
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
1:

13
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis and vis
aMarine College, Shandong University, Weih

edu.cn
bRushan Huaxin Foodstuffs Co.,Ltd, Weihai

Cite this: RSC Adv., 2021, 11, 15598

Received 6th February 2021
Accepted 15th April 2021

DOI: 10.1039/d1ra01007g

rsc.li/rsc-advances

15598 | RSC Adv., 2021, 11, 15598–156
ible-light photocatalytic
degradation of Ag3PO4/AgBr/hydroxyapatite
ternary nanocomposites prepared from oyster
shells

Sha Sha,a Lei Zhang,a Haijun Liu,b Jingdi Chen,a Yuju Che,a Fanbing Zhanga

and Cui Song *ab

In this paper, a new type of Ag3PO4/AgBr/hydroxyapatite (HAP) composite was successfully prepared from

oyster shells and silver nitrate by a hydrothermal method. The samples were characterized by scanning

electron microscopy, X-ray photoelectron spectroscopy, electron spin resonance and other precision

instruments, and their catalytic activity was characterized by visible light degradation of methylene blue

(MB). The experimental results show that the Ag3PO4/AgBr/HAP photocatalyst has a nanoscale rod-like

structure and excellent photodegradation performance. Although the content of Ag3PO4 or AgBr had

a significant effect on the reaction activity, the effects did not all positively correlate, and only the

appropriate ratio could produce an improved catalytic effect. The catalytic performance of the 1:1-

Ag3PO4/AgBr/HAP composite was the best: complete degradation of MB was achieved within 40 min,

and the reaction rate was 15 times that of Ag3PO4/AgBr. In the process of photocatalytic degradation,

cO2� and h+ are the main active species involved in the reaction, and the synergistic catalysis of Ag3PO4,

AgBr and HAP promotes the degradation rate.
1 Introduction

Dye wastewater is currently one of the most difficult industrial
wastewaters to degrade, and its harm to the environment is
becoming increasingly serious. How to treat it in a green and
efficient way has become a research hotspot at present. Photo-
catalytic technology is an effective way to solve energy and
environmental problems, and people are paying more attention
to its application in wastewater treatment. Silver phosphate is
a new and efficient visible light catalyst with a good develop-
ment trend. However, the disadvantages of silver phosphate are
that it is slightly soluble in water, prone to photocorrosion, and
shows poor stability. The key to improving the activity and
stability of silver phosphate is to explore and construct new and
efficient silver phosphate composite photocatalysts. To this
end, researchers have developed a series of complexes by
combining materials with silver phosphate, such as CeO2,1

TiO2,2 AgX,3 GO,4 Ti3C2,5 CdWO4,6 BiVO4,7 ZnO,8 CuO9 and g-
C3N4.10 The results show that an effective composite material is
benecial to the transfer of photogenerated carriers in the
material and can effectively inhibit electron–hole recombina-
tion,11 thus improving the photocatalytic activity of thematerial.
ai 264209, China. E-mail: songcui@sdu.

264509, China

07
Silver bromide is a common semiconductor material. Ag3PO4/
AgX (X ¼ Cl, Br, and I) core–shell photocatalytic composites
were synthesized by Bi et al.12 using the ion exchange method
and coating the surface of Ag3PO4 with a layer of AgX material
with low water solubility. This material blocked the dissolution
of Ag3PO4 in the system because of the lower water solubility of
AgX coated on the outside of Ag3PO4 and solved the loss of
Ag3PO4 in the system, thus contributing to the improvement of
its stability.

Mariculture is one of the important ways to develop the
global marine industry, and its production has doubled in
recent years. In the use of marine shellsh, people pay more
attention to the freshness of its shell rather than the use of its
shell. Therefore, the mountains of shells not only cause a waste
of resources but also cause serious environmental pollution and
threaten human health. How to make full use of these natural
resources, reduce environmental pollution and simultaneously
obtain high-value products is a problem facing all countries in
the world. To solve this problem, our research group prepared
a series of hydroxyapatite (HAP, Ca10(PO4)6(OH)2) materials with
different morphologies (including nanorods,13 prism-like crys-
tals,14 microspheres,15 etc.) from discarded oyster shells or
abalone shells, which were used in biological materials and
bone repair materials and achieved good results. However, the
use as a catalyst carrier in the eld of visible light catalysis is
seldom reported.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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In this study, HAP nanorods were successfully prepared from
oyster shells and then combined with Ag3PO4 and AgBr to
produce a series of Ag3PO4/AgBr/HAP photocatalysts. This kind
of material is not only expected to obtain a better catalytic effect
but can also take into account the reuse of waste and further
promote the sustainable development of green, clean and effi-
cient production modes. This experiment not only provides
a theoretical basis for the design of efficient catalysts for
wastewater treatment but also provides a solution for the high
value utilization of shells in coastal areas of the world.

