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In recent years, the toxic and colored wastewater containing
dyes seriously affect quality of water, inhibit sunlight pen-
etration, and reduce photosynthetic reaction. The previous
techniques dealing with dye wastewater are usually inefficient
and costly. At present, heterostructured semiconductor oxide
photocatalysts have been regarded as very efficient and
inexpensive catalysts to remove the dye pollutants fromwater
due to their large specific surface areas and unique spatial
architectures [1–4]. The hybrid semiconductor systems can
promote the separation of electron-hole pairs and keep
reduction and oxidation reactions at two different reaction
sites, which improves tremendously photocatalytic efficiency
of semiconductor nanostructures.

As guest editors, we successfully organized a special issue
titled “Self-assembly of semiconductor metal oxide nanostruc-
tures” in Journal of Nanomaterials in the beginning of this
year [5]. Now we are pleased to finish this special issue
on metal oxide heterostructures for water purification. This
special issue covers all topics related to metal oxide nanoma-
terials towards the treatment, purification, and remediation
of surface water, groundwater, and industrial wastewater
streams. This special issue consists of two review papers
and eight research papers that are contributed from Chinese
scientists.

The review article by L. Chen et al. summarized metal
oxide heterostructures for arsenic removal from contami-
nated water to provide efficient, economic, and robust solu-
tions for water purification. They gave a list of various metal
oxides, including activated alumina, iron oxide, titanium
oxide, zirconium oxide, manganese oxide, binary metal
oxides, and metal oxide heterostructures and present a broad

view of metal oxide heterostructures as the adsorbents that
have been identified for use in arsenic removal from water
systems. Q. Zhang et al. reviewed most recent activities in
TiO
2
nanostructures with an emphasis on the authors’ own

results especially on those synthesized using anodic oxidation
method. The review begins with a survey of the effects
of fabrication methods and the experiment conditions on
obtained TiO

2
nanostructures and then focuses on syntheses,

characterizations, formationmechanisms, and photocatalytic
properties of their 1D nanostructures. Finally, they conclude
this review with the perspectives and outlooks on the future
developments in this field.

The article by Y. Zhang et al. reported template-free syn-
thesis of porous Cu

2
O nanospheres at room temperature and

systematic investigation on their adsorption properties.Their
experiment results showed that the as-synthesized porous
Cu
2
O nanospheres were composed of small nanoparticles

with average diameters of 15 nm.The adsorption ability of the
as-prepared products towards methyl orange as the pollutant
was investigated. In addition, they also studied the reusability
in degradation methyl orange of the as-prepared products.
By using a natural tree pollen grain as the template and
sol-gel technology, X. Yang et al. synthesized heterogeneous
catalytic materials based on polyoxometalate compounds
with core-shell structure. The results show that the catalysts
have excellent catalytic activity in treatment of wastewater.
The catalyst under different cycling runs shows good stability
under such operating conditions and the leaching tests show
negligible leaching effect owing to the lesser dissolution. B.
Yin et al. successfully synthesized high-quality nanoscale
ultrathin ZnO films at relatively low temperature using a
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facile and effective hydrothermal approach. The products
demonstrated 95% photodegradation efficiency with Congo
red after 40min irradiation, revealing that the as-obtained
ZnO films might be promising candidates as the excellent
photocatalysts for elimination of wastewater. Z. Chen et al.
reported fabrication of TiO/TiO

2
heterogeneous nanos-

tructures by employing high-energy ball-milling method.
Photocatalytic degradation experiments revealed that an
appropriate TiO content can enhance the photocatalytic
activity of pure anatase TiO

2
to a level better than that

of Au-deposited TiO
2
by keeping high degradation effi-

ciency of 93%. They thought the internal electrical field
produced by TiO/TiO

2
heterogeneous nanostructures was

dominantly responsible for the enhanced photocatalytic
activity.

B. Zhou et al. synthesized Cu
2
O/Cu hollow spheres using

one-pot template-free solvent-thermal route. And the content
of Cu in the hollow spheres can be easily controlled by
adjusting the solvent-thermal synthesis time. The prepared
Cu
2
O/Cu hollow sphere exhibited a higher photodegradation

capability than the corresponding nanoparticles and solid
spheres. X. Zhang et al. reported fabrication of perfect
cuprous oxide (Cu

2
O) octahedra by a facile route without

chemical additive. They studied the adsorption behavior of
the as-synthesized Cu

2
O octahedral in detail. X. Li et al.

synthesized graphene oxide thin film by the mixture GO
spin coated on substrate of indium tin oxide.The experiment
results showed that continuous-wave laser ismodulatedwhen
graphene oxide saturable absorber is employed in the 1064
nm laser cavity with the shortest pulse width of 108 ns. Their
results demonstrated that graphene oxide is an available
saturable absorber for 1064 nm passive Q-switching laser.
At last, Wu’s group prepared large scale ZnO microflowers
assembled by numerous nanosheets through a facile and
effective hydrothermal route.Their results demonstrated that
eosin red aqueous solution can be degraded over 97% after
110min under UV light irradiation.
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Large scale ZnO microflowers assembled by numerous nanosheets are synthesized through a facile and effective hydrothermal
route.The structure and morphology of the resultant products are characterized by X-ray diffraction (XRD) and scanning electron
microscope (SEM). Photocatalytic properties of the as-synthesized products are also investigated. The results demonstrate that
eosin red aqueous solution can be degraded over 97% after 110min under UV light irradiation. In addition, methyl orange (MO)
and Congo red (CR) aqueous solution degradation experiments also are conducted in the same condition, respectively. It showed
that nanosheet-assembled ZnO microflowers represent high photocatalytic activities with a degradation efficiency of 91% for CR
with 90min of irradiation and 90% for MO with 60min of irradiation. The reported ZnO products may be promising candidates
as the photocatalysts in waste water treatment.

1. Introduction

In recent years, a variety of ZnO micro/nanostructures have
been reported, such as nanowires, nanobelts, nanospring,
nanotubes, and hierarchical structures [1–5]. It was believed
that these structures may possess unique physical and
chemical properties different from their bulk counterpart to
meet specific device fabrication demand [6, 7]. Among the
ZnO nanostructures reported previously, two-dimensional
(2D) nanostructures (such as nanosheets and nanowalls)
have attracted more interests due to their unique spatial
architecture and large aspect ratio, demonstrating some
potential applications in photocatalyst and supercapacitor
[8–10]. In literature, Lei et al. synthesized ZnO nanosheets
on the zinc substrate by a hydrothermal method and studied
their optical properties [5]. Qiu et al. reported porous
ZnO nanoplate electrodes for dye sensitized solar cells [11].
Kim and coworkers successfully fabricated ZnO nanowall
networks on GaN/sapphire substrate and investigated their
optical properties [12]. Synthesis of porous ZnO nanoplates
by a facile microwave approach has also been reported, as
discussed by Jing and Zhan [13].

At present, environment pollution is one of the most
serious problems people facing. Therefore it is an urgent
task to eliminate the pollutants from water and air. As

an important wide bandgap semiconductor material, ZnO
nanostructures may become excellent photocatalyst candi-
date for photodegradation of the organic dyes molecules
due to their low cost, nontoxicity, and high photoactivity
[14–16]. The photocatalytic properties of hierarchical ZnO
microflowers and Ag

2
O/ZnO microflowers have been inves-

tigated, as discussed elsewhere [17–19]. In this paper, we used
a facile hydrothermal route to synthesize ZnO nanosheets
at mild temperature. The photocatalytic efficiencies of the
synthesized product were evaluated by photodegradation
of methyl orange, eosin red, and Congo red under UV
irradiation, showing that the as-synthesized ZnO nanosheets
possess high photocatalytic activity in the degradation of
organic dyes.

2. Experimental Details

In this experiment, all reagents were of analytical grade
and used without further purification. A typical experiment
procedure is described as follows: 1.32 g Zn(CH

3
COO)

2
and

1.68 gNaHCO
3
were added into 20mLdistilledwater, respec-

tively. Then 0.1 g sodium dodecyl sulfate (SDS) was added
into the Zn(CH

3
COO)

2
mixture solution. Then the above

solution was added to NaHCO
3
solution under vigorous
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(a) (b)

Figure 1: Morphologies of the as-synthesized ZnO microflowers. (a) Low magnification SEM images. (b) High magnification SEM images.

stirring. After stirring for 1 h, the suspension was transferred
into a PTFE-line autoclave with a volume of 100mL. The
autoclave was sealed and kept at 140∘C for 12 h. After that,
the solution was cooled down to room temperature. The
precipitate was then washed several times with deionized
water and ethanol, respectively. Finally the product was dried
in a chamber at 60∘C for 12 h and annealed in a muffle kiln at
280∘C for 2 h.

The obtained product was characterized by scanning elec-
tron microscope (SEM, Hitachi-4800). The phases of the as-
obtained products were identified by means of X-ray powder
diffraction (XRD, Rigaku Dmax-2600/pc, Cu K𝛼 radiation, 𝜆
= 0.1542 nm, 40KV, 100mA).The photocatalytic degradation
efficiency was analyzed by monitoring dye decolorization
at the maximum absorption wavelength, using a UV/Vis
Spectrometer (Shimazu UV-2550).

3. Results and Discussion

Morphologies of the as-synthesized product were observed
first by SEM. Figure 1(a) represents a typical low magnifica-
tion SEM image, demonstrating large quantities of flower-like
structures. Further observation finds that these microflowers
consisted of numerous porous sheets with an average thick-
ness of about tens of nanometers, as shown in Figure 1(b).
XRD pattern of the as-obtained products was shown in
Figure 2. All of the diffraction peaks can be straightforwardly
indexed to hexagonal wurtzite ZnO structure, which are in
accordance with the standard PDF card (JCPDS: 36-1451). No
peaks of other phases were detected, indicating high purity of
the as-synthesized product.

To investigate the effect of the growth parameters on
the morphology of ZnO nanosheets, a series of comparison
experiments was conducted. First, Figures 3(a) and 3(b) show
SEM images of the product before calcination, finding that no
pores appear and showing that the annealing treatment plays
a very important role in the formation of pores. Subsequently,
we will use Na

2
CO
3
instead of NaHCO

3
; it is obvious that

the sheet-like ZnO nanostructures become coarse, as shown
in Figures 3(c) and 3(d). Based on the above experimental
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Figure 2: XRD pattern of the as-synthesized samples.

results, a possible growth mechanism can be proposed as
follows:

Zn (Ac) 2 → Zn2+ + 2Ac− (1)

Ac− +H
2
O → HAc +OH− (2)

HCO3− +OH− → CO
3

2−
+H
2
O (3)

Zn2+ + CO
3

2−
→ ZnCO

3
→ ZnO + CO

2
(4)

In the initial stage, Zn2+ and CO
3

− react with each
other to form ZnCO

3
small particles. These particles have

a tendency to aggregate due to large surface energy [20].
Surface energy is substantially reducedwhen the neighboring
nanoparticles are grown.With the crystal growth continuing,
each nanoparticle in the aggregates or nanosheet acts as a
nucleus for further growth. These growth processes are not
only related to the anisotropic ZnO crystal structure, but also
related to the involved reaction conditions. The growth habit
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(a) (b)

(c) (d)

Figure 3: (a) and (b) SEM images of the product before calcination. (c) and (d) SEM images of the product usingNa
2
CO
3
instead of NaHCO

3
.

Aggregation

SDS

Figure 4: Growth schematic of the as-synthesized ZnO microflowers.
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Figure 5: Variations of adsorption spectra of aqueous (a) MO, (b) eosin red, and (c) CR solution in the presence of porous ZnO nanosheets;
(d) degradation rate curves from different dyes at the same time, respectively.
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of ZnO crystals can control the ZnO crystals to grow into
the nanosheets. SDS serves as a surfactant to induce ZnCO

3

nanoparticles into the nanosheets. The ZnCO
3
nanosheets

precursor is then calcined at 280∘C in air for 2 h. It is found
clearly that the as-synthesized product still keeps nanosheets
structure, and the nanosheets possess porous structures,
which may be attributed to the overflowing of SDS and CO

2

during the calcination process, which is consistent with the
previous report [21, 22]. Figure 4 shows a possible growth
schematic of the as-synthesized porous ZnO nanosheets.

In order to study the photocatalytic activities of ZnO
nanostructures with different dye molecules, the photocat-
alytic degradation experiments of MO, eosin red, and CR
were conducted. Figure 5(a) shows the adsorption spectra
of MO solution in the presence of porous ZnO nanosheets
under UV light at different time interval. The main absorp-
tion peak of MO centered at 465 nm. When the illumination
timewas extended to 90min, the absorption peak diminished
gradually and the photodegradation ratios of MO were up to
90%. Figure 5(b) shows UV adsorption spectra of eosin red
with the absorption peak of 517 nm; nearly 97% of eosin red
molecules were decomposed in 110min. Figure 5(c) shows
the absorption spectra of CR solution in the presence of
ZnO microflowers under UV light; the main absorption
peak of CR centered at 495 nm. When the light was turned
on, the main peaks decreased continuously with increased
irradiation time, indicating that the CR solution was decom-
posed in the present system. When the illumination time
was extended to 60min, the color of the CR solution almost
disappeared, and the absorption peak corresponding to CR
at 495 nm diminished tremendously with the photocatalytic
degradation rate of CR of 91%. Porous ZnO nanosheets are
the optimal catalysts to degrade CR than the other two dyes.
In order to illustrate to which type of dye molecule ZnO
nanosheets are highly selective, we take the same 60min
to compare the degradation efficiency of different dyes. The
results show the order of degradation rate is eosin red (73%)
< MO (75%) < CR (91%). It indicates that CR degradation
efficiency is better than MO and eosin red as shown in
Figure 5(d).

4. Conclusion

Nanosheet-assembled ZnO microflowers with high yield
have been successfully obtained by a simple hydrothermal
approach. The possible growth mechanism of the ZnO
microflowers is proposed based on the experimental results.
The photocatalytic degradation experiments showed that
ZnO microflowers possess a high photocatalytic activity for
the degradation of Congo red dyes with the degradation
rate being 97% in 60min. It is expected that such ZnO
microflowers may have applications in eliminating organic
pollutant in waste water.
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Perfect cuprous oxide (Cu
2
O) nanocrystals with octahedron shape were successfully synthesized by a facile route without chemical

additive in a short time. The products were characterized by X-ray diffraction (XRD) and field-emission scanning electron
microscopy (FESEM). The adsorption ability of the products towards congo red (CR) as the pollutant was investigated and FTIR
spectroscopy was employed to identify the adsorbed species. The adsorption behavior was analyzed based on the microstructure
of Cu

2
O submicro-octahedra.

1. Introduction

Owing to the close correlations of the surface morphologies
and size of inorganic materials with the electronic structure,
bonding, surface energy, and chemical reactivity, designing
and delicately controlling the shape of nanocrystals is one
of the most important issues in nanoscience, chemistry, and
physics [1–5]. Therefore, in the past decades, great efforts
have been devoted to controllable synthesis of a variety of
metal oxides with all types of shapes [6–11]. Among these
metal oxides, cuprous oxide has been paid much attention
because of its p-type semiconductor nature with a direct
band gap of about 2.17 eV and potential application in
catalysis, sensors, micro-/nanoelectronics, and solar energy
conversion [12–15]. In order to tune the shape of Cu

2
O,

surfactants were generally used to alter the relative order of
the surface energy of different crystallographic facets because
of preferential adsorption of them on certain crystallographic
surfaces [16–19]. However, the use of surfactants would bring
a tedious procedure and lead to an environmental burden
to some extent. Therefore, it is highly desirable to develop
a facile template-free route to tailored synthesis of Cu

2
O

nanostructures with highly active facets. The facets with
different crystallographic characters have distinctive surface

atomic structures, reconstructions, and atomic termination
features corresponding to sharp differences that have been
demonstrated in chemical reactivity and light-sensing [16,
20–23]. Zhang et al. reported that Cu

2
O octahedra exhibited

higher adsorption capacity towardsmethyl orange thanCu
2
O

cube and cubooctahedra because of the exposure of active
“Cu” atoms with dangling bond on the {111} surfaces of
Cu
2
O octahedra [16]. To date, a variety of methods have

been employed to prepare Cu
2
Ooctahedra [24–28]; however,

most of these methods involve surfactants or toxic reagent,
and some products possess large sizes and low surface areas
which is unfavorable to functionalized utilization such as
adsorption.

Congo red (C
32
H
22
N
6
O
6
S
2
Na
2
, CR) is a benzidine-based

anionic diazo dye and is widely used in the textiles, printing
and dyeing, paper, rubber, plastics industries, and so forth.
CR is toxic to animals and plants and thus its introduction
to water stream is of potential health, environmental, and
ecological concern [29]. Therefore, CR containing effluents
have to be adequately treated before they are discharged
into the environment. However, CR is difficult to biode-
grade owing to its structural stability. Physicochemical or
chemical treatment of such wastewater is, however, possible.
Adsorption is considered an attractive option in treating
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such wastewater due to its simple operation, high treatment
efficiency, and economy.

Herein, we present a green and simple route to the
synthesis of Cu

2
O submicro-octahedra with the exposure

of active “Cu” atoms with dangling bond in the absence of
any surfactant in a short time. In this protocol, only CuCl

2
,

NaOH, glucose, and distilled water are used, and the product
possesses active {111} facets. So it is a highly ideal synthetic
route to produce Cu

2
O submicro-octahedra under envi-

ronmentally benign conditions. Moreover, the as-prepared
product exhibits good adsorption ability towards congo red,
which extends the application of Cu

2
O architectures.

2. Experimental Section

2.1. Synthesis of Cu
2
O Octahedra. All reagents were of ana-

lytical grade and were used in their as-received state. The
synthesis of target polyhedral Cu

2
Onanocrystals was fulfilled

in an alkaline solution using D-(+)-glucose as the reducing
agent. In a typical synthesis, firstly, 0.1705 g CuCl

2
⋅2H
2
O

was dissolved in 17mL distilled water under constant mag-
netic stirring. Secondly, 3mL of NaOH aqueous solution
(2.0mol⋅L−1) was added to the above solution and blue
Cu(OH)

2
precipitates appeared immediately.Thirdly, 0.1982 g

D-(+)-glucose was added to the above mixture and magneti-
cally stirred for 2min. Finally, themixture was immersed into
water bath at 60∘C and stirred for 20min. The precipitates
turned from blue into dark yellow, then yellow, and orange in
three minutes, which implied the formation of Cu

2
O. After

the mixture was cooled to room temperature, the precipi-
tates were separated from the solution by centrifugation at
3000 rpm for 3min. Then the precipitates were washed with
distilled water and absolute ethanol for three times and dried
in a vacuum oven at 60∘C for several hours.

2.2. Characterization. XRD data were collected on a D/max-
2600/PC diffractometer with Cu K𝛼 radiation at 40 kV
and 150mA. The morphology and size of these crystals
were characterized by scanning electron microscopy (SEM,
HITACHI SU-70). The N

2
adsorption-desorption isotherms

at 77K were measured using a Quantachrome NOVA 2000E
analyzer. Before being measured, the samples were degassed
at 393K for 12 h. Specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) model from the adsorption
branch. UV-Vis spectra were taken on a Lambda 45 (Perkin-
Elmer) spectrophotometer. Fourier transform infrared spec-
troscopy (FTIR, Bruker, vertex 80) was employed to char-
acterize the residual CR on the Cu

2
O octahedrons after

adsorption.

2.3. Adsorption Property Measurement. Different amounts
of Cu

2
O octahedra (0.05 g–0.15 g) were dispersed into an

aqueous solution of congo red (200mL, 10mg/L) and the
mixed solution was magnetically stirred in the dark. 5mL
of suspension was collected at each regular interval and cen-
trifuged to remove the adsorbent powder in order to analyze
the adsorption rate of CR by monitoring dye decolorization
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Figure 1: XRD pattern of the as-prepared product.

at the maximum absorption wavelength, using a Lambda
45UV/Vis spectrophotometer.

3. Results and Discussion

Figure 1 plots the representative XRD pattern of the as-
prepared sample. The sharp peaks in the pattern indicated
that the samples obtained by this method were well crys-
tallized. All patterns can be indexed as the cubic phase of
cuprous oxide (JCPDS card, number 05-0667). No other
characteristic peaks from impurities, such as CuO and Cu,
were detected, revealing that the purity of the product was
pretty high.

Figure 2 presents the typical SEM images of a Cu
2
O sam-

ple prepared in the above-mentioned synthesis process when
the reaction time was 20min. It can be seen that the sample
shows uniform and monodisperse octahedral morphology
with edge lengths of 300∼400 nm. Zhang et al. believed that
the surface energy of {111} facet is higher than that of {100}
facet due to the exposure of “Cu” atoms with dangling bonds
and Cu

2
O cubes are easily obtained in the absence of any

surfactant [16]. However, in our experiment, the occurrence
of Cu
2
O octahedra indicated that the surface energy of {111}

facet is lower than that of {100} facet. We proposed that it
is glucose that plays an important role in the formation of
octahedron in the absence of any surfactant. In the reaction,
the glucose acts two roles: one is reductant and the other is
capping agent. Glucose could be adsorbed preferentially on
the surface of {111} facet and the adsorption stabilized the
{111} plane, inhibiting the growth rate perpendicular to it. It
resulted in the exposure of the {111} surfaces and produced
high symmetry octahedra.

To demonstrate the potential application of the as-
prepared Cu

2
O octahedra, we investigated the adsorption

ability of Cu
2
O octahedra with congo red (CR, shown in

Figure 3) as the pollutant. The experiments were carried
out by dispersing different amounts of Cu

2
O octahedra in

the solution of CR in the dark for various durations under
constant stirring. After centrifugation, theUV-Vis absorption
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(a) (b)

Figure 2: SEM images of the sample with different magnifications: (a) low magnification image and (b) high magnification image.

N N N N
NH2 NH2
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Figure 3: Structure of CR (molecular formula: C
32
H
22
N
6
O
6
S
2
Na
2
).
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Figure 4: Adsorption curves of the aqueous solution of congo red
(10mg L−1, 200mL) in the presence of Cu

2
O octahedra (0.05 g–

0.15 g) at different intervals, where 𝐶
𝑡
denotes the concentrations of

CR changing following adsorption time and 𝐶
0
denotes the initial

concentration of CR.

of the supernatant was measured and the characteristic
absorption of CR at about 496 nm was selected to monitor
the adsorption behavior. As illustrated in Figure 4, the same
trend can be seen that the concentration of the CR progres-
sively decreases following the adsorption timewithin 160min
and inclines to be constant beyond 160min when the dosage
of Cu

2
O octahedra was in the range 0.05–0.15 g. Obviously,

the adsorption capacity of the octahedra is saturated at about
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Figure 5: The FTIR spectra of (a) Cu
2
O octahedra, (b) Cu

2
O

octahedra after the CR adsorption, and (c) the pure CR.

