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ABSTRACT: Hierarchical porous ZnO microspheres decorated with gold nanoparticles (AuNPs)
were successfully synthesized by a facile solvothermal route. The hierarchical ZnO superstructure was
constructed of interconnected nanoplates with numerous voids. Photoluminescence, X-ray
photoelectron spectroscopy, and electron paramagnetic resonance measurements demonstrated that
the main defects were oxygen vacancies (V,°*) with minor interstitial oxygen (O,”) in the hierarchical
ZnO hollow microspheres. The as-prepared hierarchical ZnO hollow microspheres and the AuNPs
used to decorate them were examined for their photocatalytic degradation ability and as gas sensors.
The photodegradation results demonstrated that the degradation rate constant on rhodamine B for
undecorated ZnO microspheres was 0.43 min~}, which increased to 1.76 min~! for AuNP-decorated
ZnO microspheres. The AuNP-functionalized ZnO microspheres displayed superior sensing
properties, with a 3-fold enhancement in their gas response to 1 ppb of dibutyl phthalate.
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B INTRODUCTION

With the increasing concern over safety in residential areas and
environmental protection, the effective detection of toxic and
hazardous gases, as well as the degradation of organic
pollutants, has become imperative. As an important direct
semiconductor with a band gap of 3.37 eV at 300 K and a large
excitation binding energy of 60 meV, zinc oxide (ZnO) exhibits
distinctive electrical, optical and electrochemical properties and
can be applied in many fields of research, including solar cell,'
catalytic support material,” transparent electrode® and semi-
conductor gas sensor’ research. Nanostructured ZnO is
generally considered a feasible candidate for use in photo-
catalysts and chemical sensors.” However, the development of
high-performance photocatalysis and gas sensors remains a
challenge. There are two common strategies that have been
pursued in the literature to improve the properties of
photocatalysts and gas sensors. One method is controlling
the growth of nanomaterials with a specially designed size,
shape, and morphology because the properties of photo-
catalysts and gas sensors are highly dependent on their surface-
to-volume ratio. The other method is surface modification with
noble metals, including silver, platinum (Pt), and gold (Au). In
photocatalysis, photoinduced electrons and holes recombine
quickly to decrease the available photocatalytic efficiency of
ZnO, and noble metals can act as electron-scavenging centers
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to allow for effective electron—hole pair separation, leading to
an enhancement in the photocatalytic activity.*” Hence, the
high performance of photocatalysts and gas sensors has
motivated us to design ZnO materials with distinct
morphologies. Furthermore, many efforts have been devoted
to the preparation of various complex nanostructures of ZnO,
including nanowires,® nanotubes,” porous nanoplates,"’ nano-
pyramids,'" and hierarchical architectures.'”'* Previous results
have demonstrated that 3D hierarchical porous or hollow ZnO
structures with large pores are highly advantageous for use in
chemical sensors and photocatalysis because of their large
surface area and facile mass transport in materials."*™"” In
particular, porous hollow ZnO microspheres have exhibited
excellent sensor and photocatalysis performances because their
loose porous-packed structure can provide a large surface area
and a high density of active sites.'"® In addition, this unique
structure demonstrates excellent incident light scattering within
its interior and also facilitates gas diffusion and transport in
sensing layers. Recently, people found that hydrogenated black
ZnO nanoparticles demonstrated an enhanced photocatalytic
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performance, which provides a new method to increase
photocatalytic activities."

Even though there is some work on the photocatalytic
activities using Au/metal oxides as catalysts, for better
applications in the future, we need rich raw materials as
catalysts, a simple synthesized method, and a friendly
environment; furthermore, the obtained catalysts can be reused
many times. Therefore, much work needs to be done. For the
Au/metal oxides, we should know how the morphology, size,
and structure of the metal oxides, as well as the Au particle size,
influence the photocatalytic activity.

