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ABSTRACT: A ternary plasmonic photocatalyst consisting of Au-
decorated V,O,@ZnO heteronanorods was successfully fabricated
by an innovative four-step process: thermal evaporation of ZnO
powders, CVD of intermediate on ZnO, solution deposition of Au
NPs, and final thermal oxidization. SEM, TEM, EDX, XPS, and
XRD analyses revealed that the interior cores and exterior shells of
the as-prepared heteronanorods were single-crystal wurtzite-type
ZnO and polycrystalline orthorhombic V,0;, respectively, with a
large quantity of Au NPs inlaid in the V,Og shell. The optical
properties of the ternary photocatalyst were investigated in detail
and compared with those of bare ZnO and V,0;@Zn0O. UV—vis
absorption spectra of ZnO, V,0,@Zn0O, and Au-decorated V,0;@
ZnO showed gradually enhanced absorption in the visible region. In
addition, gradually decreased emission intensity was also observed
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in the photoluminescence (PL) spectra, revealing enhanced charge separation efficiency. Because of these excellent qualities, the
photocatalytic behavior of the ternary photocatalyst was studied in the photodegradation of methylene blue under UV—vis
irradiation, which showed an enhanced photodegradation rate nearly 7 times higher than that of bare ZnO and nearly 3 times
higher than that of V,0s@ZnO, mainly owing to the enlarged light absorption region, the effective electron—hole separation at

the V,05—Zn0O and V,05—Au interfaces, and strong localization of plasmonic near-field effects.
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B INTRODUCTION

In recent years, semiconductor-based photocatalysis, as a kind
of “green technology”, has attracted considerable attention,
because it represents an easy way to solve current energy and
environmental problems through the use of solar light. Upon
absorption of photons with energies greater than the band gap,
electrons are excited from the valence band to the conduction
band, creating electron—hole pairs. These charge carriers
migrate to the surface to initiate reduction and oxidation
reactions, through which organic contaminants in water and air
are degraded. Up to now, varieties of semiconductors, such as
metal oxides (TiO,, ZnO, SnO,, Fe,0;, and WO,),' ™ metal
sulfurs (Cu,S, CdS and ZnS),*" and bismuth-based materials
(BiOCl, BiOBr, and BiOI),””'! have been tested for the
photocatalytic degradation of environmental pollutants. Among
them, ZnO has been actively investigated as a photocatalyst
because of the advantages of its high electron mobility,
abundant morphologies, easy synthesis, and low cost.'>"
However, the narrow light-responsive range and the high
recombination rate are two fundamental issues hindering its
large-scale application in industry.">™'* The relatively wide
band gap (3.3 eV) of ZnO means that electron—hole pairs can
be generated only by ultraviolet radiation, which makes up only
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about 4% of the whole solar light spectrum.'®'” Meanwhile, the
high recombination rate (~90%) indicates that photogenerated
electron—hole pairs can easily recombine before they move to
the photocatalyst surface. To extend the light-absorption range
and prolong the lifetimes of photoexcited charge carriers,
various strategies have been developed, such as doping,"*"
structure improvement,”>*" and coupling with other compo-
nents.”>~>*

Combining ZnO with other semiconductors having suitable
band structures can enhance light absorption from the UV to
the visible and near-infrared regions, induce the collection of
the photogenerated electrons and holes on different semi-
conductor surfaces, and thus enhance the redox reactions of the
electrons and holes. In this context, various ZnO-based
photocatalysts such as TiO,/Zn0,*>*® Cu0O/Zn0,>**"**
Sn0,/ ZnO,14 and CdSe/ZnO?° have been actively studied to
improve their photocatalytic activities. In addition, the recently
rapid development of surface plasmon resonance (SPR) has
also offered a new route to overcome the limited efficiency of
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photocatalysts. Some nanoparticles (NPs) of noble metals, such
as Au and Ag, have been introduced into ZnO nanostructures
by a solution cogrowth or deposition—precipitation method,
and improvements in photocatalytic activity were re-
ported.’** ™ In these hybrid photocatalysts, the noble-metals
NPs show strong absorption in the visible-light region due to
surface plasmon resonance. Incorporating plasmonic noble-
metal NPs into semiconductors can extend light absorption to
longer wavelengths.34737 Moreover, using the solar radiation,
the concentrated energy contained in localized plasmonic
oscillations is transferred from the metal NPs (Au, Ag etc.) to
the semiconductor, inducing the local generation of electron—
hole pairs in the semiconductor. Therefore, the solar-energy-
conversion efficiency should be improved, and an enhanced
photocatalytic activity should be realized.

