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A novel, facile and template-free approach was developed for the fabrication of amorphous zinc-nickel
citrate hollow microspheres and crystalline well-dispersed NiO-ZnO composite hollow microspheres. In
this approach, amorphous zinc-nickel citrate hollow microspheres were prepared through a simple
chemical reaction and with room temperature ageing at nickel nitrate solution. The zinc-nickel citrate
hollow microspheres have an average size of about 1.4 pm. The average thickness of the shell is about
300 nm. The content of Ni in the zinc-nickel citrate can be simply adjusted by changing the ageing time.
The well-dispersed NiO-ZnO composite hollow microspheres can be prepared via the perfect
morphology inheritance of the zinc-nickel citrate hollow microspheres, by calcination at 500 °C for 2 h.
The optical absorption of the samples can extend into the visible region after the loading of NiO. The

) NiO-ZnO composite hollow microspheres with the high content of NiO exhibit the highest
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Accepted 10th October 2013 photocatalytic activity for the degradation of different organic dyes including Rhodamine-B, methylene

blue and methyl orange under UV irradiation, which might be ascribed to their highest separation
efficiency of photogenerated electron-hole pairs. In addition, these NiO-ZnO composite photocatalysts
can be used repeatedly without a significant decrease of the photocatalytic activity under UV irradiation.
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Introduction

Recently, hollow micro/nanostructures with low density, high
specific surface area and superior permeation have received
considerable interest due to their unique physical and chemical
properties and their potential applications in catalysis, drug
delivery, gas sensing and energy storage."® Hitherto, many
strategies have been developed to fabricate various hollow
micro/nanostructures during the past few decades.”'® Unfor-
tunately, most of researches focus on the control of the shape
and interior void space of single oxide, the successful prepara-
tion of well-dispersed binary oxide composite hollow micro/
nanostructures has rarely been reported due to the complicated
procedures and severe reaction conditions. In general, the
performances of the binary composites made up of different
materials cannot be deemed as a simple superposition of the
properties of individual counterparts due to the strong inter-
facial interactions between the different components.” ™
Namely, the binary composites are expected to gain novel
physical and/or chemical properties through the synergistic
effect. For example, TiO,-ZnO composite hollow microspheres
have been successfully prepared, which show significant higher
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photocatalytic efficiency than pure ZnO evaluated under the
same conditions.”® However, the development of simple and
template-free routes for fabricating well-dispersed metal oxide
composite hollow structures still remains a great challenge.
ZnO is an attractive semiconductor with a direct wide band
gap of 3.37 eV. Due to the high photocatalytic activity, high
quantum efficiency, nontoxic nature and low cost, various
morphologies of ZnO, such as nanotubes, flower-like nano-
architectures and nanowires, have been successfully fabricated
and used in photocatalysis area.”*” However, the fast recombi-
nation rate of the photogenerated electron-hole pairs limits their
practical application. It has been demonstrated that the coupling
of two different semiconductors with different energy levels
causes a rapid separation of photogenerated electron-hole pairs
and consequently increases the photocatalytic activity.*®*** Nickel
oxide (NiO) is a transparent semiconductor oxide with p-type
conductivity and has been widely used in catalysis, battery cath-
odes, electrochromic films, chemical sensors and photovoltaic
devices.***® When coupled with ZnO, NiO would have some
special advantages, such as low lattice mismatch with ZnO, high
hole mobility and high p-type concentration, which is beneficial
for the interaction between ZnO and NiO.*”"* When the NiO-ZnO
composite photocatalyst is irradiated by ultraviolet (UV) light, the
photogenerated electrons and holes would migrate between NiO
and ZnO. As a result, the photogenerated electron-hole pairs
were effectively separated, which facilitates to enhance their
photocatalytic activity. However, the successful preparation of
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well-dispersed NiO-ZnO composite hollow microspheres, which
are supposed to possess enhanced photocatalytic activity, has not
been reported so far.