In gas sensing, previous research has indicated that the
incorporation of noble metals (Au, Pt, palladium, etc.) with
semiconductor oxides by surface modification is an effective
way to improve gas-sensing properties. The gas-sensing
performance can be improved significantly because of the
high catalytic activity of noble metals toward the test gases.”*~>*
Although many studies on the development of photocatalysts
and gas sensors using ZnO have been conducted, it remains a
challenge to develop a facile and cost-effective procedure for
producing such materials without using toxic reagents to design
3D hierarchical ZnO. Furthermore, Au nanoparticles (AuNPs)
are incorporated into photocatalysts and gas-sensing materials
because of their large surface-to-volume ratio and effective
electron—hole pair separation.

In this study, we developed a facile two-stage solution
process for successfully fabricating AuNP-functionalized
monodispersed porous ZnO nanoplate-built hollow micro-
spheres. Modified porous ZnO nanoplate-built hollow micro-
spheres with AuNPs evenly distributed on their surface were
synthesized by precipitating an aqueous solution of HAuCl,
with sodium citrate. This green, nontoxic, and cost-effective
procedure provides a general method for fabricating AuNP-
modified metal oxide semiconductors. To demonstrate the
practical applications of the synthesized material, the photo-
catalytic and gas-sensing performance of the as-fabricated
AuNP-modified porous ZnO nanoplate-built hollow micro-
spheres were systematically investigated. As expected, the
microspheres displayed enhanced photocatalytic and gas-
sensing performance relative to that of pure porous ZnO
hollow microspheres. To the best of our knowledge, there are
no reports on such a unique system that combines the
advantages of porous ZnO nanoplate-built hollow microspheres
and catalytic AuNPs. Our results demonstrate that the
synthesized microspheres exhibit significantly enhanced photo-
catalytic and gas-sensing performance, which may provide a
new pathway for the development of advanced materials of a
similar type.

B EXPERIMENTAL SECTION

Chemical reagents (analytical grade), namely, zinc acetate dihydrate
[Zn(CH;C0O0)-2H,0], hexamethylenetetramine (C4H;,N,), sodium
citrate (C4HNa;0,2H,0), sodium hydroxide (NaOH), and
chloroauric acid hydrate (HAuCl,-4H,0), were purchased from
Sinopharm Chemical Reagent Co., Ltd., and used as received without
further purification. Distilled water and absolute ethanol were used
throughout the experiments.

Preparation of Porous ZnO Nanoplate-Built Hollow Micro-
spheres. The details regarding the growth process of ZnO nanoplate-
built hollow microspheres are similar to those reported in our previous
study.”® In a typical procedure, 10 mmol of Zn(CH,COO)-2H,0), 10
mmol of C{H,N,, and 1 mmol of C¢HsNa;0,-2H,0 were dissolved
in 100 mL of distilled water. The solution was then stirred for 30 min.
The mixed solution was submitted to thermal treatment at 95 °C for 4

h. After the reaction, the solution was cooled to room temperature,
and a white product was obtained after washing with distilled water
and ethanol several times. Finally, the product was annealed at 400 °C
for 30 min to yield crystalline porous ZnO hollow microspheres.

Preparation of ZnO Nanoparticles. ZnO nanoparticles were
synthesized by a simple solvothermal method according to a previous
report. In a typical procedure for the synthesis of ZnO nanoparticles, 1
mmol of Zn(CH;CO0)-2H,0 and 5 mmol of NaOH were dissolved
into 30 mL and agitated about 30 min. The mixture was transferred
into a SO mL stainless steel Teflon-lined autoclave and maintained at
160 °C for 24 h and finally cooled to room temperature naturally. The
resulting product was collected by centrifugation, washed several times
using distilled water and absolute ethanol, and dried in a vacuum stove
at 60 °C for 10 h.

