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Rational design and synthesis of graphene-based photoactive heterostructures is in great demand for
various applications. Herein, a novel microporous amorphous-ZnO@TiO,/graphene heterostructure was
developed via a facile approach for the first time. This heterostructure possesses excellent characteristics
such as high surface area (336 m? g%), excellent mobility of charge carriers, and enhanced
photocatalytic activity. The higher photocatalytic activity of the developed novel microporous
amorphous-ZnO@TiO,/graphene hybrid was demonstrated through the degradation of water pollutants,
MB and RhB. The mechanistic analysis result shows that the numerous unsaturated sites on the surface
of amorphous-ZnO@TiO, facilitate the separation of photogenerated electrons and holes, and graphene

mainly acts as an electron transfer bridge. The combination of amorphous-ZnO@TiO, and graphene
Received 4th June 2017 truct l f bhot talvst d al h isti ffect . . th
Accepted 5th July 2017 constructs a new class of photocatalysts and also has a synergistic effect on improving the
photocatalytic activity. The resultant amorphous-ZnO@TiO,/graphene ternary nanocomposite as a novel

DOI: 10.1039/c7raD6232) high performance photocatalyst is of a great potential for water pollution treatment due to its high
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1. Introduction

Over the past few decades, photoactive nanomaterials, espe-
cially TiO, semiconductor nanomaterials, as photocatalysts
have drawn significant attention due to their potential appli-
cations in environmental remediation and energy conversion.'”
For a single-component photocatalyst, a number of electron—
hole pairs can be generated upon solar light illumination, and
these charge carriers migrate to the surface of the photocatalyst
and induce a series of photocatalytic reactions. Among the three
polymorphs (anatase, rutile, and brookite), it is generally
considered that the anatase phase has the highest photoactivity
as compared to rutile and brookite.®* However, the wide band
gap (3.2 eV) of anatase is only sensitive to UV light activation;
this limits its application. Therefore, a number of photo-
generated electron-hole pairs can be obtained only when the
wavelength of light is lower than the band gap energy of the
photocatalyst.>*® Moreover, as is known, the reactive oxidative
species produced on the surface of the photocatalyst have
a short lifetime and are prone to recombination; thus, it is
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catalytic activity, low cost, long-term stability, and easy recovery.

important to quickly diffuse them for participation in the
oxidation reaction during heterogeneous photocatalysis. If
a photocatalyst has considerable adsorption capacity, it is
favorable to enrich organic compounds from the bulk solution
and shorten the diffusion distance."'> Many attempts have
been made to increase the electron-hole pair separation effi-
ciency for improving the photocatalytic activity of TiO,."***
Novel heterostructured inorganic nanoparticles are more active
due to the improvement of their quantum yields caused by the
quantum confinement effect, which are useful for applications
in photocatalytic systems.*>"°

Graphene, a new class of carbon materials comprising
single-atom-thick sp> hybrid carbon atoms, offers new oppor-
tunities to develop nanocomposites because of its high surface
area, unusual electronic catalytic properties, thermal conduc-
tivity, and mechanical strength.**?* Graphene-based photo-
catalytic heterostructures possess remarkable advantages since
introduction of graphene into the photocatalysts can effectively
improve their charge separation and suppress the recombina-
tion of photogenerated electron-hole pairs, which is conductive
to enhancing the performance of the photocatalyst.>® Graphene
can be used as a support to increase the specific surface area of
the photocatalyst via its unique two-dimensional structure, and
the strong interaction between graphene and organic molecules
is in favor of the adsorption of organic molecules. Zhang' group
prepared a graphene-InNbO, composite via a hydrothermal
method and found its enhanced photocatalytic performance via
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the photodegradation of methyl blue (MB) under visible light
irradiation.>® Zhao's group synthesized graphene-gold nano-
composites, which possessed excellent performance in the
photocatalytic degradation of dyes under visible light illumi-
nation.”” Hwang's group reported a strong electronic coupling
between graphene and titanium oxide via the formation of
intimately coupled nanocomposites of layered-titanate-RGO.>®
Therefore, graphene-based photocatalytic heterostructures can
be used as a promising class of photocatalysts for applications
in environmental remediation and energy conversion.