160min. The more the amount of the octahedra is used, the
larger the adsorption rate is. However, the adsorption curves
are very close to each other when the used amount of the
Cu
2
O octahedra is 0.10 g and 0.15 g, and the final adsorption

rate could reach about 81% when the adsorption time is
160min. Obviously, the optimum used amount of the as-
prepared adsorbent is around 0.10 g.

Since the adsorption experiments were carried out in
the dark, the decolorization of the CR solution must result
from the adsorption of Cu

2
O particles, which is further

corroborated by the FTIR analysis. As shown by curve a in
Figure 5, the FTIR spectrum of the Cu

2
O octahedra before

adsorption exhibits two strong vibration bands. The band
at 632 cm−1 corresponds to the Cu–O bond [30] (optically
active lattice vibration in the oxide), and the peak at 1628 cm−1
is attributed to the –OH bending vibration [31], which
originates from the surface-adsorbed H

2
O. In comparison

with the FTIR spectrum of the pure Cu
2
O octahedra, some

new absorption bands appear after adsorption (curve b in
Figure 5). Combined with the FTIR spectrum of pure CR
(curve c in Figure 5), the new absorption bands can be
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Figure 6: (a)The unit cell of the cuprite Cu
2
O structure.The blue spheres represent copper atoms and yellow spheres indicate oxygen atoms.

((b)–(d)) The atomic arrangements in the (100), (110), and (111) planes of the Cu
2
O structure, respectively.

assigned to the characteristic vibrations of CR. The absorp-
tion band at 3458 cm−1 (Figure 5(c)), corresponding to the
stretching vibration of –N–H in the structure of dye CR,
shifted to lower wave number 3436 cm−1 after adsorption
with Cu

2
O octahedra (Figure 5(b)). The broadened band at

1575 cm−1 was assigned to –N=N– stretching vibration of CR.
The bands at 1409 and 829 cm−1 were assigned to character-
istic absorption vibrations of aromatic skeletal groups. The
band at 1051 cm−1 was attributed to S=O stretching vibration
[32]. Thus, the FTIR characterization results provide solid
evidence for the adsorption of CR on the Cu

2
O octahedra.

The specific surface area of the as-prepared Cu
2
Ooctahe-

dra is calculated to be 3.622m2 g−1 by the Brunauer-Emmett-
Teller (BET) model from the sorption isotherms. Obviously,
the specific surface area seems too little for the relatively high
adsorption capacity. We proposed that the microstructure
of the Cu

2
O octahedra may play an important role in the

adsorption of organic pollutant. For cuprite structured Cu
2
O,

each “O” is surrounded by a tetrahedron of “Cu”, and each
“Cu” has two “O”neighbors as illustrated by its unit cellmodel

(Figure 6(a)). The atomic arrangements along different crys-
tallographic planes of Cu

2
O are displayed in Figures 6(b) to

6(d). Structurally, the cuprite Cu
2
O crystal can be described

as layers of atoms stacking alternately and periodically. Along
the [100] and [110] directions (Figures 6(b) and 6(c)), the
periodicity can be defined as two layers, in principle, layer
1 and layer 2 have equal possibility as a termination layer in
both of these two cases. However, since the growth took place
in aqueous media, “Cu”-terminated (layer 1 in Figure 6(b)
and layer 1 in Figure 6(c)) would be rather unstable due to the
active interaction with the hydroxyl group.Thus, “O”-(layer 2
in Figure 6(b)) and “–O–Cu–O–Cu–”-(layer 2 in Figure 6(c))
terminated surfaces are expected for {100} and {110} planes,
respectively [16]. With respect to the [111] direction, three
atom layers consist of one period, where the “Cu” layer is
sandwiched between two layers of “O” atoms (Figure 6(d)).
However, the distance between two adjacent layers in such a
period is so short that the three layers can be approximately
regarded as in the same surface. Every two “Cu” atoms have
a dangling bond perpendicular to the {111} planes [16]. CR
is an anionic dye with two negative charges in a molecule.



Journal of Nanomaterials 5

The active “Cu” atoms with dangling bond in the {111}
surfaces of Cu

2
O octahedra tend to interact with negatively

charged CR (i.e., −SO
3

−) to compensate the local surface
charge imbalance. Based on the above discussion, we pro-
posed that the interaction between Cu

2
O octahedra and CR

is not simple physical adsorption.

4. Conclusions

In summary, we have successfully synthesized octahedral
morphology Cu

2
O nanocrystals with edge length of 300∼

400 nm using glucose as the reducing agent via a facile
procedure, where glucose also acts as capping agent to control
the growth of octahedra. The as-prepared Cu

2
O submicro-

octahedra exhibit good absorption ability towards CR due to
the exposure of active “Cu” atoms with dangling bond on the
{111} surfaces.
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The graphene oxide (GO) thin film has been obtained by mixture of GO spin coated on substrate of indium tin oxide (ITO). The
experiment has shown that continuous-wave laser is modulated when the graphene oxide saturable absorber (GO-SA) is employed
in the 1064 nm laser cavity. The shortest pulse width is 108 ns at the pump power of 5.04W. Other output laser characteristics, such
as the threshold pump power, the repetition rate, and the peak power, have also been measured.The results have demonstrated that
graphene oxide is an available saturable absorber for 1064 nm passive Q-switching laser.

1. Introduction

For recent years, graphene has attracted significant attention
for its remarkable mechanical and physical properties [1, 2].
It is the building block nanomaterial of carbon nanotubes
and graphite, a two-dimensional layer with carbon atoms
arranged in a honey-comb lattice [3].This feature has resulted
in diverse applications in real world, such as plasmon wave
guiding [4] and photodetectors [5]. Moreover, it is a potential
candidate to enhance or enable the biomedical, chemical, and
industrial processes [6, 7]. The very important application
is that it can provide the nonlinear saturable absorption
covering a wide wavelength range [8, 9], due to its point
band gap structures [10] combined with Pauli blocking [11].
There already have been some researches on nanosecond
and picosecond lasers employing graphene as the saturable
absorber [12–15]. The distribution of graphene sheet and its
derivatives into polymers has been widely considered for
the fabrication of nanocomposites with enhanced properties
[16, 17]. It can enhance the strength of the parent material.
Compared with the pure polymer, the graphene polymer has
better mechanical, thermal, electrical, gas barrier, and flame
retardant properties.

Although the graphene has so many advantages and
applications, the distribution of graphene sheets in the poly-
mer matrix, as well as the relatively weak interfacial bonding
with the polymer chain, limits the improvement of the physic-
ochemical properties for the nanocomposite materials [18].
Moreover, the point band gap structure in graphene restricts
it to application in nanoelectronics. As a potential alternative
to graphene, graphene oxide (GO), an atomic sheet of carbon
by analogy to graphene, has been discovered recently [19].
It is significantly more compatible with polymers. It has
carboxylic groups at its edges and phenol and epoxide groups
on its basal plane. The adsorption of oxygen opens up the
band gap in the graphene. It is possible that mass of graphene
and someof the graphene saturable absorbers can be obtained
by reducing the stable GO [20, 21]. Indium tin oxide (ITO)
is a practical coated substrate for graphene in addition to
the usual used quartz or SiC [22]. This substrate is a solid
solution of indium oxide (In

2
O
3
) and tin oxide (SnO

2
), and it

is widely employed in transparent conducting oxides due to
the electrical conductivity and optical transparency.

For the above-mentioned reasons, we have prepared the
graphene oxide thin films by mixture of GO spin coated on
substrate of indium tin oxide (ITO). The transmissivity has
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been measured, and it is around 76% at 1064 nm wavelength.
We locate the GO-SA in the laser cavity and realize the
Q-switched modulation. The output laser characteristics,
such as the threshold pump power, the pulse width, the
repetition rate, and the peak power, have beenmeasured.The
shortest pulse width of 108 ns has been obtained at the pump
power of 5.04W. In this paper, the results have demonstrated
that graphene oxide is an available saturable absorber for
1064 nm wavelength and it can effectively obtain the pas-
sive Q-switching pulse laser. The passively Q-switched laser
performance of GO-SA is comparable with that obtained by
graphene saturable absorber.

2. Materials and Methods
2.1. Preparation of the Graphene Oxide Saturable Absorber.
The graphene oxide saturable absorber is obtained by spin
coated mixture of GO on ITO substrate. The first step is
to prepare the mixture of GO. The graphite and NaNO

3

were mixed with the ratio of 2/1, and then H
2
SO
4
with the

concentration of 95% was mixed together. 300 g KMnO
4

was subsequently injected into the suspension by inches.
The injection should be together with nonstop agitation.
The processes above were carried out in a flask and cooled
in ice bath to avoid overheating. Then, the suspension was
stirred at room temperature by machine lasting for two
hours. With the distilled water being slowly added in the
suspension, the bright brown suspension was observed to
become yellow in color, caused by the temperature increasing
to 90∘C. Then, the suspension should be sequentially stirred
for twelve hours and treated with 30% H

2
O
2
to reduce the

KMnO
4
and MnO

2
. After that, the suspension was washed

with hydrochloric of low concentration, then with distilled
water. The last step was to centrifuge the suspension and
then dry it under vacuum condition. The vital procedure
of graphene oxide preparation is purification. There are still
some salts and acids residues in GO powders, so they have
a brown dispersion when the black synthesized graphene
oxides (GOs) powders were suspended in water. Ultrapure
Milli-Q water was used in order to effectively dialyze in all
experiments. The GO in the brown dispersion was exfoliated
and centrifuged. After powerful shaking, the dispersion in the
vial was put in a high-temperature water bath. Finally, the
brown-colored dispersion turned black.

We used the spin coating method to obtain a uniform
thin liquid film composed of graphene oxide. The thickness
of membrane depended on speed, rheology of solidifying
liquid, and gas conditions. We have prepared the GO-SA
by employing the spin coating method. The best films were

obtained using spin coating from the graphene oxide colloid
(1.0mgmL−1) at ambient temperature condition and the
spin-coating speed was 800 rpm. Then, the graphene oxide
saturable absorber spin coated on ITO was obtained. Its
transmissivity of different wavelengths is measured using
UV-Vis adsorption spectroscopy. UV-Vis adsorption spec-
troscopy measurement was obtained using a Hitachi U-4100
spectrophotometer. The GO-SA can be used in the wide
wavelength range from 1 to 2𝜇m. The transmissivity is 76%,
74%, 73%, and 62%, corresponding to the wavelengths of
1.06 𝜇m, 1.34 𝜇m, 1.5 𝜇m, and 2 𝜇m, respectively.

2.2. Testing Experimental Setup. The saturable absorption
characteristics of the graphene oxide have been operated in
a laser-diode-pumped Nd:YVO

4
laser cavity at 1064 nm.The

arrangement of the experimental equipment is demonstrated
in Figure 1. As is shown, a simple flat-concave cavity is
employed. The whole length is about 6.5 cm. The laser
medium is pumped by a commercially used fiber-coupled
laser-diode (FAP-I system, Coherent Inc., USA). Its output
beam is 808 nm lasers with the maximum output power of
30W. The pump beam is focused into the laser crystal by
a focusing optical system with a spot size of 400𝜇m. The
laser oscillations operate between two coated mirrors. The
input mirror 𝑀in is antireflection-coated at 808 nm on the
entrance face, high-transmission-coated at 808 nm, and high-
reflection-coated at 1.06 𝜇m on the other side, with the cur-
vature radius of 200mm. The output coupler𝑀out is coated
with transmissions (T) of 10% and 15% at 1.06 𝜇m, with two
plane end surfaces. The graphene oxide saturable absorber
is placed close to the output coupler. An a-cut Nd:YVO

4

crystal with 1.0 at.%Nd3+-doped is employed as the laser gain
medium and located near the inputmirror. Its dimensions are
3 × 3 × 10mm3 and both end sides are high-transmission-
coated at 808 nm and antireflection-coated at 1.06 𝜇m. The
laser crystal ismounted in a copper heat-sink cooled bywater,
in order to keep its temperature at 20∘C and dissipate the heat
deposition. The output characteristics are measured by some
detection equipment. The generated average output power is
measured by the EPM 2000 energy/power meter (Molectron
Detector Inc., USA). The pulse width and repetition rate of
the laser pulses are measured by a photoelectric detector
and a TED 6208 digital oscilloscope (500MHz bandwidth,
Tektronix Inc., USA).

3. Results and Discussion
The experimental setup is a flat-concave laser resonator.
We choose T = 10% and 15% because low transmission of
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Figure 2: Average output power versus pump power.

Table 1: The continuous-wave output power.

Pump power
(W) 0.235 1.405 2.61 3.8 4.45 5.04 6.2

Output power
(W) 0.021 0.442 0.934 1.45 1.69 2.24 2.71

output mirror can hold high photon number density in the
resonant, so the laser performance is better expected. Two
transmissions are employed for the purpose of comparison.
The continuous-wave laser operation at 1064 nm should be
operated at first. The incident pump power of 808 nm laser
continuously increases. The laser begins to radiate at the
pumppower of 235mW,with the output power being 0.021W,
as shown in Table 1. The maximum power is 2.71W at the
pump power of 6.2W, with the optical-optical conversion
efficiency of 43.7%.

In order to detect the saturable absorption characteristics
of the GO-SA, it is located near the output mirror in the
cavity. Then, the threshold pump powers increase to 1.37W
and 1.62W corresponding to the output transmissivity of 10%
and 15%.The larger threshold pump powers demonstrate the
absorption of low power laser. The threshold pump powers
are much lower than those of laser passively Q-switched with
grapheme saturable absorber (3.14W with Nd:LuVO

4
[23]).

Figure 2 has shown the average output power versus pump
power. It is obvious that the largest output power is obtained
by T = 10%. It can be seen that the maximum output power
is measured to be 180mW, obtained at the pump power of
5.04W. The laser average output power of T = 15% is always
lower than that obtained by T = 10%.

The passive Q-switched operation has been realized once
the pump power reaches the threshold. A typical temporal
pulse shape with the pulse width of 108 ns has been depicted
in Figure 3.

As is shown in Figure 4, in which the pulse width
versus pump power has been demonstrated, the pulse widths
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Figure 3: Temporal profile of the single pulse with pulse width of
108 ns.
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Figure 4: Pulse width versus pump power.

monotonously decrease along with the increase of pump
power.The shortest pulse width is 108 ns obtained by T = 10%
at the pump power of 5.04W. The data of T = 15% are larger
than those of T = 10% at each pump power. The pulse width
for T = 15% continuously reduces from 240 ns to 134 ns with
the pump power increasing from 2W to 5.04W.The passively
Q-switched laser performance of GO-SA is comparable with
that obtained by graphene saturable absorber. We obtain the
shortest pulse width at the pump power of 5.04W, and the
shortest pulse width obtained by graphene SA is 161 ns at the
pump power of 12.9W [14]. Also, the pulse width obtained by
GO-SA is shorter than half of that obtained by graphene SA
with Nd:YAG (260 ns) [15].

Figure 5, in which the variation of pulse repetition rate
versus pump power is displayed, has demonstrated that the
repetition rates for T = 10% and T = 15% increase with
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the accretion of incident pump power. At the pump power of
2W, the value forT = 10%andT = 15% is 183 kHz and 156 kHz,
respectively. The largest repetition rate is 345 kHz, obtained
by T = 10% at the pump power of 5.04W, while themaximum
for T = 15% is 300 kHz.With graphene SA, the repetition rate
is 167 kHz when the pulse width reaches the minimum [15].

By mathematical computation, single pulse energy 𝐸 and
the peak power 𝑃peak can be calculated out (E = 𝑃out/F and
𝑃peak = E/W, where 𝑃out is the average output power, F is
the pulse repetition rate, and 𝑊 is the pulse width). Both
the pulse energy and the peak power of T = 10% or T =
15% monotonously increase along with the pump power. The
values forT = 10% are always larger than those ofT = 15%.The
largest pulse energy of 0.52𝜇J and the highest peak power of
4.8W are obtained by T = 10%, while the maximums for T =
15% are 0.49 𝜇J and 3.7W under the same conditions.

Besides GO-ITO saturable absorber, other GO composite
material absorbers also show optical absorption ability.There
is report on mode-locked laser operation with grapheme
oxide/polyvinyl alcohol composite material, in which the
absorber is employed as the output coupler. The average
output power of 680mW and the pulse duration of 12 ps
are obtained [24]. Reduced graphene oxide-Pani hybrid has
optical absorption in UV-Visible spectrum. The GO exhibits
a broad absorption which is continuously decreasing to
800 nm, whereas the hybrid in dimethyl formamide shows
an absorption maximum at 325 nm, attributed to the 𝜋-𝜋∗
transition, and a peak at 618 nmdue to the excitonic transition
of polyaniline [25].

4. Conclusions

In conclusion,we have prepared the graphene oxide thin films
by mixture of GO spin coated on substrate of indium tin
oxide (ITO). The transmissivity has been measured and it
is around 76% at 1064 nm wavelength. The experiment has

shown that once the graphene oxide saturable absorber (GO-
SA) is employed in the 1064 nm laser cavity, the continuous-
wave laser ismodulated.Theoutput laser characteristics, such
as the threshold pump power, the pulse width, the repetition
rate, and the peak power, have been measured. The shortest
pulse width of 108 ns is obtained at the pump power at 5.04W.
The results have demonstrated that graphene oxide is an
available saturable absorber for 1064 nm wavelength and it
can effectively achieve passive Q-switching laser operation.
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Through a natural tree grain template and sol-gel technology, the heterogeneous catalytic materials based on polyoxometalate
compounds H

3
[PM
12
O
40
] encapsulating SiO

2
: SiO
2
@H
3
[PM
12
O
40
] (SiO

2
@PM

12
, M = W, Mo) with core-shell structure had been

prepared. The structure and morphology of the core-shell microspheres were characterized by the XRD, IR spectroscopy, UV-
Vis absorbance, and SEM. These microsphere materials can be used as heterogeneous catalysts with high activity and stability for
catalytic wet air oxidation of pollutant dyes safranine T (ST) at room condition. The results show that the catalysts have excellent
catalytic activity in treatment of wastewater containing 10mg/L ST, and 94% of color can be removedwithin 60min. Under different
cycling runs, it is shown that the catalysts are stable under such operating conditions and the leaching tests show negligible leaching
effect owing to the lesser dissolution.

1. Introduction

Polyoxometalates (POMs) constitute a large class of inor-
ganic compounds with considerably potential applications in
catalysis, medicine, and material sciences [1–3]. Owing to
their unique structural versatility and electronic properties,
the self-assembly of such POMs building blocks to produce
multifunctional materials is becoming a rapidly expanding
area of research. Though POMs have high catalytic activity,
due to their low-surface area and high solubility in polar
solvent, the application of POMs as catalyst is restricted in
many conditions. So, there has always been a demand for
making high-surface area and insoluble POMs by means of
incorporation into pillared clays of layered double hydroxides
and on molecular sieves MCM-41, silica or silica nanopar-
ticles, and polyaniline and polypyrrole films [4]. Gao et
al. and coworkers have reported layer-by-layer assembly of
polyoxometalates into the shell of the microcapsules, with
POMs maintaining individual unique properties which can
be used in medicine and inorganic chemistry [5]. Many
efforts have been made to solve the leaching and solubility

problem by modifying, doping, or exchanging with differ-
ent metal ions [6]. Pollen is a ubiquitous and inexpensive
material with a high degree of species-specific morphological
complexity, of which the tough outer shell is amenable
to inorganic mineralization without consequent loss of its
fine structure [7]. Hall et al. described fabricating porous
micron-sized particles of silica using pollen grain templates
[8], which is a facile method for replicating the complex
surface morphology of tree pollen grains, in the case of
silica productions complex colloidal materials with surface
areas higher than 800m2 g−1. This material has a potential
application as a drug or catalyst carrier. The synthesis of
heterogeneous catalyst based on polyoxometalates impetus
us to use this porous particle of silica to fabricate POMs
micron-sized core-shell porous materials, which is suitable
for catalysis design and industrial preparation. This way is
suitable for large scale and industrial preparation.

Catalysis is one of the most important applications of
POMs [2, 3, 9, 10]. As green photocatalysts, polyoxometalates
(POTs) have been extensively studied for the degradation
of organic pollutants in water [11, 12]. Recently, the H

2
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evolution activity of a few POTs has also been investigated
[13]. However, few studies have beenmade to develop polyox-
ometalates catalyst for direct activation of molecular oxygen
in degradation of organic pollutants. H

2
O
2
, O
3
, and air have

been widely used as green oxidants in organic synthesis and
environmental remediation because of their green byproduct,
high content of active oxygen species [14]. Many POMs
have been confirmed to be effective catalysts for activating
H
2
O
2
, O
3
, and molecular oxygen in selected oxidation of

various organic substrates in dark thermal reactions [15–17].
Compared with H

2
O
2
, air is cheaper agent in industrial use

which exhibits academic value as well as commercial value.
ST is a well-known textile colorant, which is harmful to

human beings. A favored, promising, cleaner, and greener
technology for the removal of this pollutant from water
and wastewater has attracted considerable attention. By now,
photochemical degradation of the hazardous dye ST using
TiO
2
catalyst has been carried out by Gupta group [18]. We

synthesized the core-shell structural SiO
2
@PM
12

heteroge-
neous oxidative catalyst in order to develop a new technique
to completely degrade organics into water and CO

2
, without

generating any harmful byproducts, which has popularized
its role as a wastewater purifier.

In this paper, we described a facile method for assembly
hollow inorganic porous polyoxometalates hybrid catalysts
SiO
2
@PM
12
(M =W andMo) using pollen grains as template

and demonstrated their potential applicability in degradation
of dye ST catalyzed by these hollow core-shell SiO

2
@PM
12

materials usingmolecular oxygen as oxidation agent.The cat-
alytic activity of POMs in the hybrid catalysts was improved
by the physical and chemical properties and the unusual core
shell with higher surface areas. Moreover, the separation and
recovery of the POMs from the reaction became easy. These
catalysts are proved to be available heterogeneous catalysts to
degrade the dye when using molecular oxygen as oxidant.

