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A Z-scheme magnetic recyclable Ag/
AgBr@CoFe,O,4 photocatalyst with enhanced
photocatalytic performance for pollutant and
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In order to construct a magnetic recyclable photocatalyst with superior photocatalytic performance and
stability, Ag/AgBr photocatalysts modified by magnetic CoFe,O4 nanoparticles (NPs) were synthesized
via deposition—precipitation followed by a solvothermal process. Such a synthesis strategy allows the
even dispersion of CoFe,O4 NPs on the surface of Ag/AgBr. Besides, a Z-scheme photocatalyst with
metallic Ag as a solid-state electron mediator was formed, which exhibits excellent photocatalytic
activity and stability for photocatalytic degradation of hardly decomposed colorless phenol compounds,
namely, endocrine disrupting chemical bisphenol A (BPA) and 4-chlorophenol (4-CP), in an aqueous
solution. The results showed that the Ag/AgBr@CoFe,O, composites not only exhibited enhanced
photocatalytic performance but also improved stabilities. More importantly, the photocatalysts could be
recycled easily by an external magnetic field. The antibacterial activity of the Ag/AgBr@CoFe,O4
composites have been investigated by eliminating Escherichia coli (E. coli) in water under visible light
and the revealed that the Ag/AgBr@CoFe,O, composites possessed good
photocatalytic antibacterial activity. At last, the enhanced photocatalytic mechanisms were discussed by
investigating the main reactive species in the photocatalytic process, which revealed that the photo-
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1. Introduction

Catalytic elimination of environmental pollutants from water
driven by sunlight has gained considerable popularity in recent
years.'” The key point of this kind of technology is to find out
photocatalysts that possess specific features such as high
activity, good recyclability, high stability and efficient recovery.*

Recently, Ag-based photocatalysts, such as Ag/AgX (X = Cl,
Br, 1),>7 AgsPO,,° Ag;VO0,,° Ag,CO; (ref. 10) and Ag,WO,,"" have
been widely investigated as photocatalysts for the applications
of solar energy conversion and environmental remediation.
Among various Ag-based materials, AgBr is especially attractive
owing to its facility synthesis route, appropriate band gap (~2.6
eV) as well as excellent photocatalytic activity.”>** However,
there are some crucial difficulties in the practical applications
of Ag/AgBr, including the photocorrosion problem that occurs
under light irradiation and the challenges of the suspended
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generated holes (h*) and O, were the main reactive species.

particulate catalyst collection in the photocatalytic separation
process.”>™” To overcome these obstacles, two major challenges
are faced. Firstly, inhibit or decrease the decomposition of Ag/
AgBr under light irradiation. Coupling with other semi-
conductor support materials to construct a heterojunction
structure can increase the stability of Ag/AgBr if transferring or
quenching photogenerated electrons on Ag/AgBr instead of
unceasingly reducing Ag’ ions in Ag/AgBr to Ag metal.*® The
construction of a Z-scheme photocatalytic system in the present
Ag/AgBr should come as the first choice strategy because the in
situ reduced metallic Ag could act as an electron mediator. A Z-
scheme system is typically constructed of two photocatalysts
with/without an electron mediator, where the semiconductors
are in the form of staggered alignment of band structures. In
the Z-scheme, the photogenerated electrons from one of the
semiconductors with a lower CB edge would recombine with the
holes from another semiconductor with a higher VB edge,
thereby leaving electrons and holes on the respective semi-
conductor. This constitutes an overall redox reaction. In addi-
tion, for an efficient Z-scheme photocatalyst system, the balance
of catalytic rates for the two semiconductors is very important to
the overall photocatalytic reaction. Therefore, a solid electron
mediator will be more favorable on the basis of the recovery of
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the photocatalyst.” Up to now, many different Ag/AgBr-based Z-
scheme photocatalytic systems have been constructed so as to
improve the stability and photocatalytic performance of Ag/
AgBr, such as AgBr/Ag/BiOBr,** Ag-AgBr@Bi,(TiO3,,>" g-C3N,/
Ag/Ag,WO0,4,** Cu,0/Cu/AgBr/Ag> and AgBr/Ag/Fe,0;.>* The
above research findings indicate that the photocatalytic activity
as well as the stability of Ag/AgBr could be significantly
enhanced by coupling with a suitable supporting material.
Secondly, it is important and urgent to find out an appropriate
approach to recycle the photocatalysts. Incorporating Ag/AgBr
nanoparticles (NPs) with magnetic materials to address the
recyclability problem is a worthwhile strategy. For example,
Tian et al*® prepared a core-shell y-Fe,O;@SiO,@AgBr:Ag
plasmonic photocatalyst. This kind of photocatalyst showed
high activity for the photodegradation of acid orange 7 and it
could be easily recovered due to its paramagnetic properties.
However, grafting AgBr onto SiO, did not to improve its
stability. It is, therefore, necessary to find new ways to overcome
the obstacles faced by AgBr photocatalysts.