Nanoplate-Built ZnO Hollow Microspheres Decorated with
AuNPs. The synthesis of decorated microspheres was performed
according to a method reported in the literature with some
modifications.”* In a typical procedure, 40 mg of the as-prepared
porous ZnO hollow microspheres was dispersed in 100 mL of distilled
water mixed with 0.11 mL of HAuCl, (0.24 M) under stirring; the
reaction solution was then heated to 110 °C. After stirring for 15 min,
3 mL of a 0.04 M C4HiNa;O, solution was added to the mixture to
reduce HAuCl, to metallic AuNPs. After stirring for approximately 40
min, a pink precipitate was obtained by centrifugation, washed several
times using distilled water and absolute ethanol, and dried in a vacaum
stove at 60 °C for 12 h. A change in the color of the pristine ZnO
microspheres from white to pink indicated that AuNPs were
successfully decorated on the microstructures.

Characterization. X-ray diffraction (XRD) analysis for phase
identification was performed using a Bruker D8 advance diffractometer
with Cu Ka radiation (4 = 1.5406 A). The morphology and
microstructure of the obtained products were characterized by a
Hitachi S-4800 field-emission scanning electron microscope and a
Tecnai G2 F30 field-emission transmission electron microscope with
an accelerating voltage of 300 kV, respectively. Electron paramagnetic
resonance (EPR) data of the samples were obtained using an ESRA-
300 spectrometer. Photoluminescence (PL) measurements were
performed on a Hitachi F-4600 fluorescence spectrometer using a
150 W xenon lamp (excitation wavelength: 340 nm) at room
temperature. X-ray photoelectron spectroscopy (XPS) analysis was
conducted on an ESCALAB-250Xi photoelectron spectrometer at 1.2
X 107° mbar using an Al Ka X-ray beam (1486.6 V). The XPS
spectra were charge-corrected to the adventitious C 1s peak at 284.6
eV. UV-—vis spectra were measured on a UV-vis—near-IR
spectrometer (Cary-S000, Varian).

Photocatalytic Activity Measurement. The photocatalytic
performance of the as-prepared samples was evaluated by decompos-
ing the model pollutants rhodamine B (RhB) and methyl orange
(MO) under UV-light irradiation at room temperature. The
photocatalytic reaction was performed as follows: 40 mg of as-
prepared samples was suspended in separate 100 mL aqueous
solutions of RhB and MO (100 mL, 1 X 10~ mol/L). Prior to
visible-light irradiation, the suspensions were sonicated for 10 min and
then magnetically stirred in the dark for 30 min to obtain desorption—
adsorption equilibrium. The solutions were then exposed to UV-light
irradiation. Samples of 5 mL were collected after a period of 10 min
and then centrifuged to remove the residual photocatalyst. The clear
supernatant was then analyzed by recording the maximum absorption
band using a Shimadzu UV-3600 spectrophotometer. Comparative
experiments of the degradation of RhB by using ZnO nanoparticles
and commercial TiO, (P-25) powders were also carried out.

Gas-Sensing Experiment. Gas sensors based on the as-prepared
products were examined using the quartz crystal microbalance (QCM)
technique.”®> A QCM measures the mass attributed to analyte binding
by measuring the change in frequency of a quartz crystal resonator.
The gas-sensing response was measured in a 500 mL sealed chamber.
A coated quartz crystal served as the sensing QCM, and another
noncoated one was the reference sample. The frequency difference
between the two was recorded every second by a computer. The
change in frequency was recorded as soon as a gas sample, such as
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dimethyl methylphosphonate (DMMP), was injected into the
chamber. A more detailed description can be found in the
aforementioned paper.”®

B RESULTS AND DISCUSSION

The crystalline structures of pristine ZnO microspheres and
those decorated with AuNPs were identified from the XRD
patterns. Figure la shows the XRD patterns of the pristine
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Figure 1. XRD patterns of crystalline ZnO (a) and AuNP-decorated

ZnO (b). The inset of part b shows a magnification of the pattern at
20 values ranging from 36° to 41° for AuNP-decorated ZnO.

porous ZnO hollow microspheres. The figure indicates that the
main reflection peaks match well with the standard data of the
wurtzite structure of ZnO (JCPDS card no. 36-1451), with a =
325 A and ¢ = 521 A. No extra peak was detected by XRD,
indicating the superior purity of the ZnO product. As shown in
Figure 1b, for the AuNP-decorated porous ZnO hollow
microspheres, in addition to the pure ZnO peaks, an extra
weak peak at 26 = 38.2° is observed, which corresponds to the
(111) planes of face-centered-cubic Au (JCPDS card no. 01-
1174). The weak diffraction peak for Au implies a low content
of Au in the final product.”’