2. Experiment

2.1. Materials. All chemicals (Sinopharm Chemical Reagent
Beijing Co., Ltd.) were of analytical reagent grade. All
the aqueous solutions were prepared using ultrapure water
(Milli-Q 18.2MX cm, Millipore System). Pollen grain was
bought from company Yi Yuan in Beijing. Other rea-
gents were of AR grade and used without any treat-
ment. H

3
PW
12
O
40
⋅23H
2
O (PW

12
) and H

3
PMo
12
O
40
⋅23H
2
O

(PMo
12
) were prepared following a typical method [19],

respectively, and identified by IR spectra.

2.2. Physical Measurements. IR spectra (2000–400 cm−1) of
the microspheres were recorded in KBr discs on a Nico-
let Magna 560 IR spectrometer. Absorption spectra were
recorded on a UV-Vis spectroscopy was performed with a
UV-2550 spectrophotometer (Shimadzu, Japan) at room tem-
perature. Electron micrographs were recorded on a Hitachi
H-800 scanning electron microscope (SEM) at 200 kV. The
X-ray powder diffraction (XRD) patterns of the samples
were collected on a Japan Rigaku D/max 2500 PC X-ray
diffractometer equipped with graphite monochromatized

Cu-K𝛼 radiation 40 kV/40mA (𝜆 = 0.15406 nm). Elemental
analyses of materials were carried out using a Leeman Plasma
Spec (I) ICP-AES.

2.3. Preparation of Silica Covering Pollens. Thepreparation of
silica covering pollens was followed by a previously reported
method [8]. The typical process is as follows: 0.5 g powder of
pollen was soaked in a solution of silicic acid sol (Si(OH)

4
,

5mL, pH = 7) for about 24 h.The silicic acid sol was prepared
by passing a sodium silicate solution through an acidified
cation-exchange column that was charged by flushing with
hot distilled water, 2MHCl aqueous solution, and then cold
distilled water. And the final pH is 7. The soaked powder
of pollen was centrifuged to remove the excess silicate. The
resulting silica-coated pollen grains were decanted, washed
with distilled deionized water, and dried in baking oven.

2.4. Preparation of H
3
PW
12
O
40

Core-Shell Hollow Spheres.
4.85mmol H

3
PW
12
O
40
⋅23H
2
O (PW

12
) was dissolved in

20mL distilled water to form a clear solution. The upper
prepared silica-coated pollen grains were soaking into the
PW
12

solution for about 24 h to induce polyoxometalate
PW
12

reacting with Si(OH)
4
forming PW

12
coated pollen

grains. The powder was throughout washed with water and
ethanol in order to remove the PW

12
compound, which did

not attach to the silicate pollen.Then the PW
12
coated pollen

grains were dried by airflow and then were calcined from
ambient temperature to 350∘C at rate of 1∘C min−1 overnight
to remove the original pollen grains. The greenish-yellow
hollow PW

12
/SiO
2
replicas of individual pollen grains were

obtained with yield of 3 g. The preparation of H
3
PMo
12
O
40

core-shell hollow spheres (PMo
12
/SiO
2
) is the same as that of

H
3
PW
12
O
40
core-shell spheres except H

3
PMo
12
O
40
that was

used instead of H
3
PW
12
O
40
.

2.5. Catalytic Procedure. The stoichiometry of reaction was
determined by allowing 10mg/L of ST to react with air
at room temperature in the presence of the catalyst. A
general procedure was carried out as follows: 0.2 g of catalyst
SiO
2
@PM
12

was suspended in a fresh aqueous dye solution
(C
0
= 10mg/L). The air was inputted into the bottom of the

suspension with the flow 0.08m3/h. At given intervals of
illumination, a sample of suspension was taken out by filter.
The clear filtrate solutionwas tracked byUV-Vis spectroscopy
using a 756 CRT UV-Vis spectrophotometer at 532 nm.

3. Results and Discussion

3.1. Preparation. As shown in Scheme 1, the assembly of core-
shell POMs hybrids contains two main processes. Firstly,
porous silica replicas of pollen grains were achieved. Sec-
ondly, using these silica replicas of pollen grains as template
fabricated POMs coating materials. Then the obtained mate-
rials were calcined to remove pollen grain formed hollow
core-shell SiO

2
@PM
12
hybrid catalysts.

3.2. Spectra. The IR spectrum of the SiO
2
@PW

12
was given

in Figure 1 which showed several strong bands at 1080, 986,
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Scheme 1:The formation of SiO
2
@PM

12
core-shell hybridmaterials.

889, and 800 cm−1. It has been widely reported that H
3
PW
12

with Keggin structure gives four characteristic peaks which
reflected the different vibrations of oxygen atoms at 1080,
960, 869, and 780 cm−1, being attributed to the asymmetry
vibrations P-Oa, W-Od, W-Ob-W, and W-Oc-W. The bands
of the hybrid SiO

2
@PW

12
at 986, 886, and 799 cm−1 were

attributed to the asymmetry vibrationsW-Od,W-Ob, andW-
Oc, confirming the existence of PW

12
in SiO

2
@PW

12
core-

shell hybrid. It should be noted that the P-Oa band of PW
12

fully overlapped with the band of Si-O-Si at 1030–1250 cm−1
[20]. The high-energy shift of the W-Oc vibration peaks of
the Keggin anion before (780 cm−1) and after (800 cm−1)
the adsorption to the silica supports the strong chemical
interaction between silicate and heteropolyanion [21].

The IR spectrum of the SiO
2
@PMo

12
was given in

Figure 2. It is well known that the IR spectrum of PMo
12
gives

four strong typical IR bands at 1079 cm−1 (P-Oa), 988 cm−1
(Mo-Od), 889 cm−1, and 973 cm−1 (Mo-Ob-Mo and Mo-Oc-
Mo), respectively. The IR spectrum of the SiO

2
@PMo

12
gave
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Figure 2: The IR spectra of core-shell hybrid materials ((a) PMo
12
,

(b) SiO
2
@PMo

12
).

three bands at 1080, 964, and 806 cm−1. The bands at 959 and
797 cm−1 were attributed to the asymmetry vibrations W-Od
and W-Oc of Keggin structure polyoxometalate, indicating
the presence of PMo

12
in SiO

2
@PMo

12
core-shell hybrid. It

is also found that the P-Oa band of PMo
12

fully overlapped
with the band of Si-O-Si at 1030–1250 cm−1. The high-energy
shift of theMo-Oc vibration peaks of the Keggin anion before
(793 cm−1) and after (800 cm−1) supports the strong chemical
interaction between silicate and PMo

12
anion [20].

In the UV-Vis spectrum (Figure 3(a)) of SiO
2
@PW

12

core-shell hybrid, two characteristic absorbance bands at
203 nm and 260 nm, corresponding to oxygen-to-tungsten
charge transfer Od→WandOb/Oc→W, respectively, verify
the presence of PW

12
in the shell. The same phenomenon

was also observed in the UV-Vis spectra of SiO
2
@PMo

12

(Figure 3(b)) with two characteristic absorbance bands at
205 nm and 260 nm.

The XRD pattern of SiO
2
@PW

12
and SiO

2
@PMo

12
was

shown in Figures 4(a) and 4(b), respectively. From Fig-
ure 4(a), the reflections are known to represent PW

12
O
40

compared with the standard PDF card (JCPDS number 41-
0369). And all the diffraction peaks in Figure 4(b) could
be readily indexed to tetragonal PMo

12
O
40

phase (JCPDS
number 75-1588). The XRD results corresponding to Keggin
unit in the SiO

2
@PW

12
and SiO

2
@PMo

12
particles implied

their homogeneous dispersion in the silicate.

3.3. Morphology of the Material. The morphology and
microstructure of the native pollen grains and prepared
hollow core-shell SiO

2
@PM
12
particles (Figure 5) were inves-

tigated with SEM. The native pollen grain (Figure 5(a)) was
ca. 21 𝜇m in length and exhibited a characteristic ellipsoidal
morphology consisting of four longitudinal segments with
foam-like surface structure. The SEM image of pollen grain
covered by SiO

2
and POMs (Figure 5(b)) showed that SiO

2

andPOMs formadenser shell covering the pollen grain.After



4 Journal of Nanomaterials

1.2

1.0

0.8

0.6

0.4

0.2

200 300 400 500 600

Ab
so

rb
an

ce

2
0
3

nm 2
6
0

nm

Wavelength (nm)

(a)

0.60

0.55

0.50

0.45

0.40

0.35

0.30

200 300 400 500 600 700 800

2
0
5

 nm
2
6
0

 nm

Ab
so

rb
an

ce

Wavelength (nm)

(b)

Figure 3: The UV-Vis spectra of core-shell hybrid materials ((a) SiO
2
@PW

12
, (b) SiO

2
@PMo

12
).

350

300

250

200

150

100

50

0

0 10 20 30 40 50 60 70 80 90 100

2𝜃

In
te

ns
ity

(a)

200

150

100

50

0

0 10 20 30 40 50 60 70 80 90 100

2𝜃

In
te

ns
ity

(b)

Figure 4: The XRD pattern of SiO
2
@PM

12
hybrid materials ((a) SiO

2
@PW

12
, (b) SiO

2
@PMo

12
).

the above materials were calcined, the obtained SiO
2
@PM
12

particles (Figures 5(c) and 5(d)) with ellipsoidal morphology
were replicated from native pollen grain structure. The
SiO
2
@PW

12
particles and SiO

2
@PMo

12
particles are ca.

18 𝜇m in length and ca. 17.2 𝜇m in width, respectively.

3.4. The Catalytic Results. In order to test the potential
application of these hollow core-shell SiO

2
@PM
12

particles
as heterogeneous catalysts for the degradation of dyes, the
oxygenation degradation reaction of ST with molecular oxy-
gen (air) catalyzed by SiO

2
@PM
12
particles was examined. As

shown in Scheme 2, the structure of ST was provided, which
is shown as a mixture by these two compounds.

3.5. Degradation of ST. On flowing air into the aqueous
solutions of ST without any catalyst, ST did not degrade.
Figure 6 showed the results of UV-Vis spectra of degradation

N
Cl

NH3C

H2N

CH3

NH2

Scheme 2: Molecule structure of ST.

of ST with different time by SiO
2
@PM
12

hybrid materials.
Despite the absorbance of POMs at UV area, the peaks of ST
were covered, and the absorbance of ST at visible area can
reflect the degradation clearly. From Figure 6, the intensity of
absorbance of ST decreased accompanied with the addition
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(c) (d)

Figure 5: The typical SEM image of the SiO
2
@PM

12
hybrid materials ((a) the original pollen, (b) the pollen covering with SiO

2
@PW

12
, (c)

SiO
2
@PW

12
core-shell particles, and (d) SiO

2
@PMo

12
core-shell particles; scale bars were all 1 𝜇m).

of reaction time. The ST can be degraded by SiO
2
@PW

12

and SiO
2
@PMo

12
, respectively. In comparison, when the pure

PW
12

and PMo
12

were added as catalyst, after 60min, the
conversion of ST only reached 74% and 78% (Figures 7(a) and
7(b)). However, apparent discolor of ST was observed when
the SiO

2
@PM
12

hybrid catalysts were introduced (Figures
7(a) and 7(b)); that is, the conversions of ST reached 91%
and 94% corresponding to SiO

2
@PW

12
and SiO

2
@PMo

12
,

respectively, after flowing air for 60min. Compared with
the catalytic activity of their parents (PM

12
), SiO

2
@PM
12

hybrids exhibited much higher activity. The result suggested
that when forming core-shell hollow structure, the BET
surface area was augmented and the activity of which was
improved. It also could be seen that SiO

2
@PMo

12
showed

higher catalytic activity than SiO
2
@PW

12
did.

3.6. Mechanism of Degradation. Generally, organic degrada-
tion by wet air oxidation was recognized as a free-radical
mechanism and hydroxyl radical is an extremely potential

oxidizing agent with a short life which is able to oxidize
organic substrates and generate other free radicals [22]. So
the mechanism of degradation can be deduced as a mainly
two-stage redox cycle.

Firstly, the oxidized form of SiO
2
@POMox interacts with

organic dye ST(s) (as an electron donor), leading to prod-
uct(s) P and reduced form of catalyst SiO

2
@POMred, which

is the formation of the heteropoly blue on the surface of SiO
2
.

The latter stage is thought to be the rate-determining step
throughout POM-catalyzed oxidation:

SiO
2
@POMox + ST → P + SiO

2
@POMred + 𝑛H

+
. (1)

Thereafter, the catalytic cycle is completed by reoxidation
of the reduced catalyst by molecular oxygen:

SiO
2
@POMred +

𝑛O
2

2

+ 𝑛H+ → SiO
2
@POMox +

𝑛H
2
O
2

.

(2)
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3.7. Separation and Recovery of the Catalysts. After finishing
the reactions, the suspensions were centrifuged, and the
catalysts were collected. Separation and recovery of the
hybrid catalysts were easy. The amount of W determined by
ICP-AES in the resulting clear solution was less than 1.2%,
which confirmed the less solubility of the catalysts during the
reaction process and also showed the chemical bond between
PW
12

and SiO
2
preventing the removal of POMs molecules

from it.The catalyst was reused for 4 times (Figure 8), during
which the catalytic activity of SiO

2
@PW

12
in the degradation

of ST was maintained efficiently with slight decrease owing
to the lesser dissolution. The results (Figure 8) show that
the catalysts are stable under such operating conditions and

the leaching tests show negligible leaching effect owing to the
lesser dissolution.

4. Conclusion

Theresearch shows that SiO
2
@PM
12
with core-shell structure

could be prepared using native pollen grains as templates
associated with surface sol-gel method, which is a unique,
convenient, low-cost, and green chemical pathway. We can
prepare samples with different types of catalytic activity (such
as acid, redox) by this method using different types of POMs.
The results of catalytic reactions suggested that these samples
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are very active in degradation of organic dye and insoluble in
water aqueous during the catalysis. This catalytic process is
a green chemical pathway which exhibits potential industrial
application in degradation of organic dye.
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We have synthesized high-quality, nanoscale ultrathin ZnO films at relatively low temperature using a facile and effective
hydrothermal approach. ZnO films were characterized by scanning electron microscope (SEM), X-ray diffraction (XRD),
Raman spectroscopy, photoluminescence spectra (PL), and UV-vis absorption spectroscopy. The products demonstrated 95%
photodegradation efficiency with Congo red (CR) after 40min irradiation. The photocatalytic degradation experiments of methyl
orange (MO) and eosin red also were carried out.The results indicate that the as-obtained ZnOfilmsmight be promising candidates
as the excellent photocatalysts for elimination of waste water.

1. Introduction

Zinc oxide (ZnO), an important II-VI semiconductor with
a bandgap energy of 3.37 eV and a large exciton binding
energy of 60meV at room temperature, has been extensively
studied because of its potential applications in solar cells [1],
sensors [2, 3], photocatalysis [4], and so forth. Among them,
the important application of ZnO as a photocatalyst in envi-
ronmental protection cannot be ignored [5–10]. In the past
decades, zero-dimensional (0D) and one-dimensional (1D)
ZnO nanostructures have been extensively studied with the
aims of developing novel applications [11–25]. However, two-
dimensional (2D) nanostructures have not been extensively
explored [26, 27]. Since the photocatalytic reaction occurs at
surface of the materials, the nanosized semiconductor will
increase the decomposition rate because of the increased
surface area. Therefore, the synthesis of novel ZnO nanos-
tructure that is stable against aggregation and possesses a
higher surface-to-volume ratio is still an important task for
its environmental remediation applications. In the fabrication
of 2D ZnO nanostructures, previousmethods required either
multiple operation steps [28, 29] or using of the templates or
the toxic reactants [30, 31].Therefore, developing a simple and
efficient green method to synthesize ZnO films will be highly
required.

Herein, we used a facile hydrothermal approach to
obtain ultrathin ZnO films without using any surfactants or
templates. Such ZnO film structures exhibit a significantly
improved photocatalytic activity in the photodegradation of
MO than that of other structured ZnO. This work provides a
way to improve the photocatalytic performance by designing
a desirable nanoarchitecture.

2. Experimental Details

All reagents were of analytical grade and were used without
further purification. In a typical procedure, 20mL of Zn
(NO
3
)
2
solution was added to 20mL urea aqueous solution.

After a continuous stirring for 30min, the mixed solution
was transferred into a 100mL stainless steel autoclave, which
was sealed subsequently and kept at 150∘C for 3 h. The white
precipitation was centrifugated and washed several times
with deionized water, followed by drying in air at 60∘C for
8 h.

The morphology and microstructures of the as-
obtained products were characterized by scanning elec-
tron microscope (SEM; Hitachi S-4800), XRD (D/max2600,
Rigaku), and Raman spectroscope (HR800). Photolumine-
scence spectra (PL) of the samples were characterized by the
micro-Raman spectrometer (HR800) under the excitation
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Figure 1: (a–c) SEM images of the as-synthesized ZnO films at different magnification. (d) XRD pattern of as-synthesized ZnO products.
(e) SEM images of ZnO nanocones. (f) SEM images of ZnO commercial powder.

wavelength of 325 nm. The efficiency of the photocatalytic
degradation was analyzed by monitoring dye decolorization
at the maximum absorption wavelength, using a UV-vis
spectrometer (Shimadzu UV-2550).

The photocatalytic experiment of the as-synthesized ZnO
samples for decomposingMOwas conducted as follows: 0.1 g
ZnO films were suspended in 200mL MO aqueous solution
(20mg L−1). The solution was continuously stirred for 1 h
in the dark to ensure the establishment of an adsorption-
desorption equilibrium between ZnO film and MO. Then

the solution was exposed to UV irradiation from a 500W
Hg lamp at room temperature. The samples were collected
at regular interval to measure MO degradation by UV-vis
spectra. The products were then separated from the solution
by centrifuging, washed with ethanol to fully remove the
residual organic species then with water, and reused for
the next run. Finally, the experiments of the photocatalytic
degradation of CR aqueous solution and eosin red aque-
ous solution also were conducted under the same condi-
tions.
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Figure 2: (a) PL spectra of the synthesized product. (b) Raman spectrum of the synthesized product.

3. Results and Discussion

The general morphology of ZnO products was investigated
by SEM. Figures 1(a)–1(c) show the SEM images of the
as-synthesized ZnO products at different magnifications,
finding that the as-obtained product consists of a layer of film
with an average thickness of 30 nm.XRDpattern for ZnOfilm
is shown in Figure 1(d). All of the diffraction peaks can be
well indexed to hexagonal wurtzite ZnO (JCPDS number 36-
1451) with lattice constants of 𝑎 = 𝑏 = 3.25 Å and 𝑐 = 5.2 Å.
No diffraction peaks from any other impurities are identified,
indicating high purity of the product. To further investigate
the structures of the ZnO films, PL spectra of the product
were conducted. Figures 1(e) and 1(f) are SEM images of ZnO
nanocones and ZnO commercial powder, respectively.

Figure 2(a) showed a strong ultraviolet emission peak and
a weak green light emission. It is known that the UV peak
arises from the near band-edge exciton recombination, and
the green emission comes from the various defect states.
Figure 2(b) presents Raman spectrum of the as-obtained
product at room temperature. Two peaks are observed at
437 and 563 cm−1, respectively. ZnO with wurtzite structure
belongs to the C

6v space group with the two formula units
per primitive cell and all the atoms occupy the C

3v symmetry.
Near the center of the Brillouin zone, the group theory
predicts the existence of the different optical modes. Raman
active modes for wurtzite ZnO are Γ = 𝐴

1
+ 2𝐸
2
+ 𝐸
1
, where

the 𝐴
1
, 𝐸
1
, and 2𝐸

2
modes are Raman active and split into

longitudinal (LO) and transverse (TO) opticalmodes [32, 33].
The peak at 437 cm−1 in Figure 2(b) is assigned to 𝐸

2
optical

phononwhich corresponds to the band characteristic of ZnO
wurtzite hexagonal phase [34]. Peaks located at 563 cm−1
correspond to the LO phonon of 𝐴

1
and longitudinal 𝐸

1
,

respectively.
In order to investigate the photocatalytic efficiency of

ZnO structures with different morphologies, we examined
the decomposition of MO in water under irradiation of

a 500WHg lamp as the light source. For comparison,
decomposition of ZnO nanocones and that of commercial
powder were also conducted under the same experimental
condition. Figure 3(a) shows the adsorption spectra of MO
solution in the presence of ZnO films under Hg lamp
light. The absorption peak corresponding to MO at 465 nm
diminished gradually and the photocatalytic degradation
rate of MO is 96% after 90min. The adsorption spectra
of MO solution in the presence of ZnO nanocones are
shown in Figure 3(b), revealing its photocatalytic degrada-
tion rate of 73%. For commercial powder, the degradation
rate is 84% (seen in Figure 3(c)). Figure 3(d) shows the
curves of the degradation rate of MO solution for blank
experiment (black curve), ZnO films (pink curve), ZnO
nanocones (red curve), and commercial powder (blue curve).
Experimental results show that the degradation rate of MO
in the presence of ZnO films is the fastest. The superior
photocatalytic activities of ZnO films may arise from their
unique structures and surface reaction sites. Specifically, ZnO
films possess several outstanding features, such as the large
surface volume ratio, the effective electron-hole separation
of the Schottky barriers, and thin thickness. It might be
that higher surface area increases the number of active
sites and promotes separation efficiency of the electron-hole
pairs, resulting in the improvement of photocatalytic activity.
And the separation and mobility of the electron-hole pairs
were intensely suppressed in wide band gap. Hence, ZnO
films can absorb and transport more dye molecules on their
surface.