2 Experimental materials and
methods
2.1 The raw material

Oyster shells came from a seafood market in Weihai City,
Shandong Province. The following reagents were purchased:
glacial acetic acid (AR), Tianjin Fuyu Fine Chemical Co., Ltd.;
phosphoric acid (AR), Yantai Shuangshuang Chemical Co., Ltd.;
diamine hydrogen phosphate (AR), Tianjin Zhiyuan Chemical
Reagent Co., Ltd.; ammonia (AR), Yantai Sanhe Chemical
Reagent Co., Ltd; silver nitrate (AR) and methylene blue (AR),
Sinopharm Chemical Reagents Co., Ltd.; anhydrous ethanol
(AR), Tianjin Kaixin Chemical Industry Co., Ltd.; sodium
bromide (AR), Tianjin Beitianyi Chemical Reagent Factory; and
urea (AR), Tianjin Beichen Founder Reagent Factory. The water
used in this experiment was superpure water made in the
laboratory.

2.2 Preparation of materials

Preparation of HAP. The HAP in this paper was prepared by
a hydrothermal method. Oyster shells were washed, crushed
and dissolved in 10% acetic acid, and the ltrate was retained.
0.3 mol L�1 (NH4)2HPO4 solution was added dropwise at the
molar ratio of Ca/P ¼ 1.67, the pH of the solution was adjusted
to 9–10 with ammonia. Then, the solution was transferred to the
reaction kettle and placed in a 160 �C thermostatic drying oven
for 8 h. The product was washed with water and anhydrous
ethanol, centrifuged and dried to produce HAP.

Preparation of photocatalyst. (1) Preparation of Ag3PO4: rst,
0.5372 g of Na2HPO4$12H2O and 0.5096 g of AgNO3 were dis-
solved in water, then the AgNO3 solution was dropped into the
Na2HPO4 solution and stirred evenly. The mixture was le to
stand, separated and dried to obtain Ag3PO4. (2) Preparation of
Fig. 1 The preparation process of Ag3PO4/AgBr/HAP.

© 2021 The Author(s). Published by the Royal Society of Chemistry
AgBr: 0.3087 g of NaBr and 0.5096 g AgNO3 were dissolved in
water, and then the NaBr solution was added into the AgNO3

solution dropwise. The solid was collected and dried to obtain
AgBr sample. (3) Preparation of Ag3PO4/AgBr: similar to the
preparation of Ag3PO4, 0.1029 g of NaBr was added aer drop-
ping AgNO3 into the solution. The following steps were the
same as those for Ag3PO4, and nally, the Ag3PO4/AgBr sample
was obtained. (4) Preparation of Ag3PO4/AgBr/HAP: 1 g of HAP
carrier was dispersed in water to form a suspension, and AgNO3

and NaBr of different proportions were dissolved in water and
then dropped into the suspension. A series of composite cata-
lysts with a certain mixture ratio were obtained aer stirring
and then dried at 100 �C for 8 h. The preparation process of the
material is shown in Fig. 1, and the mass compositions of
AgNO3, NaBr and HAP are shown in Table 1.
2.3 Testing and characterization

Sample characterization. The structure and crystallinity of
the samples were analyzed by X-ray powder diffraction (XRD,
Rigaku, UltimaIV). Scanning electron microscopy (SEM, FEI,
Nova Nanosem 450) and high-resolution transmission electron
microscopy (HRTEM, JEOL, JEM-2100) were used to analyze the
microstructures of the samples. Elemental analysis of samples
by means of energy dispersive spectrometry (EDS, OXFORD, X-
MaxN50). The specic surface area of thematerial was measured
by an surface area and porosimetry analyzer (Micromeritics
ASAP 2460). The composition and chemical states of the
samples were determined by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientic, Nexsa). The light absorption
properties of the materials were analyzed by a ultraviolet-visible
diffuse reectance spectroscopy (UV-vis DRS, Shimazu,
SolidSpec-3700). The electron spin resonance (ESR) signal of
cO2� (trapped by 5,5-dimethyl-1-pyrroline-n-oxide (DMPO)) and
h+ (trapped by 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO))
were measured by a Brooke A300 spectroscopy system.