In this article, a novel, facile and template-free approach to
fabricate amorphous zinc-nickel citrate hollow microspheres and
crystalline NiO-ZnO composite hollow microspheres is reported.
The content of Ni in the zinc-nickel citrate can be regulated
simply by controlling the ageing time for the reaction solution. By
calcining the as-obtained zinc-nickel citrate hollow microspheres
at 500 °C for 2 h, the well-dispersed NiO-ZnO composite hollow
microspheres were produced via perfect morphology inheritance.
To the best of our knowledge, this is the first successful synthesis
of the well-dispersed NiO-ZnO composite hollow microspheres.
The resulting composite hollow microspheres exhibit visible-
light absorption, greatly enhanced photocatalytic efficiency and
good recyclability for the degradation of different organic dyes
including Rhodamine-B (RhB), methylene blue (MB) and methyl
orange (MO). The present method provides an excellent electric
contact at the NiO-ZnO interface, which is beneficial for the
transfer of photogenerated charge carriers between ZnO and NiO,
leading to the decrease of the recombination rate of photo-
generated electron-hole pairs and consequent enhancement of
photocatalytic activity.

Experimental
Synthesis

In a typical procedure, amorphous zinc citrate hollow micro-
spheres were synthesized through a facile and template-free
route under mild conditions as described in our previous paper.*’
Newly prepared zinc citrate hollow microspheres (0.06 g) were
dispersed in a certain concentration of nickel nitrate solution
(30 mL) with the aid of ultrasonication. After ultrasonic disper-
sion for 10 min, the resulting suspension was aged for 6 h at
room temperature. The resultant zinc-nickel citrate hollow
microspheres were harvested by centrifugation and washed with
distilled water for several times and then dried at 60 °C for 10 h.
Finally, NiO-ZnO composite hollow microspheres were produced
by the calcination of zinc-nickel citrate at 500 °C for 2 h in air.

Characterization

X-ray diffraction (XRD) measurements were carried out using a
PANalytical X'pert PRO X-ray diffractometer with Cu Ko radia-
tion (40 kV, 60 mA). Scanning electron microscopy (SEM)
analysis was performed with a LEO-1530 field-emission scan-
ning electron microscope equipped with an energy dispersive
X-ray spectrometer. Transmission electron microscopy (TEM)
observations were conducted using a JEM-2100 electron
microscope operating at 200 kV. The thermogravimetric (TG)
analysis was recorded on a Du Pont Instrument 1090B thermal
analyzer. Fourier-transform infrared (FTIR) spectra were per-
formed on a Nicolet Nexus-670 FT-IR spectrometer. X-Ray
photoelectron spectroscopy (XPS) measurements were con-
ducted using a PHI QUANTUM 2000 with a monochromatic Al K
X-ray source (Thermo VG Scientific). UV-vis diffuse reflectance
(DR) spectroscopy of the samples was performed using a Cary
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500 UV-vis-NIR spectrophotometer. The room temperature
photoluminescence (PL) of the samples were detected on a
FLS-920T fluorescence spectrophotometer using an excitation
wavelength of 325 nm from Xe 900 (450 W xenon arc lamp) as
the light source.

Photocatalytic measurements

The photocatalytic properties of NiO-ZnO composite hollow
microspheres with different content of NiO were evaluated by
adding the known weight of the as-obtained samples into 200 mL
of the known concentration of different organic dyes solution
including RhB, MB and MO under the irradiation of a 300 W
ultraviolet (UV) lamps (maximum emission at 253 nm). Prior to
irradiation the suspension were stirred in the dark for 30 min to
ensure the adsorption-desorption equilibrium between the
catalyst and the dye. A comparative experiment in the absence of
photocatalyst during UV irradiation was carried out. Samples
exposed to the UV irradiation for different time intervals were
taken out from the reaction suspension, centrifuged at 8000 rpm
for 10 min to remove the photocatalyst and then monitored by a
UNIC 7200 Apparatus UV-visible spectrophotometer at their
maximum absorption wavelength. Total organic carbon (TOC)
was carried out for selected samples to evaluate the degree of dye
mineralization using a TOC analyzer (TOC-VCPH, Shimadzu).

