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The designed synthesis of advanced ZnO heterostructures in a simple and mild way is of great significance, for the
purpose of improving their photocatalytic performance and large-scale applications. Herein, a magnetic hierar-
chical microsphere Fe30,@Si0,@ZnO@Au (FSZA) was successfully synthesized by multistep chemical methods,
in which magnetic Fe304@Si0, as core for the growth of ZnO nanorod-layer using microwave-assisted approach,
followed by the functionalization of Au nanoparticles (NPs). Four FSZA microspheres (FSZA1, FSZA2, FSZA3,
FSZA4) were controlled prepared by adjusting the concentration of the Au precursor for comparison. The as-
prepared products were characterized SEM, TEM, XRD, VSM, N,-sorption, photocurrent and XPS techniques.
The results revealed that the as-synthesized microspheres have a good monodispersity, uniform core-shell struc-
ture and high magnetization. The photocatalytic test indicated the FSZA3 product possessed the best activity
among all tested products, and the photodegradation rate of rhodamine B (RhB) reached 93.54% after UV irradi-
ation of 80 min. The enhanced activity of FSZA3 was ascribed two major contributions, which were the larger spe-
cific surface area and the improved separation efficiency of the photogenerated carriers. The decomposition
mechanism was discussed in detail. Additionally, such integrated FSZA3 photocatalyst was easily recovered by
a magnet, which was reused at least five times without any appreciable reduction in photocatalytic efficiency.
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1. Introduction

Water pollution due to the great industrial and population growth is
one of the biggest challenges faced by human beings. To tackle this
challenge, semiconductor-based photocatalysis has been consider as a
“Green technology”, in which the oxidation and reduction reactions
are started by photoinduced generation of electron-hole pairs, followed
by transfer of these charge carriers to the surface of photocatalysts, and
then mineralize most of the organic contaminants into small inorganic
molecules [1-3]. Remarkable research efforts have been focused on
the fabrication of efficient semiconductor-based photocatalytic systems
including TiO,, ZnO, ZnSe [4-6]. In particular, ZnO as a n-type semicon-
ductor with a wide-band gap of 3.2 eV, is one of the classiest and
commonly used catalysts because of the low price, non-toxic nature,
thermal stability, and high quantum efficiency [7,8].
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But, the photocatalytic activity of ZnO materials still is limited by fast
charge carrier recombination and low interfacial charge transfer rate
[9]. Recently, rational design and fabrication of heterostructured ZnO
nanomaterials have attracted increasing interest due to their potential
of endowing the materials with excellent functions [10]. ZnO/metal
heterostructures, particularly ZnO/Au heterostructures, have been paid
more attention owing to their unique advanced electronic, optical,
catalytic properties and high chemical stability [11,12]. In catalytic
properties, on the one hand, Au NPs can facilitate electron excitation
of ZnO semiconductor by creating local electrical field [13]. On the
other hand, Au NPs and ZnO semiconductor would form Schottky
barriers at their interfaces owing to their differences in work function
and band alignment, leading to the obvious separation and transfer of
photoexcited charges [14,15]. Therefore, the high-quality heterojunctions
between Au NPs and ZnO semiconductor can significantly facilitate the
effective charge transfer interfaces and reinforce the photocatalytic
performance in applications. Furthermore, the photocatalytic activity of
Zn0O/Au heterostructure materials is strongly sensitive to the size of Au
NPs [12,16]. Due to the fast rate of Au NPs formation, most of the common
synthetic methods can't produce Au NPs with small and uniform size. The
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aggregation will reduce the surface area and utilization ratio of Au NPs
[17,18]. Thus, it is desirable to develop a facile method to prepare nano-
scale, uniform, and well-disperse Au NPs on ZnO nanomaterials.

Alternatively, the separation of semiconductor-based photocatalysts
from the treated water is a major bottleneck that restricts their large-
scale applications. Although filtration, centrifuge, and immobilization of
photocatalysts provide solutions for this draw-back, these additional
steps are time-consuming and greatly increase cost of photocatalytic
process [19,20]. To improve the practicability of semiconductor
photocatalyst, magnetic materials such as Fe;0,4 and y-Fe,03 have been
extensively applied to fabricate magnetic multicomponent potocatalysts
[8,21,22]. With the help of external magnetic force, magnetic materials
provide a convenient approach for separating and manipulating
photocatalysts, which makes solid-liquid phase separation fast, simple
as well as highly effective. Accordingly, magnetic nanospheres, especially
Fe304, have been widely studied in virtue of the outstanding combination
of non-toxicity, flexible surface functionalization and sensitive magnetic
response [22]. Meanwhile, SiO, coating technology has been studied to
prevent Fe;04 material from oxidation and fast heat transfer [23]. Yu
et al. has reported that SiO, barrier layer can inhibit the migration of pho-
toinduced carriers from the semiconductor photocatalyst to the magnetic
core, which would reduce the photocatalytic activity [24].