Spinel cobalt ferrite (CoFe,O,) NPs, which have large satu-
ration magnetization, remarkable mechanical hardness, good
chemical stability, low cost and environmental friendliness,
have been employed in many fields such as active materials for
batteries,***° biomedicinal devices and magnetically recover-
able catalyst supports.* Recently, CoFe,O, has been applied in
photocatalyst fields due to its narrow band gap of 1.3 eV and its
strong adsorption characteristics in the ultraviolet and visible
light regions. Like CoFe,O,-graphene,***> CoFe,0,-ZnS,*
CoFe,0,4-TiO,,** CoFe,0,4/Ag;PO, (ref. 35) and CoFe,0,~PANI**
have been prepared and identified to improve photocatalytic
activity. In addition, the employment of CoFe,O, as a compo-
nent of photocatalysts makes this kind of composite photo-
catalyst easily recoverable by a magnetic field. Furthermore, as
mentioned above, semiconductors with a staggered alignment
of band structures coupled together may form a Z-scheme
photocatalytic system, which can overcome the obstacles of
AgBr as well as yield highly efficient photocatalysts.

Herein, first, we evenly decorated CoFe,O, NPs on the
surface of AgBr via deposition-precipitation and then reduced
a part of metallic Ag in the Ag/AgBr@CoFe,0, composites by
a facile solvothermal process. The metallic Ag NPs can act as the
charge transmission bridge between AgBr and CoFe,0y,,
yielding a Z-scheme system. This Z-schematic photocatalyst
composite consists of three components: a reduction reaction
photocatalyst, an electron mediator and an oxidation reaction
photocatalyst, just like the reports of the Au electron mediator
in the SrTiO;:La,Rh/Au/BiVO4:Mo system for water splitting, as
described by Domen et al.*” The present Ag/AgBr@CoFe,0, Z-
schematic photocatalyst composite exhibited superior photo-
catalytic performance over the degradation of hardly decom-
posed colorless phenol compounds (BPA and 4-CP). In addition,
because of the quenching of electrons generated on the
conduction band (CB) of AgBr, the stabilities of Ag/
AgBr@CoFe,0, composites have been greatly improved. More-
over, CoFe,0, materials have a strong magnetic property, so
that Ag/AgBr@CoFe,0, composite photocatalysts could be
easily recovered from a solution after a photocatalytic reaction.
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The photocatalytic antibacterial activity of the Ag/
AgBr@CoFe,0, composite was evaluated. This work may open
a new insight into the construction of highly efficient and easily
recoverable photocatalysts.

2. Experimental

2.1. Materials

All the reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd., which were of analytical grade and used
without further purification.

2.2. Synthesis of photocatalysis

Preparation of CoFe,O, NPs:CoFe,0, NPs were prepared via
a sol-gel method reported in our previous work.*

Fabrication of Ag/AgBr-core@CoFe,0,-shell structure: in the
typical synthesis of Ag/AgBr@CoFe,0, composites, firstly, 100
mL ethylene glycol (EG) and 100 mL deionized water were mixed
together to form a homogeneous solution (named as solution
A). Secondly, CoFe,0, NPs were dispersed in 30 mL solution A
with vigorous mechanical stirring; then, a certain amount of
AgNO; was added. After further stirring for 30 min, NaBr solu-
tion was added to the above solution drop by drop and it was
kept stirring for another 60 min under 15 °C. Subsequently, the
suspensions were transferred to several 25 mL Teflon-lined
stainless-steel autoclaves and kept at 140 °C for 20 h. After
cooling, the as-prepared photocatalysts were collected and
washed with deionized water and ethanol. The photocatalysts
were dried under 60 °C overnight. The added contents of
CoFe,O, NPs in the Ag/AgBr@CoFe,O, composites were
adjusted by simply controlling the weight ratio of CoFe,O, to
AgNO;. The final products were named as 10% AgBr@CoFe,0y,,
15% Ag/AgBr@CoFe,0, and 20% Ag/AgBr@CoFe,0, composite.
The detailed material input mass and ratio are listed in
Table S1.t