The morphologies of the as-prepared ZnO microspheres and
those decorated with AuNPs were examined by scanning
electron microscopy (SEM) measurements. The low-magnifi-
cation SEM image shows that a single hierarchical ZnO
microsphere had a diameter of 2—3 ym (Figure 2a). By close
observation of the high-magnification SEM image in Figure 2b,
it can be concluded that the hierarchical ZnO microsphere was
formed by the self-assembly of many nanoplates, with each
nanoplate possessing a thickness of tens of nanometers;
moreover, on the surface of the microsphere, the separation
between two adjacent nanoplates can be observed to be on the
order of approximately several hundreds of nanometers. Figure
2c¢ displays an SEM image of a ZnO microsphere decorated
with AuNPs. By comparison of the images before and after
decoration, it can be observed that the overall morphology of
the ZnO microsphere was inherited. Figure 2d reveals a typical
magnified SEM image of the nanoplates decorated with AuNPs,
demonstrating that AuNPs measuring several tens of nanome-
ters were uniformly distributed on the surface of the ZnO
nanoplates. SEM elemental mappings were conducted to

i 100 nm

Figure 2. (a) Low-magnification SEM image of a single hierarchical
ZnO microsphere composed of nanoplate building blocks. (b)
Magnified SEM image showing the network character of the
nanoplates. (c) Low-magnification SEM image of a single hierarchical
ZnO microsphere decorated with AuNPs. (d) Magnified SEM image
showing the network character of nanoplates loaded with AuNPs. (e)
Elemental mappings of a ZnO microsphere decorated with AuNPs.

determine the spatial distribution of zinc (Zn), oxygen (O),
and Au in the ZnO microsphere (Figure 2e). It can be
confirmed that AuNPs were distributed homogeneously
throughout the entire ZnO microsphere.

To obtain detailed information about the microstructures of
pure ZnO microspheres and those decorated with AuNPs, we
carried out high-reolsution transmission elelctron microscopy
(HRTEM) measurements; the corresponding images are
shown in Figure 3. In parts a and b of Figure 3, as-prepared
ZnO microspheres with many mesopores can be observed to
have been composed of many nanosheets, and a separation
distance of several tens of nanometers can be observed between
the nanosheets, which is consistent with the SEM images.
Furthermore, HRTEM images were captured to study the
surface microstructure of the ZnO nanoplates. As shown in
Figure 3c, the measured d spacings of 0.16 and 0.26 nm
correspond to the (110) and (002) crystal planes of ZnO
(JCPDS card no. 36-1451), respectively. On the other hand,
Figure 3b displays a low-magnification TEM image of ZnO
microspheres decorated with AuNPs. Figure 3d further
confirms the presence of both ZnO and AuNPs because the
measured d spacings of 0.23 and 0.19 nm correspond to the
(111) plane of the AuNPs and the (102) plane of ZnO,
respectively.

As-prepared hollow ZnO microspheres with a high surface
area would typically lead to high surface defect density. It has
been demonstrated that surface defects have become
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eV can be assigned to the elemental Zn and O in ZnO,
respectively. Figure 4b presents the high-resolution spectrum of
Zn 2p, and the peak positions of Zn 2p,;, and Zn 2p;,, are
located at 1044.4 and 1021.2 eV, respectively. It can be
concluded that the elemental Zn in the as-prepared ZnO
microspheres was in the Zn®* state, and no metallic Zn was
detected. In addition, on the basis of the XPS results (see Table
S1 in the Supporting Information, SI), the atomic concen-
tration ratio of surface Zn to O was approximately 1.11,
indicating an oxygen deficiency. The high-resolution spectrum
of O 1s is illustrated in Figure 4c. The O 1s spectrum can be
fitted with three energy components, a low-binding-energy
, AT : d . peak (LP), a middle-binding-energy peak (MP), and a high-