In this work, a practical Fe30,@Si0,@ZnO@Au (FSZA) core-shell
photocatalytic system was successfully constructed by multistep
chemical methods, in which a facile approach was developed to prepare
uniform and well-disperse Au NPs with a diameter of about 4 nm. Since
the incorporation of the merits of multicomponent, including magnetic
Fe304 core, SiO, barrier layer, ZnO nanorod-layer and moderate Au NPs,
the FSZA3 core-shell heterostructure exhibited superior synergistic prop-
erties such as magnetic recovery and good photocatalytic properties in
the process of RhB photodecomposition. Moreover, these properties are
stable during five cycles. Accordingly, the decomposition mechanism of
RhB over FSZA microspheres under UV irradiation was proposed.

2. Experimental
2.1. Materials
All the chemicals used in this experiment were of analytical grade

and were used as received without further purification. Deionized
water (resistivity >18.0 MQ cm) was used throughout the experiments.
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NaAc
IR 200°C 10 h
(CH:OH).

Step 1

Step 5

2.2. Preparation of magnetic photocatalysts

The procedure for preparing FSZA core-shell microspheres is depicted
in Scheme 1, which mainly consists of five steps. The specific synthesis
processes for each growth step are illustrated as follows:

Step 1: Magnetic Fe30,4 (F) particles were prepared via solvothermal
process [20]. Typically, FeCls-6H,0 (2.6 g) was dissolved in ethylene
glycol (80 mL) under magnetic stirring to form a clear yellow solution.
Subsequently, NaAc (4.0 g) was added to above solution and being
stirred for 1 h. Then, trisodium citrate (1.0 g) was added by stirring.
After the reactant was fully dissolved, the obtained homogeneous
dispersion was transferred to a 100 mL Teflon-lined stainless-steel
autoclave and heated at 200 °C for 10 h. The black powders were rinsed
with deionized water and ethanol for five times. The product was then
collected with the help of a magnet and dried in vacuum at 60 °C for 6 h.

Step 2: The SiO, interlayer was coated on the surface of F core by a
modified Stéber method as described previously [25]. Briefly, the ob-
tained F particles (0.5 g) were dispersed in a mixed solution, including
deionized water (50 mL), ethanol (150 mL) and ammonia aqueous
solution (25 wt%, 2.0 mL). After ultrasonication for 1 h, tetraethyl
orthosilicate (0.8 mL) was added dropwise to above dispersion by
stirring for another 2 h. Subsequently, the Fe30,@SiO, (FS) product
was collected and washed with deionized water for three times, and
then dried under vacuum at 60 °C for further use.

Step 3: ZnO seeds were loaded on the surface of FS samples accord-
ing to a previous report [26]. The as-prepared FS product (1.2 g) and
ZnAc;-2H,0 (0.36 g) were added to ethanol (54 mL) under ultrasound.
Then, a mixture of ethanol (86 mL) and NaOH (0.2 g) was added
dropwise to above solution. Subsequently, the obtained reaction system
was maintained at 60 °C with mechanical stirring for 30 min. After
washing with deionized water and ethanol for four times, the Fe;0,@
Si0,@ZnO0-seeds (FSz) product was collected with an applied magnet
field and then dried at 60 °C for following ZnO nanorods growth.

Step 4: ZnO nanorods grown on the surface of FSz product using mi-
crowave method. The FSz sample (0.4 g), Zn(NOs),-6H,0 (2.7 g) and
polyvinylpyrrolidone (2.7 g) were added to deionized water (200 mL).
After mechanically stirring for 30 min, hexamethylenetetramine
(1.3 g) and ethylene glycol (200 mL) were successively added to the
above mixture under mechanically stirring. Subsequently, this solution
was heated in a microwave oven for 15 min at a power setting
of 550 W. The Fe30,@Si0,@Zn0 (FSZ) product was washed with
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Scheme 1. Schematic diagram for fabrication process of the FSZA core-shell photocatalyst.



D. Wang et al. / Powder Technology 327 (2018) 489-499 491

deionized water for several times, collected with the help of a magnet,
and dried in vacuum at 60 °C for 6 h.