Researchers usually consider that amorphous materials
possess low catalytic activity; thus, their potential in unique
applications is often ignored. However, there are some studies
stating that amorphous materials have special properties in
heterogeneous catalysis due to their novel structures and elec-
tronic characteristics.>*® In our previous study, it was found
that there were many highly active catalytic centers on the
surface of the amorphous phase when the amorphous phase
was combined with the anatase phase; this facilitated the
improvement of the photocatalytic performance.** Similarly,
Bickley have also reported that Degussa P25 unusually shows
high photocatalytic activity because it comprises the anatase
state with some amorphous state and a rutile complex struc-
ture.*” Porosity, specific surface area, and crystallinity are
crucial parameters for high performance photocatalysts, facili-
tating electron transfer and providing a sufficient amount of
interface for photocatalytic reactions, which result in higher
photocatalytic activity.

In this study, a novel amorphous-ZnO@TiO,/graphene
ternary nanocomposite has been prepared for the first time
through a facile approach without employing toxic and harsh
reducing agents such as hydrazine and sodium borohydride. As
a result, a well-controlled amorphous ZnO/TiO, heterostructure
can be obtained, which is uniformly distributed on the gra-
phene nanosheets. To the best of our knowledge, this is the first
example of employing an amorphous-ZnO@TiO, core-shell
structure to decorate graphene. The superior photocatalytic
performance of the microporous amorphous-ZnO@TiO,/gra-
phene ternary composite as compared to that of the pure TiO,
and amorphous-ZnO@TiO, has been demonstrated through
the degradation of methylene blue (MB) and rhodamine B (RhB)
under the irradiation of simulated solar light.

2. Experimental program
2.1 Synthesis of the amorphous-TiO, composite structure

The microporous amorphous-ZnO@TiO, composite structure
was obtained by a facile low-temperature (120 °C) hydrothermal
synthesis. Briefly, 6.8 mL tetrabutyl orthotitanate was added to
40 mL ethanol under stirring at room temperature (solution A).
In another process, zinc acetate with two different Ti/Zn molar
ratios of 1: 1 and 3 : 1 was dissolved in 20 mL deionized water
under stirring until the solution became transparent (solution
B). Subsequently, the solution B was added dropwise into
solution A under vigorous stirring to form a homogeneous
mixture. Herein, the pH value was at 12, and then, the mixture
was transferred to a 100 mL teflon-lined stainless steel autoclave
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and heated to 120 °C for 12 h. Finally, the powder sample was
filtered, rinsed with ethanol and de-ionized water, and dried at
60 °C for 12 h. The sample was named TZ1 or TZ3 based on the
Ti/Zn molar ratio (i.e.,, 1: 1 or 3 : 1, respectively).

2.2 Synthesis of the ternary amorphous-TiO,/RGO hybrid

Graphene oxide (GO) was prepared from natural graphite flakes
(Sigma-Aldrich, <20 mm) via a modified Hummers method.****
The ternary amorphous-ZnO@TiO,/graphene hybrid was
prepared by a UV-assisted photocatalytic method.* Typically,
0.1 g TZ3 was dispersed in 20 mL ethanol. Then, 1 mL of 3-
aminopropyl-trimethoxysilane (APTMS) was added and refluxed
at 80 °C for 4 h. Subsequently, the sample was cleaned three
times using ethanol. After this, the APTMS-treated TiO, micro-
spheres were added to 5 mg of GO suspension after ultra-
sonication under stirring for 40 min to obtain a microporous
ternary amorphous-ZnO@TiO,/graphene hybrid. The yellow
suspension was then exposed to UV-light for 2 h under constant
magnetic stirring. The as-prepared amorphous-ZnO@TiO,/gra-
phene hybrid powder was rinsed with ethanol and water a few
times, dried at 80 °C overnight, and named amorphous-
ZnO@TiO,/RGO.

