of pure Ag;PO,, a-Fe,O; and the Ag;PO,/o-
Fe,0; hybrid (1 : 2) was confirmed by XRD, as shown in Fig. 2.

Dark, Stir
75°C
= = mixture
AgNO,+PVP AgNO,+PVP
FeCl,-6H,0 180 °C, 24h

—_—

+ Hydrothermal

NaOH

Fig. 1 Flow chart of AgzPO4/a-Fe,O3z preparation.
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Fig. 2 XRD patterns of AgzPOg,, a-Fe,Oz and AgzPO,4/a-Fe O3 hybrid.

The characteristic peaks of Ag;PO, in Fig. 2 correspond to PDF#
06-0505, which is the cubic phase silver phosphor. Diffraction
peaks at 20.83°, 29.64°, 33.25°, 36.53°, 47.75°, 52.65°, 54.97°,
57.24° and 61.60° correspond to (110), (200), (210), (211), (310),
(222), (320), (321), (400) crystal surfaces.* The diffraction peaks
at 24.14°, 33.15°, 35.61°, 49.48°, 54.09°, 62.45°, 63.99° corre-
spond to the hexagonal a-Fe,O3 (012), (104), (110), (024), (116),
(214), (300) crystal planes.?® The characteristic peaks of Ag;PO,
and o-Fe,O; can be clearly observed in the XRD spectra of the
Ag;PO,/a-Fe,0; hybrid, which indicates that Ag;PO, and o-
Fe,0O; are successfully combined with each other. In addition,
no diffraction peaks of other impurities were found on the XRD
patterns, indicating that the samples had high purity. The XRD
characteristic peaks of the hybrids did not change, indicating
that the hybrid had no obvious effect on the crystal structure.
The morphology and structure of the catalyst can signifi-
cantly affect its catalytic performance. The morphology and
composition of the Ag;PO,/a-Fe,O; hybrid photocatalyst were
characterized by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS). Fig. 3 shows the SEM

Ag;POy
- 160 °C, 10h
Hydrothermal
Ag:PO, /u-Fe,04
u-Fe;O;; —
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Fig. 3 SEM images of a-Fe,O3z and AgzPO,4/a-Fe, O3 hybrid (a-c).

images of pure o-Fe,O; and Ag;PO,/a-Fe,O; hybrid (1 :2).
Fig. 3(a) shows a-Fe,0; is a uniform hexagonal sheet structure
with a size of about 1.5 um. In Fig. 3(b), the SEM images
manifests that the small Ag;PO, particles deposited on the a-
Fe,O; sheet surface, with sizes of about 50 nm. From the side
view of Ag;PO,/a-Fe,0O; in Fig. 3(c), it can be seen that Ag;PO,
nanoparticles are closely bonded with a-Fe,O; sheets, which is
conducive to the migration of photoelectric charge carriers
between them to form a hybrid catalyst with high catalytic
activity.?

Fig. 4 shows the SEM photos of Ag;PO,/a-Fe,O; hybrids with
different proportions. It can be clearly seen from Fig. 4 that with
the increase in the hybrid ratio of Ag;PO, and a-Fe,Oj;, the
deposited uniformity of Ag;PO, particles on o-Fe,O; surface
first increased, and then decreased. When the hybrid ratio of
Ag;PO, and a-Fe,0; is 1 : 2, the distribution of Ag;PO, particles
on the sheet a-Fe,O; is more uniform and dispersed. In
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addition, the Ag;PO,/a-Fe,O; hybrid exhibited excellent inter-
face performance.

Fig. 5 demonstrates the EDS scan analysis spectrum of each
Ag;PO,4/a-Fe,0; hybrid photocatalyst element. It can be seen
from Fig. 5(a) that the small particles protruding from the sheet
structure mainly contain Ag, P, O elements, and the sheet
structure is mainly composed of Fe and O elements. According
to the line scanning analysis figure, the small particles on the a-
Fe,0; sheet structure are Ag;PO, particles, which further proves
that the Ag;PO,/a-Fe,O; hybrid photocatalyst has been
successfully prepared. Fig. 5(b) shows that O, Fe, P, and Ag
elements exist in the hybrid, and from the AT% of Ag/Fe = 3.09/
4.26 = 0.73 = 0.75 (= 3/4), it can be roughly inferred that the
mole ratio of Ag;PO, and a-Fe,0;3 is 1 : 2. Because EDS results
are affected by test location, only semi-quantitative analysis can
be carried out.