Finally, the photocatalytic activities of the as-synthesized
ZnO films for the degradation of different organic pollutants
(MO, eosin red, and CR) were carried out. Figure 4(a) shows
the adsorption spectra of MO solution in the presence of
ZnO films under ultraviolet light at different intervals of
time. Figure 4(b) shows the adsorption spectra of eosin red
solution. The main absorption peak is centered at 517 nm
before and after irradiation. When the illumination time
was extended to 60min, the absorption peak diminished
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Figure 3: Adsorption spectra of MO solution in the presence of different ZnO nanostructures. (a) ZnO films. (b) ZnO nanocones. (c) ZnO
commercial powder. (d) Degradation rate curve of ZnO films, ZnO nanocones, and ZnO commercial powder.

gradually and the photodegradation ratio of eosin red was
up to 98%. Figure 4(c) shows the adsorption spectra of CR
with the absorption peak of 495 nm. Nearly 95% of CR dye
molecules were decomposed in 40min. In order to illustrate
for which dyes ZnOfilm are highly selective, we take the same
40min to compare the degradation efficiency of different dyes
according to Figures 4(a)–4(c). The changes of the organic

pollutants concentration under visible irradiation can be
calculated as follows:

𝐼 =

𝐶

𝐶
0

× 100%, (1)

where𝐶
0
is the initial concentration of the organic pollutants

when the ultraviolet light is turned on, while the real time
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Figure 4: Variations of adsorption spectra of the organics dye solution in the presence of ZnO films irradiated by a Hg lamp for different
time; (a) MO, (b) eosin red, and (c) CR (d); photocatalysis degradation rate of MO, eosin red, and CR.

concentration of organic pollutants under the ultraviolet
light irradiation is expressed by 𝐶. Photocatalytic efficiency
derived from the changes of the organic dyes concentration
can be represented by the relative ratio 𝐶/𝐶

0
. The order

of degradation rate was MO (58%) < eosin red (88%) <
CR (95%), as shown in Figure 4(d). It show that ZnO films
possess the highest degradation efficiency toCR solution than
to the others.

4. Conclusions

In summary, ultrathin ZnO films have been successfully
synthesized by a simple hydrothermal approach without any
surfactants or templates. The as-obtained films possess the
average thickness of 30 nm. The photocatalytic experiments
revealed that ZnO films possess the highest photocatalytic
activity for the degradation of CR dye under ultraviolet
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light irradiation. And the degradation rate is 95% in 40min.
It is expected that such ZnO films could have potential
application in eliminating organic pollutant in wastewater.
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One-dimensional (1D) TiO
2
micro/nanostructures have received more and more attentions because of their potential applications

in environmental issues. This paper reviews the most recent activities in TiO
2
nanostructures with an emphasis on the authors’

own results especially on those synthesized using anodic oxidation method. The review begins with a survey of the effects
of fabrication methods and the experiment conditions on the obtained TiO

2
nanostructures, and then focuses on their 1D

nanostructures, including the syntheses, characterizations, formation mechanisms, photocatalytic, and field emission properties.
Finally, we conclude this review with the perspectives and outlooks on the future developments in this field.

1. Introduction

Semiconductor nanomaterials have attracted great interests
due to their potentials in understanding fundamental phys-
ical concepts and constructing nanoscale devices [1–4]. As
an important semiconductor material, TiO

2
nanostructures

have been widely explored in the field of photocatalysis, dye-
sensitized solar cells, sensing [5–8], self-cleaning, photolysis
of water, and energy storage [9–20]. Many kinds of nanos-
tructured TiO

2
materials including spheroidal nanocrystal-

lite [21], nanoparticles [22, 23], elongated nanotubes [24],
nanosheets [25], nanorods [26, 27], nanocolumn arrays
[28], and nanofibers [29] have been synthesized, and these
nanostructures have been effectively produced by a vari-
ety of methods including template method [30–32], sol-
gel methods [33–35], hydrothermal processes [35–37], and
anodic oxidationmethod [38]. Among thesemethods, anodic
oxidation method has become one of the most popular
methods because of its high controllability, especially for
their abilities on the fabrication of 1D TiO

2
nanostructures.

1D TiO
2
nanostructures, such as nanotubes and nanorods,

have dramatically improved their intrinsic photocatalytic
properties compared to other forms of TiO

2
[39–51] due to

their high surface-to-volume ratios, high surface areas, and
highly ordered arrangements.

This paper reviews the most recent research activities in
1D TiO

2
nanostructures, with an emphasis on the authors’

own results, and on those prepared using anodic oxidation
method.

2. Synthesis Routes towards
1D TiO2 Nanostructures

2.1. Template Method. In this method, TiO
2
nanoarchitec-

tures, such as nanowires, nanotubes, and nanorods, were
grown in the nanoholes of the templates such as in alu-
minum oxide templates (AAM), the polymer templates,
porous silicon templates, the protein templates, and metal
materials templates [52–55]. Porous AAM with ordered
nanohole arrays and polymer template are the common
templates to fabricate TiO

2
nanoarchitectures using electro-

chemical deposition, sol-gel method, sol-gel-polymerization
techniques, and followed by the calcination, acid, or alkali to
remove these template. Template method possesses obvious
advantages, such as simplicity, low cost, and low demand
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Figure 1: SEM images of TIT TiO
2
nanostructures at a low magnification ((a), (b)), and the corresponding enlarged top-view image (c) and

side-view image (d).
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Figure 2: Raman spectra of amorphous and anatase TIT TiO
2

nanostructures.

of raw materials and device; however, it also has many
limitations: the preparation process is very complex, the
obtained nanoarchitectures depend entirely on the size and
shape of the template, and the posttreatment process of

the templates tends to damage the morphologies of the
nanoarchitectures.

2.2. Hydrothermal Method. Hydrothermal processes use a
special closed reaction vessel, in which aqueous solution is
used as the reaction medium, to create a high temperature,
high pressure reaction environment by heating the reaction
vessel to a certain temperature.

Zhu et al. [56] synthesized TiO
2
nanotubes for the first

time with the inner diameter of about 5 nm, outer diameter
about 8 nm, and length about 100 nm using hydrothermal
processes in 1998. Many researchers developed the method
andmany different TiO

2
architectures (nanotubes, nanorods,

and nanoribbons) were successfully fabricated by adjusting
the precursors and experimental conditions. Miyauchi and
Hiromasa [57] sputtered 200 nm thick titanium films on the
surface of the corundum by cathodic sputtering under argon
atmosphere, then the corundum with Ti film was placed
into the NaOH aqueous solution, and finally they obtained
the highly hydrophilic, transparent, neatly arranged TiO

2

nanotube arrays.

2.3. Electrochemical Anodic OxidationMethod. Electrochem-
ical anodic oxidation method has been the foremost tech-
nique to fabricate TiO

2
nanotube arrays in an F− containing

solution. It is generally considered that three steps were
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Figure 3: (a) TEM image, (b) HRTEM image for the as-grown TIT TiO
2
nanostructures; (c) TEM images and (d) HRTEM image and

corresponding FFT pattern (d inset).

involved. First, Ti was dissolved in F− containing acidic
electrolytes and large amounts of Ti4+were produced; second,
the intensity of electric field exerted on the layer gradually
increased with the formation of oxide layer on the surface,
TiO
2
barrier layer was partically etched, and many irregular

pits were formed; third, more H− anions were gathered at the
bottom of the micropores, and the TiO

2
at the bottom were

more easily dissolved and the Ti substrate exposed. Then the
titanium substrates contacted with the electrolytes and the
above three processes repeatedly occurred; eventually TiO

2

nanotube arrays were formed.

3. Influence Factors in
Anodic Oxidation Method

3.1. Anodizing Potential. Theoxidation potential is an impor-
tant factor to form the nanotube arrays. The highly ordered
TiO
2
nanotube arrays can be formed at the right potential

range, which is generally called potential window [58].When
the oxidation potential is lower than the potential window,
only nanoporous film is formed on the Ti film; however,

when the potential is too high, a sponge oxide layer [59, 60]
is formed. The potential window generally ranges from 10V
to 40V. The upper limit of the potential window can reach
220V in some special solution system. With the increase in
oxidation potential, the diameters TiO

2
nanotubes increase

dramatically.

3.2. Potential Rising Rate. Potential rising rate (PRR) means
the rising rate for the applied potential to the predetermined
one from the open circuit potential in anodic oxidation
process. The PRR affects the morphologies of oxide layer
greatly; if it is too large, the disorder porous TiO

2
layers are

formed.The PRRs are different in different solutions, and it is
generally larger in the organic solutions than that in aqueous
solutions.

3.3. The Oxidation Time. The oxidation time (OT) is another
important factor for the nanotube formation. If the OT is too
short, the electrochemical reaction has not yet reached a final
equilibrium state, then the resulting product is a disordered
porous oxide layer, and no ordered TiO

2
nanotube arrays
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Figure 4: SEM images of ridged TiO
2
nanotubes at (a) low-magnification, and the corresponding enlarged (b) top-view and (c) side-view

images for the as-grown nanotubes. (d) Low-magnification SEM image of annealed nanotubes.

can be formed. When the OT is too long, the tubes’ top and
bottomwill collapse due to excessive corrosion, and the wires
[61] or porous walls [62] will be formed, so an appropriate OT
is important for the tube formation.

3.4. PH and Concentrations of F−. The impacts of pH and
concentrations of F− determine the final morphologies to a
certain extent in the dissolution process. When the pH is
lower and F− concentrations are higher than those of the
electrolyte solution, the dissolution rate will be faster, so the
electrolyte solutions with acidic or weakly alkaline (pH ≤
8.4) are generally chosen for the formation of ordered TiO

2

nanotube arrays. With the lower pH, the oxidation time is
short; and with the higher pH, the oxidation time needed
will be longer for the tube formation. Furthermore, if the
F− concentration is too low, it is impossible to obtain TiO

2

nanotube arrays; if the F− concentration is too high; the
reaction is too severe to form TiO

2
nanotube arrays.

3.5. Solution. Aqueous solution and the organic solution are
used in the fabrication of TiO

2
nanotube arrays by anodic

oxidation method. Generally, the TiO
2
architectures dissolve

faster in aqueous solutions than that in organic solution.
Compared with aqueous solution, TiO

2
nanotubes arrays

prepared in organic solution have uniform shape and are very
regular, and the extra-long tubes with smooth surface can be
obtained.

4. Synthesis, Characterization, and Properties
of Different TiO2 Nanoarchitectures

Recently, various TiO
2
nanoarchitectures have been fab-

ricated; microstructured-TiO
2
nanotubes were synthesized

using a LUCE laser source, processing the Ti substrates in
an electrolyte for 2 h at room temperature [63]. Bamboo-
type TiO

2
nanotubes were electrochemically prepared by

controlling anodization of Ti in an electrolyte consisting
of 0.2mol⋅L−1 HF in ethylene glycol [64–66], and bamboo
leaf-like structured TiO

2
layer on TiO

2
nanotube arrays

was synthesized via simple electrochemical anodization with
wet chemistry pretreatment [67]. Furthermore, thick anatase
TiO
2
mesosponge layers were synthesized by voltage-step
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as-grown samples; and ((c), (d)) TEM and (e) HRTEM images and corresponding FFT patterns (inset).
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anodization of a Ti metal foil at 50V for 48 h in a 10wt%
K
2
HPO
4
-containing glycerol electrolyte followed by a chem-

ical etch in 30wt% H
2
O
2
[68]; highly ordered TiO

2
nanolace

was synthesized in an organic electrolyte with Ti pressed
togetherwith aCuplate against anO-ring in an electrochemi-
cal cell [69]. Large-diametermultipodal TiO

2
nanotubeswere

synthesized via processing theTiO
2
nanotubes into 0.1MHCl

acid for an hour [70], and conical-shaped TiO
2
nanotube

arrays were prepared using anodic oxidation of Ti foil at 80V
in a 3 : 97 (v/v) mixture of H

2
O
2
and ethylene glycol solu-

tion containing 0.5 wt% NH
4
F at 20∘C [71]; multibranched

TiO
2
nanotubes were controllably fabricated via a two-step

anodization method [72]. Other TiO
2
nanotubes have been

successfully synthesized via various methods.
In this section, we will present recent progresses achieved

by us in relation to the synthesis, characterizations, and
properties of TiO

2
nanostructure by oxidation method.

4.1. Tube-in-Tube TiO
2
Nanotubes with Porous Walls [62]. In

our previous work, we successfully fabricated tube-in-tube
(TIT) TiO

2
nanostructures as shown in Figure 1, which have

coarse, porous walls increasing the surface areas compared
with the conventional TiO

2
nanotubes.The TIT TiO

2
nanos-

tructures cover the entire substrate surface, and the enlarged
scanning electron microscopy (SEM) images (Figures 1(b)
and 1(c)) clearly show numerous TIT TiO

2
nanotube-like

structures with the outer tube diameter within the array
are of about 200 nm (Figures 1(b) and 1(c)). The nanotubes
lateral profiles are coarse (Figure 1(d)), which means they
have a larger contact surface area compared to conventional
structures.

The as-fabricated TIT nanostructures are amorphous and
the crystallinity is improved when the thermal annealing
process was carried out at 550∘C. It can be seen that the
nanostructures crystallize in an anatase phase after the heat
treatment, which are confirmed by Raman spectroscopy

(Figure 2). TEM and HRTEM images (Figure 3) show that
the nanostructures have uniform diameters throughout their
lengths. The TIT morphologies are preserved after the ther-
mal treatment.

4.2. Ridged TiO
2
Nanotubes [61]. Ridged TiO

2
nanotubes

were fabricated and their growth mechanism together with
their structures andmorphology transformations is analyzed.
The nanotubes turn into an anatase phase from the amor-
phous state after an annealing process. It should be men-
tioned that the annealed nanotubes become decorated with
nanoparticles opposed to the starting ridged tube surfaces as
shown in Figure 4.

From the TEM observations, the as-prepared TiO
2
nan-

otubes have the ridged surface structures (Figures 5(a)
and 5(b)), and it is amorphous confirmed by the FFT
in Figure 5(b). However, the annealed nanotubes change
into nanoparticle-decorated morphologies (Figures 5(c) and
5(d)), and the ridged structures disappear. Furthermore, the
annealed ones become anatase (Figure 5(e)), with spacing
between the lattice fringes being ca 0.35 nm (JCPDS card
Number 21-1272).

The photocatalytic activities (Figure 6) show that the
crystalline nanotubes with nanoparticle-decorated mor-
phologies have a stronger photocatalytic activity than the
amorphous samples.

We have carried out FEmeasurements on the dependence
of the FE properties on the distances between the anodes and
the samples. It is observed that the Eto decreases from 96.2
to 34V 𝜇m−1 during a voltage increase when the distance
increases from 10 to 25 𝜇m and 𝛽 increase (61.8, 115.6, 214.2,
and 255.5 for 𝑑 = 10, 15, 20, and 25 𝜇m, resp.) (Figure 7).

4.3. Anatase TiO
2
Nanotubes with Rod-Formed Walls [73].

Besides the TIT nanostructures, the TiO
2
nanostructures

with rod-formed single walls (RWTN) (Figure 8) were also
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Figure 7: (a) J-E plots and (b) corresponding F-N plots for nanoparticle-decorated TiO
2
nanotubes at a different sample-anode separation,

d; (c) the variation in field enhancement factor (𝛽) with a distance (d); (d) stable emission current recorded from ridged nanotubes.

fabricated. The fabrication of RWTN nanostructures is simi-
lar to the process of TIT [62]. In brief, the pretreated Ti foils
were anodized at a constant potential of 40V for 72 h in the
mixture of HF and DMSO and followed by the annealing
process at 550∘C for 3 h.

The SEM results show that the nanostructures have a
porous structure and the tube walls are coarse. Compared
to TIT, RWTN nanostructures are single-walled with the
rod-formed morphologies and coarse walls characteristics
(Figures 8(a)–8(d)), which endow them larger surface areas
compared with the conventional TiO

2
nanotubes. The rods

with the length of about 20 nm constitute the tube walls, and
the outer and inner diameters are of about 200 nm (Figures
8(e) and 8(f)) and 100 nm, respectively.

TEM images of a single RWTN (Figures 9(a) and 9(c))
show that the outer diameter is about ∼200 nm, and the tube
walls are assembled by many small nanorods (Figure 9(c))
with the length of about 20 nm. HRTEM image (Figure 9(b))
shows the lattice fringe separation of ∼0.35 nm, correspond-
ing to the [101] zone axis lattice orientation. FFT pattern
(inset) further confirms that the crystalline structure grows
along the [101] direction. EDS (Figure 9(d)) indicates that
the RWTN consists of Ti and O in a stoichiometric 1 : 2
composition.

Field-emission properties (Figure 10) were studied and
the results showed that the annealed RWTN arrays have a
better FE property, with a lower turn-on field of 96.8 V𝜇m−1
and higher field-enhancement factors 𝛽 (120.9) than those of
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Figure 8: Typical field-emission SEM images of rod-formed walls TiO
2
nanostructures: (a), (c), top view and (b), (d); SEM images of two

separate nanotubes (e) and tiled nanotubes on the nanoarrays (f).

the as-prepared arrays (102.5 V𝜇m−1 for turn-on voltage, 86.7
for 𝛽). The F-N plots (Figure 10(b)) exhibit approximately
linear relationship, indicating that the electron emission from
as-prepared and annealed RWTN nanostructures follows the
F-N behavior.

4.4. TiO
2
Nanorods and Porous Layers [74]. By adjusting the

anodized time, we successfully fabricated TiO
2
with different

morphologies, such as nanotubes, nanorods, and porous
layers with one-step anodization. In this case, Ti sheets and
Ti films on the Si substrates were used, which were anodized

in 0.5% HF solution and the anodization is conducted
using a 20VDC voltage at 25∘C. Different anodization time
(such as 10min, 30min, and 60min) was used for the TiO

2

nanostructureswith differentmorphologies, respectively, and
20min for the Ti film on the Si substrate.

XRD patterns (Figure 11) of synthesized nanostructures
under different anodic oxidation conditions show that Ti
peaks dominate, caused by the Ti substrates. The main
reasons is the poor crystallinities of the TiO

2
nanostructures,

as mentioned in our previous reports on the TIT and ridged
nanotubes [61, 62]. However, the Raman results prove the
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formation of anatase TiO
2
(Figure 12), as the anatase TiO

2

phase at 198, and 640 cm−1 [75] can be clearly observed.
The SEM images of TiO

2
nanostructures under different

anodization time (Figure 13) show that the tubular nanos-
tructure is formedon the surface of theTi sheetwhen the time
is 10min, when the oxidation time is extended to 30min and
60min, the synthesized samples are rod-like nanostructure,
and the length of the rod is increased with the increasing
anodization time (Figures 13(b) and 13(c)). This is first report
on the synthesis TiO

2
nanorod structure by the simple anodic

oxidation method.
Meanwhile, the porous TiO

2
layers were also fabricated

when Ti films on Si substrate were anodized (Figure 14),
which were different to the morphologies of discrete TiO

2

nanotubes and rod-like structures. The main reason is that
the Ti films deposited on the Si substrate are not so compact;
then the “soft” parts are easy to be anodized and finally

these special morphologies were formed in the anodization
process.

5. Conclusion and Outlook

In conclusion, this paper briefly reviews the authors’ recent
efforts with respect to the TiO

2
nanoarchitectures syntheses

using anodic oxidation method. TiO
2
nanotubular struc-

tures were synthesized in different electrolytes and its field
emission; photocatalytic properties are briefly discussed. The
fascinating achievements towards the practical applications
of TiO

2
nanotubular structures should inspiremore andmore

research efforts to address the remaining challenges in the
fundamental and technological fields.

Of course, we know this brief review is unable to cover
all the progresses, but we do hope this paper can offer some
help to the researchers in this field. The investigation of these
TiO
2
nanostructures will be continuously exciting and highly

rewarding. Undoubtedly, more and more innovations and
developments will happen toward their practical applications
and many issues need to be solved before that.

(1) Much more challenges still exist to develop stable,
efficient, and low-cost anodic oxidation technology
to synthesize high-performance TiO

2
nanoarchitec-

tures; the existing problems include the choice of the
electrolytes, the time of anodic oxidation, the stability,
and the crystalline of the nanostructures.

(2) Doping and composites of the TiO
2
nanotubular

structures have become an important route for
strengthening the performance in many possible
applications. Different doping of these nanostruc-
tures, such asmetal, oxide, sulfide, and element, could
improve the electrical, optical, and photocatalytic
properties.
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(a) (b)

(c) (d)

Figure 13: SEM images of TiO
2
nanostructures under different anodizing times, (a) 10min (b) 30min, (c) and (d) are the SEM images with

the low and high magnifications, respectively, for 60min.

(a) (b)

Figure 14: SEM images of porous TiO
2
layer on Si substrate with the low (a) and (b) high magnification.

(3) Sensitivity, selectivity, and stability of the TiO
2
nan-

otubular photoelectric device and photocatalysts will
require significant improvements in order tomeet the
great demands in a variety of fields.
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We employed high-energy ball-milling technique to fabricate TiO/TiO
2
heterogeneous nanostructures. XRD proved the existence

of TiO/TiO
2
heterogeneous structures. SEM and HRTEM investigation evidenced that the mean particle size and mean grain size

of the as-prepared samples are 23 nm and 13 nm, respectively. UV-Vis spectra exhibited that TiO has enhanced the visible light
absorption of TiO

2
and has changed the 𝐸

𝑔
of TiO

2
. UPS examination indicated that the electron work function (EWF) of TiO

is higher than that of TiO
2
. Photocatalytic degradation experiments revealed that an appropriate TiO content can enhance the

photocatalytic activity of pure anatase TiO
2
. The best photocatalytic activity of TiO/TiO

2
heterogeneous nanostructures is even

better than that of Au-deposited TiO
2
by keeping high degradation efficiency of 93%. The internal electrical field producing in

TiO/TiO
2
heterogeneous nanostructures was considered to be dominantly responsible for the enhanced photocatalytic activity.

Therefore, the substitution of TiO with noble metal in TiO
2
will be widely used in the future due to its low cost. This study

also provides a clear direction of enhancing photocatalytic activity of TiO
2
: incorporating a guest compound into TiO

2
with an

appropriate content if the compound has much higher electron work function than that of TiO
2
.

1. Introduction

Anatase titanium dioxide (TiO
2
) has been proved to be the

most effective and suitable photocatalyst for the degradation
of environment pollutants due to its low cost, nontoxicity,
availability, relatively high efficiency, structural stability, and
so forth [1]. However, its low photocatalytic activity limits the
application.Therefore, it is a critical issue to enhance its pho-
tocatalytic activity to realize its photocatalytic application.
From many works, it can be found that the photocatalytic
activity of the photocatalysts is strongly dependent on their
structures [2–4]. And it was also reported that nanosized
heterogeneous structures can enhance the quantum yield and
therefore can enhance the photocatalytic activity of anatase
TiO
2
[5, 6]. The reason is that the heterogeneous structures

in the interface produce internal fields and the recombination
of photogenerated carriers can be suppressed [5, 6].Themost
effective approach to suppress charge-carrier recombination
in the photocatalysis process is to incorporate noble metal

(Au,Ag, or Pt) into TiO
2
[7–10]. In these systems, the electron

work functions (EWF) of the noble metals are much higher
than that of TiO

2
. Therefore, larger internal fields can be

produced in these systems. In addition, the photogenerated
carriers tend to be transported from TiO

2
to the noble metals

and easily transfer to the sites needed for the deoxidized
reactions [11]. As a result, the photocatalytic activity of TiO

2

can be improved by deposited noble metals. From the above
analysis, one can find a route to increase the photocatalytic
activity of TiO

2
: incorporating a second compoundwhich has

higher EWF than TiO
2
and has high electrical conductivity.