2.3. Photocatalytic activity evaluation

The photocatalytic activities of the as-prepared photocatalysts
were assessed by the photodecomposition of phenol
compounds, bisphenol A (BPA) and 4-chlorophenol (4-CP), in
an aqueous solution under visible light irradiation (300 W
xenon lamp, A > 420 nm). Typically, 0.07 g photocatalysts were
dispersed in 70 mL 4-CP (10 mg L") or BPA (10 mg L™ ") solu-
tion. Then, the suspensions were magnetically stirred for
30 min in the dark to get adsorption-desorption equilibrium.
Approximately 4 mL of the suspension was collected and filtered
through a Millipore filter (pore size of 0.22 um) to remove the
catalysts at regular intervals. The BPA degradation products
were analyzed by a UV-vis spectrophotometer (Shimadzu, UV-
2450) and an Agilent TC-C18 column, which were equipped
with two Varian ProStar 210 pumps and a Varian ProStar 325
UV-vis detector at 230 nm. The remaining concentrations of 4-
CP were reflected by a UV-vis spectrophotometer (Shimadzu,
UV-2450) at 225 nm.

This journal is © The Royal Society of Chemistry 2017
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2.4. Disinfection activity measurement

The antibacterial activities of Ag/AgBr@CoFe,O, composites
were evaluated by killing Escherichia coli (E. coli) bacteria. All the
glassware used in the disinfection experiments were sterilized
by autoclaving at 121 °C for 20 min. After that, the whole
experiment was operated under sterile conditions. For the
photocatalysis antibacterial experiments, 5 mg as-prepared 15%
Ag/AgBr@CoFe,0, photocatalysts were suspended in 20 mL
sterilized saline solution containing 1 x 107 cfu mL™" bacteria
concentration. The reaction suspensions were stirred in dark
for 30 min to establish adsorption-desorption equilibrium
prior to the treatment. In the photocatalytic disinfection treat-
ment, 100 uL of the solution was sampled and serially diluted
with a sterilized saline solution, then dispersed on a nutrient
agar medium, followed by incubation at 37 °C for 16 h in the
dark.

3. Results and discussion

3.1. Formation of Ag/AgBr-core@CoFe,0,-shell structure

Scheme 1 displays the design and preparation process of Ag/
AgBr@CoFe,0, composites. The as-prepared CoFe,O, NPs are
granular-like with a narrow particle size distribution of 12.0 £
2 nm. (The microscopic morphology and size distribution
histogram with Gaussian-fitting curve of the as-prepared
CoFe,0, are shown in Fig. S1A and B, respectively.) Further,
the zeta position of the as-prepared CoFe,O, in the EG/H,O
solution was estimated to be —1.08 mV (Fig. S1Ct), indicating
that its surface has negative polarity in the EG/H,O solution.
Therefore, when AgNO; was added into the solution, the ionized
Ag" could strongly absorb on the surface of CoFe,O, NPs. After
the Br~ was dropped in the solution, the CoFe,O, NPs were
attached on the surface of the AgBr particles with Ag" to form
the AgBr-core@CoFe,0,4-shell structure. The subsequent sol-
vothermal process allowed the reduction Ag" ions on the surface
of AgBr by means of the EG/H,O solution.*

3.2. X-ray diffraction (XRD) analysis

The purity and crystallinity of the as-prepared samples were
investigated by XRD. The XRD peaks of AgBr (marked with
“V”), CoFe,O, (marked with “#”) and the as-prepared Ag/

© AgBr QCoFe,0, ©Ag*

Scheme 1 Schematic illustration of the synthetic processing of Ag/
AgBr@CoFe,O4 composites.
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AgBr@CoFe,0, composites are displayed in Fig. 1, which
reveals the presence of spinel-type CoFe,0O, (JCPDS card no. 22-
1086) and cubic-phase AgBr (JCPDS card no. 06-0438)."** The
XRD patterns of these as-synthesized Ag/AgBr@CoFe,0,
composites (Fig. 1b-d) are similar to Ag/AgBr (Fig. 1a), but show
a small difference in the reflection position at 26 = 35.2° when
the CoFe,0, content was increased to 15% and 20%. The peak
appearing at 26 = 35.2° belongs to the (311) plane of CoFe,O,,
which indicates that CoFe,O, was not incorporated into the
lattice of AgBr. In addition, it is noteworthy that the peaks at 26
= 35.2° in the Ag/AgBr@CoFe,0, composites are very weak,
suggesting that the CoFe,O, NPs were well dispersed in the
composites. The XRD results also confirmed the formation of
Ag/AgBr@CoFe,0, composites and the conjectured structure
was verified by the subsequent SEM, EDS and XPS analyses.