Photocatalytic performance test. The degradation reaction of
methylene blue (MB) solution under simulated sunlight irra-
diation was used as a model to evaluate the activity of different
photocatalysts. The reaction was carried out in a photocatalytic
reactor. The light source was a 500WXe lamp (l¼ 300–800 nm).
The catalyst (0.35 g) was added to 250 mL of 10 mg L�1 MB
solution, and the sample was tested at intervals of 10–20 min
aer stirring in the dark for 40 min. Aer centrifugation, the
absorbance of the solution at 664 nm was measured by a UV-vis
RSC Adv., 2021, 11, 15598–15607 | 15599
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Table 1 Quality ratio of different raw materials

Sample Mass of AgNO3/g Mass of NaBr/g Mass of HAP/g

Ag3PO4 0.51 0 0
AgBr 0.51 0.309 0
Ag3PO4/AgBr 0.51 0.103 0
1:4-Ag3PO4/AgBr/HAP 0.25 0.0515 1
1:2-Ag3PO4/AgBr/HAP 0.50 0.103 1
1:1.4-Ag3PO4/AgBr/HAP 0.70 0.154 1
1:1-Ag3PO4/AgBr/HAP 1 0.206 1
1:1-Ag3PO4/0.5AgBr/HAP 1 0.103 1
1:1-Ag3PO4/2AgBr/HAP 1 0.412 1
1:1-Ag3PO4/4AgBr/HAP 1 0.824 1
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View Article Online
spectrophotometer (Hitachi, U-3900H), and the degradation
curve with time was obtained.

Free radical capture experiment. Similar to the above pho-
tocatalytic performance test, a free radical capture agent was
added in the above experimental process to investigate its
inuence on the degradation performance of MB. The trapping
agents were isopropanol (IPA, cOH trapping agent), 1,4-benzo-
quinone (BQ, cO2� trapping agent) and EDTA-2Na (h+ trapping
agent).
3 Results and discussion
3.1 Phase structure and morphology

To clarify the chemical composition of the material, we per-
formed XRD analysis on the material. Fig. 2a shows the XRD
patterns of HAP, Ag3PO4, AgBr, Ag3PO4/AgBr and 1:1-Ag3PO4/
AgBr/HAP. Among them, the hydroxyapatite synthesized by
oyster shells completely corresponds to the HAP standard
spectrum (PDF#09-0432) card,16,17 and the peak shape is sharp
without impurity peaks, indicating that the HAP synthesized by
this method is of high purity and good crystallinity. Similarly,
the strong diffraction peaks of Ag3PO4 at 2q ¼ 33.29� and 36.59�

correspond to the (210) and (211) crystal planes of Ag3PO4

(PDF#06-0505).18,19 The strong diffraction peaks at 2q ¼ 30.960�
Fig. 2 XRD patterns of different samples: (a) different silver content; (b)

15600 | RSC Adv., 2021, 11, 15598–15607
and 44.346� are the characteristic peaks of the (200) and (220)
crystal planes of AgBr (PDF#06-0438),20–22 respectively. In addi-
tion to the strong signal peaks of Ag3PO4 and AgBr, the
diffraction peaks of the HAP (002) and (211) crystal planes (2q¼
25.88� and 31.77�) also appear in the spectra of Ag3PO4/AgBr/
HAP. According to Fig. 2a, all four materials have sharp char-
acteristic peaks, good crystallization degrees and no other het-
eropeaks, indicating that the experimental method can
synthesize samples with high purity and crystallinity. Fig. 2b
shows the XRD patterns of Ag3PO4/AgBr/HAP composites with
different ratios. In this gure, the peak positions of different
materials remain basically the same, and only the peak strength
shows regular changes. With increasing silver content, the
characteristic peak strength of silver phosphate increases.
Similarly, when the silver content is xed, the characteristic
peak of silver bromide increases with increasing bromine
content. This indicates that silver and bromine were loaded on
the HAP carrier in the forms of Ag3PO4 and AgBr, respectively,
during the preparation process. In addition, with the increase in
rawmaterials, the content of Ag3PO4 or AgBr in thematerial also
increased. All these phenomena indicate that HAP prepared
from oyster shells is a carrier suitable for the loading of active
components, and it has a good loading effect on both Ag3PO4

and AgBr.
different bromine content.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01007g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
1:

13
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 3 shows electron microscopy images and energy spectra
of different samples. Fig. 3a shows the HRTEM image of HAP
synthesis from oyster shells, in which regular HAP nanorods
can be clearly identied. The length is approximately 50–
100 nm, and its width is approximately 40–50 nm. SEM images
of Ag3PO4, AgBr and Ag3PO4/AgBr are shown in Fig. 3b–d,
respectively. These materials have similar morphologies, pre-
senting a circular cake shape with a particle size of approxi-
mately 200–500 nm, and the particles are stacked together and
form certain holes. Fig. 3e–g shows the SEM images of three
different Ag3PO4/AgBr/HAP composites: 1:2-Ag3PO4/AgBr/HAP
(Fig. 3e), 1:1-Ag3PO4/AgBr/HAP (Fig. 3f) and 1:1-Ag3PO4/2AgBr/
HAP (Fig. 3g). The SEM images of the three composites
showed that the nanorod-like structure of HAP was maintained.
With the doubling of silver or bromine loading, the morphology
Fig. 3 HRTEM images of HAP (a); SEM images of Ag3PO4 (b); SEM image
AgBr/HAP (e–g); HRTEM images of Ag3PO4/AgBr/HAP (h–j); EDS mappi

© 2021 The Author(s). Published by the Royal Society of Chemistry
of the material surface did not change signicantly. The surface
of the material was relatively smooth, and there was no aggre-
gation of the active components. These results indicate that
Ag3PO4 and AgBr can be uniformly dispersed in HAP nanorods
without disrupting the composition and structure of HAP. The
HRTEM diagram of the 1:1-Ag3PO4/AgBr/HAP material is shown
in Fig. 3h–j. There are 0.817 nm, 0.245 nm and 0.288 nm
diffraction patterns in the composite material, which corre-
spond to the (100) plane of HAP, (211) plane of Ag3PO4 and (200)
plane of AgBr, respectively. These results are consistent with the
XRD conclusion from Fig. 1. The EDS mapping image (Fig. 2k)
of Fig. 2j shows a homogenous distribution of the major
elements such as silver and bromine in the composite. The
results distinctly indicate that the Ag3PO4 and AgBr nano-
particles were dispersed on the surface of HAP, revealing that
s of AgBr (c); SEM images of Ag3PO4/AgBr (d); SEM images of Ag3PO4/
ng images (k) and EDS spectrum (l) of Ag3PO4/AgBr/HAP.

RSC Adv., 2021, 11, 15598–15607 | 15601
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HAP can be served as a proper carrier. Fig. 3l shows the EDS
spectra of Ag3PO4/AgBr/HAP materials. From the elemental
analysis in the gure, the main elements on the surface of the
material are O, Ag, P, Ca and Br. Combined with the charac-
teristic XRD peaks, the main elements in the material and their
existing forms are Ag3PO4, AgBr and Ca10(PO4)6(OH)2.
3.2 Other characteristics

In addition, the composition and chemical states of the samples
were characterized by XPS, and the results are shown in Fig. 4a–
d. Fig. 4a shows the full spectra of the Ag3PO4/AgBr/HAP
composites. The gure shows that the characteristic peaks of
Ag, Ca, P, O and Br appear in the spectrum, which is consistent
with the EDX spectrum results in Fig. 3l. Fig. 4b–e show the
characteristic curves of Ag, O, Br and P in the composites. In
Fig. 4b, two distinct peaks appear at 367.87 eV and 373.87 eV,
which are generated by Ag+ 3d5/2 and Ag+ 3d3/2, respectively,23,24

indicating that Ag exists in the form of Ag+ in the material. The
signal peaks at 530.7 eV and 531.9 eV in Fig. 4c are generated by
O 1s of lattice oxygen and hydroxyl oxygen in the composite
material,25,26 respectively. The peak generated at 68.7 eV in
Fig. 4d is generated by Br 3d of the Br element in AgBr.27 The
peak at 133.2 eV was attributed to the electron orbit of P 2p
(Fig. 4e).28 This indicates that Ag, O, Br and P in the material
exist in the form of combined states, which again conrms the
XRD conclusion.