To collectively utilize the advantages of narrow-band-gap
semiconductors and the SPR effects of noble-metal NPs,
vanadium pentoxide (V,0;) and Au NPs were selected and
coupled with wide-band-gap ZnO to improve its photocatalytic
performance. V,Oys, the most stable form of vanadium oxide, is
widely used as an industrial catalyst. In the photocatalysis field,
earlier studies revealed that the coupling of V,0; with TiO, or
SnO, is beneficial in improving photocatalysis efficiency.'®*% ™!
However, the combination of V,0s with ZnO for photo-
catalysis has rarely been investigated since first reported by Zou
et al.>* Because of the narrow band gap of V,05 (2.2 eV), the
combination of ZnO with V,0; should be beneficial in
extending light absorption from the UV to the visible region.
Moreover, the introduced Au NPs can also promote the
photocatalytic reaction because of SPR effects. In this work, a
ternary plasmonic photocatalyst of Au-decorated V,0;@ZnO
heteronanostructures was synthesized by a chemical vapor
deposition (CVD) method combined with Au NP deposition
and a thermal oxidization process. Generally, CVD is seldom
used to synthesize V,0Os-based nanostructures because of the
relatively low melting temperature (685 °C) of V,Os. Herein,
using the low sublimation temperature of the precursor
VO(acac), (acac = acetylacetonate), an intermediate of V,0O4
was first deposited on single-crystal ZnO nanorods, forming
initial intermediate heteronanostructures. After Au NP
deposition and a thermal oxidization process at 350 °C, the
final ternary photocatalyst of Au-decorated V,0;@ZnO
nanostructures was successfully synthesized. Ultraviolet—visible
(UV—vis) absorption measurements showed a significant red
shift of the localized surface plasmon resonance (LSPR) peak
and a marked enhancement of visible-light absorption in
comparison with that of bare ZnO and V,0;@ZnO nanorods.
The enhanced photocatalysis properties of the Au-decorated
V,0,@Zn0 nanostructures were also evaluated in terms of the
degradation of methylene blue (MB), which is a cationic dye
with the risk of causing burns to the eye, nausea, vomiting, and
diarrhea.*” Under the combined action of the Au NPs and the
V,0; shell, the as-prepared ternary photocatalyst showed a
significantly enhanced photocatalytic activity, which could be
ascribed to the extended light absorption, the effective transfer
of photogenerated carriers, and the strong localization of
plasmonic near-field effects.

B EXPERIMENTAL SECTION

Synthesis of Au Nanoparticles. Au nanoparticles (NPs) were
prepared according to the sodium citrate reduction method, in which
distilled water was added to 0.1 g of HAuCl, to a total volume of 300
mL (0.001 mol/L). When this solution had been brought to a boil, 30

mL of sodium citrate solution (38.8 mmol/L) was rapidly added. After
15 min of continuous boiling, the color of the solution changed from
pale yellow to dark red. After this mixture had cool in air to room
temperature, the dark-red gold particles were collected and dispersed
in 200 mL of distilled water to form a deep-red suspension.
Synthesis of ZnO Nanorods. The synthesis of ZnO nanorods
was carried out in a horizontal quartz tube-furnace system at
atmospheric pressure. Mixed ZnO (99.99% purity) and graphite
(99.9% purity) powders were loaded in a quartz boat and placed at the
center of the furnace. Then, the central temperature was increased to
720 °C at a rate of 15 °C min™" and held for 60 min under a constant
N, (99.9% purity) flow of 40 sccm. A cleaned silicon(100) substrate
was placed ~5 cm downstream of the source materials to collect the
products (see Figure 1a). It should be noted that the source materials
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Figure 1. Schematic of the synthesis of Au-decorated V,0,@ZnO
nanorods by a four-step process: (a) thermal evaporation growth of
ZnO nanorods, (b) CVD of intermediate on ZnO nanorods, (c)
solution deposition of Au NPs, and (d) final thermal oxidization at 350
°C.

and the silicon substrate were placed in a small tube (inner diameter of
about 6 cm) with one end open. After the furnace had cooled to room
temperature, a light white layer was found to have deposited on the
substrate.