Results and discussion

Zinc-nickel citrate hollow microspheres obtained from the
resulting suspension after aged at room temperature for 6 h are
employed as the precursor for the fabrication of NiO-ZnO
composite hollow microspheres. The morphology of as-synthe-
sized precursor was examined by SEM and TEM, as shown in
Fig. 1. The low-magnification SEM image shows that the
precursor is composed of dispersed microspheres with an average
diameter of 1.4 pm (Fig. 1a). The SEM micrograph in the inset in
Fig. 1a shows a broken sphere, providing evidence of a hollow
structure. The high-magnification SEM micrograph exhibits that
the surface of the microsphere is quite rough and loose as shown
in Fig. 1b. The TEM images (Fig. 1c and d) further confirm that
the as-prepared precursors have a hollow structure. The thickness
of the shell is about 300 nm. Energy dispersive spectroscopy (EDS)
microanalysis of the precursor shows a Ni/Zn ratio of about 0.54
in Fig. S1 (ESIf). The XRD pattern of as-synthesized precursor
(Fig. 2a) demonstrates that these hollow microspheres are mainly
amorphous. Two weak diffraction peaks at around 33.3° and
59.8° (26) are attributed to some crystalline zinc citrate particles
formed in the original preparation process of zinc citrate hollow
microspheres as confirmed in our previous literature.* The
as-prepared precursor is further investigated by FT-IR spectroscopy
as shown in Fig. 2b. The IR spectra exhibit two intense absorption
bands at 1586 cm ™' and 1404 cm ™ ', which can be attributed to the
antisymmetric and symmetric stretching vibrations for the
carboxylate groups of the coordinated citrates, respectively. Both of
the bands shift to lower frequencies compared with free citric
acid, suggesting complexation to metal ions.*** The typical
absorption bands between 1700 and 1710 ¢cm™ ' arising from
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Fig. 1 (a) The SEM micrograph of the zinc-nickel citrate hollow microspheres
obtained from the reaction solution aged at room temperature for 6 h. The inset
shows a broken microsphere. (b) The higher magnification SEM image of an
individual microsphere. (c) The low magnification TEM micrograph of the zinc-
nickel citrate hollow microspheres. (d) The high magnification TEM micrograph of
an individual microsphere. The scale bar in the inset represents 100 nm.

undissociated carboxylic acid groups could not be observed,
which demonstrates that each carboxylic acid group is depro-
tonated.*>** The strong peaks at 3438 cm™ " can be ascribed to
the vibrations of -OH groups for absorbed water. The typical
survey XPS spectrum of the precursor is shown in Fig. 3a, which
confirms the presence of Zn, Ni, O, and C elements. Fig. 3b
shows the high-resolution Ni 2p spectrum, which can be
deconvoluted into five peaks. The binding energies located at
853.9, 855.9, and 861.3 eV are ascribed to the Ni 2p3/2 peaks,
while those centred at 872.6 and 879.5 eV are due to the Ni 2p1/
2 peaks, indicating the presence of Ni** ions in the precursor.*
Fig. 3c displays the high-resolution Zn 2p spectrum. Two major
peaks at 1044.9 and 1021.9 eV correspond to the Zn 2p;/, and
Zn 2p,,, energy levels, respectively.

Intensity (arb. unit)

20 30 40 50 60 70 80
20(degrees)

View Article Online

The influence of ageing time on the morphology and
component of the as-obtained zinc-nickel citrate was investi-
gated. A series of experiments were performed with different
ageing times, but with other synthesis parameters unchanged.
As shown in Fig. S2 (ESIt), the molar ratio of Ni/Zn in the
precursor increases from 0.37, 0.46, 0.541 to 0.548 with
increasing the ageing time ranging from 1 h,3h, 6 hto 8 h. It
can be further found that when the ageing time increases from
6 h to 8 h the molar ratio of Ni/Zn in the precursor remain
almost unchanged, indicating that the adsorption amount of
nickel ion on the surfaces of zinc citrate hollow microspheres
reaches a maximum as the ageing time increases to 6 h. It is
worth noting that the surfaces of zinc citrate hollow micro-
spheres are rich in functional groups, such as -OH and
-COO, available for metal ion adsorption, which is similar to
the carbonaceous particles reported earlier.***” When zinc
citrate hollow microspheres were dispersed into nickel nitrate
solution, nickel ions would adsorb on the rough and loose
surfaces of zinc citrate hollow microspheres through coordi-
nation or electrostatic interactions between nickel ions and
surface functional groups. The adsorption amount of nickel
ion increases with the increase of ageing time and then rea-
ches saturation when the ageing time increases to 6 h. A
longer ageing time (>6 h) does not increase the content of
nickel ion in the zinc-nickel citrate. Additionally, the surface
hydrophilic groups can also serve as anchors to immobilize
Ni** ions on the surface of the zinc citrate hollow micro-
spheres, which can prevent them from aggregating and
provide an excellent interface contact between NiO and ZnO in
the subsequent calcination process.*” As a result, it is benefi-
cial for the formation of well-dispersed composite hollow
microspheres and then enhances the photocatalytic activity.