Step 5: The deposition of Au NPs onto FSZ product was performed
as follows. The obtained FST sample (0.5 g) was immersed in
HAuCl,-4H,0 solution (34 wt%). After mechanically stirring for 12 h,
pouring the supernatant and collecting solid powder with the help of
magnetic field. Then, the collected solid powder was dispersed
in NaBH,4 aqueous solution (15 wt%, 500 mL). After being stirring for
10 min, the FSZA product was separated, repeatedly washed with
deionized water, and dried at 60 °C. In this work, various amounts
of HAuCl,-3H,0 solution (5, 15, 25 and 35 mL) were employed to
synthetize four FSZA products with different Au NPs contents. The
obtained FSZA products were denoted as FSZA1, FSZA2, FSZA3 and
FSZAA4, respectively.

2.3. Characterization

The morphologies and microstructures of all as-obtained samples
were observed by a field emission scanning electron microscopy
(FESEM, JEOL 7800F) and a transmission electron microscopy (TEM,
FEI Tenai G? F20). The X-ray diffraction (XRD) patterns of as-prepared
samples were performed by a D/max-2500 copper rotating-anode
X-ray powder diffraction with Cu-Ka radiation of wavelength N\ =
1.5406 A (40 kv, 200 mA). The magnetic properties of the obtained
samples were assessed by using a vibrating sample magnetometer
(VSM, Lake Shore 7407) at room temperature. N, adsorption isotherms
and the Brunauer-Emmett-Teller (BET) surface areas of the as-prepared
samples were measured by using a Nova 1000 analyzer. The chemical
compositions and valance bands of the synthesized samples were
identified by a Thermo Scientific ESCALAB 250Xi A1440 system.

2.4. Photocurrent measurements

The photocurrent measurements were carried out by using a
computer-controlled electrochemical work station (CHI-660C Instru-
ments, China). Firstly, sample powder (10 mg) was dispersed into ethanol
(0.5 mL) under sonication for 10 min to get slurry. The as-prepared slurry
spread onto the conductive surface of clean indium tin oxide (ITO) glasses
to form a photocatalyst film. The uncoated parts of ITO glass were isolated
with epoxy resin. Subsequently, a standard three-electrode cell was used,
which composed by the as-prepared samples coated on the indium tin
oxide glass (1.0 cm x 4.0 cm) as the working electrode, a saturated
calomel electrode (SCE) as a reference, and a platinum minigrid as a coun-
ter electrode. Then, the working electrode was immersed in a Na,SO4
electrolyte solution (0.5 M) and irradiated by a 300 W xenon lamp. The
light/dark short circuit photocurrent response was recorded at an applied
potential of +1.0 V.

2.5. Photocatalytic activity measurement

The photocatalytic performances of the as-prepared samples were
evaluated by the decomposition of RhB aqueous solution. A Xe lamp
with a light intensity of 5 W-cm™2 (CEL-HXUV300 300 W) was used
as the light source. Prior to irradiation, the RhB solution (100 mL,
7 mg/L) with 0.3 g/L photocatalyst was stirred in dark for 30 min to
make sure that the system reached adsorption-desorption equilibrium.
And a distance of 15 cm was kept between the light source and the
liquid level of RhB aqueous solution. During irradiation, 2.5 mL RhB
solution was sampled at certain intervals and the catalyst was separated
by using a magnet. Subsequently, the maximum absorbance of RhB so-
lution at 555 nm was recorded using an UV-vis spectrophotometer
(UV-5800PC, Shanghai Metash Instruments Co., Ltd). The photocatalytic
degradation process was calculated using the equation: C/Co = A/Ao,
where Cy and C are the initial and real time concentrations of RhB
solution, and Ag and A represent the initial and real-time absorbance
of RhB solution.

3. Result and discussion
3.1. Morphologies and phase structures

Morphologies and microstructures of the as-prepared samples were
studied by FESEM and TEM measurements. The SEM and TEM images
for F, FS, FSz and FSZ samples are presented in Fig. 1. As shown in
Fig. 1a1 and a2, pure F particles possess rough surface and regular
sphere-shaped morphology with an average diameter of 240 nm.
Fig. 1b1 reveals that FS particles have the same morphological proper-
ties with pure F particles, except for a smoother surface and a slightly
larger size about 280 nm. It can be clearly seen from Fig. 1b2 that FS par-
ticles present a core-shell structure including black F sphere as core and
gray color SiO, shell with a thickness of 20 nm on average. When ZnO
seeds are loaded on FS spheres, as displayed in Fig. 1c1, a uniform ZnO
seed-coating wraps on FS microsphere forming a rough surface and no
apparent aggregation of the FSz microspheres can be observed. TEM
image in Fig. 1c2 presents the detailed morphology of FSz microspheres,
which displays a typical three-layer structure composed of a F core, a
SiO,, interlayer and a ZnO seed-layer with a thickness of about 5 nm.
In the case of FSZ sample, it can be seen from Fig. 1d1 that all these
FSz microspheres are totally enwrapped by ZnO nanorods and the
chestnut-like FSZ microspheres are obtained. The average length and di-
ameter of ZnO nanorods are about 150 nm and 23 nm, respectively,
which can be determined by the TEM image in Fig. 1d2.