In this work, we added TiO, rather than the noble metals,
into commercial anatase TiO

2
to improve the photocatalytic

activity of TiO
2
to lower the cost of photocatalyst. TiOhas low

cost, safety, and metallic properties [12, 13]. It is expected to
have higher EWF than TiO

2
like most metals. If anatase TiO

2

is incorporated with TiO, it would have high photocatalytic
activity of photocatalysis due to TiO/TiO

2
heterogeneous

structures. In order to mix TiO with TiO
2
particle evenly,
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a high-energy ball-milling process was adopted [14]. As
presumed above, an enhanced photocatalytic activity has
been found in the as-prepared TiO-TiO

2
system.

2. Experimental Procedures

2.1. Preparation of Photocatalyst. The planetary ball-milling
apparatus used is commercially available (KEQ-0.4 L, Qid-
onghongchun Company, China). A zirconia (ZrO

2
) milling

vessel and ZrO
2
milling balls were used to grind the needed

particles. The rotating speed was 800 rpm. The purchased
TiO (CP, 99.9%, 1-2𝜇m, Alden Company, China) and TiO

2

(CP, 99.9%, 1-2 𝜇m, Alden Company) were independently
ball-milled for 60 hrs. Then the as-ball-milled TiO powders
and TiO

2
powders were mixed according to the TiO-to-

TiO
2
molar ratio: 1/1000, 10/1000, 20/1000, 50/1000, and

100/1000 (denoted as TT1, TT10, TT20, TT50, and TT100,
resp.).Themixtures were followed by 60 hr ball milling in the
above-mentioned ball-milling machine. In order to isolate
the effects of ball milling from that of TiO on photocatalytic
activity of the TiO

2
, a pure TiO (denoted as “PTiO”) and

pure TiO
2
(denoted as “TiO

2
”) ball-milled for 120 hrs were

prepared as comparisons.

2.2. Photocatalyst Characterization. The X-ray diffraction
(XRD, X’Pert Pro, Panalytical) was employed to investigate
the phases of as-ball-milled powders with slow scanning
speed (2∘min−1). The scanning electron microscopy (SEM,
Zeiss Ultra 55, Carl Zeiss) was used to examine the micro-
graphs of the particles of as-prepared powders. The high res-
olution electron microscopy (HRTEM, JEM-2100HR, JEOL)
was utilized to observe the grain size. UV-Vis diffuse reflec-
tion spectra (DRS) were obtained using a spectrophotometer
Shimadzu 2550PC and the reflection data were converted
to absorbance through the standard Kubelka-Munk method.
The X-ray photoelectron spectroscopy/ESCA (Esclab 250,
Thermo Fisher Scientific) was obtained by using UPS mode
and He (I) irradiation to examine the EWF and valence
band maximum (VBM) of as-ball-milled powders. We also
measured the electrical properties (ZEM-3, Ulvac-Riko) of
as-ball-milled powders by testing the pressed powders (at
room temperature, 200MPa).

2.3. Photocatalytic Experiments. The photocatalytic activity
of the samples was evaluated by measuring the degradation
rates of methylene orange (MO) solution (10mg L−1) under
ultraviolet-visible (UV-Vis) light irradiation [15]. The MO
concentration was monitored by a UV-Vis spectrometer. The
photocatalytic reaction was performed in a quartz reactor
(XQ350W, Shanghai Lansheng Company). A 350W xenon-
arc lamp, with similar emitting spectrum to the sun, was used
as light resource, which was located at a distance of 10 cm
from the quartz reactor. A stirring bar, MO aqueous solution,
and TiO

2
dispersion solution were placed in a quartz cuvette.

Before photogradation, the solution was stirred in dark
for 40mins to achieve adsorTiOn/desorTiOn equilibrium.
The irradiation time ranged from 0 to 120min. At given
time intervals (15mins), about 3.5mL of MO solution was

taken out and centrifuged for 15min. After removing the
nanoparticles by filtration, the MO solution was measured
by the UV-Vis spectrophotometer. The concentration of the
MO solution was analyzed by checking the absoption peak
around 464 nm, which is attributed to the Azo functional
group (–N=N–) of MO [15]. According to the Beer-Lambert
law, the absorbance of MO solution is proportional to its
concentration. The change of MO concentration can thus
be evaluated by the intensity change of the absoption peak
around 464 nm.

The degradation rate (𝐸
𝑑
) of MO is expressed in the

following equation [16, 17]:

𝐸
𝑑
(%) =
𝐶
0
− 𝐶

𝐶
0

× 100%

= (𝐴
0
− 𝐴) − 𝐴

0
× 100%,

(1)

where 𝐶
0
is the concentration of MO after absoption equi-

librium in the dark, 𝐴
0
is the corresponding absorbance

intensity of MO after absoption equilibrium in the dark, 𝐶
is the concentration of MO at reaction time 𝑡 (min), and 𝐴
is the corresponding absorbance intensity of MO at reaction
time 𝑡 (min).

3. Results and Discussion

3.1. Phases, Grain Size, and Particle Size. Figure 1 showed the
XRD patterns of the as-prepared samples. It shows that there
is only anatase phase (JCPDS file number 21-1272) in PTiO

2

while in TiO-incorporated TiO
2
the majority is anatase TiO

2

and theminority is the incorporated TiO (JCPDS file number
08-0117). And the peak positions of anatase TiO

2
have not

been changed by the incorporated TiO.The diffraction peaks
at (2𝜃) 25.4∘, 37∘, 37.9∘, 38.7∘, 47.9∘, 53.9∘, 54.9∘, 62.6∘, 68.8∘,
70.3∘, 75∘, and 76.2∘ are attributed to (101), (103), (104), (112),
(200), (105), (211), (204), (116), (220), (215), and (301) faces
of anatase TiO

2
, respectively. The diffraction peaks at (2𝜃)

37.2∘, 43.2∘, 62.8∘, 75.4∘, and 79.4∘ can be ascribed to (111),
(200), (220), (311), and (222) faces of TiO. It can be found
that the more the TiO contained in TiO-incorporated TiO

2

is, the higher the diffraction peak at 43.2∘ representing TiO
is. Clearly, the incorporated TiO has not changed the peak
positions of anatase TiO

2
. TiO and TiO

2
just mixed with each

other and formed a large number of heterogeneous structures
TiO/TiO

2
in host TiO

2
powders after the high-energy ball

milling.
The grain size of the as-prepared samples (Table 1) was

estimated according to the Debye-Scherrer equation 𝐷 =
𝑘𝜆/𝛽 cos(𝜃) [18]. From Table 1, it can be seen that there is no
effect of the incorporated TiO on the grain size of anatase
TiO
2
. All the grain sizes of the as-prepared samples are 13∼

14 nm. The grain size observed under HRTEM (Figure 2) is
also about 13 nm.The two data agree very well.

SEM investigation (Figure 3) shows that themean particle
size of the as-prepared samples is 23 nm. And all the particle
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Table 1: Mean grain size of the as-prepared samples calculated from XRD by the Debye-Scherrer equation [18].

Sample number TiO2 TT1 TT10 TT20 TT50 TT100 PTiO
Grain size (nm) 13.65 13.91 13.43 13.27 13.77 13.69 13.75
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Figure 1: XRD of the as-prepared samples.

Figure 2: RepresentativeHRTEM image of the as-prepared samples,
clearly showing mean grain size around 13 nm.

sizes of the as-prepared samples are very close.Therefore, the
incorporated TiO has no effects on the particle size of anatase
TiO
2
.

3.2. Energy Band Characterization: UV-Vis Absoption, Energy
Band Gap (𝐸

𝑔
), EWF, and Electrical Conductivity (𝜎)

3.2.1. UV-Vis Spectrum and 𝐸
𝑔
. Figure 4 shows the UV-Vis

absoption spectra of the as-prepared samples in the range of
220∼800 nmobtained by calculating the absoption coefficient
𝐴 from the obtained DRS according to [19]

𝐴 =

1

𝑅 (∞)

, (2)

where 𝑅(∞) is the absolute reflection ratio (%). In our work,
we substitute 𝑅(∞) with 𝑅

𝑒
which is the relative reflection

ratio by comparing the diffuse reflection ratios (DR) of the
as-prepared samples with that of pure BaSO

4
; that is,

𝐴 ≈

1

𝑅
𝑒

. (3)

Figure 4 indicates that the A-s of as-prepared samples in
visible light (VL) spectrum increase with increasing TiO and
increase with increasing wavelength of VL. The increasing
absoption with increasing wavelength is characteristic of
absorbing properties of free carriers because TiO hasmetallic
properties. But generally, free carriers can strongly absorb
infrared light (intraband free-carrier absoption (FCA)) not
visible light and are characteristic of increasing absoption
with increasing wavelength [20]. Apparently, the intraband
FCA has been blue-shifted to the VL range. This implies a
great extension of conduction band in the TiO-incorporated
TiO
2
. The blue shift of intraband FCA could be related to

the internal fields which exist in TiO/TiO
2
heterogeneous

nanostructures. Detailed discussion will be performed in
the next text. The absoption of the as-prepared samples in
VL suggests that the incorporated TiO can extend the light
absoption region of TiO

2
to VL and improve the UV-Vis

absoption efficiency of the samples.
Because there is no strong energy dependence of optical

absoption coefficient of the as-prepared near absoption edge
in Figure 4, the as-prepared samples should have direct
band gap [21, 22]. In other people’s works, the nanosized
anatase TiO

2
was also found to have direct band gap [23].

Furthermore, anatase TiO
2
is an N-type semiconductor [24,

25].The optical energy band gap (𝐸
𝑔
, eV) can be estimated by

using the Kubelka-Munk function (𝐹(𝑅)), as expressed by

𝐹 (𝑅) =

(1 − 𝑅)
2

2𝑅

. (4)

We substituted 𝑅 with 𝑅
𝑒
. The band gap (𝐸

𝑔
, eV) was

the crossing point between the line extrapolated from the
linear part and the 𝑥-axis of the plot of [𝐹(𝑅

∞
)ℎ]]2 as a

function of energy of light (ℎV, eV), that is, [𝐹(𝑅
∞
)ℎ]]1/2 ∼

ℎ] curve (Figure 5) [23]. Table 2 is the𝐸
𝑔
-s of the as-prepared

samples (excluding PTiO since it is metallic conduction). It
can be seen that all of the 𝐸

𝑔
-s of the as-prepared samples are

larger than 3.4 eV.Themaximum 𝐸
𝑔
is that of TT10, 3.504 eV.

The 𝐸
𝑔
-s of the as-prepared samples would increase with

increasing TiO at first and then decrease with increasing TiO.
We have not found the exact reason for the 𝐸

𝑔
-s variation

of the as-prepared samples with TiO content. But we guess
that the probable reason is that the internal fields from the
nanosized TiO/TiO

2
heterogeneous structures have bent the

energy band and energy gap [11].
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Table 2: The estimated 𝐸
𝑔
of the as-prepared samples from [𝐹(𝑅

∞
)ℎ]]2 ∼ ℎ] curve based on DRS results.

Sample number TiO2 TT1 TT10 TT20 TT50 TT100
𝐸
𝑔
(eV) 3.469 3.485 3.504 3.494 3.479 3.469

(a) (b)

(c) (d)

Figure 3: Typical SEM images of (a) TiO
2
, (b) TT1, (c) TT20, and (d) PTiO, clearly showing that the partice size of the as-prepared samples

is very close and around 23 nm.

Ab
so

rb
an

ce

Wavelength (nm)

1.5

1.0

0.5

0.0

200 400 600 800

TT50
TT20
TT10

TT1
PTiO2

PTiO

TT100

Figure 4: Absoption of the as-prepared samples obtained from the
as-measured UV-Vis DRS.

It is known from the previous work that the optical 𝐸
𝑔

of TiO
2
is related to the measuring method (absoption spec-

trum/reflection spectrum), doping, processing technique,
material form and particle size, and so forth. Therefore, the
reported optical 𝐸

𝑔
-s of TiO

2
range widely, for example,

from 2.99 eV to 3.6 eV [26–29]. But the most reported optical
𝐸
𝑔
is 3.0–3.2 eV [26, 27]. The large 𝐸

𝑔
in this work mainly

results from the small grain size of ∼13 nm in the as-prepared
samples, which has strong size effects [29, 30]. But the
variation of 𝐸

𝑔
with the content of TiO cannot be ascribed

to size effect because the grain size and particle size of all
the samples are very close. And the processing procedure
and parameters are identical among all the samples. The
only different factor is the content of the incorporated TiO.
Therefore, the internal fields generated due to heterogeneous
structures TiO/TiO

2
should be responsible for it as discussed

above.

3.2.2. Electrical Conductivity and EWF. Table 3 gives the 𝜎
and the Seebeck coefficients (𝑆) of the as-prepared samples.
Because some samples could not be detected by ZEM-3 due
to too low electricity, their 𝜎-s and 𝑆 are denoted by “N.”
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)ℎ]]2 ∼ ℎ] curve of (a) TiO

2
, (b) TT1, (c) TT10, (d) TT20, (e) TT50, and (f) TT100.
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Table 3:The 𝜎 and S of the as-prepared samples measured by ZEM-3. Because some samples could not be detected by ZEM-3 due to too low
𝜎, their 𝜎-s and S are denoted by “N.”

Sample number PTiO TiO2 TT1 TT10 TT20 TT50 TT100
𝜎 (Sm−1) 86.5 N N N N N N
S (𝜇Vk−1) −9.42𝐸 − 06 N N N N N N

From Table 3, it can be seen that only the 𝜎 of PTiO can be
detected by ZEM-3 due to loose contact between particles in
the as-prepared samples since the bulk samples formeasuring
electrical properties are pressed at room temperature with
pressure of 200MPa. The tested 𝜎 of PTiO is 86.5 Sm−1
and the 𝑆 is close to 0 with negative sign. From the 𝑆
sign of PTiO, it can be seen that PTiO is a weak N-type
semiconductor, suggesting a little bit oxidization in PTiO
during high-energy ball milling. On the other hand, previous
work presents the fact that pure anatase PTiO

2
is a natural

N-type semiconductor [24, 25].
Figure 6 is the UPS spectra for PTiO and TT20. The

spectra have been referenced to the Fermi level (𝐸
𝐹
) of the

gold reference sample. DuringUPS experiment, a bias voltage
of −5V has been added. The EWF, which is the minimum
energy required to move electrons at the Fermi energy level
from inside ametal or semiconductor to its surface with zero-
kinetic energy, equals to the difference between the onset
of the measured UPS spectra and 5 eV. While the valence
band maximum (𝐸VBM) equals 26.22 eV, the cutoff on the
high energy side of UPS spectra. Figure 6(a) combines the
UPS spectra of PTiO and those of TT20. Figures 6(b) and
6(c) show the five fitted Gaussian peaks of UPS spectra for
PTiO and TT20, respectively. The fitted peaks were based
on the expected contributions from the molecular orbitals
that comprise the valence bonding states, respectively [31].
Figure 6(a) indicates that valence band of PTiO has been
apparently changed after being ball-milled with TiO

2
. This

is another proof that the energy band of TiO
2
has been

changed by the incorporatedTiO.TheEWFof PTiO is 3.01 eV,
while that of TT20 is 1.54 eV. The 𝐸VBM of PTiO is 2.67 eV,
while that of TT50 is 3.08 eV. Apparently, the EWF of TiO

2

is different from that obtained in other works [31]. It can
be attributed to the band bending arising from nanosized
TiO/TiO

2
heterogeneous structures [11, 32]. We guess that

the EWF of TiO
2
is less than that of PTiO. In the nanosized

heterogeneous TiO/TiO
2
structures, the 𝐸

𝐹
is aligned to the

level which is between the EWF of PTiO and that of TiO
2
.

Therefore, the EWFof TT20 is less than that of TiO and larger
than that of TiO

2
.The above-mentioned two proofs that there

are internal fields are powerful support for the assumTiOn
about the EWF of TiO and TiO

2
. Actually, the presence of

a large number of space charge regions has made the crystal
field and the EWF of free electrons, of TT20 different from
that of pure TiO and that of pure TiO

2
[32].

3.3. Photoactivity. Figure 7 is the photocatalytic degradation
ofMO solution (10mg L−1) by the as-prepared samples under
UV-Vis irradiation. It can be seen from Figure 7(a) that,
at the beginning irradiation for 70mins, the degradation

efficiencies (DE) reduce as the order of TT20, TT10, TT50,
and TT1 (very close), TiO

2
, and PTiO. Among the six

samples, the PTiO possesses far lower DE than the others.
However, the maximumDE of all samples except PTiO reach
an identical value ∼93% after 75mins. Therefore, we can
conclude that the presence of the incorporated TiO has not
enhanced the final DE of nanosized TiO

2
but has improved

the photocatalytic activity of the nanosized TiO
2
samples. It

can be clearly seen that, before 38.5mins, the PDRs of MO
solution by the as-prepared samples reduce as the same order
as that of DE, that is, TT20, TT10, TT50, and TT1 (very close),
TT100, TiO

2
, and PTiO. But after the irradiation for 38mins,

the order of PDR is turned over as TiO
2
, TT100, TT50, and

TT1, and TT20 (PTiO is an exceTiOn and always is close to
0). This phenomenon can be understood from the view of
point that the PDR is related to the MO concentration: when
the MO solution is low, the larger the MO concentration,
the larger the PDR [33, 34]. After 38mins, the residual MO
concentration photocatalyzed by the as-prepared samples
(excluding PTiO) reduces as the order of TiO

2
, TT100, TT50,

and TT1, and TT20, the same order as that of PDR.
We here explain why TT20 has a maximumDE and PDR

before 38mins. We think there are three dominate mecha-
nisms playing on the DE of TiO

2
. One mechanism is that

larger 𝐸
𝑔
would result in reducing photogenerated carriers

while less 𝐸
𝑔
would increase the recombination possibility of

photogenerated electron-hole pairs. The second mechanism
is the generated internal electrical fields in the nanosized
heterogeneous TiO/TiO

2
structures [31].The internal electri-

cal fields are favors in separating photogenerated electron-
hole pairs and prolonging the lifetime of photogenerated
carriers [31]. But toomuch TiOmight add the recombination
sites of photogenerated electron-hole pairs [35]. The third
mechanism is that the more the incorporated TiO is, the
larger the Vis absoption is. The combined action of the three
mechanisms has resulted in that the DE and PDR of TT20 are
the maximum among the as-prepared samples.

Although [36] mentioned that nitrogen- (N-) doped TiO
with ∼8 nm has efficient photoactivity under UV and visible
irradiation, the nanosized TiO with 13 nm in our work shows
no considerable photoactivity under UV-Vis irradiation. The
considerable response toUV-Vis in [36] probably results from
the dopant N. It was reported that the dopant N can add
additional energy levels in energy band gap and improve the
photocatalytic properties of TiO

2
[37]. Here we think that

similar additional levels appear in N-doped TiO and lead to
the UV-Vis response.

TiO has much higher EWF than that of TiO
2
. Thus,

it introduces an easy route for carriers to transfer from
the inside to the outside of TiO

2
particles to participate in

photocatalytic activity. Consequently, an appropriate content
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Figure 6: (a) UPS spectra for PTiO and TT20 and (b) and (c) five fitted peaks (labeled by numbers I, II, III, IV, and V) of UPS spectra of
PTiO and TiO

2
, respectively. The five peaks were fitted based on the expected contributions from the molecular orbitals that comprise the

valence bonding states, respectively.

of the incorporated TiO can increase the photocatalytic
activity of anatase TiO

2
. Furthermore, TiO can enhance

the Vis absoption. TiO-incorporated TiO
2
has maximum

degradation efficiency of 93%. However this value is less
than that in noble metal incorporated TiO

2
, for example,

97% in Ag-incorporated TiO
2
system and 100% in Au-

incorporated TiO
2
[7, 9, 38]. But the photocatalytic activity

of TiO-incorporated TiO
2
is much higher than that of Ag-

incorporated TiO
2
. In [7, 38], Ag-incorporated TiO

2
took

2 hrs to reach DE of 97% and Au-incorporated TiO
2
took

50mins to reach DE of 100%. While in this work, TT20

just took 38mins to reach DE of 93%. Therefore, the TiO-
incorporated TiO

2
has much application value.

4. Conclusion

In this work, we employed high-energy ball-milling method
to fabricate TiO/TiO

2
heterogeneous nanostructures. XRD

proved the existence of TiO/TiO
2
heterogeneous structures.

SEM and HRTEM investigation evidenced that the mean
particle size and mean grain size of the as-prepared samples
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Figure 7: (a) Degradation and (b) degradation rate of the as-prepared samples.

are 23 nm and 13 nm, respectively. UV-Vis exhibited that the
incorporated TiO has enhanced the Vis absoption of TiO

2

and has changed the𝐸
𝑔
of TiO

2
. UPS examination found that

the electron work function of TiO is higher than that of TiO
2
.

Photocatalytic experiment has revealed that an appropriate
TiO content can lift the photocatalytic activity of pure TiO

2

to a level better than that of Au-incorporated TiO
2
by keeping

high degradation efficiency of 93%. The internal electrical
field produced by TiO/TiO

2
heterogeneous nanostructures

was thought to be dominantly responsible for the enhanced
photocatalytic activity. Therefore, the substitution of the
noble metal with TiO to enhance the photocatalytic activity
of TiO

2
has much application value. This work also gives a

clear direction of enhancing photocatalytic activity of TiO
2
by

incorporating a second compound into TiO
2
particle with an

appropriate content if the second compoundhasmuch higher
electron work function than that of TiO

2
.
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[25] M. Fernández-Garćıa, X.Wang, C. Belver, J. C.Hanson, and J. A.
Rodriguez, “Anatase-TiO

2
nanomaterials: morphological/size

dependence of the crystallization and phase behavior phenom-
ena,” Journal of Physical Chemistry C, vol. 111, no. 2, pp. 674–682,
2007.