Coating V,0; on ZnO Nanorods and Decorating with Au
Nanoparticles. V,05 was coated on the ZnO nanorods using a gas-
phase-based method. The CVD equipment was described in our
previous studies,*** and a schematic of this synthesis step is shown in
Figure 1b. Vanadyl acetylacetonate [VO(acac),], whose sublimation
temperature is 140—275 °C, was taken as the vanadium precursor and
placed in a low-temperature zone where the temperature was
controlled at 225 °C. The silicon substrate covered by ZnO nanorods
was taken as the template and located at the tube center of the furnace.
Before being heated, the furnace was pumped to expel oxygen in the
tube, and pure nitrogen gas was introduced to reach atmospheric
pressure. Then, the furnace was heated to 500 °C. A nitrogen flow
(99.9% purity) at a constant rate of SO sccm was used to carry the
precursor vapor to the reaction furnace. After 40 min, all heating and
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Figure 2. (a) TEM image of Au NPs. The inset is the corresponding SAED pattern. (b) SEM image of pure ZnO nanorods. (c) Low- and (d) high-
magnification SEM images of V,0;@ZnO nanorods. (e) Low- and (f) high-magnification SEM images of Au-decorated V,0;@ZnO nanorods.

input flows were stopped, the furnace was cooled to room
temperature, and the color of the substrate changed from light white
to dark gray (Figure 1b). Subsequently, the dark-gray intermediate
heteronanostructures were soaked in a Au NP suspension for 2 h
(Figure 1c). Then, the Au-decorated intermediate products were
removed and dried at 60 °C (Figure 1d). After a thermal oxidization
process at 350 °C for 60 min, the color of the products changed from
dark-gray to yellow, and the ternary photocatalyst of Au-decorated
V,0;@ZnO nanorods was finally obtained. In addition, to investigate
the effect of Au NPs on photocatalysis performance, another sample of
V,05@Zn0O was also synthesized using the same method (excluding
the soaking step) for comparison.

Characterization. The morphologies and sizes of the product
were characterized by field-emission scanning electron microscopy
(FESEM; JEOL JSM-4800F) and transmission electron microscopy
(TEM; JEOL JEM-2100). The crystal structure was characterized by
X-ray diffraction (XRD; Bruker D8 Advance diffractometer) using
monochromatized Cu Ka radiation (4 = 1.5418 A). UV—visible
spectra were recorded with a UNICO-2802 ultraviolet—visible
spectrophotometer. Photoluminescence (PL) spectra were measured
on a JY LabRAM HR 800UV spectrometer.

Photocatalytic Measurements. Considering its strong adsorp-
tion to metal-oxide surfaces, well-defined optical absorption, and good
resistance to light degradation, methylene blue (MB) was chosen to
examine the photodegradation using the new catalyst. The maximum

optical absorption of MB at 664 nm was used to monitor the
concentration. The photocatalytic activities of pure ZnO, V,0;@Zn0O,
and Au-decorated V,0,@ZnO were evaluated in terms of the
degradation of MB at room temperature under UV—vis light. The
as-fabricated photocatalyst (0.03 g) was added to a cylindrical
container containing 100 mL of MB aqueous solution (10 mg L.
Before irradiation, the solution was stirred in the dark for 30 min to
ensure the establishment of equilibrium between adsorption and
desorption. To minimize the effects of heating, the photoreactor was
fixed in a glass jacket and cooled by flowing water. The solution was
irradiated with a tungsten halogen lamp (4 > 340 nm), and the MB
concentration was analyzed by a UV—vis spectrophotometer (UNICO
2802) every 30 min during a total irradiation time of 150 min. The
photocatalytic measurements of the three photocatalysts (ZnO,
V,05@Zn0, and Au-decorated V,0,@ZnO) were performed in
three independent experiments. Additionally, recycling experiments for
Au-decorated V,0;@ZnO were performed for four cycles to test its
durability. After each cycle, the catalyst was filtered and washed
thoroughly with distilled water several times to remove residual dye
impurities and then dried at 60 °C for the next test.