0.26nm Wi By binding-energy peak (HP) located at 530.15, 531.50, and
A ? 532.28 €V, respectively, consistent with previously reported

work.”® The MP peak is typically assigned to O* ions in the
oxygen-deficient regions (V,*), and the LP peak can be
attributed to O”” ions at interstitial sites in the ZnO structure
(O;7). In addition, the HP peak at 532.28 €V can be attributed
to chemisorbed O.*° To further confirm the existence of
defects, EPR analysis of the ZnO microspheres was performed
at room temperature, the results of which are shown in Figure
4d. The aforementioned defects, vacancies, and interstitials with
unpaired electrons were paramagnetic in nature and were
responsible for generation of the EPR signals. Although the
existence of defect-related paramagnetic centers is still highly

Figure 3. (a) TEM image of the surface of ZnO microspheres. Inset:
TEM image of an individual hollow ZnO microsphere. (b) TEM
image of the surface of ZnO microspheres decorated with AuNDPs.
Inset: TEM image of an individual hollow ZnO microsphere decorated

with AuNPs. (c) HRTEM image showing the surface of a ZnO controversial, there are four types of lattice defects in
microsphere. (d) HRTEM image of a single AuNP attached to the microcrystalline ZnO that can be identified based on previous
surface of a ZnO microsphere. studies on EPR responses from ZnO: V,, (Zn vacancies), Zn,

(Zn at interstitial sites), O; (O at interstitial sites), and three
increasingly important in determining the properties of types of O vacancies (Vo'™, Vo', Vo).>" Pristine ZnO showed a
photocatalysts and gas-sensing materials.”® EPR and XPS are broad signal at g &~ 1.9629 and a sharp signal at g & 2.0058. On
useful tools for monitoring the various behaviors of native the basis of previous reports, the signal at g = 1.9629 is
defects, such as vacancies and interstitials. To identify the attributed to different defects such as Vo**” and Zn,*>** and
intrinsic defects in ZnO microspheres, we carried out XPS the signal at g & 2.0058 is commonly attributed to V;, and
measurements. As shown in the survey XPS spectrum in Figure Oi_.34_36 However, in our case, Zn vacancies and interstitials

4a, the Zn 2p;,, peak at 1021.2 eV and the O 1s peak at 530.3 were not detected based on the XPS results shown in Figure 4b.
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Figure 4. (a) Survey XPS spectrum of ZnO. (b) High-resolution Zn 2p spectrum. (c) High-resolution O 1s spectrum. (d) EPR spectra of ZnO and
AuNP-decorated ZnO. The g factor can be calculated by the equation g = hv/pugB.
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Figure 5. (a) UV—vis spectra of ZnO and AuNP-decorated ZnO. (b) Plots of (ahv)* versus photon energy (hv) for as-prepared ZnO microspheres.
(c) Gaussian fit of the PL spectrum of ZnO microspheres with excitation at 340 nm. (d) Schematic diagram of the energy band of ZnO
microspheres: CB, conduction band; VB, valence band; O;”, single interstitial oxygen ion; V,,°, single ionized oxygen vacancy.
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Figure 6. Absorption spectra of a RhB solution as a function of the UV irradiation time in the presence of (a) ZnO and (b) AuNP-decorated ZnO.
(c) Comparison of the photocatalytic degradation of RhB in the presence of ZnO, AuNP-decorated ZnO, and commercial TiO,. (d) Logarithm of
the normalized concentrations as a function of the UV irradiation time for the RhB solution in the presence of ZnO and AuNP-decorated ZnO. The
inset is a photograph of the color change of RhB during the photodegradation process.