Fig. 2 displays the morphology and distribution of Au NPs supported
on ZnO nanorod-layer for four kinds of FSZA microsphere. As shown in
Fig. 2a1, when 5 mL of HAuCl,-4H,0 solution was used, FSZA1 micro-
sphere possesses the similar morphological properties as with the orig-
inal FSZ microsphere. But, it can be clearly appreciated from Fig. 2a2 that
Au NPs with a diameter of approximately 4 nm are sparsely and uni-
formly adhered to the surface of ZnO nanorod-layer. After increasing
the amount of HAuCl,-4H,0 solution (15 ml) for the first time, there
are no obvious differences between FSZA1 and FSZA2 microspheres by
contrasting Fig. 2al and b1. TEM image in Fig. 2b2 shows evidently
that the surface of FSZA2 microsphere loads more Au NPs than FSZA1
microsphere. By increasing the dosage of HAuCl,-4H,0 solution to
25 mL, as presented in Fig. 2c1, the surfaces of ZnO nanorods on
FSZA3 microsphere become rough and the diameter of this ZnO nano-
rod is about 30 nm, which can be ascribed to the substantially enhanced
quantity of Au NPs as given in Fig. 2c2. As shown in Fig. 2d1 and d2,
when the dosage of HAuCl4-4H,0 solution is further increased to
35 mL, not only more Au NPs deposit on the surface of ZnO nanorod-
layer of FSZA3 microsphere, but also some Au NPs become larger due
to the aggregation of freshly generated Au particles on previously
formed ones. Besides, the ZnO nanorods of FSZA4 microsphere are
shorter than initial ZnO nanorods, which may be related to the use of
a large amount of weakly acid HAuCl4-4H,0 solution.

Fig. 3ais TEM image of single FSZA3 microsphere, and corresponding
HRTEM image is given in Fig. 3b. The HRTEM image for selected area of
this FSZA3 microsphere displays individual Au NPs closely attached
onto the ZnO nanorod, suggesting their strong binding. In addition,
two types of lattice fringes with spacing of about 0.260 and 0.236 nm
can be indexed to the (002) plane of the hexagonal crystal structure of
ZnO (JCPDS card No. 36-1451) and the (111) plane of face-centered
cubic Au (JCPDS card No. 04-0781), respectively. This further reveals
that the ZnO-Au heterostructure formed on the surfaces of FSZA3
core-shell microspheres. The elemental mapping images with different
color in Fig. 3c-g indicate Fe, Si, O, Zn, and Au enriched areas of a single
FSZA3 microsphere, respectively. The Fe signal is located in the center of
the microsphere and gradually surrounded by Si, O, Zn and Au signals,
which clearly demonstrate that the formation of excepted FSZA3 core-
shell structure.

The phase structure and purity of the as-prepared samples were
identified by XRD measurements. Fig. 4a shows the XRD pattern of the
obtained F product, the diffraction peaks appear at 26 = 30.10°,
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Fig. 1. SEM and TEM images of the as-prepared samples: (a1-2) F, (b1-2) FS, (c1-2) FSz and (d1-2) FSZ. (All scale bars are 200 nm).

35.42°,43.05°,53.59°, 56.94°, 62.52° and 73.95°, which are assigned to
(220), (311), (400), (422), (511), (440) and (533) crystal planes of
magnetite Fe304 (JCPDS card No. 19-0629). The XRD pattern of FS
sample (Fig. 4b) exhibits the same feature as pure F sample, indicating
the coated SiO-, shell is amorphous. After coating ZnO seeds on the sur-
face of the FS microspheres, a very tiny peak emerges at 31.77° in Fig. 4c,
which can be indexed to the (100) crystal plane of hexagonal ZnO
(JCPDS card No. 36-1451). Noticeably, with regard to FSZ sample, sever-
al new peaks emerges at 34.42°, 36.25°, 47.54°, 56.60°, 62.86°, 66.38°,
67.96, 69.10°, 72.56° and 76.96° in Fig. 4d. Those peaks can also be

indexed to the hexagonal wurtzite ZnO. In the case of FSZA3, besides
the characteristic diffraction of Fe30,4 and ZnO, the diffraction peaks at
260 = 37.9° and 44.1° in Fig. 4e can be attributed to face-centered-
cubic structured Au (JCPDS card No. 04-0781), suggesting crystallized
Au NPs have been deposited on the outer shell.