B RESULTS AND DISCUSSION

Figure 2a shows a typical TEM image of Au NPs prepared by
the citrate method. The morphologies of the Au NPs are
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Figure 3. (a) EDX spectrum of Au-decorated V,0@ZnO nanorods, along with semiquantitative elemental analysis results. (b) XRD spectra of (A)
as-prepared pure ZnO (black), (B) V,0;@ZnO (red), and (D) Au-decorated V,0;@ZnO (green), as well as (C) a sample obtained at an oxidation

temperature of S50 °C (blue).
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Figure 4. High-resolution XPS spectra of as-prepared V,0@ZnO (red) and Au-decorated V,0;@ZnO (black): (a) V2p and O 1s, (b) Au 4fand C

1s.

pseudospherical, and their size is less than 10 nm. The selected-
area electron diffraction (SAED) pattern (inset of Figure 2a)
shows four polycrystalline diffraction rings, corresponding to
the (111), (200), (220), and (311) planes of Au. Figure 2b
shows a typical SEM image of pure ZnO products synthesized
by a thermal evaporation method. It can be seen that the
products are composed of rodlike nanostructures with good
quality and a smooth surface. The diameters of these ZnO rods
are ~600 nm, and their lengths range from 10 to 25 pm. After
application of the intermediate coating of V,0O5 on the ZnO
nanorods and oxidation in air at 350 °C, V,0,@ZnO
heteronanorods were obtained. As shown in Figure 2c¢, the
V,0,@ZnO nanorods still retained the initial shape of the ZnO
nanorods; however, a rough and irregular surface can be clearly
observed. In addition, the diameters of the V,0,@ZnO
nanorods were markedly increased to ~900 nm (Figure 2d),
indicating a film with a thickness of ~150 nm coated on the
ZnO nanorods. For the ternary photocatalyst of Au-decorated
V,05@Zn0, the corresponding low- and high-magnification
SEM images are shown in panels e and f, respectively, of Figure
2. Clearly, the morphology is very similar to that in Figure 2c,d,
except that a large quantity of inlaid Au NPs is widely
distributed in the surface (Figure 2ef). To validate its
composition, the Au-decorated V,0,@ZnO (Figure 2e,f) was
investigated by means of energy-dispersive X-ray (EDX)
spectroscopy. As shown in Figure 3a, V, Zn, O, and Au
elements could be detected, confirming the components of Au,
V,0;, and ZnO. The element Si should belong to the silicon
substrate used in the synthesis process. Further semi-

14854

quantitative analysis showed that the atomic percentages of
Au, V, Zn, and O were 1.09%, 13.66%, 16.27%, and 54.15%,
respectively. Thus, the molar ratio of Au, ZnO, and V,0g was
calculated to be 1.09:16.27:6.83. The theoretical stoichiometric
atomic proportion of O contained in ZnO and V,0g was
calculated to be 50.42%, which was slightly lower than the
actual EDX result (54.15%) and should be attribute to the
oxidation of the silicon substrate during the thermal oxidization
process.

The purities and crystalline phases of the as-prepared
samples were analyzed by X-ray diffraction (XRD). In the
XRD patterns shown in Figure 3b, the curves for bare ZnO,
V,0,@Zn0, and Au-decorated V,0,@Zn0O are shown in black
(A), red (B), and green (D), respectively. The XRD pattern of
bare ZnO nanorods (Figure 3b, curve A) shows only peaks of
wurtzite ZnO (JCPDS 36-1451). For the V,0,@ZnO nano-
rods obtained at 350 °C (Figure 3b, curve B), the XRD
measurements verified that there was a new phase in addition
to wurtzite ZnO that could be indexed to orthorhombic V,04
(JCPDS 41-1426). When the oxidization temperature was
increased to 550 °C, some other sharp diffraction peaks related
to Zn,V,0, (110), (202), and (022) (JCPDS 38-0251) were
observed in the XRD pattern (Figure 3b, curve C). Thus, the
phase changes in the heteronanorods were quite sensitive to the
oxidization temperature. To obtain pure V,0,@ZnO hetero-
nanorods, the oxidation temperature should be controlled in an
appropriate range during the annealing process. For the Au-
decorated V,0;@ZnO sample, two characteristic peaks related
to Au (111) and (200) (JCPDS 04-0784) were observed in the