Furthermore, to study the photophysical characteristics, the
UV-vis DRS of HAP, Ag3PO4, AgBr and Ag3PO4/AgBr/HAP were
then investigated (Fig. 5a). The HAP in the gure shows a strong
absorption peak in the ultraviolet region, while the other three
Fig. 4 XPS spectra of Ag3PO4/AgBr/HAP composites: (a) full spectrum;

15602 | RSC Adv., 2021, 11, 15598–15607
materials have much better visible light absorption than HAP
alone. Fig. 5b shows the Tauc plot ((Ahy)1/2 vs. hy) of samples,
and the band gap energy (Eg) of HAP, Ag3PO4, AgBr and Ag3PO4/
AgBr/HAP are 3.30 eV, 2.36 eV, 2.62 eV and 2.90 eV, respectively.
This is consistent with the data reported in the literature.29,30

The band gap of HAP is consistent with the calculated band gap
(3.38 eV) of hydroxyapatite containing oxygen vacancy structure,
indicating that the phosphate group in HAP prepared from
oyster shells contains oxygen vacancy.31 However, the band-
width of silver phosphate, silver bromide and composites is less
than HAP, and they are more likely to generate photogenerated
electrons and holes aer being excited by visible light.

At the same time, we also tested the N2 adsorption–desorp-
tion properties of different materials to compare their specic
surface areas. The test results are shown in Fig. 5c. In the gure,
all samples exhibit a type IV isotherm with an H3 hysteresis
loop, suggesting the presence of mesopores.32 Compared with
HAP, although the shape of the hysteresis loops is similar, the
ring area of all composites decreases, which indicates that the
addition of the active components of Ag3PO4 and AgBr causes
a decrease in the specic surface area. In addition, with
increasing bromine content, the specic surface area of the
sample did not change signicantly. Compared with HAP, the
specic surface area of the 1:1-Ag3PO4/AgBr/HAP material
decreased from 46.63 to 13.65 m2 g�1.
3.3 Photocatalytic activity

The visible light degradation of MB by different samples are
shown in Fig. 6. Fig. 6a shows the degradation curves of MB by
the obtained catalysts. In the absence of catalyst, no MB
(b) Ag 3d; (c) O 1s; (d) Br 3d; (e) P 2p.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-vis absorbance spectra (a) and Tauc plots (b) of the samples; N2 adsorption and desorption isotherms of Ag3PO4/AgBr/HAP
composites (c).
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degradation occurred. As the gure shows, although HAP
showed weak adsorption of MB during the dark treatment, the
adsorbed MB was desorbed under visible light within 20 min.
This result indicates that HAP has no ability to degrade MB
under visible light. However, for Ag3PO4, AgBr and Ag3PO4/AgBr,
the degradation rates of MB at 120 min were 61.69%, 39.82%
and 54.98%, respectively. Besides, compared with the Ag3PO4/
HAP catalyst, the Ag3PO4/AgBr/HAP catalyst showed stronger
photodegradation performance when the light source was
turned on (Fig. 6b). And when the bromine content is xed, the
catalytic performance of the composite steadily improves with
increasing Ag3PO4/AgBr content. Among the four composite
materials with different ratios, the 1:1-Ag3PO4/AgBr/HAP mate-
rial showed better catalytic activity. The degradation rate
reached 97.63% aer 40 min, andMB was completely degraded.
However, when the silver content was xed, the photocatalytic
Fig. 6 Degradation curves of different samples (a–c); photocatalytic k
solution (e).