[26] V. Senthilkumar, M. Jayachandran, and C. Sanjeeviraja, “Prepa-
ration of anatase TiO

2
thin films for dye-sensitized solar cells by

DC reactive magnetron sputtering technique,”Thin Solid Films,
vol. 519, no. 3, pp. 991–994, 2010.

[27] Y. V. Kolen’ko, A. V. Garshev, B. R. Churagulov, S. Boujday, P.
Portes, and C. Colbeau-Justin, “Photocatalytic activity of sol-
gel derived titania converted into nanocrystalline powders by
supercritical drying,” Journal of Photochemistry and Photobiol-
ogy A, vol. 172, no. 1, pp. 19–26, 2005.

[28] R. J. Tayade, H. C. Bajaj, and R. V. Jasra, “Photocatalytic removal
of organic contaminants from water exploiting tuned bandgap
photocatalysts,”Desalination, vol. 275, no. 1–3, pp. 160–165, 2011.

[29] L. Vayssieres, C. Persson, and J.-H. Guo, “Size effect on the con-
duction band orbital character of anatase TiO

2
nanocrystals,”

Applied Physics Letters, vol. 99, no. 18, Article ID 183101, 2011.
[30] S.Monticone, R. Tufeu, A. V. Kanaev, E. Scolan, and C. Sanchez,

“Quantum size effect in TiO
2
nanoparticles: does it exist?”

Applied Surface Science, vol. 162-163, pp. 565–570, 2000.
[31] F. A. Cotton, Chemical Applications of Group Theory, Wiley-

Interscience, New York, NY, USA, 3rd edition, 1990.
[32] T. Ioannides andV. P. Zhdanov, “Comment on: ‘Nm-sizedmetal

particles on a semiconductor surface, Schottky model, and i.e.’
by V.P. Zhdanov [Surf. Sci. 512 (2002) L331–L334],” Surface
Science, vol. 530, no. 3, pp. 216–220, 2003.

[33] N. Barka, S. Qourzal, A. Assabbane, and Y. Ait-Ichou, “Kinetic
modeling of the photocatalytic degradation of methyl orange
by supported TiO

2
,” Journal of Environmental Science and

Engineering, vol. 5, no. 30, pp. 1–5, 2010.
[34] M. N. Rashed and A. A. EI-Amin, “Photocatalytic degradation

of methyl orange in aqueous TiO
2
under different solar irradi-

ation sources,” International Journal of Physical Sciences, vol. 2,
pp. 73–81, 2007.

[35] J. F. Lei, X. P. Li, W. S. Li, F. Q. Sun, D. S. Lu, and Y. Lin, “Photo-
catalytic degradation of methyl orange on arrayed porous iron-
doped anatase TiO

2
,” Journal of Solid State Electrochemistry, vol.

16, no. 2, pp. 625–632, 2012.
[36] P. Simon, B. Pignon, B. J.Miao et al., “N-doped titaniummonox-

ide nanoparticles with TiO rock-salt structure, low energy band
gap, and visible light activity,”Chemistry ofMaterials, vol. 22, no.
12, pp. 3704–3711, 2010.

[37] M. Batzill, E. H.Morales, andU. Diebold, “Influence of nitrogen
doping on the defect formation and surface properties of TiO

2

rutile and anatase,” Physical Review Letters, vol. 96, no. 2, pp.
026103–026106, 2006.

[38] R. Nainani, P. Thakur, and M. Chaskar, “Synthesis of silver
doped TiO

2
nanoparticles for the improved photocatalytic

degradation of methyl orange,” Journal of Materials Science and
Engineering B, vol. 2, pp. 52–58, 2012.



Research Article
One-Pot Synthesis of Cu2O/Cu Self-Assembled Hollow
Nanospheres with Enhanced Photocatalytic Performance

Bo Zhou,1 Zhiguo Liu,2 Haijun Zhang,1 and Yan Wu1

1 Engineering Research Academy of Graphite NewMaterials, Heilongjiang University of Science and Technology, Harbin 150027, China
2Department of Physics, Harbin Institute of Technology, Harbin 150080, China

Correspondence should be addressed to Bo Zhou; apenbox@126.com and Zhiguo Liu; liuzhiguo@hit.edu.cn

Received 16 December 2013; Revised 27 January 2014; Accepted 28 January 2014; Published 27 February 2014

Academic Editor: Chuanfei Guo

Copyright © 2014 Bo Zhou et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Cu
2
O/Cu hollow spheres are prepared using one-pot template-free solvent-thermal synthesis route with (CH

3
COO)

2
Cu⋅H

2
O as a

precursor.With the reaction time increasing gradually from 2 h to 20 h, the morphology of the Cu
2
O/Cu evolves from nanoparticle

to hollow nanosphere. The hollow structure is obtained when the cooling rate falls down to 0.7∘C/min. And the content of Cu in
the hollow spheres also can be easily controlled by adjusting the solvent-thermal synthesis time. Using photocatalytic degradation
of phenol as the probe molecules under visible-light illumination, we have investigated the influence of hollow structure on
the photocatalytic activity of Cu

2
O/Cu. The prepared hollow sphere Cu

2
O/Cu particles exhibited a higher photodegradation

capability than nanoparticles and solid spheres. When the content of Cu lies in the range of 11–86wt%, the samples exhibit
higher photocatalytic performance, indicating that the Cu

2
O/Cu particles with hollow structure are promising candidates for the

processing of pollutants.

1. Introduction

Semiconductor-based photocatalysts, activated by illumina-
tion at room temperature, are used for degradation of organic
pollutants by redox reaction. The technique is environmen-
tally clean and thus attracts more and more attention [1].
As is well known, the activity of a catalyst depends largely
on geometry and morphology. Hollow/porous structures
possess large area of surface and interface, which enhances
not only the adsorption and desorption of products but
also light harvesting, thereby improves the catalytic activity.
Some existing works have demonstrated that morphology
of materials can be well controlled in some important
photocatalytic materials [2–5]. Various method have been
developed to achieve these special structures, which involve
hard templates or soft templates (PEG [6], CTAB [7]), as well
as physical/chemical processes based on Kirkendall effect
[8], Ostwald ripening [9], oriented attachment [10], and
so forth. Although much progress has been made in the
synthesis of hollow spheres, it remains a major challenge to
develop a fast and facile solution route for the preparation of

inorganic hollow nanostructures, especially one-pot synthe-
sis nanocomposite with hollow structure.

As is well known, the maximum irradiation of sunlight
lies in the visible range, and only photocatalysts with cor-
responding band gap could sufficiently use solar energy.
The band gap of Cu

2
O is 2.0∼2.2 eV, and the component

elements are inexpensive and abundantly available, making it
a promising candidate for photocatalysts. Numerous reports
have shown the superior performance of Cu

2
O on solar

energy conversion [11], photocatalytic degradation of organic
pollutants [12], and decomposition of water into H

2
and

O
2
[13]. In recent years, various Cu

2
O hollow structures

have been prepared by different methods. Qi and coworkers
reported the one-pot synthesis of octahedral Cu

2
Onanocages

via a catalytic solution route. Zeng et al. reported the prepara-
tion of hollow nanocubes of Cu

2
Ovia reductive self-assembly

of CuO nanocrystals. In both synthetic processes, expensive
and toxic organic solvents were used. Although many efforts
have been devoted to synthesizing hollow Cu

2
O, few results

were reported on the synthesis and photocatalytic property of
Cu
2
O/Cuwith hollow structure.We have previously reported
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Figure 1: (a) TEM images of sample S4; (b) XRD patterns of sample S4.

that the composite of Cu
2
O/Cu has higher photocatalytic

activity than simple-phase Cu
2
O [14]. It remains a great

challenge to develop a feasible method for the synthesis of
nanocomposite of Cu

2
O/Cu structures with hollow mor-

phologies.
A simple and green one-pot in situ synthetic route for

nanosized Cu
2
O/Cu hollow nanospheres is introduced here.

The synthesis of Cu
2
O/Cu is developed with a template-

free solvent-thermal route to control its morphology and
phase composition. More importantly, the hollow structure
of Cu

2
O/Cu can be obtained by adjusting the reaction

conditions. A possible formation mechanism was proposed
to account for the production of hollow structures.The effect
of reaction time and cooling rate on its morphology was
investigated. The adsorption and photocatalytic activity of
samples were evaluated by the photocatalytic degradation of
phenol under visible light illumination.

2. Experimental

2.1. Preparation of Cu
2
O/Cu Hollow Spheres. All the chem-

icals were analytical grade regents used without fur-
ther purification. In a typical preparation, copper acetate
((CH
3
COO)

2
Cu⋅H
2
O, 0.02–0.05M)was dissolved in amixed

organic solvent of N,N-dimethylformamide (DMF) and
ethanol. After the solution was stirred for 30min, 35mL of
this transparent blue solvent was sealed in a Teflon-lined
stainless steel autoclave with a capacity of 50mL and heated
at 200∘C for 2–20 h in electric oven. After reaction, the pre-
cipitation was separated from the solution by centrifugation,
then washed with alcohol for several times, and finally dried
at 70∘C for 5 h in a vacuum oven.The denotations of samples
prepared at different condition are shown in Table 1.

2.2. Characterization. The samples were characterized by X-
ray powder diffraction (XRD) using a Rigaku 12 kW X-ray

diffractometer with Cu K
𝛼
radiation (𝜆 = 0.15418 nm). Their

morphology and size distributionwere inspectedwith a JEM-
S4800 field-emission scanning electronmicroscope (FESEM)
operated at 15 Kv and a JEOL-2010 transmission electron
microscope (TEM) working at 200 kV. N

2
adsorption-

desorption isotherms were obtained using a Quantachrome
Autosorb-1 apparatus. Barret-Joyner-Halenda (BJH) method
was employed to determine the pore diameter (𝑑

𝑃
) and pore

volume (𝑉
𝑃
). The specific surface area (𝑆BET) was calculated

using the Brunauer-Emmett-Teller (BET) method.

2.3. Measurement of Adsorption and Photocatalytic Activity.
The adsorption behavior and photocatalytic activity of the
Cu
2
O/Cu were evaluated by the degradation of the solution

of phenol at a concentration of 10mg/L. 0.030 g Cu
2
O/Cu

NCs powder was dispersed in a 50mL probe molecular
aqueous solution. Before illumination, the suspension was
stirred in the dark for more than 120min to achieve an
adsorption/desorption equilibrium of organic molecules on
the surface of Cu

2
O/Cu. The photocatalytic reaction was

carried out at room temperature by using a 100W tungsten
lamp as a visible light source. At different time intervals
during the experiment, 5mL of solution was sampled each
time for analysis. After centrifugation at 11000 rpm for 10min,
the absorbance of solution was measured using a UV-visible
spectrophotometer (TU-1901).

3. Results and Discussions

3.1. Structure andMorphology. Sample S4 (precursor concen-
tration is 0.02M, reaction time is 14 h, and cooling rate is
0.7∘C/min) possesses the typical morphology of all, whose
TEM images are shown in Figure 1(a). Hollow spherical
nanoparticles are observed, with the diameter of 140∼280 nm,
whose shell is 30∼50 nm in thickness. It can be seen from
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Figure 2: The effect of reaction time on the formation of Cu
2
O/Cu hollow nanospheres: (a) 2 h; (b) 4 h; (c) 10 h; and (d) 20 h.

Table 1: Experimental conditions, phase composition, and characterized parameters of different samples, where 𝑆BET, 𝑑𝑃, and 𝑉𝑃 are specific
surface area, pore diameter, and pore volume, respectively.

Sample Reaction time (h) Cu wt% Cu2O wt% 𝑆BET (m
2/g) 𝑑

𝑃
(nm) 𝑉

𝑃
(cm3/g)

S1 2 — 100 12.5 2.162 0.0131
S2 6 11 89 17.4 1.688 0.0161
S3 10 31 67 18.9 1.774 0.0154
S4 14 61 39 19.3 2.088 0.0304
S5 20 86 14 19.1 2.134 0.0234

Figure 1(b) that this sample is composite materials, which
are characterized by the two sets of diffraction peaks, that
is, Cu

2
O (space group Pn3m; a0 = 0.4252 nm; JCPDS 05-

0667) and cubic Cu (space group Fm3m; a0 = 0.3613 nm;
JCPDS 04-0836). The peaks located at 29.58∘, 36.43∘, 42.37∘,
64.45∘, and 73.66∘ can be, respectively, identified as Cu

2
O

(110), (111), (200), (220), and (311) diffraction plane. And the

peaks located at 43.34∘, 50.53∘, and 74.21∘ can be, respectively,
identified as Cu (111), (200), and (220) diffraction plane.

To study the formation process of the Cu
2
O hollow

spheres, samples were collected at different reaction time
and were characterized by the TEM analysis (Figure 2).
When the solution at 200∘C for 2 h, the system appears
brown precipitate; these are nanoparticles that can be seen
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Figure 3: The cooling rate-dependent morphology: (a) quenched in ice water; (b) 3∘C/min; and (c) 0.7∘C/min.

from Figure 2(a). Figure 2(b) is a TEM image of the sample
collected after 4 h, showing that Cu

2
O nanoparticles aggre-

gated to form loose spheres, whose diameter are approxi-
mately 140–280 nm and part of them are hollow structure.
When the reaction time increases to 10 h, the spherical self-
assembled internal nanoparticles are significantly decreased;
hollow structure can be seen from Figure 2(c), a thin-wall
hollow spherical structure was formed, which diameter is
approximately 180 nm and the wall thickness is about 30 nm.
When the reaction time is 20 h, the color of the sample
is completely changed to dark purple. The corresponding
TEM photograph is shown in Figure 2(d), and the hollow
structure obtained exhibits no change in morphology. This
time-dependent self-assembly allows selective synthesis of
hollowmesoporous spheres by changing reaction time, which
is of great importance for designing catalysts with high
activity.

In this experiment, the authors found that the cooling
rate has great impact on the formation of hollow structure.
Figure 3 shows the SEM of samples obtained at 200∘C for
10 h with different cooling rate. Shown in the Figure 3(a)
is the sample obtained when the stainless steel autoclave
was quenched in ice water, the morphology of which is

disorganized nanoparticles. Decreasing the cooling rate to
3∘C/min (Figure 3(b)), the product exhibits spherical aggre-
gated structure. When the cooling rate was decreased to
0.7∘C/min, the hollow spheric structure with 140–280 nm
diameter was formed, which could be indicated by the light
and shade contrast as the arrow point inset Figure 3(c).

Figure 4 illustrates the Schematic formation process of
Cu
2
O/Cu hollow nanospheres. As indicated, the solid spheres

are comprised of numerous smaller crystallites. Firstly, the
nanocrystals formed and then driven by the minimization of
the system energy; the small nanocrystals tend to aggregate
together to form solid spherical groups. These aggregates
exhibit various packing densities along the radial direction.
With increasing reaction time, Ostwald ripening [9] then
comes into effect; the particles with high surface energy
move from the center to the surface. Voids in the cores
of large aggregates gradually form and become bigger. The
original driving force for this ripening is attributed to the
existence of intrinsic density variations inside the starting
solid aggregates.

Figure 5 shows the XRD patterns of a series of samples
prepared with different reaction time at 200∘C. For the S1,
all diffraction peaks can be indexed to be cubic phase of
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Figure 4: Schematic illustration of the formation hollow spheric
nanostructures.
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Figure 5: Powder XRD patterns of hollow nanospheres synthesized
with different reaction times: (S1) 4 h; (S2) 6 h; (S3) 10 h; (S4) 14 h;
and (S5) 20 h.

Cu
2
O crystal (JCPDS number 05-0667). When the reaction

time was prolonged from 6 h to 20 h, the samples (S2, S3,
S4, and S5) were found to be composite materials of Cu

2
O

and Cu. With increasing the reaction time, the relative
intensity of Cu

2
O (1 1 1) peak increases, indicating the higher

content of Cu
2
O in the NCs. (Table 1). With increasing

precursor concentration, the relative intensity of Cu
2
O (1

1 1) peak increases, indicating the higher content of Cu
2
O

in the nanocomposites. The mass fraction of Cu
2
O in the

nanocomposites can be calculated using the relative ratio [15]:

𝐼Cu
𝐼Cu
2
O(111) + 𝐼Cu(111)

, (1)

where 𝐼Cu
2
O(111) and 𝐼Cu(111) are the height of the charac-

teristic diffraction peaks of Cu
2
O (111) and Cu (111) planes,

respectively. As calculated from XRD results (Figure 5), the

corresponding content of Cu increases from 0wt% to 86wt%
when the time increases from 4 h (S1) to 20 h (S5). Thus, the
reaction time plays a crucial role in forming different ratios
of Cu
2
O to Cu in the composite.

Figure 6 shows the relationship between the morphology
and the precursor concentration. Obviously, the concen-
tration of precursor has a great effect on the morphology.
At low precursor concentration of 0.02M (S2, Figure 6(a)),
hollow sphere is formed, whose diameter is approximately
140–280 nm. The contrast of light and shade can infer the
possible hollow structure (the arrow inset Figure 6(b)).When
the precursor concentration increases to 0.05M, the diameter
of microsphere increase to 2 𝜇m, and the spheres become
merged together. Therefore, when the precursor concentra-
tion changed, the products changed not only in size but also
in morphology of the grain.

3.2. N
2

Adsorption-Desorption. Figure 7 show the N
2

adsorption-desorption isotherm of S1 and S4 (S4 is
representative for all the hollow spheric samples), and
the two adsorption isotherms all exhibit type IV hysteresis,
indicating S1 and S4 are porous structures.The corresponding
parameters are listed in Table 1. The pore size of S1 (inset
Figure 7(a)) ranges from 33 to 42 nm, which can be
attributed to the aggregation of nanoparticles. But for S4
(inset Figure 7(b)), the pore size has shown the obvious
bimodal pore size distribution, which is located in the
microporous and mesoporous region, respectively, including
the maximum probability diameter of 3.7-3.8 nm between
the interior of the particle agglomeration hole and 17–40 nm
agglomeration piled holes between particles.

3.3. Photocatalytic Activity. Phenol is transparent to visible
light and very hard tomineralize due to its resonance stability.
The strong absorption peak at about 269 nm is selected
to monitor the photocatalytic degradation process. With
longer irradiation time, this characteristic peak becomes
weaker and weaker, indicating the degradation of phenol. No
new adsorption peaks appear and no obvious shift of the
characteristic peak is observed, indicating the degradation of
phenol.

In order to understand the hollow structure in enhanc-
ing the photocatalytic performance of Cu

2
O, pure Cu

2
O

nanoparticles, nanospheres, and hollow nanospheres are
prepared and the photocatalytic activity is studied. Shown in
Figure 8 is the photocatalytic activity of Cu

2
O with different

morphologies, which is characterized by the initial concen-
tration (𝐶

0
) and the concentrations at different time interval

(C).The sizes of Cu
2
Onanoparticle in the hollow spheres and

nanospheres are approximately the same as the nanoparticles
Cu
2
O. From Figure 8, we can see that without catalyst,

phenol cannot be degraded under visible light irradiation,
whereas it can be easily degraded with the presence of Cu

2
O

photocatalysis. At an irradiation time of 120min, 75% phenol
is degraded with the presence of hollow spheric sample. On
the contrary, the photocatalytic performance of nanoparticles
and solid structure are relatively low; especially nanoparticles
Cu
2
O, the degradation rate is only 23%. Compared to solid
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Figure 6: SEM images of Cu
2
O/Cu composites obtained in different precursor concentrations: (a) 0.02M; (b) 0.05M.
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Figure 7: N
2
adsorption-desorption BET isotherms of samples S1 and S4. The inset shows the pore size distribution.

particles, hollow structures have large specific surface areas,
the interior and exterior surfaces, which enhance not only
the adsorption and desorption of products but also light
harvesting, thereby improving the catalytic activity.

Figure 9 shows the photocatalytic performance of Cu
2
O/

Cu hollow spheres, whose Cu contents are different. Among
these samples, the performance of S1 is relatively low, while
S3 exhibits the highest performance. As discussed above, S1
is the pure phase of Cu

2
O and the other samples (S2–5) are

nanocomposites of Cu
2
O and Cu. The pure-phase semicon-

ductor exhibits very low quantum efficiency due to the quick
recombination of photoelectrons and holes [16]. According to
the theory of metal/semiconductor heterostructure catalysis
[17–21], the photocatalytic activity of semiconductor-based
heterostructure depends greatly on the concentration of
heterostructure interface and defect, which promotes inter-
facial charge-transfer kinetics between the metal and semi-
conductor and improves the separation of photogenerated

electron-hole pairs, thus increasing photocatalytic activity
[17]. In fact, a Schottky barrier was assumed to form at the
Cu
2
O and Cu interface; Cu acts as an electron sink that

reduces the recombination of photoinduced electrons and
holes (2). However, Cu

2
O is known to absorb a relatively large

amount of oxygen on the surface [22]. It has been proven
that the electrons do accumulate on Cu particles, and the
accumulation of electron on Cu will transfer to Cu

2
O and O

2

will reduce O
2
to ∙O−

2
(3), while the ∙O−

2
oxidize the H

2
O

to form ∙OH (4); finally, the organics have been degraded
through the formation of ∙OH (5) [23–25].The accumulation
of electron on photocatalyst will increase the rate of recom-
bination. In Cu

2
O/Cu, the interfaces between Cu and Cu

2
O

act as the sites where rapid seperation of photogenerated
electrons and holes occurs. On the other hand, very high
content of Cu (S5, 86wt%) does not favor high photocat-
alytic activity, since Cu becomes a recombination center for
electrons and holes instead [26]. Therefore, the mass fraction
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under visible light irradiation with the presence of hollow spheric
Cu
2
O/Cu NCs which have different Cu contents.

of Cu in the nanocomposites also influences photocatalytic
activity.