dx.doi.org/10.1021/am501549n | ACS Appl. Mater. Interfaces 2014, 6, 14851—14860
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Figure S. (a) Low-magnification TEM image of a single Au-decorated V,0;@ZnO nanorod (inset: corresponding SAED pattern). (b) Enlarged
TEM image of the tip marked by the black rectangle in panel a. (c,d) Magnified HRTEM images from the regions labeled c and d in panel b (insets:
corresponding fast Fourier transform (FFT) patterns of the regions marked by white squares).
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Figure 6. (a) UV—vis absorption spectra of Au NPs, bare ZnO, V,0,@ZnO, and Au-decorated V,0;@ZnO nanorods. (b) Photoluminescence
spectra of pure ZnO, V,0;@ZnO, and Au-decorated V,0;@ZnO nanorods. Inset: Expanded photoluminescence spectrum of Au-decorated V,O;@

ZnO nanorods.

diffraction pattern (Figure 3b, curve D), and all other
diffraction peaks could be suitably indexed to orthorhombic
V,0; and wurtzite ZnO, revealing the high purity of the sample
and the coexistence of Au, V,0q, and ZnO.

To further investigate the chemical state of the as-prepared
V,0,@Zn0O and Au-decorated V,0,@ZnO nanorods, X-ray
photoelectron spectroscopy (XPS) was carried out, and the
corresponding spectra are shown in Figure 4a,b. The binding
energies obtained in the XPS analysis were corrected for
specimen charging by referencing the C 1s to 284.8 eV. It was
verified that both vanadium and oxygen were found in the two
samples (Figure 4a), and extra peaks indexed to Au were
observed for the Au-decorated V,0,@ZnO sample (Figure 4b).
The XPS peaks of V and O were observed at the same points
for the two samples (Figure 4a), revealing the same major
composition for the two samples’ shells. The V 2p core level
spectra display two representative peaks located at 517.3 and

14855

524.6 eV, corresponding to the V 2p;,, and V 2p,,, states,
respectively, of V>*. An O 1s peak located at 530.1 eV is also
observed in Figure 4a, corresponding to the O Ls state of O*".
In Figure 4b, the XPS signal for Au-decorated V,0;@ZnO
shows only the spin—orbit splitting of the Au 4f (84.3 €V) and
Au 0 (87.9 eV) states, without any indication of ionic species,
confirming the presence of Au particles inlaid in the V,Oj shell.

Figure Sa shows a low-magnification TEM image of a single
Au-decorated V,0,@ZnO nanorod, where the ZnO core with a
diameter of ~600 nm was coated by a V,0; film with a
thickness of ~160 nm. In the SAED pattern shown in the inset
of Figure Sa, two sets of diffraction patterns can be observed:
The bright and clear diffraction spots belong to the single-
crystal ZnO core, and the regular polycrystalline diffraction
rings can be attributed to the polycrystalline V,0O5 shell. Note
that the polycrystalline diffraction rings from Au NPs were
weak compared to those of V,05 and ZnO because of the small

dx.doi.org/10.1021/am501549n | ACS Appl. Mater. Interfaces 2014, 6, 14851—14860
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Figure 7. UV—vis absorption spectra and photographs of MB solutions in the presence of (a) pure ZnO, (b) V,0,@ZnO, and (c) Au-decorated

V,0,@ZnO nanorods.

portion in the local selective nanoscale zone, so they were not
recorded here. In the enlarged TEM image of the rod tip
(Figure Sb), the contrast between the Au NPs (dark) and the
V,0; film (bright) confirms the inlay of Au NPs. Here, the
introduced Au NPs appear black, and the V,0O; film is bright,
because Au has a higher mass—thickness contrast. In addition, it
is obvious that the Au NPs are widely distributed in the V,04
shell and that their size is less than 10 nm, agreeing with the
results in Figure 2a. The high-resolution (HR) TEM images
shown in Figure Sc,d were recorded from different regions as
marked in Figure Sb: The region labeled c (magnified in Figure
Sc) exhibits a lattice spacing of 0.204 nm, which is consistent
with the (200) plane of Au; the region labeled d (magnified in
Figure Sd) exhibits a lattice spacing of 0.58 nm, which is
consistent with the (200) plane of V,0;. These results confirm
the coexistence of Au NPs and V,O; in the heteronanorods.
Figure 6a shows UV—vis absorption spectra of the Au NPs,
bare ZnO, V,0,@Zn0, and Au-decorated V,0,@ZnO. The
absorption of the bare ZnO nanorods shows a sharp edge at
~380 nm, which is related to its band-edge absorption, as the
band gap of ZnO is about 3.3 eV. For the as-prepared V,0;@
ZnO nanorods, the absorption edge becomes ambiguous
compared to that of pure ZnO. The average absorption for
UV light weakens slightly, whereas the absorption in the visible
range strengthens greatly, confirming enhanced absorption in
the visible range. In addition, pure Au NPs exhibit an LPSR
peak at 549 nm in the visible region because of a collective
oscillation of the free electrons. When Au NPs were introduced
onto V,0;@ZnO nanorods, an increased absorption intensity
and a significant red shift of the LSPR peak were observed, as
shown in Figure 6a. The LSPR peak of the Au NPs shifted from
549 nm to the longer wavelength of 562 nm because of an
increase in the local refractive index of the dielectric