Thermogravimetric analysis was performed to further char-
acterize the thermal properties of zinc-nickel citrate hollow
microspheres obtained from the reaction solution aged at room
temperature for 6 h (Fig. S4, ESIt). A gradual weight loss at
temperature below 290 °C is due to the dehydration of physi-
cally adsorbed water. The weight loss from 300 to 370 °C, cor-
responding to a mass loss of 45.8%, is attributed to the
decomposition of zinc-nickel citrate to NiO-ZnO composites.
The amorphous zinc-nickel citrate hollow microspheres
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Fig. 2 (a) XRD pattern and (b) FT-IR spectrum of the zinc-nickel citrate hollow microspheres.
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Fig. 3 XPS spectra for the zinc-nickel citrate hollow microspheres: (a) survey spectrum and high-resolution (b) Ni 2p and (c) Zn 2p spectra.
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Fig. 4 The XRD patterns of the NiO-ZnO composite hollow microspheres cal-
cinated from zinc-nickel citrate with different contents of nickel ions.

completely transform into crystalline NiO-ZnO composite
hollow microspheres as the temperature further increases.

The as-obtained products after calcination of zinc-nickel
citrate with different contents of nickel ions at 500 °C for 2 h
were characterized by XRD to identify their crystal phases. As
shown in Fig. 4, the diffraction peaks marked by quadrilaterals
correspond to hexagonal ZnO (JCPDS card no. 36-1451) and
those marked by triangles can be indexed to the cubic structure
for NiO (JCPDS-78-0643). In addition, the intensity of diffraction
peaks for NiO was improved gradually when increasing the
content of nickel ion in the zinc-nickel citrate. No characteristic
peaks for impurity are detectable. The strong and sharp peaks
of NiO and ZnO exhibit the high crystallinity of the obtained
NiO-ZnO composite hollow microspheres after calcining at
500 °C for 2 h. From the XRD pattern of NiO-ZnO composite
hollow microspheres with the aging time of 6 h, the mean grain
size of the ZnO and NiO particles were calculated to be about
26.5 and 27 nm, respectively, using the scherrer equation. In the
following discussion, the NiO-ZnO composite microspheres
prepared with the original ageing time of 1 h, 3 h and 6 h were
denoted as NZ1, NZ3 and NZ6, respectively.

The morphology and the microstructure of the NZ6 were
further investigated by SEM and TEM. As shown in Fig. 5, the
product consists of dispersed hollow microspheres, which
reveals that the NiO-ZnO composite microstructures have
perfectly inherited the morphology of the zinc-nickel
citrate structure after calcination. The average diameter of the