In this case, we are inclined to attribute the ESR signals at g ~
1.9629 and 2.0058 to V* and O;, respectively. In addition,
density functional theory calculations suggest the existence of
Vo® and O,

To test our hypothesis concerning the presence of defect-
related paramagnetic centers, UV—vis and PL measurements
were performed to determine the defect energy levels in the
band gap of the as-prepared ZnO microspheres. Figure Sa
shows the UV—vis absorption spectra of pure ZnO micro-
spheres and those decorated with AuNPs. In addition to the

11828

UV absorption peak of ZnO at 373 nm, a surface plasma
resonance peak of AuNPs is observed at ~550 nm. A plot of
(ahv)? versus photon energy (hv) is shown in Figure Sb to
estimate the optical band gap of ZnO by the following
equation:38

ahv = C(hv — E,)'* (1)

where C is the parameter associated with the effective masses of
electrons in the valence (VB) and conduction (CB) bands and
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hv is the photon energy. For the pure ZnO microspheres, a
band gap value of 3.16 was obtained based on the intersection
points of the linear fit of the absorption spectra with the energy
axis, as shown in Figure Sa,b.

The room temperature PL spectrum exhibits a broad peak,
and multipeak Gaussian-fitting emission bands are observed at
403.5 nm (3.10 eV), 456.1 nm (2.72 eV), and 534.5 nm (2.32
eV). The emission band at 403.5 nm (3.10 eV) can be ascribed
to the band edge or excitonic emission, with a Stokes shift of
approximately 60 meV due to electron—phonon coupling. The
peak centered at 456.1 nm can be assigned to V5* centers and
to VB emission.””*® The yellow luminescence observed, with
the peak centered at 534.5 nm, can be ascribed to the optical
transition of photogenerated electrons from the CB to O;~
centers.*’ On the basis of the above-described experimental
results and theoretical analysis, the energy band structure
diagram shown in Figure 5d was proposed for the as-prepared
ZnO microspheres.

To explore the effect of surface modification with AuNPs on
dye degradation, two model pollutants, RhB and MO, were
used. The photocatalytic activities of the ZnO and AuNP-
decorated ZnO structures toward the degradation of RhB under
UV-light irradiation are shown in Figure 6. The typical time
evolution of the absorption spectra of RhB after photo-
degradation by the ZnO and AuNP-decorated ZnO micro-
spheres is depicted in Figure 6ab. With increasing time, the
intensity of the peak at 554 nm decreased gradually, which
indicates that RhB was gradually photodegraded. The
degradation efficiency is defined as C/C, where C, is the
initial concentration and C is the concentration during the
reaction. The degradation efficiencies of the pure ZnO
microspheres, AuNP-decorated ZnO microspheres, and
commercial TiO, are shown in Figure 6¢, which clearly reveal
that ZnO decorated with AuNPs exhibited better catalytic
degradation than the pure ZnO microspheres did. It is worth
mentioning that AuNP-decorated ZnO microspheres exhibited
a better catalytic degradation of RhB than commercial TiO,.
Under UV illumination for approximately 20 min, the ZnO
microspheres decorated with AuNPs could successfully degrade
up to 98% of the RhB dye. On the other hand, for pure ZnO
microspheres, 97% degradation could be achieved for an
exposure duration of 70 min. The enhanced degradation of the
dye is attributed to large surface states, consistent with
previously reported results.*” The inset photographs in Figure
6¢ show the corresponding color changes of the RhB solutions
with increasing reaction time. It can be clearly seen from the
result of the comparative experiment that nanoplate-built ZnO
hollow microspheres exhibit superior photocatalytic activity
compared to ZnO nanoparticles. Such excellent photocatalytic
activities can be attributed to the novel nanoplate-built ZnO
microspheres.

Moreover, it was observed that degradation of the dyes
followed a first-order rate law by linear transformation of the
following equation:*}

In(Co/C,) = kt (2)

The corresponding kinetic plots are presented in Figure 6d.
The degradation rate constants k were calculated to be 1.76 and
0.43 min~' for the pure ZnO and AuNP-decorated ZnO
microspheres, respectively.