3.3. Structural and component analyses

Fig. 2 shows the SEM images of pure Ag/AgBr and 15% Ag/
AgBr@CoFe,0, composite. It can be seen that pure Ag/AgBr
(Fig. 2A) has irregular sphere-like particles having big size
(with an average diameter of ca. 3-10 pm) and are seriously
aggregated. Upon close observation (Fig. 2B), the surface of the
Ag/AgBr particles appears to be very smooth. When compared
with pure Ag/AgBr, the SEM images of 15% Ag/AgBr@CoFe,0,
composite particles (Fig. 2C) displayed a rougher surface and no
aggregation of CoFe,O, NPs can be observed, which verified the
effective dispersion of CoFe,O, NPs in the composites. The
enlargement of the selected area (Fig. 2D) revealed that CoFe,0,
NPs were evenly attached to the surface of Ag/AgBr and, hence,
formed a discontinuous shell on the surface of the Ag/AgBr
particles; this can be further confirmed by XPS analysis. As
shown in Fig. 3, the survey spectra (Fig. S2At) clearly showed
that Ag, Br, Fe, Co, O and C exist in the composites (C element is
from the XPS instrument itself), which is in accordance with the
constituent elements of the Ag/AgBr@CoFe,O, composite.
From the high-resolution XPS spectra of Ag 3d and Br 3d, as
shown in Fig. 3A and B, respectively, it can be seen that when
compared to pure Ag/AgBr, Ag 3d and Br 3d peaks at 15% Ag/
AgBr@CoFe,0, composite show a notable negative shift (about
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Fig.1 XRD patterns of as-prepared samples: (a) pure Ag/AgBr, (b) 10%
Ag/AgBr@CofFe,O,4, (c) 15% Ag/AgBr@CoFe,O4 (d) 20% Ag/
AgBr@CoFe,0y4, (e) CoFe,O4.
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Fig. 2 SEM images of as-prepared samples: (A) and (B) pure Ag/AgBr; (C) and (D) 15% Ag/AgBr@CoFe,O,4 composite.

0.4 V). The negative shift for Ag 3d and Br 3d in the composites
suggests that the interaction between Ag/AgBr and CoFe,O, NPs
was formed.* Furthermore, it is obvious that the peak

(A) _
Ag 3d :366.6 eV

366.2 eV

.

Cls

364 368 372 376
Binding Energy (eV)

(B)

Cls

64 66 68 70 72
Binding Energy (eV)

Fig. 3 XPS spectra of the as-prepared photocatalysts: (A) Ag 3d and (B)
Br 3d of (a) Ag/AgBr and (b) 15% Ag/AgBr@CoFe,O, composite.
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intensities of Ag 3d and Br 3d in the Ag/AgBr@CoFe,0,
composites are lower than that of pure Ag/AgBr. It should be
considered that the XPS signals were mainly collected from the
surface of the sample with a depth of less than 10 nm, which is
another indication of the formation of the Ag/AgBr-core/
CoFe,0,-shell structure.*
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Fig. 4 (A) Magnetization curves of the as-prepared samples: (a) pure
CoFe,Qy4, (b) 15% Ag/AgBr@CoFe,O4 composites. (B) A digital photo of
15% Ag/AgBr@CoFe,O4 composites separated from water under an
external magnetic field.

This journal is © The Royal Society of Chemistry 2017
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3.4. Vibrating sample magnetometer analysis

Fig. 4A shows the magnetization curves of pure CoFe,O, and
15% Ag/AgBr@CoFe,0,, which were measured at room
temperature. The hysteresis loop of CoFe,O, exhibits charac-
teristic ferrimagnetic features*” with saturation magnetization
(My) of 29.4 emu g~ ', remnant magnetization (M,) of 2.3 emu
g~ " and coercivity (H.) of 199.7 Oe. These indicate that the as-
prepared CoFe,O, possesses good magnetic abilities. The
hysteresis loop of Ag/AgBr@CoFe,0, composites show similar
ferrimagnetic behaviors as that of CoFe,0,: the value of My, M,
and H.are 5.5 emu g™ ', 0.54 emu g~ ' and 199.8 Oe, respectively,
for 15% Ag/AgBr@CoFe,0, composite. The decreased M and
M, of the Ag/AgBr@CoFe,0, composites may be due to the
contribution of the nonmagnetic Ag/AgBr to the total mass of
the particles.*® It is clear that the H, values of CoFe,O, and Ag/
AgBr@CoFe,0, composites are around 199.6 Oe without any
considerable difference, as shown in the inset. This suggests
that Ag/AgBr@CoFe,0, composites inherited the magnetism of
CoFe,04, which means the as-prepared Ag/AgBr@CoFe,0,
composite photocatalysts could be recollected by an external
magnetic field. Fig. 4B shows a digital photo of the Ag/
AgBr@CoFe,0, composites separated from water under an
external magnetic field. Evidently, the photocatalyst particles
were attracted toward the magnet within a short period of time.