This journal is © The Royal Society of Chemistry 2013

NiO-ZnO composite hollow microspheres is 1.1 pm, implying
that the microspheres shrink during the transformation from
zinc-nickel citrate to NiO-ZnO composites. The SEM micro-
graph (the inset in Fig. 5a) displays a broken sphere, and the
hollow structure can be easily discerned. The SEM image with a
high magnification in Fig. 5b exhibits that the shells of the NiO-
ZnO composite hollow microspheres consist of many nano-
particles with an average size of 30 nm, which is in accordance
with the XRD results. NiO and ZnO nanoparticles connect
intimately with each other, leading to the large and excellent
contact interface between NiO and ZnO, which is beneficial for
the transfer of photogenerated charge carriers. From the TEM
observation shown in Fig. 5c, the contrast difference between
the darker marginal region and the brighter central region
further suggests the hollow structure of the obtained NiO-ZnO
composite microspheres, which is in consistent with the SEM
observations. The average thickness of the shell is about
200 nm. The HRTEM image (Fig. 5d) recorded from the circled
region indicated by an arrow in Fig. 5c reveals the simultaneous
presence of the lattice fringes belonging to crystalline ZnO and
NiO. The interplanar distances of 0.26 nm are attributed to the
lattice spacing of the (002) planes of the hexagonal structured
ZnO while the interplanar distances of 0.21 nm agree well with
the d spacings of the (200) planes of the cubic structured NiO.
The molar ratios of Ni/Zn for NZ1, NZ3 and NZ6 are almost
unchanged in comparison with their precursors, respectively
(Fig. S3, ESIT). High-angle annular dark-field (HAADF) scanning
TEM (STEM) image and elemental maps of Ni and Zn for NZ6
are shown in Fig. 5e-g, respectively. It can be clearly observed
that the NiO and ZnO have homogeneous distribution in the
shell of the composite hollow microspheres. These microscopic
results suggest that the present method in this study leads to a
well-dispersed mixed metal oxide hollow spheres without the
formation of the large individual component aggregates. In
addition, the coupling metal oxides contact closely, which is
beneficial for fast charge transport at the interface and therefore
facilitate the separation of the photogenerated electron-hole
pairs. The textural feature of NZ6 composite hollow microspheres
was further evaluated by nitrogen sorption measurement at 77 K.
As depicted in Fig. 6, the Brunauer-Emmett-Teller (BET) surface
area of the composite hollow microspheres is about 21.3 m* g~ .
The pore size distribution spectrum (the inset in Fig. 6) obtained
from the Barrett-Joyner-Halenda method demonstrates a main
pore size of about 11 nm.
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Fig.5 (a) The low magnification SEM image of the NiO-ZnO composite hollow microspheres (NZ6). The inset shows a broken microsphere. (b) The high magnification
SEM image of an individual microsphere. (c) The TEM image of the NiO-ZnO composite hollow microspheres. (d) The HRTEM micrograph of the shell area indicated by
an arrow and a circle in (c). (e) HAADF image of a microsphere. (f) Elemental mapping of Ni. (g) Elemental mapping of Zn. The scale bar in the inset represents 100 nm.
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Fig. 6 N, adsorption—desorption isotherm of the NZ6 composite hollow
microspheres. The inset shows the corresponding pore size distribution.
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Fig. 7 illustrates the UV-visible absorption spectra for ZnO,
NZ1, NZ3 and NZ6 hollow microspheres. For comparison, ZnO
hollow microspheres were prepared by calcining the original zinc
citrate hollow microspheres at 500 °C for 2 h without ageing at
nickel nitrate solution. NZ1, NZ3 and NZ6 composites all exhibit
absorption in both UV and visible region, compared to only
absorption in the UV region with ZnO hollow microspheres.
Moreover, the absorption intensity for the visible light improves
with increasing the content of NiO in the composites. These
results imply that the as-prepared NiO-ZnO composite hollow
microspheres have optical capability nearly in the whole range of
visible light region. The enhanced absorbance at the range of
400-800 nm may be attributed to the synergetic effect between
ZnO and NiO, implying the excellent interfacial interaction.

Different organic dyes including RhB, MB and MO were used
as model pollutants to evaluate the photocatalytic activities of

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 UV-visible absorption spectra of ZnO, NZ1, NZ3 and NZ6 composite
hollow microspheres.

the as-produced NiO-ZnO composites under UV irradiation. The
influence of photocatalyst weight and initial dye concentration
on the photocatalytic efficiency were investigated in order to find
out the optimal photocatalytic parameters. Firstly, 10 mg L' RhB
(200 mL) and NZ6 hollow microspheres were used as the initial
dye concentration and photocatalyst, respectively. The photo-
catalyst dosage ranges from 0.08, 0.12, 0.16 to 0.20 g. As displayed
in Fig. S5 (ESIt), it can be found that the photocatalytic efficiency
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obviously increases when increasing the photocatalyst weight
from 0.08 to 0.16 g under UV irradiation for 80 min. The pho-
tocatalytic efficiency decreases with further increase of photo-
catalyst weight from 0.16 to 0.20 g. This phenomenon could be
elucidated in two aspects, including the availability of active sites
and the penetration of UV light. Generally, the total active surface
area would increase when increasing the catalyst dosage, leading
to the initial increase of photocatalytic efficiency. However, when
the catalyst dosage exceeds 0.16 g, UV light penetration in the
solution significantly decreases due to the enhanced light scat-
tering arose from the catalyst powders, giving rise to a decrease in
photocatalytic efficiency. Thus, 0.16 g was determined to be the
optimal dosage of photocatalyst. Secondly, the effect of initial
RhB concentration on the photocatalytic efficiency was investi-
gated in the range of 5-20 mg L™ " under UV irradiation for 80
min (Fig. S6, ESIT). The photocatalytic efficiency increases with
the increase of RhB concentration from 5 to 10 mg L' and
subsequently decreases with further increase of RhB concentration
to 20 mg L™ ". More RhB molecules would adsorbed on the surface
of NZ6 hollow microspheres when the initial dye concentration
increases, which results in the improvement of photocatalytic
efficiency. When the dye concentration exceeds 10 mg L%, the
surface of NZ6 hollow microspheres were almost occupied by the
excess RhB molecules, which is bad for the adsorption of hydroxyl
ions and subsequent generation of hydroxyl radicals. Moreover,