2.3 Material characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku
D/max-2200VPC (Tokyo, Japan) diffractometer with a Cu-Ko X-
ray source operating at 40 kV and 100 mA. Nitrogen adsorp-
tion and desorption isotherms were obtained using a Micro-
meritics (Norcross, GA) ASAP 2020 instrument (77 K). The
specific surface area was obtained using the Brunauer-Emmett-
Teller (BET) method, and the pore size distribution was calcu-
lated through a density functional theory (DFT) method. A
transmission electron microscopy (TEM) image was obtained
using a JEM (JEOL, Tokyo, Japan) field emission transmission
electron microscope. Selected area electron diffraction (SAED)
of the TEM images was performed to reveal the crystalline
structure. The average size was calculated by measuring the
diameters of the particles in the TEM images.

2.4 Photocatalytic experiment

The photocatalytic dye degradation experiment was followed by
measuring the photodegradation of an MB and RhB solution
under the illumination of xenon lamp irradiation. Briefly,
50.0 mg sample, 200 mL of aqueous MB solution (50 mg L™ %),
and RhB solution (50 mg L™") were used for the photocatalytic
activity measurement. Before illumination, the mixture was
magnetically stirred for 20 min in the dark to establish an
adsorption-desorption equilibrium of the dye with the catalyst
and then exposed to light irradiation at room temperature. A
xenon lamp was used as the light source. The experimental
solution was placed in a quartz cuvette, 100 mm away from the
light source. At given intervals, 5 mL of the suspension was
withdrawn and centrifuged to remove the dispersed catalyst
powder. Light absorption of the clear solutions was measured at
665 nm (measuring the absorbance of MB) and 553 nm
(measuring the absorbance of RhB) by UV-vis spectroscopy.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 Structure and morphology analysis

The crystal structures of the samples were investigated by XRD,
as displayed in Fig. 1. The XRD patterns of the TZ1 samples
exhibit a completely pure amorphous structure. For TZ3, all the
diffraction peaks are attributed to anatase. Moreover, an obvi-
ously amorphous peak can be observed besides the character-
istic peaks of anatase, implying the existence of an amorphous/
crystalline composite structure. The amorphous/crystalline
composite structure can also be found in the amorphous-
ZnO@TiO,/RGO sample. There was no obvious peak of GO or
RGO for the TiO,/RGO sample. This is because the lesser
percentage of the crystalline phase of the carbon material
cannot be distinguished from the background noise; this leads
to a very weak XRD signal for the graphitic carbon.

Fig. 2 shows the representative TEM images of the samples.
The image of TZ1 shows an irregular shape of amorphous
materials, and the inset SAED result confirms that the TZ1

AmorphoustZnO@TiO2/graphene

Intensity(a.u)

10 20 30 40 50 60 70 80 90
26(°)

Fig. 1 XRD patterns of the prepared TZ1, TZ3, and amorphous-
ZnO@TiO,/RGO samples.
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sample is composed of amorphous particles, which is consis-
tent with the XRD analysis. It can be seen that both the amor-
phous and crystalline phases coexist in the image of TZ3; this
implies the existence of the amorphous-ZnO@TiO, composite
structure, which is confirmed by the inset SAED image and
abovementioned XRD result. In the TEM images of the amor-
phous-ZnO@TiO,/RGO sample, it was observed that reduced
graphene was rolled up into three-dimensional sheets and
formed wrinkles, and the TiO, nanoparticles were well
dispersed and wrapped in the graphene sheets. The three-
dimensional RGO nanoarchitecture provides a large intimate
contact to amorphous-ZnO@TiO,; this maximizes the reaction.
The intriguing structural design takes advantage of the syner-
getic effect between RGO and TiO,. This excellent contact
enables the electrons to more easily transfer from TiO, nano-
particles to graphene sheets during the photoexcitation process.