3.5. UV-vis diffuse reflection spectra (DRS) analysis

UV-vis DRS are presented to determine the optical properties of
the as-prepared samples. Fig. 5 displays the DRS of Ag/AgBr and
Ag/AgBr@CoFe,O, composites. Ag/AgBr exhibits two main
absorption regions: the first one (from 200 to 460 nm) is
attributed to the intrinsic absorption of AgBr and the second
enhanced absorptions around 500-600 nm are attributed to the
plasmon resonance absorptions induced by Ag NPs,">** which is
indirect evidence of metallic Ag existing in the Ag/AgBr samples.
For these Ag/AgBr@CoFe,O, composites, as the CoFe,O,
content increases, the absorption abilities of Ag/AgBr@CoFe,0,
composites for visible light also increase. The enhanced light
absorption ability may result in generating more photoexcited
electron-hole pairs, which is beneficial to the photocatalytic
activity. However, more CoFe,O, NPs on the surface of Ag/AgBr

0.5

0.4

0.3

0.2

01]

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 5 The UV-vis absorption spectra of the as-prepared photo-
catalysts: (a) CoFe,O4, (b) 20% Ag/AgBr@CoFe,O4 (c) 15% Ag/
AgBr@CoFe,0y,, (d) 10% Ag/AgBr@CoFe Oy, (e) Ag/AgBr.
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will make it difficult for the Ag/AgBr to absorb visible light,
leading to lower photocatalytic activity.*

3.6. Photocatalytic performance

Colorless phenol compounds, BPA and 4-CP, were employed as
the substrate to evaluate the photocatalytic activities in which
photosensitization can be eliminated.* Fig. 6A shows the pho-
tocatalytic performance of Ag/AgBr@CoFe,O, composites
toward BPA degradation. A blank experiment indicates that BPA
cannot self-decompose, and dark absorption experiments imply
that BPA was rarely absorbed on the surface of Ag/AgBr and Ag/
AgBr@CoFe,0, composites. After turning on the light, BPA
decomposed quickly. The BPA degradation percentages in the
presence of pure Ag/AgBr, 10% Ag/AgBr@CoFe,0,, 15% Ag/
AgBr@CoFe,0, and 20% Ag/AgBr@CoFe,0, composites were
40.2%, 59.2%, 73.9% and 66.7% within 120 min, respectively. It
can be noted that the photocatalytic activity of Ag/AgBr was
greatly improved by introducing CoFe,O, NPs, which is gradu-
ally increased by increasing the CoFe,O, content. When the
content is 15%, the composite displayed the best photocatalytic
performance. However, further increasing the content of
CoFe,0,, the photocatalytic activity of the Ag/AgBr@CoFe,0,
composite decreased. According to the SEM analysis, the
CoFe,0,4 NPs were attached on the surface of AgBr. An excess of
CoFe,0, NPs may shield AgBr from light absorption, thereby
decreasing the photocatalytic performance. The high perfor-
mance liquid chromatography (HPLC) analyses of the BPA
solution in the absence and presence of 15% Ag/AgBr@CoFe,0,

(A)1 01 —&— blank
—O— Ag/AgBr
| —A—20% Ag/AgBr@CoFe,0,
0.8+ \ —¥— 10% Ag/AgBr@CoFe,0,
— < 1t 5:/u Ag/AgBr@CoFe,0,
©° 061 T e—
(@]
0.4
0.2 r r . T T T
0 20 40 60 80 100 120
Time (min)
(B)rof
0.8 - Te— o _
—=—pblark
. 0.64 —®— Ag/AgBr
g —A— 15% Ag/AgBr@CoFe,0,
0.44
0.24
0 20 40 60 80 100 120 140

Time (min)

Fig. 6 (A) Photocatalytic degradation of BPA in the presence of Ag/
AgBr and Ag/AgBr@CoFe,O, composites. (B) A comparison of the
photocatalytic activities of Ag/AgBr and 15% Ag/AgBr@CoFe,O4
composites for the degradation of 4-CP.
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after irradiating for 120 min are shown in Fig. S5.f Fig. 6B
shows the photocatalytic degradation percentage of pure Ag/
AgBr and 15% Ag/AgBr@CoFe,0, composite over 4-CP degra-
dation. It can be seen that when no catalyst is involved in the
reaction system, negligible photolysis of 4-CP pollutants could
be observed under visible-light irradiation, demonstrating that
4-CP is chemically stable. On the other hand, in the presence of
Ag/AgBr and 15% Ag/AgBr@CoFe,0, composite, the degrada-
tion percentage of 4-CP can be observed to be 30.5% (pure Ag/
AgBr) and 83.6% (15% Ag/AgBr@CoFe,0,) within 140 min.
Further, the 15% Ag/AgBr@CoFe,0, composite showed much
higher photocatalytic activity than that of pure Ag/AgBr. All
these results indicate that an appropriate introduction of
CoFe,0, is beneficial for improvements in the photocatalytic
performance of Ag/AgBr@CoFe,0, composites. This improve-
ment may be attributed to the improvement of charge separa-
tion efficiency between Ag/AgBr and CoFe,0,, thereby
enhancing the photocatalytic activity.

