University of Wollongong

Research Online

Faculty of Engineering and Information Faculty of Engineering and Information
Sciences - Papers: Part A Sciences
1-1-2016

Ambient controlled synthesis of advanced core-shell plasmonic Ag@ZnO
photocatalysts

Jinyan Xiong
University of Wollongong, jx513@uowmail.edu.au

Qiao Sun
Soochow University, gsun@uow.edu.au

Jun Chen
University of Wollongong, junc@uow.edu.au

Zhen Li
University of Wollongong, zhenl@uow.edu.au

S X. Dou
University of Wollongong, shi@uow.edu.au

Follow this and additional works at: https://ro.uow.edu.au/eispapers

Cf Part of the Engineering Commons, and the Science and Technology Studies Commons

Recommended Citation

Xiong, Jinyan; Sun, Qiao; Chen, Jun; Li, Zhen; and Dou, S X., "Ambient controlled synthesis of advanced
core-shell plasmonic Ag@ZnO photocatalysts" (2016). Faculty of Engineering and Information Sciences -
Papers: Part A. 5686.

https://ro.uow.edu.au/eispapers/5686

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eispapers?utm_source=ro.uow.edu.au%2Feispapers%2F5686&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Feispapers%2F5686&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/435?utm_source=ro.uow.edu.au%2Feispapers%2F5686&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ro.uow.edu.au/eispapers/5686?utm_source=ro.uow.edu.au%2Feispapers%2F5686&utm_medium=PDF&utm_campaign=PDFCoverPages

Ambient controlled synthesis of advanced core-shell plasmonic Ag@ZnO
photocatalysts

Abstract

Plasmonic Ag@ZnO core-shell hybrids, including hetero-nanowires and hetero-nanoparticles, have been
synthesized at room temperature for application in photocatalysis. The morphology, size, crystal
structure, and composition of the products were investigated by X-ray diffraction, scanning and
transmission electron microscopy, X-ray photoelectron spectroscopy, and ultraviolet-visible spectroscopy.
It was found the concentration of Zn(N03)2-:6H20 and the amount of water play crucial roles in the
formation of Ag@ZnO core-shell hybrids. The resultant Ag@ZnO core-shell hybrids exhibit much higher
photocatalytic activity and stability towards degradation of organic contaminants than pure ZnO
nanocrystals under solar light irradiation. The one-dimensional (1D) core-shell hetero-nanowires prepared
under optimal conditions (i.e. 0.6 M Zn(N03)2:6H20 and 14.5 mL water) exhibit the best photocatalytic
performance. The drastic enhancement in photocatalytic activity over the Ag@ZnO core-shell hybrids,
especially the 1D core-shell hetero-nanowires, could be attributed to the synergistic effects of the surface
ZnO and Ag nanowire cores with the surface plasmon resonance and the electron sink effect, as well as
the unique 1D core-shell nanostructure for efficient mass transfer. The possible mechanism for
degradation of rhodamine B (RhB) under solar light irradiation was discussed. This work provides a very
convenient chemical route to prepare stable and highly efficient solar light driven plasmonic core-shell
Ag@ZnO photocatalysts for cost-effective water purification.
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Ambient controlled synthesis of advanced core-
shell plasmonic Ag@ZnO photocatalysts+t

*aP 3nd Shixue Dou?®

Jinyan Xiong,? Qiao Sun,® Jun Chen,® Zhen Li
Plasmonic Ag@ZnO core-shell hybrids, including hetero-nanowires and hetero-nanoparticles, have been
synthesized at room temperature for application in photocatalysis. The morphology, size, crystal structure,
and composition of the products were investigated by X-ray diffraction, scanning and transmission electron
microscopy, X-ray photoelectron spectroscopy, and ultraviolet-visible spectroscopy. It was found the con-
centration of Zn(NOs3),-6H,O and the amount of water play crucial roles in the formation of Ag@ZnO
core-shell hybrids. The resultant Ag@ZnO core-shell hybrids exhibit much higher photocatalytic activity
and stability towards degradation of organic contaminants than pure ZnO nanocrystals under solar light ir-
radiation. The one-dimensional (1D) core-shell hetero-nanowires prepared under optimal conditions (i.e.
0.6 M Zn(NOs3),-6H,O and 14.5 mL water) exhibit the best photocatalytic performance. The drastic en-
hancement in photocatalytic activity over the Ag@ZnO core-shell hybrids, especially the 1D core-shell
hetero-nanowires, could be attributed to the synergistic effects of the surface ZnO and Ag nanowire cores
with the surface plasmon resonance and the electron sink effect, as well as the unique 1D core-shell nano-
structure for efficient mass transfer. The possible mechanism for degradation of rhodamine B (RhB) under
solar light irradiation was discussed. This work provides a very convenient chemical route to prepare stable
and highly efficient solar light driven plasmonic core-shell Ag@ZnO photocatalysts for cost-effective water