The N, adsorption-desorption isotherms were measured to
explore the textural properties and the porosity of the amor-
phous-ZnO@TiO,/RGO sample. As shown in Fig. 3a, the
amorphous-ZnO@TiO,/RGO sample demonstrates the typical
Type I isotherms, implying that it belongs to a kind of micro-
porous material. The microporous area approximately accounts
for 75% of the total pore surface area, which indicates that the
amorphous-ZnO@TiO,/RGO sample has a higher microporous
area, and its BET surface area is 336 m” g '. The pore size
distributions were obtained via the density functional theory
(DFT), as shown in Fig. 3b, and the amorphous-ZnO@TiO,/RGO
sample has a main pore size distribution of 1.8 nm. Due to the
low addition amount of graphene, the contribution of graphene
to the total specific surface areas is negligible; thus, the exis-
tence of the amorphous structure is likely responsible for the
large BET surface area of the sample."

Fig. 4 shows the UV-vis absorption bands of the samples. The
TZ1 sample with a pure amorphous structure shows one sharp
edge at 336 nm. The TZ3 sample with an amorphous-ZnO@TiO,
composite structure has two absorption edges at 342 and

Fig. 2 The TEM images of the prepared TZ1 (a), TZ3 (b)-(d). amorphous-ZnO@TiO,/RGO sample (e)-(f) and configuration model of the

amorphous-ZnO@TiO,/RGO heterostructure.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 UV-vis patterns of the prepared TZ1, TZ3, and amorphous-
Zn0O@TiO,/RGO samples.

378 nm. With the introduction of graphene, the amorphous-
ZnO@TiO,/RGO composites display a similar absorption edge
as the TZ3 sample. The pure TiO, shows one sharp edge at
370 nm. In general, anatase TiO, shows no absorption above its
fundamental absorption edge (around 400 nm). However,

—— Amorphous-ZnO@TiO2/graphene
—_— TZ3

— TZ1

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 5 FTIR patterns of the prepared TZ1, TZ3, and amorphous-
Zn0O@TiO,/RGO samples.
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(a) N, adsorption—desorption isotherms and (b) pore size distribution of the amorphous-ZnO@TiO,/RGO sample.

graphene can extend the broad background absorption of the
sample in the visible-light region, and the sample changes from
white to black after the introduction of graphene into the
amorphous-ZnO@TiO, composite structure. In contrast, for the
TZ1 sample with a pure anatase structure, there is only one
absorption peak present at 340 nm.

Fig. 5 shows the FTIR spectra of the prepared samples. The
broad bands at 3400 and 1650 cm " can be ascribed to surface-
adsorbed water and hydroxyl groups, respectively,*® which can
act as photoexcited traps on the catalytic surface and produce
hydroxyl radicals for oxidizing and degrading organics. There is
no obvious change in the peaks of surface-adsorbed water and
hydroxyl groups; this indicates that the variations of the crys-
talline structure have little influence on the two groups. The
bands at 1400 and 1240 cm™ " can be assigned to the symmetric
stretches of the Ti-O bond and Ti-OH bond, respectively.*”*
The bands at approximately 620 and 460 cm " are attributed to
the vibration mode of the O-Ti—O band corresponding to the
anatase crystalline phase.*>*

3.2 Enhanced photocatalytic properties

The photocatalytic activities of the as-prepared samples were
evaluated through the degradation of MB and RhB under the
irradiation of xenon lamp light, as shown in Fig. 6a and (b). The
amorphous-ZnO@TiO,/RGO sample exhibits highest photo-
catalytic activity as compared to the other samples, indicating
a positive influence on the photocatalytic MB decomposition
due to the incorporation of graphene. Moreover, TZ3 also
exhibits a high photocatalytic activity, which is even better than
that of P25 and also much higher than that of the pure TiO, and
TZ1 samples. This indicates that the amorphous-ZnO/TiO,
composite structure can play an important role in the photo-
catalytic activity probably due to the adsorption and surface
reactions that occur more easily on amorphous surfaces than on
pure crystalline catalysts.*> Moreover, the TZ1 sample (pure
amorphous phase) displayed low photocatalytic activity; this
implied that a single amorphous structure did not function
well. To further verify the photocatalytic performance of the
samples, a comparative study of the degradation of RhB was
also performed, and the photocatalytic activity of the sample for

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Photocatalytic activities of the as-prepared samples for the degradation of MB (a) and RhB (b).

the degradation of RhB was similar to that for the degradation
of MB. Both the amorphous-ZnO@TiO,/RGO sample and the
TZ3 sample exhibited higher degradation rates for RhB,
whereas the TZ1 sample demonstrated lowest photocatalytic
activity.