3.2. Magnetic properties

Magnetic hysteresis loops of the as-synthesized products were mea-
sured in the range of —15.0 to 15.0 kOe magnetic fields as plotted in
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Fig. 2. SEM and TEM images of FSZA samples with different amounts of Au NPs: (a1-2) FSZA1, (b1-2) FSZA2, (c1-2) FSZA3 and (d1-2) FSZAA4. (All scale bars are 100 nm).

Fig. 5a. The saturation magnetization (Ms) value of original F is for FS, FSz, FSZ, FSZA1, FSZA2, FSZA3 and FSZA4 microspheres, respec-
62.55 emu/g. After the subsequent coating process, the MS values de- tively. The lower Ms values of the F based core-shell microspheres (FS,
crease to be 53.01, 46.97, 36.57, 30.79, 28.86, 27.27 and 23.67 emu/g FSz, FSZ, FSZA1, FSZA2, FSZA3 and FSZA4) are mainly due to the non-
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Fig. 3. (a) TEM image of a single FSZA3 microsphere. (b) HRTEM image for the selected area in (a). (c-g) Elemental mapping images of a single FSZA3 microsphere (all scale bars are 100 nm).
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Fig. 4. XRD patterns of different products: (a) F, (b) FS, (c) FSz, (d) FSZ and (e) FSZA3.

magnetic SiO,, ZnO and Au content in these microspheres. Moreover, it
can be seen from Fig. 5a that all magnetic hysteresis loops do not show
any significant remanent magnetization and coercivity, suggesting
superparamagnetic feature of the examined samples.

The above analysis indicates that all as-prepared FSZA samples pos-
sess excellent magnetic properties. With the help of an external magnetic
field, such excellent magnetic properties facilitate the cyclic utilization of
these microspheres. As shown in Fig. 5b and c, although the Ms value of
the FSZA4 microspheres is the lowest among all samples, the complete
magnetic separation can be achieved in 60 s by placing a magnet near
the vessels containing the aqueous dispersion of FSZA4 microspheres.
After removing the magnet (Fig. 5d), the FSZA4 sample is quickly
redispersed in the aqueous solution by shaking. In this regard, this almost
negligible residual magnetism avoided forming magnetized clumps in
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Fig. 5. (a) Magnetic hysteresis loops of the products at room temperature. (b-d)
Photographs of FSZA4 aqueous solution after magnetic separation and shaking.

liquid medium. Therefore, the superparamagnetic behaviors would
facilitate the cyclic utilization of FSZA composite materials by applying
an appropriate magnetic field.

3.3. Ny-sorption

To determine the textural properties of the samples, including
nature of porosity and BET-surface area, N, adsorption-desorption mea-
surements were performed. Fig. 6a shows the N, adsorption-desorption
isotherms of various samples. The desorption branches do not reach the
adsorption branches, attesting the presence of porosity in tested sam-
ples [27]. And the tested materials exhibit high adsorption at relative
pressures P/Py close to 1.0, suggesting the formation of mesopores
(2.0-50.0 nm) and macropores (>50.0 nm) [28]. This is further
confirmed by pore-size distribution curves of the different samples as
given in Fig. 6b. By using the Barrett-Joyner-Halenda (BJH) method
and the desorption branch, the tested microspheres mainly contain
mesopores and macropores. The mesopores come from slitlike pores
within ZnO layer consisting of dense and uniform nanorods. The
macropores reflect the pores formed between stacked microspheres.