The light absorption properties of Ag;PO,, a-Fe,O; and
Ag;PO,/a-Fe,O; hybrids were analyzed by UV-Vis diffuse

2um

0.5um

Fig. 4 SEM photographs of AgzPO4/a-Fe,O3z hybrids with different proportions, the ratios of AgzPO,4 and a-Fe,Osz are: (@)1 :4; (b)1:3;(c)1: 2;

(d1:1
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Fig. 5 EDS line scanning across the AgzPO,4/a-Fe,Oz hybrid (a) and its EDS spectrum (b).

reflectance spectroscopy. Fig. 6(a) shows the UV-Vis diffuse
reflectance absorption spectra of pure Ag;PO,, a-Fe,O; and
Ag;PO,/0-Fe,0; complex (1 : 2). It can be seen from Fig. 6(a)
that the maximum light absorption band edges of pure

Absorbance

1 1 1 1 1

300 400 500 600 700 800
‘Wavelength/nm

Ag;PO, and o-Fe,0O; are about 550 nm and 650 nm, respec-
tively. Compared with pure Ag;PO,, the absorption wave-
length of the Ag;PO,/a-Fe,O; hybrid photocatalyst in the
visible light region has a red shift, which enhances the visible

b
aFe0,
Fg2.0¢'
B
2
N
E AgPO/aFe 0,
o Fg1.75%V AP0,
Eg2.2¢V

1 1 1 1 1 1 1 1
16 1.7 18 19 20 21 22 23 24 25 26 27 28
v/eV

Fig. 6 UV-Vis spectra (a) and the corresponding (zhv)?—hv curve of the AgzPO4, a-Fe,Oz and AgzPO./a-Fe,O3 hybrid(b).
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light response range thus increasing the utilization rate of
light. The red-shift phenomenon is attributed to the hetero-
junction structure formed between Ag;PO, and o-Fe,O;
which may be induced by the structural defects, and the
enhanced internal stress results in the overlap of the electron
wave function generated in the process. From the (ahv)* ~ hy
curve in Fig. 6(b), it can be concluded that the E, values of
Ag;PO, and a-Fe,O; are about 2.2 eV and 2.0 eV, respec-
tively.>”*® The valence band Eyg and conduction band posi-
tion Ecg can be obtained from the calculation formula of the
semiconductor energy band structure:*

Evg = X — E°+ 0.5E, 1)
ECB = EVB - Eg (2)

X is the absolute electronegativity of the semiconductor, and the
X values of Ag;PO, and a-Fe,O; are 6.20 ¢V and 5.87 eV,
respectively; E° is the energy of a free electron on the hydrogen
scale (about 4.5 eV). Therefore, the Eyg and Ecg of AgzPO, are
2.80 eV and 0.60 eV, and the Eyg and Egg of a-Fe,O5 are 2.37 eV
and 0.37 eV, respectively.

The photocatalytic activity of Ag;PO,, a-Fe,0; and Ag;PO,/
a-Fe,03 hybrid photocatalyst for rhodamine B degradation
under visible light was investigated. It can be seen from
Fig. 7(a) that rhodamine B hardly degrades itself. At the same
time, the degradation efficiency of pure Ag;PO, and a-Fe,O;
for rhodamine B was 82% and 8%, respectively, after 10 min of
visible light catalysis. It can be clearly seen from Fig. 7(b) that,
compared with pure a-Fe,03, the photocatalytic degradation
effect of rhodamine B by loading Ag;PO, on a-Fe,O; has been
greatly improved. With the increase in the Ag;PO, load, the
catalytic activity of the Ag;PO,/a-Fe,O; hybrid photocatalyst
first increased and then decreased. When the molar ratio of
Ag;PO, to a-Fe,O; was 1 : 2, the catalytic degradation ability of
rhodamine B solution was the best, and the catalytic degra-
dation efficiency reached 95% after 10 min. Combined with
the SEM images of Ag;PO,/a-Fe,O; hybrids with different
ratios shown in Fig. 4, it can be predicted that when the
composite ratios of Ag;PO, and a-Fe,O; are 1:4 and 1: 3,
fewer Ag;PO, particles are loaded on the sheet a-Fe,O3, which
is unfavorable to the migration of photoelectric charge carriers
between the two and hence unfavorable to the improvement of
photocatalytic activity. When the composite ratio of Ag;PO,
and a-Fe,0; is 1 : 2, the distribution of Ag;PO, particles on the
sheet a-Fe,0; is more uniform, which improves the dispersion
of Ag;PO, particles and increases the photocatalytic specific
surface area. The heterojunction structure formed between
Ag;PO, and o-Fe,O; effectively promoted the separation of
photogenerated electrons and holes and improved the elec-
tron migration efficiency, thus improving the photocatalytic
activity of the material.**** However, too much Ag;PO, will
cause Ag;PO, particles to agglomerate on the sheet a-Fe,0;,
which will reduce the surface activity of Ag;PO,/a-Fe,03, thus
reducing the photocatalytic activity of the composite photo-
catalyst. At the same time, it can be seen that the catalytic
activity of the Ag;PO,/a-Fe,O3 hybrid photocatalyst is higher
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Fig.7 Kinetic curves of degradation of rhodamine B (a); photocatalytic
degradation curves of RhB solution by different catalyst samples (b).

than that of the physical mixture with the same proportion,
which further indicates that the Ag;PO,/a-Fe,0; hybrid pho-
tocatalyst prepared in this experiment formed a hetero-
junction structure and improved the photocatalytic activity,
while the simple physical mixture cannot form a hetero-
junction structure.