1.0
0.8
0.6
of
c 0.44 | —==—NZ6
—e—NZ3
024 | —Nz1
—y—7n0
—¢=NiO
0.0 —— Blank
0 20 40 60 80
Irradiation time (min)
d 1.0

TOC/TOC

o
o)

0 20 40 60 80
Irradiation time (min)

Fig. 8 (a) UV-vis spectra of the aqueous solutions of RhB after UV irradiation for different time periods in the presence of NZ6 hollow microspheres. (b) Photo-
degradation of RhB in the presence of NiO, ZnO, NZ1, NZ3 and NZ6, as well as in the absence of ZnO. (c) Kinetic linear simulation curves of RhB photocatalytic
degradation. (d) TOC curves of photocatalytic degradation of RhB on NZ6 hollow microspheres during different time periods. The inset in (a) illustrates photocatalytic

activity of the NZ6 hollow microspheres for RhB degradation with five cycles.
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the excess dye substances would hinder the photons to reach the
catalyst surface. Thus, the optical dye concentration is determined
to be 10 mg L~ ". Based on the above experiments, 0.16 g of catalyst
weight and 10 mg L ™" of initial dye concentration were deemed as
the optical photocatalytic parameters and employed in the
following photocatalytic reactions. As observed in Fig. 8a, the
intensity of the characteristic absorption for RhB at 664 nm
decreases gradually with increasing the irradiation time, demon-
strating the photocatalytic degradation of RhB in the presence of
NZ6 composite hollow microspheres. Fig. 8b shows the normal-
ised RhB concentration in the RhB solution as a function of UV
irradiation time in the presence of the NiO, ZnO, NZ1, NZ3 and
NZ6 composite hollow microspheres. After a UV irradiation time of
80 min, 18.33%, 56%, 82%, 90% and 98% RhB was decomposed in
the presence of NiO, ZnO, NZ1, NZ3 and NZ6, respectively. A
comparative experiment in the absence of the photocatalyst during
UV irradiation exhibits only 8% RhB decomposition (Fig. 8b). It
can be observed that the photocatalysis efficiency gradually
improves with increasing the content of NiO in the composites and
the NZ6 exhibit the highest photocatalytic activity. The photo-
catalytic process complies with first-order kinetics, ¢ = ¢, exp(—kt),
where ¢ is the RhB concentration after UV irradiation, ¢, is the
initial RhB concentration, ¢ is the UV irradiation time, and the
constant k represents the reaction rate.*® The kinetic linear simu-
lation curves of RhB photodegradation with the samples of NiO,
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Zn0O, NZ1,NZ3 and NZ6 are depicted in Fig. 8c. The reaction rates k
for the NiO, ZnO, NZ1, NZ3 and NZ6 are calculated to be 0.138,
0.612, 1.072, 1.43 and 2.456 h™ " respectively. It suggests that the
photocatalytic activity order was NZ6 > NZ3 > NZ1> ZnO > NiO,
which was in accordance with the activity studies above. The
degree of mineralization of RhB for NZ6 hollow microspheres
during the photodegradation process was also investigated using
the total organic carbon (TOC) methods and the results are dis-
played in Fig. 8d. It can be observed that the total mineralization is
about 50.4% after 80 min illumination. This indicates that RhB
decolorization is faster than the decrease of TOC, which may be
ascribed to the gradual mineralization of RhB during the photo-
catalytic process. Fig. 9a and b reveal the degradation behavior of
MB catalyzed by the photocatalysts under UV irradiation. Almost
98% of MB is decomposed using NZ6 composites after 60 min of
irradiation, which is obviously higher than 59% of ZnO hollow
microspheres. Similar to the kinetic study of photocatalytic
degradation of RhB, the reaction rates k for the photocatalytic
degradation of MB with NiO, ZnO, NZ1, NZ3 and NZ6 are deter-
mined to be 0.207, 0.99, 2.03, 2.83 and 3.99 h* respectively. TOC is
reduced to 61.3% on NZ6 hollow microspheres after 60 min irra-
diation. Fig. 9c and d show the degradation behavior of MO pho-
tocatalyzed under UV illumination. It can be found that about
99.6% of MO can be photodegraded using NZ6 within 80 min.
When used ZnO hollow microspheres as photocatalysts, only 60%
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Fig. 9 UV-vis spectra of the aqueous solutions of MB (a) and MO (c) after UV irradiation for different time periods in the presence of NZ6 hollow microspheres.
Photodegradation of MB (b) and MO (d) in the presence of NiO, ZnO, NZ1, NZ3 and NZ6, as well as in the absence of ZnO.
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Table 1  Comparison of photocatalytic properties for NiO-ZnO composites with
different morphologies and ZnO-based composites