Www.rsc.org/crystengcomm purification.

Introduction

Semiconductor-based heterogeneous photocatalysis, which al-
lows direct conversion of solar energy into chemical energy
via a renewable route, could be one of the most viable long-
term solutions, with the potential to address the issues of en-
ergy shortages and environmental pollution.” During the past
several decades, construction of heterostructures by combin-
ing semiconductors with noble metals has attracted increas-
ing interest due to its very high effectiveness in improving the
photocatalytic activity, arising from the combined properties
and synergistic interactions of the metallic and semicon-
ducting components.” As one of the most extensively studied
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This journal is © The Royal Society of Chemistry 2016

semiconductor photocatalysts, zinc oxide (ZnO) has certain
advantages, such as high photocatalytic activity, abundant
natural resources, non-toxicity, and low cost, as well as physi-
cal and chemical stability.’> The inherent limitations of the
high rate of electron-hole recombination and very low re-
sponse in the visible range, however, lead to reduced photo-
catalytic efficiency and inefficient utilization of sunlight.2**>*
To enhance the photocatalytic performance with improved
light harvesting efficiency and to prolong the life of photo-
generated carriers, modifications in ZnO have been explored
through its composition with novel plasmonic metals.® In par-
ticular, considerable attention has been paid to the controlled
fabrication of heterostructured photocatalysts composed of
ZnO and noble metals, such as composites of ZnO hierarchi-
cal nanostructures decorated with various noble metals,’
mesoporous Ag-ZnO nanocomposites,* nanoparticulate Ag-
ZnO hybrids,” rod-like Ag-ZnO nanocomposite,”*® core-shell
Au-ZnO nanoparticles,’”® and hollow Pt-ZnO core-shell
nanocomposite.>”

Compared with other noble metals, Ag is more attractive
because of its high electrical and thermal conductivity, anti-
bacterial characteristics, low cost, and nontoxicity. Ag nano-
structures exhibit a wealth of optical and photoelectrochemical
properties directly related to their geometry-dependent sur-
face plasmon resonances, which makes it very popular for

CrysttngComm, 2016, 18, 1713-1722 | 1713


http://dx.doi.org/10.1039/c6ce00013d
http://pubs.rsc.org/en/journals/journal/CE
http://pubs.rsc.org/en/journals/journal/CE?issueid=CE018010

Published on 02 February 2016. Downloaded on 17/03/2016 03:10:55.

Paper

fabrication of advanced semiconductor/noble metal nano-
photocatalysts."® For most ZnO/Ag nanophotocatalysts, Ag
nanoparticles were decorated on the ZnO surface, and reports
on a core-shell structure with an Ag core were rather scarce,
although the configuration of Ag@ZnO can eliminate possi-
ble disadvantages by the shielding effect on Ag nanoparticles
(e.g. decrease in photocatalytic active surfaces and obstruc-
tion of the exciting light).” Moreover, these Ag core@ZnO
shell structures have a controllable chemical composition
and chemical stability, and are able to electrically insulate
the metal nanoparticles from the reactants and the surround-
ing medium.>*?