14856

environment surrounding the Au NPs by the V,0; coating
on one side.***

Moreover, the interface charge-separation and recombination
properties of as-prepared samples were investigated by
photoluminescence (PL) emission spectroscopy. Figure 6b
compares the PL emission spectra of bare ZnO, V,0;@ZnO ,
and Au-decorated V,0;@ZnO. Pure ZnO exhibited a narrow
UV emission with a peak at 381 nm and a broad green emission
with a peak at 525 nm. The UV emission band was due to the
near-band-edge transition, and the green emission originated
from defect emissions in the ZnO crystals. After application of
the polycrystalline V,Oj film, the green emission peak shifted
from 525 to 534 nm because of the relatively narrow band gap
(2.2 eV) of V,0q, and the PL emission intensity was found to
be notably weakened compared to that of pure ZnO. For the
Au-decorated V,0;@ZnO sample, the PL emission bands were
very similar to those of V,0,@ZnO; however, the PL emission
intensity was further weakened, and the emission bands almost
disappeared, as shown in Figure 6b. It has been established that
charge-carrier transfer between different parts of composites
usually results in the weakening of PL emission bands. In our
case, because of the staggered band offset, the photogenerated
electrons and holes were separated and confined mainly in
different components. This would decrease the recombination
rate of electrons and holes and consequently weaken the PL
intensity.

The photocatalytic activity of the Au-decorated V,0;@ZnO
nanorods was evaluated in the photodegradation of MB dye in
water under UV—vis light irradiation. The characteristic
absorption of MB at 664 nm was used to monitor the
photocatalytic degradation process. As depicted in Figure 7c,
the main absorption peaks of MB decreased gradually as
irradiation proceeded and almost vanished after 150 min.

dx.doi.org/10.1021/am501549n | ACS Appl. Mater. Interfaces 2014, 6, 14851—14860
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Figure 8. (a) Decrease (C/C,) and (b) natural logarithm [In(C,/C)] of the normalized concentration vs irradiation time for MB solutions
containing different photocatalysts: S;, ZnO nanorods; S,, V,05s@ZnO nanorods; S;, Au-decorated V,0s@ZnO nanorods. The dashed lines in panel
b represent the linear fitting results corresponding to the three different photocatalysts.

Correspondingly, the color of the solution became lighter and
lighter until the solution became completely translucent in the
end. These observations reveal that the chromophoric structure
of MB was gradually decomposed during the reaction process.
For comparison, bare ZnO and V,0@ZnO were also
employed as reference catalysts, and the corresponding
absorption spectra are shown in panels a and b, respectively,
of Figure 7. Obviously, the MB solution containing V,0;@
ZnO exhibited a much higher rate of decrease of the MB
absorption peak than that containing pure ZnO nanorods, but
the value was much lower than that of the Au-decorated
V,05@ZnO, revealing that the photocatalysis performance was
improved by introducing V,05 and Au NPs onto ZnO.