Degradation
Materials Morphology Dye time (min) Ref.
NiO-ZnO Nanofibers RhB 50 39
Powders MO 120 49
Ce0,-Zn0O Nanofibers RhB 180 51
In,0;-ZnO Nanoparticles MB 120 50
CdS-ZnO Hierarchical RhB 200 52
microspheres
Nanoparticles- MB 120 30
nanorods
Fe,0;-Zn0O Hollow structures RhB/MO/ >50/80/50 1
MB
CdO-ZnO Nanorods MB 360 53
NiO-ZnO Hollow RhB/MO/  80/80/60 Our
microspheres MB work

of MO can be degraded. Similar to the kinetic study of photo-
catalytic degradation of RhB, the reaction rates k for the photo-
catalytic degradation of MO with NiO, ZnO, NZ1, NZ3 and NZ6 are
calculated to be 0.169, 0.63, 1.22, 1.62 and 3.13 h™' respectively.
TOC removal efficiency is about 54.4% on NZ6 hollow micro-
spheres within 80 min. Consequently, NZ6 composite hollow
microspheres show the highest photodegradation efficiency of the
above dyes. Due to the different photocatalytic reaction conditions,
a straightforward comparison of photocatalytic properties for
different materials is usually difficult. However, it is well known
that the photocatalytic properties of mixed metal oxides depend
strong on their morphology, component and the interfacial inter-
actions. Thus, a rough comparison of the photocatalytic efficiency
for NiO-ZnO composites with different morphology and other
heterojunction materials is employed and the results are listed in
Table 1. For example, MO could be nearly decolorized for NZ6
hollow microspheres after 80 min of UV irradiation, compared to
120 min when using NiO-ZnO powders reported by Fornasiero.*
Shao's group reported the successful preparation of NiO-ZnO
nanofibers, which shows 1.3 times photocatalytic efficiency higher
than pure ZnO nanofibers for the degradation of RhB.** In the
present work, the photocatalytic efficiency of NZ6 with the similar
composition for the degradation of RhB is 1.75 times higher than
pure ZnO hollow microspheres. The improvement of photo-
catalytic efficiency for NZ6 composite hollow microspheres is
greater than the NiO-ZnO nanofibers, which is attributed to the
intimate contact interface of as-obtained NiO-ZnO composite
hollow microspheres. Almost 97% of MB is photodegraded by
In,0;-ZnO hybrid nanoparticles within 120 min under UV irra-
diation, compared to 60 min when using NZ6 hollow micro-
spheres.®® Based on the above analysis, the as-produced NZ6
hollow microspheres show the excellent photocatalytic perfor-
mances and may be within the range of the most promising
photocatalysts. Additionally, the reusability of the photocatalyst
was also investigated. In this case, NZ6 composites were repeat-
edly used to degrade RhB under UV irradiation (the inset in
Fig. 8a). The photocatalytic activity of NZ6 composites decreases
slightly after five photocatalysis cycles, indicating the superior
stability of the photocatalysts. Additionally, NZ6 composites after
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photocatalytic degradation of RhB for five cycles were collected
and further investigated by SEM and TEM. From Fig. S7 (ESI{), it
can be clearly seen that the hollow morphology of NZ6 compos-
ites are almost unchanged, suggesting excellent structural
retention during the photocatalysis process. Therefore, the
excellent photocatalytic activity and superior stability of NZ6
composite hollow microspheres make it a promising catalyst for
industrial wastewater treatment.

Fig. 10 displays the PL spectra of ZnO, NZ1, NZ3 and NZ6
hollow microspheres. The near-band edge UV emission located
at 380 nm can be ascribed to the recombination of free excitons.
The broad visible emissions ranging from 550 to 750 nm
corresponds to the deep level of the trap-state emission of ZnO.
Compared to pure ZnO hollow microspheres, the NiO-ZnO
composite hollow microspheres depict much lower emission
intensity. This phenomenon indicates that the recombination
of the photogenerated electron-hole pairs was significantly
suppressed in the NiO-ZnO composites.*® Moreover, it can be
found that the emission intensity of the NiO-ZnO composites
decreases with increasing the loading amounts of NiO in the
composites. NZ6 composite hollow microspheres show the
lowest emission intensity, indicating the highest separation
efficiency of photogenerated electron-hole pairs. The prolonged
lifetime of photogenerated electron-hole pairs through the
effective charge separation would facilitate the interfacial
charge transfer between NiO and ZnO, leading to the enhanced
photocatalytic activity of the NiO-ZnO composites.