The possible mechanism of the photocatalytic degradation
of rhodamine B by the Ag;PO,/a-Fe,O; hybrid photocatalyst is
shown in Fig. 8. Under simulated solar irradiation, because the
gap width of Ag;PO, and a-Fe,O; is narrow, and the absorb-
ability is good in the range of visible wavelength, the electrons
in the valence band are easily excited to transition to the
conduction band, while the holes remain in the valence band.
First, the Ecg (0.60 eV) of Ag;PO, is higher than that of a-Fe,03
(0.37 eV), and the photogenerated electrons in the a-Fe,Oj
conduction band can easily migrate to the Ag;PO, conduction
band. The Eyg of AgzPO, (2.80 eV) is higher than that of a-Fe, 03
(2.37 eV), and the valence band holes of Ag;PO, are transferred
to the valence band of a«-Fe,Os; thus, the photogenerated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Mechanism of enhanced photocatalytic activity.
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Fig.9 Effect of reuse times of the AgzPO4/a-Fe,O3 hybrid catalyst on
RhB degradation rate.

electron-hole pair is effectively separated. Second, Ag;PO, will
produce a small amount of Ag due to the photocorrosion
phenomenon, which can further capture electrons from the
conduction band of Ag;PO, and a-Fe,0;, thus promoting the
separation of photogenerated electrons and holes, and
enhancing the photocatalytic activity.

Fig. 9 shows the effect of repeated usage times of the Ag;PO,/
a-Fe,0; hybrid catalyst on the degradation rate of rhodamine B.
It can be seen from Fig. 9 that the photocatalytic degradation
rate of rhodamine B decreased from 95% to 72% after repeated
use of the Ag;PO,/a-Fe,O; hybrid catalyst for four times. The
photocatalytic degradation rate decreased slightly, but the
photocatalyst still had certain stability and could be reused
many times. According to the XRD comparison patterns of the
Ag;PO,/a-Fe,0; hybrid catalyst before and after use in Fig. 10, it
can be clearly seen that the main reason for the decrease in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalytic degradation rate is that a small amount of elemental
silver (Ag) is produced by the photocorrosion of Ag;PO, during
the degradation process.** Meanwhile, the loss of some amount
catalyst in the processes of washing and recycling is also
a reason for the reduction in the degradation rate.

Fig. 11 shows the UV-Vis absorption spectra of the Ag;PO,/a-
Fe,0; photocatalytic degradation of rhodamine B. It can be seen
from Fig. 11 that with the extension of the photocatalytic
degradation time, the absorption peak intensity of rhodamine B
solution gradually decreased, and rhodamine B was almost
completely degraded after 10 min. In the whole process of
photocatalytic degradation, the position and shape of the
absorption peak of rhodamine B did not change, and no new
absorption peak was generated, indicating that the concentra-
tion of rhodamine B only decreased in the degradation process,
and no new substances were generated. Finally, it was
concluded that rhodamine B might be catalyzed to degrade to
H,O and CO,.

o Ag

before

afterI | Ill o I | o
L 1

10 20 30 40 50 60 70
26109

Fig. 10 XRD patterns of the AgzPO4/a-Fe,O3 hybrid catalyst before
and after application.

Intensity/(a.u.)
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Fig. 11 UV-Vis spectra of AgzPO4/a-Fe,O3 photocatalytic degrada-
tion of rhodamine B.

4. Conclusion

Based on a series of experiments and characterization, the
following conclusions are drawn: when the molar ratio of
Ag;PO, to a-Fe,O; is 1:2, the catalytic degradation of the
rhodamine B solution was the highest, and the catalytic
degradation efficiency reached 95% in 10 min, which was
significantly higher than that of pure Ag;PO, and o-Fe,O3. This
may be because the small Ag;PO, particles are uniformly
dispersed on the a-Fe,O; sheet structure, which increases the
catalytic specific surface area of Ag;PO, particles. Moreover,
Ag;PO, particles and a-Fe,O; sheets were closely combined to
form a heterojunction structure, which improved the migration
of photogenerated electrons and holes between the two. Thus,
the photocatalytic activity of Ag;PO,/a-Fe,O; hybrids was
improved. The Ag;PO,/a-Fe,0; hybrids had good visible light
catalytic activity and stability, and could be reused many times.
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