The dependencies of the degradation efficiency on irradiation
time for the samples are presented in Figure 8a. The
degradation efliciency is defined as C/Cy where C and C,
correspond to the remaining concentration and the initial
concentration of MB, respectively. After ZnO nanorods had
been added to the MB solution and the solution had been kept
in the dark, a small decrease in concentration (S, in Figure 8a)
was observed because of the adsorption of MB molecules onto
ZnO. In contrast, dramatic decreases in the MB concentration
were observed when the other two samples (V,0,@ZnO and
Au-decorated V,0,@Zn0O) were employed (S, and S; in Figure
8a), exhibiting higher adsorption abilities. The high adsorption
ability should be mainly attributed to the strong adsorption of
the V,0; polycrystalline shell and is beneficial in improving
photocatalytic performance.'” According to Figure 8a, Au-
decorated V,0;@ZnO nanorods showed the strongest photo-
catalytic activity under UV—vis light irradiation for 150 min,
and the photocatalytic activities of the three samples followed
the order Au-decorated V,0,@ZnO nanorods > V,0,@Zn0O
nanorods > ZnO nanorods. After 150 min of reaction, the
degradation efficiencies of the three samples were calculated to
be ~22.6%, ~46.5%, and ~82.6%, respectively. In addition, a
plot of In(C,/C) versus time is shown in Figure 8b, indicating
that MB photodegradation followed pseudo-first-order kinetics
on these catalysts. According to the Langmuir—Hinshelwood
model, the linear relationship of In(C,/C) versus time can be
described as In(Cy/C)= kt + A, where the slope k represents the
photodegradation rate. Thus, the constant photodegradation
rates were calculated and are included in Figure 8b. In a series
of samples, Au-decorated V,0;@ZnO nanorods showed the
highest photodegradation rate of 0.01159 min~'; a high
photodegradation rate (0.00433 min~') for V,0,@ZnO
nanorods was also obtained, although the value was lower
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than for Au-decorated V,0;@ZnO, whereas the photo-
degradation rate of bare ZnO nanorods was the lowest with a
value of 0.00176 min~'. For comparison, the same photo-
degradation experiment in the absence of photocatalyst was
carried out, and no appreciable degradation of MB was
observed after 150 min of irradiation (curve Sy, blue line in
Figure 8a). Therefore, it was concluded that the greatly
enhanced photodegradation activity of Au-decorated V,0;@
ZnO indeed originated from the introduction of V,05 and Au
NDPs.

To clarify whether the ZnO/V,Os interface plays an essential
role in elevating the photodegradation activity, another
photodegradation measurement using pure V,0; nanowires
was also performed and compared with the results for bare
ZnO and V,0;@ZnO (see Supporting Information, section S-
1). Clearly, V,05@ZnO nanorods showed a higher photo-
degradation activity than either bare ZnO or pure V,0s. Thus,
the coupling of V,05 with ZnO can elevate the photo-
degradation activity, and the ZnO/V, Oy interface plays a crucial
role in the MB photodegradation reaction. Combined with
above UV—vis absorption spectra and PL and analysis, it can be
demonstrated that the enhanced visible-light absorption and
the decreased carrier recombination rate mainly lead to the
greatly enhanced photodegradation activity.

In addition to photocatalytic activity, the stability of a
photocatalyst is another important issue for its practical
application. Therefore, cycling experiments were performed
to evaluate the decreased concentration of MB under UV—vis
light irradiation, and all processes and parameters were kept
unchanged. As shown in Figure 9, Au-decorated V,0;@ZnO
used for the degradation of MB showed a slight decline after
four cycles of experimental tests: ~81.8% of the original MB
was degraded after the fourth run, whereas the extent of
degradation was 87.5% for the first run, confirming the stability
of our Au-decorated V,0,@ZnO plasmonic photocatalysts
during the photocatalytic process.

Based on the above experimental results and previous
studies,>***® the enhanced photodegradation activities of
V,0,@Zn0O and Au-decorated V,0,@ZnO can be attributed
to synergistic effects and specific charge-transfer kinetics.
Herein, the photocatalytic mechanism can be understood as
described below. The work function of V,Oy shell was studied
by ultraviolet photoelectron spectroscopy (UPS), and its value
was determmined to be 5.57 eV (see Supporting Information,
section S-2), in agreement with recent Kelvin probe (KP)
results.*” In previous studies, the work functions of ZnO and
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Figure 9. Cycling runs in the photodegradation of MB in the presence
of Au-decorated V,0;@ZnO nanorods under UV-vis light irradiation.