Based on the above experimental observations and analysis,
a suggested schematic energy band representing the charge
transfer process in the NiO-ZnO composites is illustrated in
Fig. 11. During the photocatalytic process, the electron would be
excited from VB to CB under the illumination of the UV light
with photon energy equal to or higher than the band gaps of
NiO and ZnO. As a result, the same amount of holes would be
formed simultaneously in the VB. In this band gap configura-
tion, the photogenerated electron in the CB of NiO could
migrate to the CB of ZnO. At the same time, the photogenerated
holes in the VB of ZnO could conversely move to the VB of NiO.
Moreover, the intimate contact interface of as-obtained NiO-
ZnO composites strengthens the interfacial charge transport.

-
=
«
N’
=y
w
=
D
~—
=
P
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Wavelength (nm)

Fig. 10 The photoluminescence spectra of ZnO, NZ1, NZ3 and NZ6 composite
hollow microspheres.
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Therefore, the separation efficiency of photogenerated elec-
tron-hole pairs was significantly strengthened, which leading to
the enhanced photocatalytic activity. Additionally, the more
electrons and holes would migrate between ZnO and NiO with
the increase of the content of NiO. Thus, NZ6 composite hollow
microspheres with the highest content of NiO possess the
highest photocatalytic activity. The possible photocatalytic
reaction in our experiment is classified as follows:*®

NiO-ZnO + hv — e~ (ZnO) + h* (NiO)
e+ 0, -0,
h* + OH™ —» OH
‘0O,” + H,O - O,H + OH™
‘O,H + H,O — H,0, + OH
H,0, — 20H

OH + dyes — CO, + H,0

The hydroxyl radical species (OH) would be produced through
the reaction between the photogenerated holes and surface
hydroxyl groups or H,O at the catalyst surface. At the same time,
the electrons were immediately trapped by the dissolved oxygen
to form superoxide radical anions (O, ). Subsequently, the
hydroperoxy radicals (O,H) would be generated due to the
protonation of superoxide radical anions (O, ), followed by
the formation of hydroxyl radical species (OH). The hydroxyl
radical species (OH) was an extremely strong oxidizing species
which could effectively photodegrade the organic pollutants.**>
It is worth mentioning that this facile preparation method in our
work can be employed to fabricate other ZnO-based composite
hollow microspheres, such as CeO,-ZnO and CdO-ZnO
composite hollow microspheres. From the SEM and TEM images
(Fig. S8, ESIt), it can be clearly observed that the as-obtained
Ce0,-ZnO composites are composed of dispersed hollow
microspheres. Energy dispersive spectroscopy (EDS) microanal-
ysis (Fig. S9, ESIT) shows that the content of Ce increases from
33.3% to 50.0% with the increase of the ageing time from 30 to 60

e transfer

-

<
I
Ul
)

Eﬂ:

h*transfer

Fig. 11 Schematic of the energy band structure in NiO-ZnO composites.
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min. As displayed in Fig. S10 (ESIt), CdO-ZnO composite hollow
microspheres can also be prepared through this strategy and the
content of Cd could also be adjusted simply by changing the
ageing time. Other ZnO-based composite hollow microspheres
that can be synthesized by this route are in progress.

Conclusions

In summary, amorphous zinc-nickel citrate hollow micro-
spheres were successfully prepared through a novel, facile and
template-free route. The molar ratios of Ni to Zn in the zinc-
nickel citrate can be adjusted by simply changing the ageing
time at nickel nitrate solution. After the calcination of the
precursors at 500 °C for 2 h, the well-dispersed NiO-ZnO
composite hollow microspheres with different content of NiO
are synthesized for the first time. The optical absorption of NiO-
ZnO composites extends to the visible region. The photo-
catalysis efficiencies for the degradation of different organic
dyes including RhB, MB and MO under UV light irradiation
gradually improve with increasing the content of NiO in the
composites and the NZ6 composite hollow microspheres
possess the highest photocatalytic activity. This synthesis
method is highlighted by its simplicity, low cost, template-free
and high-yield production, which may find important applica-
tions in the degradation of organic pollutant from wastewater
and could also be used to synthesize other ZnO-based
composite hollow microspheres, including CeO,-ZnO and
CdO-ZnO composite hollow microspheres.
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