Among the reported syntheses, Ag@ZnO core-shell nano-
particles prepared in N,N-dimethylformamide showed higher
activity towards degradation of 9-phenyl-2,3,7-trihidroxy-6-
fluorone (PF) as compared to pure ZnO under ultraviolet
(UV)  excitation."*  Subsequently, hierarchical hetero-
assemblies made of interwoven Ag core nanowires covered by
ZnO branched nanorods were fabricated via a solution
bottom-up strategy, and they also exhibited enhanced photo-
catalytic properties under UV light irradiation.”” Liu and co-
workers synthesized worm-like Ag-ZnO core-shell hetero-
structured composites with the assistance of ultrasonic irra-
diation, and the heterostructures also showed improved
photocatalytic activity towards degradation of rhodamine B
(RhB) compared to pure ZnO particles."®> Nevertheless, the
synthesis of these Ag-ZnO core-shell heterostructures in-
volved the use of heating, ultrasonication, toxic solvents, or
complicated processes. In addition, the resultant Ag-ZnO
heterostructure only showed enhanced photocatalytic activ-
ity under irradiation with UV light, which accounts for
only 4% of the incoming solar light on the earth, while the
largest proportion of solar light (i.e. visible light) was not
efficiently utilized. It remains a great challenge to develop
facile and rational strategies for ambient and controllable
fabrication of Ag-ZnO core-shell hybrid nanostructures,
which have optimal composition and structure, and exhibit
excellent photocatalytic activity under excitation with solar
light.

Herein, we report a rapid and simple ambient strategy
for controllable synthesis of Ag-ZnO core-shell hetero-
structures with excellent photocatalytic performance under
solar excitation. By fine-tuning the amount of water in the
reaction mixture, ZnO shells with different sizes and mor-
phologies coating the Ag cores are easily tailored. The im-
pact of the ZnO morphology, the Ag/ZnO molar ratio, and
the Ag core on the photocatalytic property of Ag@ZnO
heterostructures has been optimized and discussed. The
unique one-dimensional (1D) Ag@ZnO hetero-nanowires
prepared from 0.6 M Zn(NO;),-6H,O and 14.5 mL H,O
exhibited the highest photocatalytic activity towards degrada-
tion of rhodamine B under solar light irradiation compared
to pure ZnO and Ag@ZnO nanoparticles. The enhanced
photocatalytic performance of Ag@ZnO hetero-nanowires is
attributed to their unique morphology for efficient separa-
tion of electron-hole pairs.

1714 | CrystEtngComm, 2016, 18, 1713-1722
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Experimental
Experimental methods

Ag nanowires (Ag NWs) were fabricated by a modified
polyol process.'”° In a typical synthesis, 10 mL 1,2-
propanediol containing PVP40 was loaded into a 25 mL vial
and heated with magnetic stirring in an oil bath at 135 °C
for 1 h. NaCl was then quickly added, and the stirring was
continued for another 5 min, followed by addition of 7 mL
of 0.1 M AgNO; solution. The mixed solution was then
heated at 135 °C with magnetic stirring for 1 h, yielding
the grey Ag NWs.

Ag nanoparticles (Ag NPs) were prepared by a similar pro-
cedure without NaCl.

Core-shell Ag@ZnO hetero-nanowires were synthesized
by a simple solution process. Typically, 1 mL of 0.6 M
Zn(NO;),-6H,0 solution and 14.5 mL Milli-Q water were
added into 8 mL freshly prepared Ag NW solution under
constant magnetic stirring for 30 min. Then, 0.5 mL of 4.8 M
NaOH solution was added into the reaction mixture. The re-
action mixture was stirred for 1 h, and then the resultant
Ag@ZnO core-shell nanowires were separated by centrifuga-
tion, washed with Milli-Q water and absolute ethanol to re-
move impurities, and then dried at 60 °C (A1). Other sam-
ples (A2-A14) were also prepared under the identical
conditions by varying the volume of water and concentra-
tion of Zn(NO;),-6H,0. The detailed experimental parame-
ters are listed in Table S1.}

Core-shell Ag@ZnO hetero-nanoparticles were prepared
using a similar approach to that for Ag@ZnO core-shell
hetero-nanowires, except that 8 mL of Ag NP solution was
added rather than Ag NW solution.

Pure ZnO nanostructures were prepared using a similar
procedure to that for Ag@ZnO core-shell hetero-nanowires,
except that 1,2-propanediol was added rather than the Ag NW
solution.