Au crystals were reported to be 5.3 and 5.1 €V, respectively,***

indicating that ZnO crystal has a Fermi level (Eg) lower than
that of Au metal but higher than that of V,0; (Figure 10a).
Only UV light can excite electron—hole pairs from bare ZnO
nanorods, and the recombination rate is too high, so the
photodegradation efficiency is the lowest. For V,0;@ZnO,
both ZnO and V,0j have essentially the same Fermi energy
level at the interface, so a staggered band offset is formed near
the interface, as shown in Figure 10b. When V,0;@ZnO
nanorods are irradiated with UV—vis light, electrons in V,O;

and ZnO are excited by visible and UV light, respectively, so
more carrier pairs can be photogenerated and elevate the
photocatalytic ability. Meanwhile, the photogenerated electrons
can transfer into the conduction band. Because the conduction
and valence bands of V,0Oj lie below the energy band of ZnO
(Figure 10b), the electrons excited from ZnO can easily cross
the interface and transfer to the conduction band of V,O;.
Likewise, the holes excited from V,05 can easily cross the
interface and transfer to the valence band of ZnO. Thus, the
photogenerated electrons and holes can be separated efficiently
at the interface, which is beneficial in hindering the
recombination of electron and hole pairs and, ultimately,
elevating the photocatalytic ability. For Au-decorated V,0;@
ZnO, the carrier-transfer mechanism between ZnO and V,Oj is
similar to that for V,0,@ZnO, where the excited holes are also
transferred into the valence band from V,0O; to ZnO. However,
gold NPs in the ternary photocatalyst also play a vital role in
the photocatalytic reaction. The LSPR effect introduced by the
Au NPs is an important factor in achieving an enhanced
photodegradation ability. The coupling of V,05 and Au NPs
forms a noncentrosymmetric (Janus) morphology. In many
previous studies, it has been verified that the noncentrosym-
metric coupling of metal nanoparticles with dielectric oxides
can generate extremely strong local electric near-fields.>** In
our experiments, excitation of the LSPR takes place under
visible-light irradiation, resulting in the generation of plasmonic
near-flelds that are strongly localized close to the Au—V,Oq
interface. In this region, the surface plasmon excitations are
converted into electron—hole pairs through optical transitions,
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Figure 10. (a) Schematic diagram of the band configurations for ZnO, V,05 and Au crystals. (b,c) Schematic diagrams of the band configurations
and charge-carrier transfer processes in (b) V,0,@ZnO and (c) Au-decorated V,0s@ZnO nanorods.
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and more electron—hole pairs are excited from V,QO;s. Because
the energy level of the V,0; conduction band is higher than the
Fermi level of the Au NPs (Figure 10c), the excited electrons
transfer from the V,0; conduction band into the Au NPs.
Finally, a transfer route for the excited electrons from ZnO to
V,05 and then to Au NPs is formed in the ternary
photocatalyst. The Au nanoparticles act as a sink for the
photogenerated electrons, preventing them from recombining
with holes in the valence band, thus facilitating the separation
of photogenerated electrons and holes and enhancing the
photocatalytic activity.

B CONCLUSIONS

In summary, a ternary plasmonic photocatalyst of Au-decorated
V,0,@ZnO heteronanorods was successfully synthesized by an
innovative method. Three-dimensional ZnO templates were
first synthesized by a thermal evaporation route, and the final
ternary heteronanostructures were obtained after coating, Au
NP decoration, and thermal oxidization processes. An SEM
investigation revealed that the morphology of the final ternary
heterophotocatalyst was determined by the morphology of the
three-dimensional ZnO template, where a large quantity of Au
NPs were inlaid in the V,Oj shell. The uniform coating of V,O;
and the high-quality contacts with Au NPs and ZnO cores can
enlarge the light-absorption region, benefit the eflicient spatial
separation of charge, and minimize the recombination rate of
photogenerated carriers. Thus, an enhanced visible absorption
and a significantly decreased PL emission intensity compared to
those of pure ZnO and V,0;@ZnO were observed in the UV—
vis absorption and PL spectra, respectively. In the application of
the photocatalyst for MB dye photodegradation, the ternary
photocatalyst of Au-decorated V,0;@ZnO exhibited a
markedly enhanced photocatalytic activity, showing an
increased photodegradation rate of 0.01159 min~', which is
about 3 and 7 times the rates of pure ZnO and V,0;@Zn0O,
respectively. The photocatalytic mechanism analysis revealed
that the coupling of V,O5 and Au plays an essential role in
improving the photocatalytic activity, owing to the enlarged
light absorption region, the strong localization of plasmonic
near-field effects, and the effective electron—hole separation at
interfaces caused by the staggered band offset.
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