In comparison with the photocatalytic activities of ordinary
ZnO nanoparticles, the ZnO nanoparticles were synthesized
and conducted for the degradation of RhB under UV irradiation

(see Figure Sl in the SI). Figure Sla in the SI is the SEM image
of the as-synthesized ZnO nanoparticles, and Figure S1b in the
SI contains the adsorption spectra of RhB solutions in the
presence of ZnO nanoparticles under UV light at different
periods of time. The logarithm of the normalized concen-
trations as a function of the UV irradiation time with ZnO
microspheres and ZnO nanoparticles as catalysts on the
degradation of RhB solutions revealed that the ZnO micro-
spheres have better photocatalytic activities than the ZnO
nanoparticles, as shown in Figure Slc in the SI. To evaluate the
stability and reusability of the photocatalytic activity, the AuNP-
decorated ZnO microspheres were used to degrade RhB dye in
five repeated cycles; as displayed in Figure S1d in the SI, the
photocatalytic activity can be well retained because there is only
7% reduction after five cycling runs. Such favorable photo-
stability may be ascribed to the excellent structural stability of
nanoplate-built ZnO hollow microspheres. It can be observed
that the nanoplate-built ZnO hollow microspheres still kept the
original structure, and the AuNPs attached firmly on the surface
of the ZnO nanoplates after being used five times (see Figure
S2 in the SI). Similar kinetics and rate constant values were
observed for the degradation of MO by ZnO and AuNP-
decorated ZnO, as shown in Figure S3 in the SI. The above-
described results demonstrate that AuNPs can greatly improve
the photocatalytic properties of the nanoplate-built ZnO
microspheres, in good agreement with the reported liter-
ature.>**

The photocatalytic degradation mechanism of RhB in the
presence of ZnO microspheres is as follows. First, the photons
with energies greater than or equal to the band-gap energy of
the photocatalyst are absorbed onto the nanospheres’ surface,
resulting in the formation of holes (hyg") in the VB and an
electron (ecg”) in the CB, as listed in eq S. Then, the holes
hyg* will react with water or hydroxyl groups to generate *OH
(eqs 4 and S). Finally, hydroxyl radical *OH can react with RhB
molecules to exert the degradation of RhB (eq 6).

ZnO + hv — ZnO (ecy” + hypt) (3)
hy" + H,0 > H' + *OH 4)
hy" + OH™ - "OH ()
‘OH + RhB — H,0 + CO, (6)

Here, the much better photocatalytic activities for the porous
ZnO microspheres than for the normal ZnO materials can be
ascribed to the large specific surface areas. To compare the
specific surface areas of hierachical ZnO microspheres and
nanoparticles, we have carried out the specific surface area
measurements by nitrogen adsorption—desorption isotherms,
as shown in Figure S4 in the SI, and it shows that the specific
surface area of the ZnO nanoplate-built hollow microspheres is
4426 m?/ g, which is more than 20% larger than the value of
34.83 m*/g for ZnO nanoparticles. Hence, the ZnO micro-
spheres with a large specific surface area can adsorb more
pollutant molecules and light,** which will be beneficial to the
degradation of RhB, resulting in better photocatalytic activity
than that of the same material with a smaller specific surface
area. For the Au-decorated ZnO microspheres, the enhanced
catalytic activity can be explained as first Au-decorated ZnO
microspheres were excited by UV light with photons, leading to
the generation of electrons in the semiconductor CB and
electron holes in the VB; then, because of the existence of
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Figure 7. (a) Gas-sensing performance of pure ZnO microspheres and AuNP-decorated ZnO with respect to different gases. (b) Reproducibility of

the performance of a AuNP-functionalized ZnO sensor over three cycles.