3.7. Electrochemistry analysis

Based on the above experimental results, it is believed that the
introduction of CoFe,O, NPs is favorable for charge separation.
In order to prove this assumption, the interfacial charge sepa-
ration and transfer properties of electrodes were studied by
monitoring the photocurrent-time response and electro-
chemical impedance spectroscopy (EIS) measurements. From
Fig. 74, it is notable that when Ag/AgBr was coupled with

CoFe,0, NPs, the photocurrent responses were greatly
(A) 35
= 15% Ag/AgBr@CoFe 2O4
R 3.0 —20% Ag/AgBr@CoFeZO4
LE) 2.5] —— 10% Ag/AgBr@CoFe 0,
<§- 20/ = Ag/AgBr
T 1.5
g
3 1.0
o
o 0.54 - —
i \ \‘/ A \ \ A \
001 AAL AT A
120 160 200 240 280 320
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(B) 100 §
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g0 * 10%AgAGBr@COFe, _' . m
" 20% Ag/AgBr@CoFe O, ™ .
60l ® 15%AgAgBr@CoFe0, " et "
E
O 40
N
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0 r T T
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Fig. 7 (A) Photocurrents of Ag/AgBr and Ag/AgBr@CoFe,O,4

composites. (B) Electrochemical impedance spectroscopy of Ag/AgBr
and Ag/AgBr@CoFe,O4 composites.
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enhanced. A higher photocurrent implies better electron-hole
separation efficiency and, hence, enhanced photocatalytic
activity.*® The radius of the arc on the EIS Nyquist plot can
reflect the charge transfer rate between the working electrode
and electrolyte solution. A smaller radius of the Nyquist circle
means a lower charge-transfer resistance.*”»** The arc radiuses
of Ag/AgBr@CoFe,0, composites are smaller than that of pure
Ag/AgBr (Fig. 7B). The EIS measurement results exhibit similar
regularity with the photocurrent response described above,
indicating that a fast interfacial charge transfer rate was ob-
tained after the CoFe,O, NPs were loaded onto the surface of
Ag/AgBr. The results of the photocurrent responses and EIS
measurements indicated that the introduction of CoFe,O, NPs
could improve the separation efficiency of electron-hole pairs
and, therefore, could enhance the photocatalytic performance.

3.8. Recycle runs

Fig. 8 presents the cycling runs of pure Ag/AgBr and Ag/
AgBr@CoFe,0, composites in the photodegradation of BPA. It
can be found that the degradation efficiency of BPA over the
15% Ag/AgBr@CoFe,0, composite could still remain at 63.2%,
while the BPA degradation efficiency dropped to 1% on pure Ag/
AgBr after three recycles, indicating that pure Ag/AgBr possesses
very poor recyclability in BPA photodegradation, and the recy-
clability of Ag/AgBr@CoFe,0, composite can be improved by
coupling with CoFe,O, NPs. The XRD patterns of 15% Ag/
AgBr@CoFe,0, composite before and after photocatalysis are
shown in Fig. S8.1 When compared with the pattern of a fresh
sample, a weak peak of metallic Ag (20 = 38.1°) was observed,
indicating that the photocorrosion of Ag/AgBr has slowed down.
These results demonstrate that the coupling of Ag/AgBr and
CoFe,0, yields excellent photocatalytic performance as well as
good stability. The reduction of AgBr stabilities are mainly due
to the fact that the photoexcited electrons from AgBr can reduce
Ag' ions to Ag metal, resulting in mass loss in the AgBr pho-
tocatalysts and excess Ag metal on the surface would shield
AgBr semiconductors from light absorption and pollutant
degradation with time.'**® Therefore, if photogenerated elec-
trons on AgBr are quenched or transferred instead of reducing
Ag' ions in AgBr to Ag metal, the stability of AgBr can increase.'®

1.0
[NAg/AgEr III15% Ag/AgBr@CoFe,0,
& 0.8
)
c 0.6
()
k)
B 044
c
K]
T 0.2
o
® 00
o~ 1 2 3
Cycle

Fig. 8 Photodegradation efficiencies of BPA over Ag/AgBr and 15%
Ag/AgBr@CoFe,Oy4.
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Fig. 9 Photocatalytic antibacterial activities of (A) light only and (B)
15% Ag/AgBr@CoFe,O4 against E. coli at different irradiation times.