Characterization

The X-ray diffraction (XRD) measurements were performed
on a GBC MMA X-ray diffractometer using Cu Ko, radiation
(40 kV). The XRD patterns were recorded from 20° to 80° with
a scanning rate of 4° min™'. Scanning electron microscope
(SEM) images were collected using a field-emission scanning
electron microscope (JSM-7500FA, JEOL) operated at an accel-
erating voltage of 5 kV. Transmission electron microscope
(TEM) images were recorded on a field-emission transmis-
sion electron microscope (JEM-2011, JEOL), using an acceler-
ating voltage of 200 kV. Ultraviolet/visible (UV/vis) absorption
spectra were collected at room temperature on a UV-3600
(Shimadzu) spectrometer. X-ray photoelectron spectroscopy
(XPS) was performed on a VG Scientific ESCALAB 2201XL
photoelectron spectrometer with Al Ko X-rays as the excita-
tion source to analyse the samples’ elemental composition.
Analysis of the XPS data was carried out using the commer-
cial CasaXPS 2.3.15 software package.

This journal is © The Royal Society of Chemistry 2016
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Photocatalytic test

Photocatalytic activity of the as-synthesized Ag@ZnO core-
shell hybrids was evaluated by the degradation of RhB under
irradiation with a LSC-100 Solar Simulator with an AM1.5G
filter (Newport). In an experiment, 20 mg photocatalyst was
added into 50 mL of 10> M RhB solution at room tempera-
ture. Prior to irradiation, the suspension was stirred in the
dark to ensure the establishment of an adsorption-desorp-
tion equilibrium between the photocatalyst and the RhB.
Then, the solution was exposed to solar light irradiation un-
der magnetic stirring. At each irradiation time interval, 2 mL
of the suspension was collected and then centrifuged to re-
move the photocatalyst. The concentration of RhB was
analysed by a Shimadzu UV-3600 spectrophotometer, and the
characteristic absorption of RhB at 554 nm was used to evalu-
ate its photocatalytic degradation. All of the measurements
were carried out at room temperature.

Results and discussion

The X-ray diffraction (XRD) pattern and typical scanning
electron microscopy (SEM) images of pure Ag NWs for A1l
are given in the supporting information. Fig. S1Af shows
the XRD pattern of the as-synthesized Ag NWs applied for
the subsequent heterogrowth of ZnO nanoshells to form
Ag@ZnO core-shell nanowires. All diffraction peaks match
well with that of standard Ag pattern (JCPDS no. 4-783), indi-
cating the high purity of Ag NWs. Fig. S1B and S1Ct show
typical SEM images of the as-prepared Ag NWs. It can be
clearly seen that as-synthesized Ag NWs possess relatively
smooth surface, and have an average diameter of about 100
nm and a length of several micrometers. Fig. 1(A) shows a
typical scanning electron microscope (SEM) image of the
Ag@ZnO core-shell hetero-nanowires (A1), clearly demon-
strating that the surface of the Ag@ZnO core-shell hetero-
nanowires is not as smooth as that of the Ag NWs, due to the
coating of densely packed ZnO nanoparticles. The enlarged
SEM image [Fig. 1(B)] reveals that many ZnO nanoparticles
have densely grown on the surfaces of the Ag nanowires.
TEM and high resolution TEM (HRTEM) were used to fur-
ther characterize the Ag@ZnO core-shell hetero-nanowires
[Fig. 1(C and D)]. Fig. 1(C) clearly shows an individual
Ag@ZnO hetero-nanowire with a rough surface, which con-
sists of an 83 nm Ag core and a ZnO shell. The interface be-
tween the Ag nanowire and ZnO nanoparticles is also clearly
observed. The HRTEM image in Fig. 1(D) shows lattice
fringes of 0.282 nm, which corresponds to ZnO (100).
Furthermore, the distribution of elements in the Ag@ZnO
core-shell hetero-nanowires was studied with energy-
dispersive X-ray (EDX) elemental mapping [Fig. 1(E)]. The left
image in Fig. 1(E) is the area where the elemental mapping
was performed. The green, blue, and red colors represent the
distributions of silver, zinc, and oxygen, respectively. The
presence of the three elements in the nanowires is in agree-
ment with the proposed Ag@ZnO composition. The spatial
distribution of the colors verifies the core-shell structure,