The BET analysis in Fig. 6¢ shows a surface area of 25.65,29.93, 43.18,
57.90 and 24.51 m?/g for FSZ, FSZA1, FSZA2, FSZA3 and FSZA4 samples,
respectively. With the increase of Au NPs, the specific surface area of
FSZA series samples increases gradually. However, the specific surface
area of FSZA4 is far less than that of FSZA3 sample, which is related to
its morphological characters as depicted in TEM image of Fig. 2d2, in-
cluding the shorter ZnO nanorods and the agglomeration of Au NPs.
The above result indicates that varying the loaded amount of Au NPs
significantly affect the specific surface area and pore size distribution
of obtained products. With a large specific surface area, the FSZA3
sample has great promise in not only facilitating the transfer of
photogenerated carriers, but also offering sufficient interfacial area
for adsorbing the RhB molecules to ultimately improve photocatalytic
performance [5].
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Fig. 6. (a) N, adsorption-desorption isotherms of various samples. Inset: the magnified
region in order to view adsorption-desorption hysteresis loops corresponding to different
samples. (b) Pore size distribution curves and (c) BET special surface for various samples.
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3.4. Photocurrent properties

To investigate the photoinduced behavior of the generated photo-
current response of samples, the amperometric i-t curves obtained in
the dark and under UV light irradiation, are given in Fig. 7. All the sam-
ples show a negligible current response in the dark. In contrast, upon
illumination, all tested samples show a speedy response and a steady-
state current is obtained. The rise time and fall time of photocurrent
for FSz, FSZ and various FSZA samples are given in Table 1. It can be
seen that the rise and fall times of all tested samples is transient. The
prompt increase in photocurrent response from light-off to light-on
state is mainly ascribed to the quick interfacial charge transportation
of between the samples and the electrolyte [29]. Moreover, all of the
tested samples show reproducible photocurrent generation in response
to illumination, and there is no obvious current drop after 200 s of
testing.

Interestingly, the generated transient photocurrents of various
samples are evidently different. The photocurrent density of various
samples increases in the order: FSz (1.97 pA) < FSZA4 (2.30 pA) < FSZ
(3.38 pA) < FSZA1 (5.93 pA) < FSZA2 (7.88 pA) < FSZA3 (19.37 pA).
The photocurrent of the FSz is lowest due to its less ZnO content. The
photocurrent of the FSZ, FSZA1, FSZA2 and FSZA3 samples increases
gradually as the content of Au NPs is increased, after which it begins
to decline with further increase in the content of Au NPs. The lower
photocurrent of the FSZA4 sample with respect to FSZ indicates that
the increased aggregation of Au NPs can induce new recombination
centers, and inhibit further generation of electrons and holes [30]. It is
well known that higher photocurrent is corresponding to more photo-
generated carriers [8]. Here, the formation of a ZnO/Au heterojunction
facilitating electron transfer, which accelerates the separation of
photo-generated charge carriers. Thus, the appropriate loading of Au
NPs would be beneficial for the improvement of photocatalytic activity.

3.5. Photocatalytic capacities

The photocatalytic activities of the different samples are evaluated
by photodegradation of RhB under UV light, which is a typical organic
azo-dye pollutant in the textile industry. The corresponding RhB degra-
dation efficiencies as a function of time are demonstrated in Fig. 8a. In
addition, because of the photodegradation process complies with the
pseudo-first-order kinetics, the equation —In(C/Cy) = kt is used to fit
the experimental date, where k is the apparent rate constant, and the
k values for the different photocatalysts are given in Fig. 8b. In the
blank test (without catalysts), the concentration of RhB changes little
after irradiation for 80 min, indicating the self-decomposition of RhB

25
] light on light off FSZA3|
—~ 204 \_\
< — —|FszA2
=
-t
S 154 FSZA1
.
§ FSZ
2 101 Fsza4|
2
FSz
o 54
[—}
0

0 20 40 60 80 100120140160 180200220
Time (s)

Fig. 7. Photocurrent responses of FSz, FSZ and various FSZA samples.

Table 1

The rise time and fall time of photocurrent for FSz, FSZ and various FSZA samples.
Sample FSz FSZ FSZA1 FSZA2 FSZA3 FSZA4
Rise time (s) 0.85 0.76 0.69 0.45 0.34 0.55
Fall time (s) 122 1.15 1.09 0.99 0.89 0.99

can be neglected. The photocatalytic efficiency of various samples
estimated follows the order: FSZA3 > FSZA2 > FSZA1 > FSZ > FSZA4
> FSz. The FSz microspheres exhibit the lowest photocatalytic activity
and the photodegradation rate of RhB is only 27.13%, which is mainly
due to large mass proportion of inactive FS in FSz samples with a
small amount of ZnO seeds. For FSZ microspheres, the adequate space
between the ZnO nanorods structure is ideal for fast electron transpor-
tation, adsorption of pollutants and transformation of degraded
products [3]. Therefore, the degradation efficiency of RhB for FSZ sample
is significantly enhanced and about 60.73%. And the k value for FSZ
microspheres is about 2.6 times that of FSz microspheres. When FSZA
photocatalytic systems are used under the same condition, the
photodegradation rates of RhB for FSZA1, FSZA2, FSZA3 and FSZA4 mi-
crospheres are 67.72%, 84.10%, 93.54%, and 34.13%, respectively, and
the k value of 0.03134 min~—' for FSZA3 microspheres is the biggest.
Above tested result indicates the photocatalytic efficiency of FSZA series
sample does not enhanced linearly with the increase in load quantity of
Au NPs. Instead, the photocatalytic efficiency of FSZA4 sample is weaker
than FSZ sample, which is in accord with the result of photocurrent.