The introduction of CoFe,O, NPs could facilitate the transfer
and consumption of electrons on the surface of AgBr instead of
reducing Ag" ions in AgBr into Ag metal.

3.9. Photocatalytic antibacterial activity

It is reported that millions of people around the world are at risk
of illness and even death because their drinking water is
infected with harmful bacteria. Therefore, killing harmful
bacteria in water is very important.®**® Herein, the inactivation
of E. coli bacteria under visible light with the as-prepared Ag/
AgBr@CoFe,0, composites has been studied, and the results
are shown in Fig. 9. Without adding any photocatalysts (Fig. 9A),
the amount of E. coli did not obviously decrease under visible
light irradiation, implying that E. coli could survive under
visible light irradiation. When the 15% Ag/AgBr@CoFe,0,
composite was added (Fig. 9B), the bacterial density did not
obviously decrease, suggesting a low toxic effect over the present
low composite concentration in the dark (see 15% Ag/
AgBr@CoFe,0, - 0 min); however, the amount of E. coli was
gradually decreased when the light was turned on. After irra-
diating for almost 20 min, no E. coli survived.

3.10. Mechanism discussion

At last, we explored the photocatalytic mechanism of the as-
prepared Ag/AgBr@CoFe,O, composites via a trapping

1.0 15% Ag/AgBr@CoFe O,
0.8
0.6

0.4

Degradation efficiency (%)

N O

N N\ N
o‘\)e(\G \:0\)\,@ © \)‘0‘0
WO 3

<"

Fig. 10 Trapping experiments of active species in the BPA photo-
catalytic degradation over 15% Ag/AgBr@CoFe,O4 composite.
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Fig. 11 ESR spectra of (A) O,"~ and (B) ‘OH in the presence of 15% Ag/
AgBr@CoFe,O4 composite.

experiment. Here, we employed tert-butanol (¢-butanol) and
triethanolamine (TEOA) as "OH and h* quenchers, respectively,
and used N,-bubbling to inhibit the formation of O, .*° As
shown in Fig. 10, the degradation efficiency of BPA can reach up
to 81.2% with no quencher. When t-butanol was added, the
degradation percentage of BPA still remained at 81.3%, sug-
gesting that "OH is not the main reactive species in the photo-
degradation process of the Ag/AgBr@CoFe,O, composite.
Moreover, the degradation efficiency was decreased under N,
atmosphere and was greatly inhibited by adding TEOA, indi-
cating that h" was the dominant reactive species and O, ~
played a key role in the photodegradation process of BPA over
the 15% Ag/AgBr@CoFe,0, composite.

To confirm these results, the electron spin resonance (ESR)
spectra with dimethyl pyridine N-oxide (DMPO) as the trapping
agent were obtained. As shown in Fig. 11, for the 15% Ag/
AgBr@CoFe,0, composite, no obvious characteristic peaks of
DMPO-0O,"~ and DMPO-'OH can be observed in the dark. While
the light was turned on, characteristic signals of DMPO-O,"~
(Fig. 11A) and DMPOX (Fig. 11B) were observed. The occurrence

Table 1 Energy band structure values of AgBr and CoFe,O,4

Ez/eV EcpleV Eyp/eV
AgBr 2.62 —0.06 2.56
CoFe,04 0.80 —0.31 0.51
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of DMPOX signals can be ascribed to the immense amount of
'OH produced by 15% Ag/AgBr@CoFe,0, composite, which
directly oxidized DMPO to DMPOX instead of H,O or OH .>*
The results of the ESR analysis revealed that O,"” and "OH can
be formed in the photocatalytic process of Ag/AgBr@CoFe,0,
composites. However, the ESR results are somewhat different
than those from the trapping experiments. This is because of
the h*, which is generated in the photocatalytic process, and it
can directly oxidize the BPA instead of oxidizing the H,O or OH™
in the presence of pollutant molecules. Therefore, it can be
believed that O,"~ and h* are the main reactive species in the
photocatalytic reactions of Ag/AgBr@CoFe,0, composites.