3.3 Mechanism analysis

Based on the abovementioned results and analyses, the mech-
anism for the enhanced photocatalytic capacity of amorphous-
ZnO@TiO, composites can be explained, as shown in Fig. 7.
First, amorphous-ZnO and TiO, could synergistically improve
the photocatalytic activity in the presence of simulated solar
light. In general, it is thought that the amorphous phase cannot
display high catalytic activity. Our previous study revealed that
the sample with amorphous/crystalline composite structures
could improve the photocatalytic activity,®® which was attrib-
uted to the highly active catalytic centers created by the syner-
gistic effect of the amorphous/crystalline structures. There are
numerous unsaturated sites on the surface of the amorphous-
ZnO@TiO,/RGO heterostructure, which are in favor of the
charge transfer and improve the separation of photogenerated
electrons and holes. They also serve as an electron trap by
capturing electrons, facilitating charge separation for the pho-
tocatalytic reaction. Second, the photoinduced electrons in the
conduction band (CB) of TiO, can be quickly transferred to

P

,

TiO, "~

Fig. 7 Configuration model of the amorphous-ZnO@TiO,/RGO
heterostructure.

This journal is © The Royal Society of Chemistry 2017

graphene sheets** because of the lower potential of graphene/
graphene™ (—0.08 V) as compared to those in the CB level of
anatase TiO, (about 0.24 V). Therefore, graphene can act as an
electron transport mediator, facilitating the effective separation
of the photogenerated electron-hole pairs and improving the
photocatalytic activity. In addition, graphene could also be used
as a 2D mat to increase the surface area and provide many
adsorptive active sites to the photocatalyst, enhancing the
photocatalytic activity. Therefore, for the degradation of MB and
RhB, H,0 and hydroxy (-OH) are absorbed by the holes (lattice
defects) of the amorphous-ZnO@TiO, and further form
hydroxyl radicals ("OH), and the holes can directly oxidize the
contaminants into CO, and H,O because of their strong oxi-
dizability. The superoxide radicals and hydroxyl radicals can
also participate in the reaction to degrade MB and RhB. TiO, is
the major catalyst for the photocatalytic decomposition of
contaminants, and amorphous-ZnO serves as an electron trap
by capturing electrons and facilitating charge separation for the
photocatalytic reaction; however, RGO as an electron capture
device accelerates the transfer of photogenerated charges, and
the fast charge conduction along the graphene sheets helps the
charge carriers to reach the redox sites, subsequently improving
the photocatalytic activity. Therefore, the enhanced photo-
catalytic activity should be attributed to the synergy between the
amorphous-ZnO@TiO, heterostructure and RGO sheets.

4. Conclusive remarks

In summary, a simple but efficient method has been developed
for preparing a novel microporous amorphous-ZnO@TiO,/RGO
heterostructure with higher photocatalytic activity and larger
specific surface area. The amorphous-ZnO@TiO, nanoparticles
were uniformly loaded onto the surface of RGO. Compared to
amorphous-ZnO and amorphous-ZnO@TiO, composites, the
ternary microporous amorphous-ZnO@TiO,/RGO demon-
strated superior photocatalytic activity and stability for the
degradation of the water pollutants, MB and RhB, in the pres-
ence of simulated solar light due to the synergy between gra-
phene and the amorphous-ZnO@TiO, heterostructure. This
novel ternary structure is in favor of the charge transfer and
improves the separation of photogenerated electrons and holes.
These features can be expanded to other applications and open
up new possibilities in the heterostructures of catalysts.

RSC Adv., 2017, 7, 36787-36792 | 36791
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