© 2021 The Author(s). Published by the Royal Society of Chemistry
performance of the composites did not increase with increasing
bromine content, as shown in Fig. 6c. In this gure, the
adsorption capacity of the material for MB in the dark was
improved with increasing bromine content. However, there was
no similar trend in the catalytic activity of MB under visible
light. In particular, 1:1-Ag3PO4/0.5AgBr/HAP and 1:1-Ag3PO4/
AgBr/HAP with lower bromine contents showed better visible
light degradation activity, with degradation rates of 97.48% and
97.63% at 40 min, respectively. The degradation time of Ag3PO4/
HAP composites was 10 min shorter than that of Ag3PO4/HAP
composites previously reported by our research group.13 When
the bromine content increased 2 to 4 times, the degradation
rates of the composites at 40 min were only 81.07% and 59.88%,
respectively. Similarly, the line tting of the photocatalytic
kinetics of different materials (Fig. 6d) shows that the
composite material with a low bromine content has a better
inetics of different materials (d); UV-vis absorption spectrum of MB

RSC Adv., 2021, 11, 15598–15607 | 15603
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degradation rate, which is 12 times and 15 times that of the
Ag3PO4 and Ag3PO4/AgBr samples, respectively. In other words,
the photocatalytic activity does not increase with increasing Br
addition, but an appropriate ratio must be maintained. More-
over, during the experiment, we also found an obvious
phenomenon: with increasing bromine content, the composite
material is more inclined to adhere to the inner wall of the
reaction vessel during the reaction process. Therefore, we
believe that aer adding bromine, the adsorption performance
of the material is enhanced so that more methylene blue is
adsorbed in the dark reaction stage. However, on the other
hand, this strong adsorption capacity makes it difficult for MB
to desorb, which hinders the redox reaction between MB and
active radicals, leading to a decrease in its activity. Only when
the catalyst and MB reach a proper equilibrium of adsorption
and desorption can the reaction be carried out efficiently. This
is also one of the reasons why the 1:1-Ag3PO4/AgBr/HAP mate-
rial with a smaller specic surface area shows a higher catalytic
effect. Fig. 6e shows the UV-vis absorption spectrum of MB
solution in the reaction. The gure shows that the absorption
peak of MB at 664 nm gradually weakened until it disappeared,
indicating that MB was not transformed into other substances
but underwent a thorough photodegradation reaction.

Five successive cyclic photocatalytic degradation experi-
ments using the Ag3PO4/AgBr/HAP were carried out to check the
photocatalytic stability and durability of the prepared
Fig. 8 Free radical capture test (a) and ESR signals (b and c) of Ag3PO4/

15604 | RSC Adv., 2021, 11, 15598–15607
photocatalyst and the result obtained were depicted in Fig. 7a.
The cyclic results exhibited an reduction in the photo-
degradation ability aer ve consecutive degradation cycles of
dyemolecules. Although the stability of the sample still needs to
be improved, the stability of the material is indeed improved
6% in the third cycle experiment compared with the previously
reported two-component catalyst without AgBr.33 This indicates
that the addition of AgBr is not only benecial to improve the
photodegradation activity of MB, but also to improve the
stability of the material. To evaluate the structural stability, the
crystalline structures of 1:1-Ag3PO4/AgBr/HAP before and aer
experiments were studied (Fig. 7b). As shown in the gure, there
is no signicant difference, except the weak little peaks at
38.07�, which is ascribed to Ag2O (JCPDS-PDF #43-0997), indi-
cating that a small amount of Ag3PO4 was converted to Ag2O
aer cycle degradation. And this conversion resulted in the
decrease of photocatalyst activity.
3.4 Photocatalytic mechanism

To elucidate the internal mechanism of the degradation of MB
by Ag3PO4/AgBr/HAP composites, we explored the main free
radical species in the photocatalytic process through free
radical capture experiments. A comparison of the degradation
rates of materials without trapping agents or with 1 mmol
trapping agents is shown in Fig. 8a. The gure shows that the
AgBr/HAP.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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catalytic activity of the composite material decreases to a certain
extent aer the addition of IPA, and the reaction rate decreases
from 0.08929 min�1 to 0.04637 min�1, indicating that some of
the cOH may be involved in the photocatalytic process.
However, when BQ and EDTA-2Na were added, the degradation
ability of MB was completely lost, and the reaction rate was
extremely weak, which indicated that cO2� and h+ were the main
active species involved in the photocatalytic degradation of the
1:1-Ag3PO4/AgBr/HAP materials.34 To verify this hypothesis, we
performed ESR tests on the material, and the test results are
shown in Fig. 8b and c. In Fig. 8b, compared with the dark
condition, 6 characteristic signal peaks of DMPO-cO2� were
detected aer the visible light was turned on.35 Fig. 8c shows the
TEMPO-h+ signal of the composite material aer dark and light
irradiation. When the xenon lamp was turned on, h+ generated
aer excitation of the photocatalyst quenched the electrons in
TEMPO, resulting in weak electron signals. Therefore, the above
experiments all indicate that cO2� and h+ do exist in the reaction
process aer the material is stimulated by light, which is
consistent with the results of the free radical capture test.
Therefore, cO2� and h+ are the main radical species involved in
the degradation of MB in this reaction system.36