In order to explain the above photocatalytic activity mecha-
nism, the energy band structures of AgBr and CoFe,O, were
determined by DRS analysis (Fig. S31), XPS-VB (Fig. S91) and the
equation Evg = Ecg + Eg, where Eyg is the position of the valence
band, Ecg is the position of the conduction band and E, is the
band gap. The corresponding results are listed in Table 1.
According to the band gap structures of Ag/AgBr and CoFe,0y,,
we first hypothesize a typical Type II structure® to depict the
separation processes of photoexcited electron-hole pairs. As
shown in Fig. S10,T in this sense, when Ag/AgBr was coupled
with CoFe,0,, on the one hand, the photoexcited electrons from
the CB edge of CoFe,0, will migrate to the CB edges of AgBr
because the CB positions of AgBr (—0.06 eV) are lower than that
of CoFe,0, (—0.31 eV). Then, the accumulation of electrons
from the CB of AgBr and CoFe,O, will reduce O, to generate
0," . On the other hand, the accumulation of holes on the VB of

—il— Ag/AgBr
—0— 15% Ag/AgBr@CoFeZOé (unsolvothermal)
—h—15% Ag/AgBr@CoFe,0,

0.84

” 0.6

C/IC

0.4

0.2

0 20 40 60 80 100 120
Time (min)
Fig. 12 A comparison of the photocatalytic activities of pure Ag/AgBr,

unsolvothermal treatment of 15% Ag/AgBr@CoFe,O,4 composite and
15% Ag/AgBr@CoFe,O4 composites for the degradation of BPA.

O.
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Fig. 13 Schematic illustration of the photocatalytic process for Ag/
AgBr@CoFe,O4 composite under simulated sunlight irradiation.
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AgBr will oxidize H,O to produce 'OH. This hypothesis is
apparently consistent with the results of trapping experiments
and ESR analysis. However, on the other hand, since both of the
excited electrons are injected into the CB of AgBr, the Ag" ions in
the AgBr are prone to reduction to metallic Ag, which means the
stabilities of Ag/AgBr in the Ag/AgBr@CoFe,O, composites
decrease. This is contradictory to the results of the recycling
experiments.

Accordingly, we have suggested that the present Ag/
AgBr@CoFe,0, composite may have a Z-scheme structure with
metallic Ag as an electron mediator system.'>*® To further clarify
the role of metallic Ag in the present Z-scheme system, control
experiments have been carried out, as shown in Fig. 12. The
unsolvothermal treatment of 15% AgBr@CoFe,O, composite
resulted in lower photocatalytic activities than the solvothermal
treatment of the composite, wherein 69.5% BPA was degraded.
After solvothermal treatment, parts of the Ag' ions on the
surface of AgBr undergo reduction with EG as the reducing
agent. The photocatalytic activities of 15% Ag/AgBr@CoFe,0,
composite improve. Based on the above experimental results,
we conclude that in the mechanistic pathway (Fig. 13) under
light irradiation, both AgBr and CoFe,O, of the Ag/
AgBr@CoFe,0, composites were photoexcited and they
produced electron-hole pairs. Then, the electrons on the CB of
AgBr were transferred to metallic Ag and quenched with the
holes that come from the VB of CoFe,0O,. Meanwhile, the holes
left in the VB of AgBr directly oxidize the pollutants (or oxidize
H,0 to generate 'OH since the VB position of AgBr is higher
than 2.38 eV ("OH/H,0), which are consistent with the results of
the ESR analysis), and the electrons remaining in the CB of
CoFe,0,4 will be captured by the O, in the solution to form ‘O, .
Accordingly, the Z-scheme separation process of photoexcited
electron-hole pairs is consistently better with the experimental
results.” When compared with other Ag/AgBr-based hybrid
materials, the Ag/AgBr@CoFe,O, composite integrates higher
efficiencies for the photocatalytic degradation of organic
pollutants, rapid water disinfection and facile magnetic
recovery. Therefore, the Ag/AgBr@CoFe,O0, composite shows
a great advantage as a new effective visible-light photocatalyst
for water purification (Table S27).

4. Conclusion

In summary, core-shell structured magnetic Ag/AgBr@CoFe,0,
composites have been synthesized. The as-prepared photo-
catalysts exhibit enhanced photocatalytic performance for the
degradation of BPA and 4-CP, which is due to the efficient
separation of electron-hole pairs by the introduction of
CoFe,0,4 NPs. For the Ag/AgBr@CoFe,0, composites, the 15%
Ag/AgBr@CoFe,0, composite exhibited the best photocatalytic
performance. In addition, the composite exhibited improved
stabilities for the degradation of colorless pollutants when
compared with that of pure Ag/AgBr. The magnetic properties of
the Ag/AgBr@CoFe,0, composites facilitate their separation
from water by an external magnetic field after the photocatalytic
reaction. Photocatalytic antibacterial experiments reveal that
the Ag/AgBr@CoFe,0, composites possess good antibacterial

This journal is © The Royal Society of Chemistry 2017
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capability against E. coli under visible light. On the basis of
trapping experiments and band structure measurements,
a rational Z-scheme pathway photocatalytic mechanism was
proposed to depict the separation processes of photoexcited
electron-hole pairs.
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