AuNPs, the ZnO microspheres have a wide absorption band
approximately at 550 nm (as shown in Figure Sa), so the
photoinduced electron in the CB would transfer to AuNPs
acting as an electron buffer, which can hinder electron—hole
pair recombination. The long-lived electron—hole pairs are
prone to generate a larger amount of photoreactive species,
which may account for the higher photocatalytic activity of the
Au-decorated ZnO composites than that of bare ZnO
nanoparticles. So, the adsorption of Au on the surface of
ZnO mircospheres can greatly improve the photocatalytic
activity by preventing the holes from attacking the surface O of
ZnO and inhibiting the photocorrosion effect.*®

We further investigated the effects of AuNP decoration on
the gas-sensing performance of ZnO microspheres; the test
results are presented in Figure 7. Several conventional volatile
organic vapors were tested, namely, dibutyl phthalate (DBP),
decane, DMMP, n-heptaldehyde, isoprene, n-hexane, n-
pentane, acetone, nitromethane, and ammonia. The test results
indicate that the sensors based on the two types of
microstructures were more sensitive to DBP vapor than to
the other volatile organic vapors. Figure 7a clearly shows that
the sensor based on AuNP-functionalized ZnO microspheres
exhibited extraordinarily higher sensitivity than did the pristine
ZnO sensor. The AuNP-decorated ZnO sensor showed the
highest response (2952 Hz) to a very low concentration (1
ppb) of DBP, indicating ppb-level detection of DBP.
Reproducibility is also an important property of a chemical
sensor. Thus, we also examined the response of the AuNP-
functionalized ZnO sensor over three cycles. The results, as
shown in Figure 7b, demonstrate that the AuNP-functionalized
ZnO sensor exhibited good stability because no distinct
changes in the response amplitude could be observed. The
above-described results strongly suggest that the as-prepared
hierarchical Au-decorated porous ZnO microspheres are a
promising candidate for gas-sensing applications.

In summary, AuNP-functionalized ZnO microspheres show
significantly enhanced photocatalytic and gas-sensing perform-
ance. Several possible reasons may be responsible for this
improved performance. First, the unique porous ZnO nano-
plate-built hollow microspheres could provide a large surface
area with more reactive sites and high surface accessibility.
Additionally, the voids and interspaces among the intercon-
nected ZnO nanosheets also largely facilitated incident light
scattering within the structures and also provided a facile route
for gas diffusion and transport in the sensing layers. Second,
during photocatalysis, the charge-transfer processes occur at the
surface of the AuNPs and at the interface of the ZnO
nanosheets, which is crucial for optimizing the performance of
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AuNP-functionalized ZnO catalysts. In gas sensing, the
incorporation of AuNPs into porous ZnO nanosheets can
enrich the ion sorption of O species (0,7, O7, and O%"),
enhancing the extent of reaction due to the well-known
spillover effect.*” In addition, AuNP-functionalized ZnO
microspheres can also provide a large surface area, which is
advantageous for producing highly responsive gas sensors. The
reason for the good selectivity observed is not clear at the
moment. Further research is needed to gain a deeper
understanding of the selectivity behavior. This work is currently
underway.

B CONCLUSIONS

In this study, self-assembled hierarchical ZnO hollow micro-
spheres were successfully prepared by a simple hydrothermal
process followed by calcination. The ZnO hollow microspheres
were composed of single-crystalline porous interconnected
nanoplates with an abundance of uniformly distributed voids.
AuNPs were decorated on the surface of the ZnO hollow
microspheres via a facile aqueous solution method. XRD and
HRTEM analyses showed that the ZnO hollow microspheres
were polycrystalline with a wurtzite structure (JCPDS card no.
36-1451). On the basis of the experimental results (PL, EPR,
and XPS) and theoretical analysis, the primary defects in the
ZnO hollow microspheres were V* and O;”. Photodegradation
tests using RhB and MO dyes in the presence of UV light
revealed a drastic improvement in the catalytic efficiency after
the introduction of AuNPs. Both pure ZnO and AuNP-
functionalized ZnO microspheres were incorporated into gas-
sensing devices to determine the effects of AuNPs on the
sensing performance. The results show that ZnO hollow
microspheres decorated with AuNPs exhibit gas-sensing
properties superior to those of undecorated microspheres
with respect to sensitivity and stability. The above-described
results should be of great significance to fields related to energy
and the environment from scientific and engineering view-
points.
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