Consider

semiconductor + h] → e−
𝐶𝐵
+ h+
𝑉𝐵
, (2)

e−
𝐶𝐵
+O
2
→

∙O−
2
, (3)

∙O−
2
+H
2
O → ∙OH, (4)

∙OH+organic → Degradation products. (5)

4. Conclusions

Hollow spheric Cu
2
O/Cu photocatalysts have been synthe-

sized by following a one-pot solvent-thermal synthesis route
without using any templates and additives. The reaction
time and cooling rate have a strong effect on the formation
of the hollow Cu

2
O/Cu nanospheres. The hollow spheric

structure is formed at a reaction time in the range of 4 h
to 20 h and low cooling rate 0.7∘C/min. The content of
Cu increases with increasing reaction time. As visible-light-
driven photocatalysts, the hollow spheric Cu

2
O/Cu exhibit

better photocatalytic performance than the nanoparticles and
solid spheres. Our route offers an effective way to control
the synthesis of Cu

2
O/Cu hollow spheres and may shed

light on the design of simple route for one-pot synthesis of
metal oxide nano-heterojunction, other well defined complex
nanostructures.
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It has become one of themajor environmental problems for people worldwide to be exposed to high arsenic concentrations through
contaminated drinking water, and even the long-term intake of small doses of arsenic has a carcinogenic effect. As an efficient
and economic approach for the purification of arsenic-containing water, the adsorbents in adsorption processes have been widely
studied. Among a variety of adsorbents reported, the metal oxide heterostructures with high surface area and specific affinity for
arsenic adsorption from aqueous systems have demonstrated a promising performance in practical applications.This review paper
aims to summarize briefly the metal oxide heterostructures in arsenic removal from contaminated water, so as to provide efficient,
economic, and robust solutions for water purification.

1. Introduction

One of the decontamination goals is to detect and remove
toxic substances from contaminated water in an affordable
and robust way [1], because the widely distributed substances,
such as heavy metals, are known to cause harm to humans
and environments [2, 3]. Thus, how to effectively dispose
of these environmentally undesirable substances from water
systems is still very important and challenging. Numer-
ous methods have been proposed for efficient heavy metal
removal from water, including chemical precipitation, ion
exchange, adsorption,membrane filtration, and electrochem-
ical technologies, and so forth [4]. Among these techniques,
as a simple, efficient, cost-effective, and ecofriendly approach
for removing extremely toxic metal ions in drinking water
and in hydrometallurgical streams, adsorption offers good
flexibility in design and operation and will generate high-
quality treated effluents for safe and healthy use [5]. The
adsorption of heavy metals on solid adsorbents in dispersed
formhas been substantially studied [6–8], and the adsorption
process has become one of the major methods for heavy
metal removal from water. In general, for removing heavy

metal ions fromwater, an effective adsorbent should have the
following features [9]: (i) rich active sites (ion exchange sites
or vacancies); (ii) low cost; (iii) good mechanical property;
and (iv) environmental friendliness. Furthermore, owing
to the reversible nature of most adsorption processes, the
adsorbents should be regenerated by suitable desorption
processeswith lowmaintenance cost, high efficiency, and easy
operation.

As a heavy metal with major environmental and health
risk, the arsenic (As) disposal has brought about particular
problems in case of anomalous concentration of As in ground
and surface waters, because As with high mobility has the
tendency to return to these waters [10]. Generally, natural
waters contain low levels of total arsenic as As(V) and/or
As(III) of 1–10 𝜇g/L [4, 10]. High arsenic concentrations can
inhibit nitrification, and the inhibition of microorganisms
in arsenate-rich soils is growing. Furthermore, arsenic is
responsible for developing cancers of liver, bladder, skin, and
kidney, and long-term intake of small doses of inorganic
arsenic compounds may also cause many other diseases
[6]. Similar to the techniques for disposing of other heavy
metals as mentioned above, many approaches have also
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been developed to remove As from contaminated water
[11]. The arsenic disposal technologies can be specifically
classified into three major categories: membrane separation,
coagulation-precipitation, and adsorption [12, 13]. The inter-
actions of arsenic species with metal oxides and hydroxides
are important in order to control themobility of arsenic in the
natural environment, which can be used for removing arsenic
with metal-based coagulants and adsorbents. For example,
the prepared iron and aluminum based adsorbents from
relatively inexpensive materials showed their effectiveness in
removal of dissolved arsenic from water [14]. Actually, the
capability and efficiency of adsorption technology in arsenic-
containing water treatment mostly depend on the features
and functions of the adsorbents employed.

The alumina andmodified alumina adsorbents have been
widely applied for As removal from aqueous systems, which
is partly owing to their large surface areas and high activities
[15, 16]. Other than alumina, the metal oxides with nanosized
building blocks may contain high surface area and more
surface functional groups, which can interact with As and
other heavy metal ions [8]. The overall heterostructures
of the metal oxides may also provide desirable mechanical
properties, such as robustness, facile transportation, and easy
recovery and regeneration, resulting in excellent adsorption
capacities for As removal from contaminated water [17]. Note
that the initial As ion concentrations are normally very low in
practical applications; hence the capacity to removeAs ions at
low concentrations is a better criterion for selecting a suitable
metal oxide adsorbent [18–20]. Moreover, the development
of nanomaterials [9], especially those with heterogeneous
structures, such as porous materials [21–24], spheres [25–
31], hierarchical materials [32–36], nanocomposites [37, 38],
nanoparticles [39, 40], nanosheets [41–44], nanojunctions
[45], nanowires [46, 47], nanoflowers [48], and binary metal
oxides [49, 50], is expected to play a key role for the diversified
applications, including the detection and remediation of
water pollution. The design and application of novel nanos-
tructured metal oxides has received more andmore attention
in the purification of arsenic contaminated water in the past
few decades.The aim of this review is to present a broad view
of metal oxide heterostructures as adsorbents that have been
identified for use in arsenic removal from water systems.

2. Metal Oxide Heterostructures for
Arsenic Removal

Arsenic is both redox sensitive and able to form oxyanions, so
the speciation of arsenic is sensitive to both the redox states
and pH values of the chemical environment. The most stable
redox states include−3 (arsine gas, AsH

3
),−1 (alkyl arsenic), 0

(elemental arsenic), +3 (arsenite), and +5 (arsenate), and the
latter two states are dominant in aqueous arsenic solutions
[11]. Once dissolved, both As(III) and As(V) species are
able to bind with one or more hydrogen ions, forming
two deprotonation series. The World Health Organisation’s
guideline for maximum arsenic concentration in drinking
water is currently 10 ppb [14]. In the adsorption process
for arsenic disposal, the heterostructured metal oxide based
adsorbents mainly include activated alumina, iron oxides,
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Scheme 1: Schematic drawing of the main idea of the review paper.

zirconium oxides, titanium oxides, cerium oxides, binary
metal oxides, and so on [5, 12]. Generally, the high surface
area and high specific affinity for arsenic adsorption are the
two key factors to determine the efficiency of arsenic removal
from contaminated water. The high surface area of metal
oxide may provide rich sites for arsenic adsorption, which is
normally benefited from porous structures. The high specific
affinity is mainly due to the abundant surface hydroxyls on
metal oxides [5]. The schematic drawing to show the main
idea of this review paper was illustrated in Scheme 1.

2.1. Activated Alumina. Activated alumina is the most com-
monly used adsorbent for arsenic removal from contami-
nated water [14, 16, 51, 52].The activated alumina was applied
successfully for removing arsenic, if the pH of wastewater was
slightly acidic and the competing anionswere present in small
concentrations [12]. The activated alumina has the advantage
of simple and long-time operation even for 1–3months before
regeneration is required. However, it is disadvantageous that
both NaOH and H

2
SO
4
are required in the regeneration

process. Moreover, it is necessary to further treat and dispose
of the spent contaminated alkaline and acid wastewaters.

The conventional activated alumina with ill-defined pore
structures generally showed low adsorption capacities in a
kinetically slow manner. An ideal activated alumina adsor-
bent should have accessible and interlinked pore systems,
high surface area, and good physical and/or chemical sta-
bility. The arsenic removal was therefore carried out with a
mesoporous alumina prepared via a templating method [53],
and the resulting alumina was insoluble and stable under
the condition of pH = 3–7. Compared with the conve-
ntional activated alumina, the maximum As(V) uptake of
mesoporous adsorbent was ca. 7 times higher, and the
adsorption kinetics were also more rapid. Surprisingly, the
surface area of the adsorbent did not have influence on its
adsorption capacity greatly. In this case, the key factor for
adsorption was supposed to be uniform pore size and inter-
linked pore system. In a recent paper, Han et al. studied the
mesoporous alumina as an effective adsorbent for arsenic(V)
removal in the pH of 2.5–7.0 [51]. The arsenic adsorption
data were well fitted by the Langmuir isotherm model with
a maximum adsorption capacity of 36.6mg/g at near neutral
pH.Themesoporous structure was favorable for the diffusion
and transportation of arsenate species, and the high surface
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area and more hydroxyl groups benefited the formation of
positive aluminum hydroxide species. Li et al. also reported
a highly ordered mesoporous alumina with superb arsenic
removal capacities, which could reduce the arsenic concen-
tration from 100 ppb to less than 10 ppb [52], suggesting that
the ordered mesoporous alumina could become the ideal
adsorbents in the practical application of water purification.

2.2. Iron Oxides. Iron is one of themost widespread elements
in the earth. The convenience of resource and ease in
synthesis renders iron oxides as environmentally friendly and
low-cost adsorbents for arsenic adsorption [8].

The iron oxide-coated sand with an easy preparation
procedure was investigated for its performance to remove
arsenic in water [54, 55]. The adsorption reaction showed a
Langmuir-type adsorption isotherm, where the electrostatic
interaction was possibly involved in the adsorption. Recently,
the iron-oxide coated natural rock was developed with
As(III) adsorptive capacity of 1.647mg/g [56], which was
in accordance with the data evaluated from the Langmuir
isotherm.

The ultrafine 𝛼-Fe
2
O
3
nanoparticles were prepared to

remove arsenic ions from both lab-prepared and natural
waters [39]. These 𝛼-Fe

2
O
3
nanoparticles were aggregated

into a highly porous structure with a high specific surface
area of 162m2/g, and high-affinity hydroxyl groups were
covered on the surface. Under neutral pH, the adsorption
capacities of the 𝛼-Fe

2
O
3
nanoparticles for As(III) and

As(V) from lab-prepared water samples were found to
be ca. 95mg/g and 47mg/g, respectively. These 𝛼-Fe

2
O
3

nanoparticles maintained their arsenic adsorption capacity
even at very high competing anion concentrations.Moreover,
without the peroxidation and/or the pH adjustment, these
𝛼-Fe
2
O
3
nanoparticles could effectively remove both As(III)

and As(V) from a contaminated natural lake water sample
[39]. Fe

2
O
3
showed a higher capacity than that ofAl

2
O
3
in the

removal ofAs(V) ions fromwater, and the initial sorption rate
of Fe
2
O
3
was also higher than that of Al

2
O
3
, which indicated

that the nano-Fe
2
O
3
is effective in the removal of As(V). The

flower-like hierarchical iron oxides were used for removal of
As(V) ions [17, 57].TheAs(V) adsorption capacity of 5.3mg/g
with all three types of iron oxides (𝛼-Fe

2
O
3
, 𝛾-Fe

2
O
3
, and

Fe
3
O
4
) was obtained, which was about 10 times higher than

that of a commercial iron oxide sample (0.46mg/g).
Mesoporous magnetic nanostructures may solve the

problems associated with aggregation and poor separation.
The mesoporous 𝛾-Fe

2
O
3
was therefore developed with a

specific surface area of 35.7m2/g, demonstrating a maximum
uptake of arsenic ions of 73.2mg/g, which was higher than
that of the aggregated 𝛾-Fe

2
O
3
nanoparticles [58]. This was

mainly attributed to the larger specific surface area, pore
volume, and pore sizes of themesoporous 𝛾-Fe

2
O
3
structures.

Mamindy-Pajany et al. studied the arsenic adsorption by
commercially available goethite and haematite [59]. Higher
adsorption was observed in acidic pH, and the adsorption
on both adsorbents decreased at alkaline pH values. There
was no effect of the ionic strength on arsenate adsorption,
implying the formation of an inner-sphere surface complex.

At pH values corresponding to natural water, both haematite
and goethite were able to adsorb more than 80% of arsenic,
irrespective of the initial concentration.The iron oxides used
were supposed to be suitable adsorbents for As(V) removal
technologies. Later, Mamindy-Pajany et al. also discussed
arsenic(V) adsorption under different physicochemical con-
ditions with the commercial adsorbents: hematite, goethite,
and magnetite [60]. The arsenate adsorption was related
to the iron content of adsorbents, and the adsorption rate
increased in the following order: goethite > hematite >mag-
netite. The arsenate adsorption was fitted well by the Lang-
muirmodel for almost all adsorbents, indicating amonolayer
adsorption of arsenic.

Babu et al. reported that the adsorbed arsenic on mag-
netic Fe

3
O
4
core-shell nanorods was easily removed by mag-

netic separation and regenerated by acid treatment, resulting
in an arsenic removal rate of more than 99% [29]. Feng et al.
synthesized superparamagnetic acid-coated Fe

3
O
4
nanopar-

ticles with a high specific surface area through an envi-
ronmentally friendly hydrothermal route, which exhibited a
maximum adsorption capacity of 16.56mg/g for arsenic(V)
and 46.06mg/g for arsenic(III) [61].The adsorption datawere
in accordance with the Langmuir equation. In another study,
the low-cost Fe

3
O
4
-loaded activated carbon as adsorbent

was developedwith Fe
3
O
4
nanoparticles uniformly deposited

on the surface of the composite, presenting a high surface
area of 349m2/g and a pore volume of 0.20 cm3/g [62]. The
higher temperature favored the adsorption capacity, and the
composite displayed an excellent adsorption capability for
arsenate with a maximum adsorption capacity of 204.2mg/g
at pH 8.0. Furthermore, the magnetization of composite
allowed an easy regeneration by an external magnetic field
after the adsorption process.

2.3. Titanium Oxides. As an important oxide with numerous
practical industrial applications, titanium oxides (TiO

2
, also

called titania) have attracted significant attention in the
fields of photocatalysis, lithium ion batteries, and wastewater
purification [63].

The nanocrystalline TiO
2

exhibited a much higher
adsorption capacity for As(V) and As(III) than fumed
TiO
2
(Degussa P25) and granular ferric oxide [64]. Over

0.5mmol/g of As(V) and As(III) was adsorbed by TiO
2
at

an equilibrium arsenic concentration of 0.6mmol/L. The
competing anions showed a moderate effect on the As(III)
and As(V) adsorption capacities of TiO

2
within neutral pH

range. The authors also investigated the arsenate [As(V)]
and arsenite [As(III)] interactions at the solid-water interface
of nanocrystalline TiO

2
by using electrophoretic mobil-

ity measurements, Fourier transform infrared spectroscopy,
extended X-ray absorption fine structure spectroscopy, and
surface complexation modeling [19]. Jing et al. studied the
adsorption of organic arsenic, such as monomethylarsonic
acid and dimethylarsinic acid, on nanocrystalline TiO

2
[65]

and found that bidentate and monodentate inner-sphere
complexes were formed with the TiO

2
surface during the

adsorption. Jézéquel and Chu analyzed the effects of pH and
divalent cations on the adsorption of arsenate (As(V)) by
TiO
2
nanoparticles [66].



4 Journal of Nanomaterials

Highly nanoporous titania spheres were prepared thro-
ugh in situ hydrolysis of titanium glycolate precursor spheres
[20]. In case of the initial As(V) concentration of 184.8 ppm,
the removal capacity of the titania spheres was 51.8mg/g,
much higher than commercial and directly calcined sam-
ples. The As(V) removal was proposed to form bidentate
binuclear surface complexes between TiO

2
andAs(V) species

in the solution. Guo et al. reported a three-dimensional
TiO
2
nanostructure consisting of a nanoparticle core and

needlelike surface, demonstrating a maximum adsorption
capacity of 59.7mg/g for As(V) [67].The high performance of
self-assembled TiO

2
in water treatment was due to the large

hydroxyl group density, high specific surface area, and the
three-dimensional nanostructure consisting of a nanoparticle
core and needlelike surface.

2.4. Zirconium Oxides. Zirconium-based oxides are stable,
nontoxic, and not dissolvable in water, so they are an attrac-
tive choice for arsenic removal in drinking water [68, 69].

The zirconium oxide nanoparticles with high adsorption
capacities for both As(III) and As(V) at near neutral pH were
developed [68, 70]. These ZrO

2
nanoparticles could remove

arsenic species even with exceptionally high concentrations
of competing ions. Based on this, highly porous and nanos-
tructured ZrO

2
spheres were then fabricated, showing better

arsenic removal performance on both As(III) and As(V)
than ZrO

2
nanoparticles [71], which was readily applied to

conventional fixed-bed adsorption reactors in industry.These
zirconium oxide spheres are nontoxic, highly stable, and
resistant to acid and alkali, with a high arsenic adsorption
capacity.TheZrO

2
spheres had a promising potential for their

application in water treatment practice.
A commercially availablemesoporous hydrous zirconium

oxide was employed for arsenic removal, and some com-
petitive anions and cations were studied under batch and
column conditions [69, 72].The exchange performance of the
hydrous zirconium oxide was pH-dependent. The adsorbent
exhibited high adsorption capacity at pH < 8. It was found
that the silicate (and phosphate) ions were the main compe-
titors affecting the arsenic removal from drinking water or
groundwater.The results of field trials showed high efficiency
of the mesoporous hydrous zirconium oxide for treating
arsenic contaminated water.

The Zr(IV)-loaded phosphoric acid chelating resin was
synthesized, showing a maximum As(V) adsorption capacity
of approximately 0.20mmol/mL for wet resin (0.67mmol/g
for dry resin) [73]. It was found that NaCl and NaNO

3

could enhance the adsorption of As(V), and the electrolytes
in seawater also promoted the adsorption of As(V). In
addition, the Zr-containing resin displayed high selectivity
to As(III). Seko et al. reported a fibrous adsorbent prepared
by loading zirconium on fibrous phosphoric adsorbent with a
zirconiumdensity of 4.1mmol/g [74], displaying a total As(V)
adsorption capacity of 2.0mmol/g at pH = 2. Its superb
adsorption rate was 130 times faster and its capacity was 6
times higher than those of adsorbent resin.

Hristovski et al. synthesized nanoporous ZrO
2
spheres by

the impregnation of macroporous ion-exchange media with
zirconium salt followed by high temperature treatment, and

the fabricated ZrO
2
spheres exhibited the adsorption capacity

comparable to some commercially available iron oxides [75].
Moreover, the high porosity was provided for improved pore
diffusion and faster mass transfer, which may be critical for
applications when diffusion is a limiting factor. However,
due to the higher production cost than iron based oxides,
the ZrO

2
spheres may be limited to specific applications

where iron based oxides could not be used efficiently. Suzuki
et al. reported a porous resin loaded with monoclinic or
cubic hydrous zirconium oxide prepared by incorporation
of ZrOCl

2
into porous spherical polymer beads, which

presented maximum arsenic adsorption capacities of ca. 1.5
and 1.2mmol/g for As(III) and As(V), respectively [76]. The
hydrous zirconium oxide-loaded resin displayed a strong
adsorption for As(V) in the range of slightly acidic to neutral
conditions, while As(III) was favorably adsorbed at pH of 9-
10. This approach was supposed to be applicable for various
combinations of hydrous metal oxides and porous matrices
of desired applications.

2.5. Cerium Oxides. Cerium oxide was widely studied,
because it is one of the most abundant and least expensive
rare earth metal oxides. Cerium oxide possesses the lowest
solubility against acid among the rare earth metal oxides and
does not elute in the process of removing harmful ions in
water [77, 78]. Therefore, it is believed to be a very promising
alternative adsorbent in arsenic disposal.

For the ceria used as the adsorbent for As removal, a 3D
flowerlike micro/nanocomposite structure of ceria resulted
in much higher removal capacities than the commercial
metal oxides [18]. The larger surface area of heterostructured
cerium oxides may explain both higher removal capacities
and faster adsorption rates. About 90% of the adsorption
capacity was reached quickly after mixing ceria and As(V)
solution.

Li et al. synthesized hydrous cerium oxide nanoparticles
with a high specific surface area of 198m2/g and high affinity
surface hydroxyl group by a simple precipitation process,
and it demonstrated exceptional adsorption properties in
terms of adsorption capacity and kinetics on both As(III)
and As(V) [78]. At neutral pH, their arsenic adsorption capa-
city was over 170mg/g for As(III) and 107mg/g for As(V),
respectively. Even at very low equilibrium arsenic concen-
trations, the amount of As(III) and As(V) adsorbed by
the nanoparticles was still more than 13mg/g at 10 𝜇g/L
and 40mg/g at 50 𝜇g/L, respectively, which were higher
than the arsenic adsorption capacities for most commercial
adsorbents. Over a wide pH range of 3–11, the nanopar-
ticles could efficiently remove As(III) by adsorption. Such
exceptional arsenic adsorption performance by the cerium
oxide nanoparticles was shown to derive from the strong
inner-sphere complexion [78]. Meanwhile, the same group
also prepared a novel composite adsorbent by integrating
CeO
2
nanoparticles into silica monoliths [79].The composite

demonstrated superior arsenic removal performance on both
lab-prepared and natural water samples. After desorption
and regeneration, the composite still maintained a good
arsenic adsorption performance, which was promising for
their potential industrial applications.
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2.6. Manganese Oxides. Manganese oxide is an important
natural oxidizing agent. The As(III) oxidation by manganese
oxide is very vital in both the natural cycling of As and the
development of remediation technology, which can be used
to lower the concentration of dissolved As(III) in drinking
water [80].

The reactivity of As(III) with a synthetic MnO
2
com-

pound was investigated to provide some new insights into
the reaction of As(III) with a representative synthetic birnes-
site [81]. The studies found that the As(V)-MnO

2
complex

formed was most likely a bidentate binuclear corner sharing
(bridged) complex occurring at MnO

2
crystallite edges and

interlayer domains. Moreover, the As(III) oxidation caused
a surface alteration, creating fresh reaction sites for As(V)
adsorption on MnO

2
surfaces. Zhu et al. investigated As(V)

and As(III) surface complex structures and reaction energies
on bothMn(III) andMn(IV) sites with the density functional
theory calculations in order to better understand As(III)
oxidation by a layered MnO

2
mineral birnessite [82]. It was

then hypothesized that the Mn(III) sites were less reactive
in terms of As(III) oxidation due to their lower affinity
for As(III) adsorption, higher potential blocked by As(V)
complexes, and slower electron transfer rates with adsorbed
As(III).