a 1.0

0.8

o 0.6

C/

——o— Blank
0.44 o—Fsz
{——FSz
—v— FSZA1
0.2+ —o—FSZA2
{—<+—FSZA3
0-0 I_D_F'SZA4 L) % T % L s L)

0 20 40 60 80
i) Irradiation time (min)

b |—o—KFs2=0.00450 min™

—2—KFsz=0.01162 min™
2.51 —o—KFsza1=0.01442 min™
1—o—KFrsza2=0.02162 min™ S
2.0 1< Krsza3=0.03134 min"
1—>—KFszA4=0.00634 min™

1.5

-In(CIC,)

1.0

0.5

0.0

) y ) L L) ¥ ) % ]
0 20 40 60 80
Irradiation time (min)
Fig. 8. (a) Photocatalytic degradation of RhB in the presence of different catalysts.

(b) Pseudo-first order kinetic curves for the photodegradation of RhB by various
photocatalysts.
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Fig. 9. Effect of active species scavengers on percentage photodegradation of RhB using
FSZA3 photocatalyst under UV light irradiation.

3.6. Photocatalysis mechanism of FSZA microspheres

To investigate the active species involved in the photocatalytic
process, the radical trapping experiment was performed by adding
ethylenediaminetetraacetate (EDTA), tert-butyl alcohol (t-BuOH), and
1,4-benzoquinone (BQ) to scavenge h™, *OH, and O,+ ", respectively.
The radical trapping experiment procedure was similar to the degrada-
tion experiment; different scavengers were separately introduced into
the aqueous RhB before the addition of FSZA3 photocatalyst. Fig. 9
shows the results of radical trapping experiment. After adding EDTA,
t-BuOH and BQ scavengers, the degradation rate of RhB decreases
from 93.54% (no scavenger) to 18.15% (EDTA), 52.61% (t-BuOH), and
33.45% (BQ), respectively. Above dates demonstrate that h™, «OH, and
0,° are the primary reactive species associated with the enhanced
photocatalytic activity of FSZA3 photocatalyst.

In addition, a plausible photocatalytic mechanism of FSZA series
samples is illustrated in detail. As depicted in Scheme 2, when FSZA
microspheres are irradiated by UV light, the photoelectrons transfer to
the conduction band (CB) of ZnO from the valence band (VB) of ZnO, leav-
ing behind a chemically-equivalent number of holes in this VB. Since the
Fermi energy level of Au is lower than the bottom of the CB of ZnO, quick
transfer of photoelectrons from ZnO nanorods to Au NPs takes place,
which continues until the new Fermi energy level of the ZnO/Au hetero-
geneous nanostructures forms. Here, Au NPs act as electron trappers that
effectively facilitate the separation of photoinduced electron-hole pairs. In
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addition, the electron transfer from the ZnO surface to adsorbed O, is be-
lieved to be a rate-limiting step in photocatalytic reactions [12]. For FSZA
series samples, Au NPs that adjacent to interfacial O, adsorption sites can
lower the local work function of ZnO. Thus, it results in a significant
increase at the rate of electron transfer to O, [10]. However, when
overloading too much Au NPs on ZnO nanorod-layer, the excessive Au
NPs not only decrease the effective catalytic sites on the surface of ZnO
nanorods, but also form Au aggregations that would inhibit the diffusion
and mass transportation of the reactants molecules, products molecules,
and reactive species generated during the photochemical process. It can
be seen that the loaded amount of Au NPs is vital for a balance between
two opposed functions of Au NPs in photocatalysis. And FSZA3 sample
is the best catalyst among four kinds of FSZA sample based on the photo-
catalytic test results. Above all, it is not difficult to understand why FSZA1,
FSZA2, and FSZA3 samples are superior to FSZ, while FSZA4 sample is
weaker than FSZ sample in photocatalytic activity.