Based on the above characterization and degradation
experiments, we deduced the photocatalytic mechanism of the
Ag3PO4/AgBr/HAP composites, as shown in Fig. 9. In the
Ag3PO4/AgBr/HAP ternary composite catalyst, the main active
components of the material are Ag3PO4 and AgBr. HAP, as the
substrate, also plays an important role in photocatalytic reac-
tions. For the semiconductor Ag3PO4, the band gap is 2.4 eV,
and AgBr is 2.6 eV.12 When excited by visible light, electrons in
the valence band of Ag3PO4 and AgBr can be excited and jump to
the conduction band, making the conduction band and valence
band generate photogenerated electrons and holes, respec-
tively. The electrons in the AgBr conduction band can be
transferred to the Ag3PO4 conduction band due to the matching
of the two bands.37 In contrast, the holes in the valence band
were transferred from Ag3PO4 to AgBr and directly involved in
the oxidation reaction of methylene blue degradation. Nor-
mally, due to the more negative potential of O2/cO

2�(-0.33 V vs.
NHE), the photo-generated electrons tended to in situ reduce
Ag+ to metallic Ag rather than generated the superoxide
Fig. 9 Photocatalytic mechanism of Ag3PO4/AgBr/HAP composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
radicals. However, from the free radical capture experiment and
ESR test, we conrmed that the composite did produce super-
oxide radicals under light, and it played an important role in the
process of photocatalytic reaction. We speculate that the
production of superoxide radical is related to the oxygen
vacancy in phosphate group of HAP.38 It is reported that the
oxygen vacancy on the surface of the material is conducive to
the adsorption of O2 molecules, and the foreign O2 can be
adsorbed on the oxygen vacancy in the form of superoxide
state.39 And the vacancy on HAP might act as a charge trans-
mission bridge to made the electrons on the CB of Ag3PO4

transfer to HAP support due to electro-conductivity resulted
from the alternation in electron state of surface phosphate
group under light irradiation.40,41 Therefore, under visible light
irradiation, the silver-series material will generate photo-
generated electrons and holes in the conduction band and
valence band, respectively, aer irradiation. The photo-
generated electrons of AgBr rst migrate to Ag3PO4 and then
transfer to HAP together with electrons in the conduction band
of Ag3PO4. The accumulated electrons on the HAP were easily
trapped by the adsorbed O2 on the vacancies to form superoxide
radical (cO2�), and then took part in the photooxidation. When
the photoexcited electrons gradually accumulate on HAP, the
holes in the valence band of Ag3PO4 transfer to the valence band
of AgBr and become another reaction species involved in the
photocatalytic reaction. This effective transfer mode can
promote the rapid separation of electron–hole pairs and reduce
the probability of carrier recombination in the material. The
synergistic catalysis of the three can improve the overall pho-
tocatalytic performance of the material.

4 Conclusion

In this paper, a series of Ag3PO4/AgBr/HAP nanorod-like
composites were prepared by loading silver and bromide ions
on hydroxyapatite (HAP) prepared from oyster shells. Aer
characterization, it was found that the purity of each compo-
nent in the composite was high, and the nanostructure of HAP
was maintained. The catalytic activity of the materials also
changed with the different loading amounts. Among them, the
degradation performance of the 1:1-Ag3PO4/AgBr/HAP
composite was the best, and the complete degradation of
methylene blue was achieved in 40 min. This indicates that it is
feasible to use natural oyster shells as raw materials to prepare
photocatalysts for pollutant degradation in this study. This
method not only reduces the cost and achieves a better catalytic
effect but also provides a new solution for the high-value utili-
zation of oyster shells in global coastal areas. Therefore, this
new mode of utilizing clean energy from solid waste to treat
organic pollution wastewater will be one of the important
directions of photocatalytic development in the future.
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