Li et al. used the pyrolusite (𝛼-MnO
2
) to investigate

the oxidation of arsenite into arsenate with batch experi-
ments [83]. The arsenite transformation was accompanied
by the adsorption and fixation of both As(III) and As(V)
on 𝛼-MnO

2
. The enhancement on sodium arsenite oxidation

may result from abundant active sites of 𝛼-MnO
2
. It was

therefore proposed that 𝛼-MnO
2
had important potential

in arsenic transformation and removal as the environmen-
tally friendly natural oxidant in contaminated water. Zhang
and Sun synthesized multifunctional micro-/nanostructured
MnO
2
spheres for the As removal from water [84]. The batch

experiments showed that As(III) species were effectively
oxidized by the obtained MnO

2
followed by the adsorption

of As(V) species. The As(V) removal rate with the MnO
2

spheres was clearly dependent on pH and ionic strength, and
the coexisting anions such as CO

3

2−, SO
4

2−, and PO
4

3− could
induce suppressive effects. The As(III) and As(V) interacted
differently with the synthesized MnO

2
spheres.

2.7. Copper Oxides. CuO is an effective arsenic adsorbent
because it does not require pH adjustments or oxidation
of As(III) to As(V) and it performs well in the presence
of competing anions. Cao et al. developed a hierarchically
nanostructured CuO with high specific surface area through
a facile two-step process [85]. The doughnut-like CuO struc-
ture possessed high removal capacity for As(III) and could
be easily separated and recycled during water treatment
processes. The removal capacities of different CuO samples
were found to be proportional to their BET surface areas.The
doughnut-like structure with an prominently larger specific
surface area was therefore advantageous for As(III) removal.
Martinson and Reddy synthesized CuO nanoparticles with
a surface area of 85m2/g [86], and the nanoparticles could
effectively remove As(III) and As(V) at pH 6–10, with a

maximum adsorption capacity of 26.9mg/g for As(III) and
22.6mg/g for As(V). The presence of sulfate and silicate
in water did not inhibit the As(V) adsorption but slightly
inhibited the As(III) adsorption. The high concentrations of
phosphate (>0.2mmol/L) reduced the arsenic adsorption by
CuO nanoparticles.

2.8. Magnesium Oxide. Magnesium oxide was utilized as a
sorbent in water treatment to remove toxic ions and organic
pollutants, but the studies on arsenic removal byMgO are still
very limited. Hristovski et al. reported the removal of As(V)
by commercial MgO powders [87]. Liu et al. demonstrated
highly porous magnesium oxide nanoflakes with a high
surface area of 115.9m2/g and a total pore volume of ca.
0.254 cm3/g [88]. The MgO adsorbents displayed an excep-
tional As(III) removal performance from aqueous solutions
with a maximum adsorption capacity of 506.6mg/g. The
high As(III) adsorption capacity was dependent on the in
situ formation of Mg(OH)

2
due to the interaction of MgO

nanoflakes with water. The formed Mg(OH)
2
could form a

magnesium-arsenite compound, which was responsible for
the high affinity to As(III) in aqueous solution.

2.9. Binary Metal Oxides. Compared with the metal oxides
based on a single metal, the binary oxides based on two
or more metals (or elements) may provide promoted per-
formance for arsenic disposal from contaminated water. We
hereby summarized some typical binary metal oxides with
superior arsenic adsorption performance.

Three types of aluminosilicates (naturalmetakaoline, nat-
ural clinoptilolite-rich tuff, and synthetic zeolite) treated with
Fe(II) nanoparticles were employed for the arsenate sorption
from model aqueous solution [89]. The sorption capacity
of Fe(II)-treated adsorbents was increased significantly in
comparison to the untreated material with the As removal
rate of over 95%. Li et al. used an iron(III) exchanged
natural zeolite clinoptilolite to enhance As removal [90]. The
batch test showed a sorption capacity of 144mmol/kg on
the Fe(III)/zeolite, and the As adsorption could reach up to
100mg/kg. Bilici Baskan and Pala modified the clinoptilolite
with 0.1M FeCl

3
, and at lower initial arsenate concentration,

the adsorbent exhibited greater removal rates [91].This study
showed that the adsorbed amount of arsenic was dependent
on both the iron concentration in the clinoptilolite and the
initial arsenate concentrations.

The Fe-Zr oxides have attracted much attention in the
treatment of arsenic-containing water. Gupta et al. synthe-
sized a nanostructured iron(III)-zirconium(IV) binarymixed
oxide for arsenic removal [92]. The material could be regen-
erated (ca. 80%) with 2.0M alkali solution after adsorption
of arsenic. The toxicity characteristic leaching procedure test
showed the nonhazardous nature of arsenic adsorbed mate-
rial. Later, the same group reported an agglomerated nano-
structured bimetal mixed iron(III)-zirconium(IV) oxide,
exhibiting a good sorption capacity for arsenic(V) in pH =
3.0–7.0 [93]. The pseudo-second-order and the Langmuir
isotherm equations could well explain the kinetic and equi-
librium data (pH = ca. 7.0), respectively. The estimated
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Langmuir monolayer capacity was ca. 9.4mg g−1. Zheng et al.
prepared a zirconium-based magnetic sorbent with a surface
area of 151m2/g, showing amaximumAs adsorption capacity
of 45.6mg/g, which was much higher than many reported
sorbents [94]. It was proposed that the –OH groups played
an important role in the uptake. Some of the arsenate was
reduced to arsenite after its adsorption onto themagnetic sor-
bent. Ren et al. synthesized an iron-zirconium binary oxide
adsorbent with a surface area of 339m2/g by a coprecipitation
method for both arsenate and arsenite removal [95]. The
maximum adsorption capacities were 46.1 and 120.0mg/g at
pH 7.0 for both As(V) and As(III), respectively. Both As(V)
andAs(III) adsorptionwerewell fitted by the pseudo-second-
order equation.The characterization results indicated that the
As(V) formed inner-sphere surface complexes, while As(III)
formed both inner- and outer-sphere surface complexes at
the interface of water/Fe-Zr binary oxide. The high uptake
capability and good stability of the Fe-Zr binary oxide made
it a potentially attractive adsorbent for the removal of both
As(V) and As(III) from contaminated water.

The arsenate retention, sorption, and oxidation over
Fe-Mn binary oxides may play an important role in the
mobilization and transformation of arsenic, due to the
common occurrence of these oxides in the environment.
Zhang et al. synthesized Fe-Mn binary oxides [96] and found
that the maximum As(V) sorption was observed at Mn/Fe
ratio of 1/6, but the maximum As(III) uptake was at Mn/Fe
ratio of 1/3. The Fe-Mn binary oxides represented attractive
adsorbents for both As(V) and As(III) removal from water
and groundwater. In another study, Shan and Tong fabri-
cated magnetic Fe-Mn nanoparticles through heterogeneous
nucleation technique [97], and at pH 7.0, 200mg/L of As(III)
could be easily decreased to below 10mg/L by the Fe-
Mn particles (0.1 g/L) within 20min. The magnetic Fe-Mn
oxides could be easily regenerated with ternary solution of
NaOH,NaCl, andNaClO, and the adsorption and desorption
efficienciesmaintained above 98%and 87%, respectively, after
5 consecutive cycles.

The Fe-Ce bimetal oxide adsorbents were prepared by
a coprecipitation method [98, 99], and the Fe-Ce oxides
released 0.15–0.24mmol of sulfate for everymmol of arsenate
adsorbed, suggesting that the surface hydroxyl groups were
the major active sites, and sulfate groups might play a role
for the adsorption [100]. The arsenate adsorbed on the used
Fe-Ce oxides could be desorbed with an efficiency of 89%
using 1.0M NaOH, and the regenerated Fe-Ce oxides after
desorption showed similar arsenate adsorption performance
to the fresh one. Dou et al. investigated the As(V) adsorption
mechanism on an Fe-Ce bimetal oxide [101], finding that
the monodentate mononuclear and bidentate binuclear As
surface complexes coexisted in the system. Compared with
the dominant bidentate binuclear complex for As existing
on iron (hydro)oxides in other reports, the existence of the
monodentate complex could be explained by the incorpo-
ration of Ce atoms and the high surface loading. Basu and
Ghosh reported nanostructured Fe(III)-Ce(IV)mixed oxides
with a surface area of 104m2/g [102], and the As(III)-sorption
capacity of the bimetalmixed oxidewas nominally influenced

by the presence of the groundwater occurring ions in the
reaction system.

The ultrafine superparamagnetic Fe-Mg nanocrystallites
were synthesized by Mg-doping of 𝛼-Fe

2
O
3
in a solvent

thermal process [103]. The nanocrystallites greatly improved
the arsenic adsorption performance in both lab-prepared and
natural water samples at near neutral pH, mainly due to the
increased surface area, enhanced dispersion, and contactwith
arsenic species in water by Mg doping. This study may offer
a simple and efficient one-step treatment option for arsenic
contaminated water without the pre-/posttreatment, which
is required for current industrial processes. The concept of
electronegativity (EN) is widely used in physics, chemistry,
and materials science, and it is an important parameter
in describing the nature of chemical bonds and further
explaining the structure and properties ofmaterials. Recently,
various electronegativity and chemical bonds were shown in
alloy Mg

𝑥
Zn
1-𝑥O (𝑥 = 0.0–1.0) based on calculation [104],

which might be promising in the removal of arsenic.
The manganese oxide-coated-alumina was used for

As(III) removal in drinking water [105]. The predicted maxi-
mum As(III) sorption capacity was 42.48mg/g, which was
considerably higher than that of activated alumina
(20.78mg/g). The sorption kinetics followed a pseudo-sec-
ond-order equation. The As(III) removal mechanism was
proposed to undergo a two-step process, that is, oxidation of
As(III) to As(V) and retention of As(V) on the adsorbent sur-
face to form an inner surface complex.

A nanostructured Fe-Cu binary oxide was synthesized
via a facile coprecipitation method as a facile, efficient, and
low-cost adsorbent for arsenic removal from water [106].
The Fe-Cu binary oxide with a Cu/Fe molar ratio of 1/2
displayed excellent performance in removing both As(V) and
As(III) from water, with the maximal adsorption capacities
for As(V) and As(III) of 82.7 and 122.3mg/g at pH 7.0, respe-
ctively. The presence of sulfate and carbonate showed no sig-
nificant effect on arsenic removal, but the phosphate obvio-
usly inhibited the arsenic disposal, especially at high concen-
trations. Furthermore, the Fe-Cu binary oxide could be used
repeatedly after regeneration with NaOH solution.

The nanostructured Ce-Mn oxide materials were pre-
pared by redox conversion coprecipitation and sol-gel meth-
ods, showing a good efficiency of arsenic removal at neutral
pH and room temperature [107].

3. Conclusion

Water is the dominant pathway of arsenic exposure. Based
on their abundance and adsorption capacity, metal oxides
with heterostructures have becomeone of themost promising
adsorbents for the arsenic removal from aqueous solutions.
The well-known and currently used industrial metal oxides
for arsenic remediation include ferric oxide and aluminum
oxide. Industrially, the cost considerations make it expedient
to use local materials as adsorbents for arsenic removal
[108]. The stabilisation/solidification processes are currently
used to treat industrial wastes containing As [11]. The lime
neutralization accompanied by coprecipitation of arsenic
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with ferric iron is the industrial choice for arsenic removal
from acidic mineral processing effluents [109].

Some important progresses have been made on metal
oxides as adsorbents for arsenic disposal. The metal oxides
shall have the features of being robust, nontoxic, easily
available, and cost-effective. As discussed in the review paper,
the metal oxide heterostructures, including activated alu-
mina, iron oxide, titanium oxide, zirconium oxide, manga-
nese oxide, and binary metal oxides, fit these criteria well.
However, from a practical point of view, the treatment of
arsenic contaminated water with metal oxides still has a long
way to go. Note that the adsorption techniques often require
controlling pH and considering the final disposal of arsenic-
contaminated residues.
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Porous cuprous oxide (Cu
2
O) nanospheres composed of small nanoparticles with diameters at 10∼20 nm were successfully

synthesized without surfactant at room temperature within 5min. The products were characterized by X-ray diffraction (XRD),
field-emission scanning electron microscopy (FESEM), high resolution transmission electron microscopy (HRTEM), selected area
electron diffraction (SAED), N

2
adsorption-desorption, and Fourier transform infrared (FT-IR) spectrum. The adsorption ability

of the as-prepared products towards methyl orange (MO) as the pollutant was investigated and FT-IR spectrum was employed to
identify the adsorbed species. In addition, the reusability of the as-prepared products was studied as well.

1. Introduction

As a p-type semiconductor material, cuprous oxide (Cu
2
O)

has been paid much attention owing to its fundamental
significance and widespread potential applications in solar
cells, gas sensors, Li-ion battery, and catalysis [1–5]. Cu

2
O

usually grows into large microcrystals which possess low
specific surface area [6], resulting in the limitation of the
application of Cu

2
O. Generally, the intrinsic properties of

an inorganic nanomaterial could be tuned by controlling its
size andmicrostructure to some extent [7–13].Therefore, it is
necessary to explore easymethod to synthesize cuprous oxide
with relatively large surface area. Recently, porous nanos-
tructures have received more and more attention because
they are exceptionally useful in sensor [14], catalysis [15],
and dye-sensitized solar cells [16] due to their high surface
area, tunable pore size, and adjustable framework [17]. So
far, several methods have been reported to prepare porous
Cu
2
O nanostructures [18–21]; however, the structure control

of the Cu
2
O nanocrystals in these reports often relies on

organic capping agent to direct the growth of porous struc-
ture, thus leading to an environmental burden. In addition,
most of these methods involve either elevated temperature
or complex process in the preparation of porous Cu

2
O

nanostructures. Therefore, it is highly desirable to develop a
facile template-free route at room temperature to synthesize
porous Cu

2
O nanostructures.

Herein, we present a green and convenient approach for
the synthesis of porous Cu

2
O nanospheres assembled from

nanoparticles without surfactant at room temperature. In
this protocol, only Cu(CH

3
COO)

2
, NaOH, ascorbic acid, and

distilled water were used and the product possesses a relative
large specific surface area. So it is a highly ideal synthetic
route to produce porous Cu

2
O nanomaterials under envi-

ronmentally benign conditions. Moreover, the as-prepared
products exhibit a good adsorption ability towards methyl
orange (MO) as the pollutant.

2. Experimental Details

2.1. Synthesis of Porous Cu
2
O Nanospheres. All of the chemi-

cal reagents were of analytical grade and used without further
purification. In a typical procedure, 1mmoLCu(Ac)

2
⋅H
2
O

was firstly dissolved in 20mL of NaOH aqueous solution
(0.1mol L−1) under constant magnetical stirring. And blue
Cu(OH)

2
precipitates appeared immediately. Then 1mmoL

ascorbic acid was added and the solution was magnetically
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Figure 1: XRD pattern of the as-prepared product.

stirred for 5min at ambient conditions. During the process,
the color of the reaction mixture turned from blue into dark
yellow, then yellow, and orange, which implied the formation
of Cu

2
O. At last, the precipitates were separated from the

solution by centrifugation at 4000 rpm for 5min. Then the
precipitates were washed with distilled water and absolute
ethanol sufficiently and dried in vacuum for several hours.

2.2. Characterization. The crystal structure and phase com-
position of the sample were characterized using X-ray
powder diffraction (XRD, Rigaku D/max-2600/PC, CuK𝛼
radiation, 𝜆 = 1.54056 Å, 40 kV, 150mA). The morphology
of the products was examined by a field emission scanning
electron microscope (FESEM, HITACHI S-4800 electron
microscope) operated at 15.0 kV. High resolution transmis-
sion electronmicroscopy (HRTEM) images were recorded on
JEOL JEM-2100 microscope. The N

2
adsorption-desorption

isotherms at 77K were measured using a Quantachrome
NOVA 2000E analyzer. Before measuring, the samples were
degassed at 393K for 12 h. Surface areas and pore size
distributions were calculated using the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) models,
respectively. UV-Vis spectra were taken on a Lambda 45
spectrophotometer. Fourier transform infrared spectroscopy
(FT-IR, Bruker, vertex 80) was employed to characterize
the residual MO on the porous Cu

2
O nanospheres after

adsorption.

2.3. Adsorption Property Measurement. Different amounts of
porous Cu

2
Onanospheres (0.02 g–0.12 g) were dispersed into

an aqueous solution ofmethyl orange (MO, 200mL, 30mg/L)
and the mixed solution was magnetically stirred in the dark.
5mL of suspension was collected at each regular interval
and centrifuged to remove the adsorbent powder in order
to analyze the adsorption rate of MO by monitoring dye
decolorization at themaximumabsorptionwavelength, using
a UV/Vis spectrometer.

The separated porous Cu
2
O nanospheres were washed

with distilled water and absolute ethanol, respectively, for

three times to remove the residual organic species as thor-
oughly as possible and reused for the next run.

3. Results and Discussion

The phase and purity of the products were firstly investigated
by XRD. Figure 1 shows a typical XRD pattern of the sample.
All of the reflection peaks in this pattern can be readily
indexed to a pure cubic phase of Cu

2
O (JCPDS no. 05-0667).

Relatively, wide diffraction peaks imply that the size of the
particles is small.

The morphology of the products was observed by SEM.
Figure 2(a) is a typical low magnified SEM image of the
sample, showing that a large quantity of spherical particles
with a narrow size distribution was achieved. The high
magnified SEM image (Figure 2(b)) demonstrates that the
spherical shaped particles possess an average diameter about
400 nm, and the surfaces of the spheres are rough and porous
since they are constructed by aggregation of a lot of small
particles with diameters 10∼20 nm, as confirmed by the TEM
image (Figure 2(c)). Based on the EM images with different
magnifications, it is clear that pores were distributed on both
the surface and the interior of the Cu

2
O nanospheres that

permits the rapid penetration of the adsorbates from the
outside to the inside for deep adsorptions. The aggregating
feature is further confirmed by HRTEM image (Figure 2(d)),
in which randomly oriented lattice fringes can be found, indi-
cating that the porous spheres are composed of nanocrystals
with different growth directions. Circles in the SAED pattern
(inset in Figure 2(d)) further show the polycrystalline nature
of the porous Cu

2
O nanospheres; that is, the crystal planes of

the small Cu
2
O nanoparticles are randomly oriented.

The N
2
adsorption and desorption isotherms of the

porous Cu
2
O nanospheres are provided in Figure 3. The

specific surface area is calculated to be 26.67m2g−1. More-
over, the corresponding pore size distribution (the inset of
Figure 3) shows a peak pore diameter of 10 nm with pores
up to 60 nm in size. Such porous structure provides efficient
transport pathways to the interior cavities and is in favor of
adsorption.

To demonstrate the potential application of the as-
prepared porous Cu

2
O nanospheres, we investigated its

adsorption ability with methyl orange (MO) as the pollu-
tant. The adsorption was carried out by dispersing different
amount of porous Cu

2
O nanospheres in the solution of MO

in the dark for various durations under constant stirring.
After centrifugation, the UV-Vis absorption of the super-
natant was measured and the characteristic band of MO at
about 464 nm was selected to monitor the adsorption behav-
ior. As shown in Figure 4, the same trend can be seen that the
concentration of the MO progressively decreases following
the adsorption time within 120min and is kept constant
beyond 120min when the amount of Cu

2
O nanospheres was

from 0.02 to 0.12 g. Obviously, the adsorption capacity of the
porous nanospheres is saturated at about 120min, which is
much shorter than the saturation time of reported polyhedral
Cu
2
O on adsorption of MO under identical conditions [22].

The more the amount of the porous nanospheres is used, the
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sample, (c) TEM image of the sample, and (d) HRTEM image taken at the edge of porous nanospheres and the corresponding SAED pattern
(inset).
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adsorption and desorption isotherms and the pore

size distribution curve (inset) of the porous Cu
2
O nanospheres.

larger is the adsorption rate. However, the adsorption behav-
iors are very similar when the used amount of the porous
Cu
2
O nanospheres is 0.10 g and 0.12 g, the concentration of

MO lowered by about 60% after about 20min of adsorption,
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Figure 4: Adsorption curves of the aqueous solution of methyl
orange (30mg L−1, 200mL) in the presence of Cu

2
O (0.05 g–0.12 g)
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changing following adsorption time and C
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nanospheres towards MO.

and the final adsorption rate could reach about 95% when
the adsorption time is 120min.Obviously, the optimumusing
amount of the as-prepared adsorbent is around 0.1 g.

Since the adsorption experiments were carried out in
the dark, the decolorization of the MO solution must result
from the adsorption of Cu

2
O particles, which is further

corroborated by the FTIR analysis. As shown by curve
(a) in Figure 5, the FTIR spectrum of the porous Cu

2
O

nanospheres before adsorption exhibits two strong vibration
bands. The band at 630 cm−1 corresponds to the Cu–O bond
[23] (optically active lattice vibration in the oxide), and
the peak at 1628 cm−1 is attributed to the –OH bending
vibration, which originates from the surface-adsorbed H

2
O.

In comparison with the FTIR spectrum of the pure Cu
2
O

nanospheres, some new peaks appear after adsorption (curve
(b) in Figure 5). Combined with the FTIR spectrum of pure
MO (curve (c) in Figure 5), the new peaks can be assigned
to the characteristic vibrations of MO.The peaks at 1446 and

1372 cm−1 are the signals from the methyl group. The peaks
at 817 and 843 cm−1 result from the absorption peaks of C–
H bonds of di-substituted benzene. The peaks at 697 cm−1,
1029 cm−1, and 1120 cm−1 come from the vibrations of the
sulfonic group [24]. Thus, the FTIR characterization results
provide solid evidence for the adsorption of MO on the
porous Cu

2
O nanospheres.

Cycling use as well as maintaining high adsorption ability
of adsorbent is a critical issue toward long-term adsorption
applications. Therefore, the stability of the as-synthesized
Cu
2
O adsorbent was evaluated by performing the recycle

experiments for adsorbing MO under identical conditions
and the results are shown in Figure 6. After five cycles, the
adsorption rate does not decrease apparently, indicating that
the adsorbent possesses high adsorption stability.

4. Conclusion

In summary, porous Cu
2
O nanospheres composed of small

nanoparticles with diameters 10∼20 nm have been success-
fully prepared through an environmental benign method in
the absence of template within 5min at room temperature.
The BET surface area of the sample is 26.67m2g−1 and the
average pore diameter is ca. 10 nm. The porous nanospheres
exhibit good adsorption property and stability towards MO
as the pollutant, and the initial adsorption rate could reach
about 95% within 120min under optimum conditions.
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