3.7. Reusability of FSZA3 photocatalyst

The cyclic stability of FSZA3 photocatalyst was investigated by mon-
itoring the catalytic activity during successive five cycles of use. As
shown in Fig. 10a, the photodecolorization efficiency of FSZA3 catalyst
decreases slightly in multiple photocatalytic experiments, suggesting
the well-designed FSZA3 sample possess excellent photocatalytic stabil-
ity. Additionally, the FSZA3 photocatalyst was recycled with the help of
an external magnetic field after each cycle, indicating FSTA3 also has
stable magnetic properties. Fig. 10b shows the magnetic hysteresis
loops of FSZA3 sample before and after five times of photocatalytic
test. The almost no change in Ms value confirms that the magnetic sta-
bility of FSZA3 photocatalyst. The SEM and TEM images of FSZA3 sample
after five cycles of photocatalytic test are displayed in Fig. 10c and d,
respectively. Obviously, the FSZA3 sample maintains the primary micro-
structure, suggesting FSZA3 photocatalyst is mechanically stable.

To further determine the stability in surface compositions and bond-
ing environment, FSZA3 sample before and after 5 cycles of photocatalytic
test was measured by XPS analyses. The XPS fully scanned spectra of
FSZA3 before and after RhB discoloration are given in Fig. 11a. The Zn,
Ay, O 1s and C 1s peaks appear in fully scanned spectra of both tested
samples. The C 1s peak at 284.6 eV is attributed to the adventitious
carbon-based contaminant. As XPS is a highly surface-specific technique
with a typical analysis depth of about 10 nm. No signal of Fe and Si
elements on both fully scanned spectra can be found, suggesting FS
cores are absolutely wrapped in the center of FSZA3 microspheres before
and after multiple photocatalytic tests.

The corresponding high resolution XPS patterns of Zn 2p are pre-
sented in Fig. 11b, and the photoelectron peaks of Zn 2ps,; and Zn
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Scheme 2. Schematic diagram for the proposed photodegradation mechanism of RhB by FSZA catalysts.
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2py,; are located at 1020.8 and 1044.0 eV, respectively. The spin orbit of O 1 s can be divided into two peaks. The peak at 528.8 eV can be
separation of 23.2 eV indicates the Zn element exists in the form of attributed to the binding of 0>~ ions and Zn? in hexagonal wurtzite
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oxygen deficient regions within the matrix of ZnO and Zn-OH groups
[31]. As can be seen from Fig. 11d, the high resolution XPS pattern of
Au element exhibits the Au 4f7/2 and 4f5/2 doublets with the binding
energies of 81.9 eV and 85.7 eV, respectively. Two peaks of this Au
NPs are negatively shifted compared to bulk Au, which is related to elec-
tron migration between Fermi energies of ZnO and Au NPs [32]. The spin
orbit separation of 3.8 eV for Au 4f;,, and 4f5, doublets is a typical value
for Au®, suggesting Au NPs exist on the surface of FSZA3 microspheres
before and after multiple photocatalytic test [17]. In addition, Fig. 11d
presents two extra overlapping shoulders at 87.4 and 89.9 eV. According
to the National Institute of Standards and Technology (NIST) XPS data-
base, both characteristic peaks can be assigned to Zn 3ps; and Zn 3p; 5,
respectively. Overall, before and after five cycles of photocatalytic test,
the high resolution XPS patterns of Zn, O and Au for FSZA3 sample
almost have no change, further showing that the FSZA3 microspheres
possesses good chemically stability.

4. Conclusions

Herein, an effective route to synthesize magnetically separable
Fe30,@Si0,@ZnO@Au microspheres with core-shell structure and
enhanced photocatalytic activity was described. And four kinds
of Fe30,@Si0,@ZnO@Au microsphere with different amount of Au
nanoparticles were controlled prepared for comparison. The enhanced
photocatalytic property was demonstrated to be derived from two
main reasons: on the one hand, the ZnO nanorod-layer uniformly and
precisely grew on Fe;0,4@SiO, surface, enhancing the level of photocata-
lytic activity owing to the larger specific surface area; on the other hand,
the modification of an optimum amount of Au nanoparticles on Fe;0,@
Si0,@ZnO microspheres improved the separation of photoinduced
electron-holes. Moreover, this Fe;0,@Si0,@ZnO@Au photocatalyst
showed excellent stability and recyclability during five cycles. The high
photocatalytic activity, efficient magnetic separation, good stability in
chemistry and mechanics make the Fe30,@SiO,@ZnO@Au photocatalyst
a promising candidate for environmental-friendly water purification.
Meanwhile, this study provides a new route for the controlled fabrication
of multifunctional photocatalytic nanosystems with a broad application
prospect.
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