This journal is © The Royal Society of Chemistry 2016
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nO (100)

Fig. 1 (A and B) SEM images of the as-prepared Ag@ZnO core-shell
hetero-nanowires (Al). (C) TEM image and (D) HRTEM image of an in-
dividual Ag@ZnO core-shell hetero-nanowire. (E) EDX elemental map-
ping analysis of the Ag@ZnO core-shell hetero-nanowires.

where the element Ag is located in the core and the elements
Zn and O of ZnO are homogenously distributed throughout
the whole NW, showing that the Ag NW core is surrounded
with a uniform ZnO shell.

The crystalline structure and optical properties of the as-
prepared Ag@ZnO core-shell hetero-nanowires (A1) are
shown in Fig. 2. The X-ray diffraction (XRD) pattern is com-
pared with standard patterns of Ag (JCPDS 4-783) and ZnO
(JCPDS 5-667) in Fig. 2(A), where every peak can be indexed
to Ag or ZnO, supporting the formation of Ag@ZnO core-
shell hetero-nanowires. The absence of other impurity peaks
indicates the high purity of the core-shell Ag@ZnO hetero-
nanowires fabricated by this simple solution process. In addi-
tion, the peaks of ZnO are characteristic of a hexagonal struc-
ture with a lattice constant @ = 3.25 A. Its relatively weak

—— Ag@Zn0 NWs B
——JCPDS-H0-74 #n()
—— JCPDS-ATHD Ag

— i) NWs
—— pure Ag NWs
——pure Zn0 nanoflowers

=
-

™ Ag (220)

Za0 {10y
Zn(11m
Aty (103

Intensity {a.u.)

r Agiilh
Absorhance (a.u.)

GBI Ty Hon

0 s 30 40 S
Wavelength (nm)

n 3:{! ;IF .':" o
20(degree)

Fig. 2 (A) XRD patterns and (B) UV-vis absorption spectra of as-
prepared 1D Ag@ZnO core-shell hetero-nanowires (A1), pure Ag NWs,

and pure ZnO nanoflowers in ethanol.
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peaks indicate the low crystallinity of the ZnO shell compared
to the Ag core.

Ag NWs show intense surface plasmon resonance (SPR)
absorption in the visible region, which is highly sensitive to
their diameter and length-to-diameter ratio, as well as the op-
tical and electronic properties of their surroundings.’® The
ultraviolet-visible (UV-vis) absorption spectra of pure ZnO
nanoflowers, pure Ag NWs, and Ag@ZnO core-shell hetero-
nanowires (A1) in ethanol are presented in Fig. 2(B). ZnO
nanoflowers exhibit a UV absorption band at ~380 nm. The
pure Ag NWs exhibit two absorbance peaks at 350 and 385
nm. The peak at 350 nm could be attributed to the longitudi-
nal mode of the nanowires, similar to that of bulk Ag (ref. 15)
or the out-of-plane quadrupole resonance of Ag NWs.'® The
peak at 385 nm is assigned to the transverse plasmon
resonance of Ag NWs.'®> Upon the formation of the ZnO shell,
the surface plasmon band of the Ag@ZnO core-shell nano-
wires is distinctly broadened and shows a red-shift compared
to that of pure Ag NWs, probably due to a strong interfacial
electronic coupling between neighboring ZnO particles and
Ag NWs.">'” The electron transfer from Ag to ZnO in the
Ag@ZnO core-shell nanowires is due to the higher Fermi en-
ergy level of Ag than ZnO. This transfer results in deficiency
of electrons on the surface of the Ag nanowires, leading to
the red-shift in the surface plasmon absorption.”*'® Similar
results for ZnO-Au composites'® and worm-like Ag/ZnO core-
shell heterostructural composites'® have been reported else-
where. Their broad absorbance in the UV to visible window
clearly demonstrates that our Ag@ZnO nanowires become
photoactive in both the UV and the visible light region, which
is crucial for full use of sunlight.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out to investigate the surface elemental compo-
sition and electronic states of Ag@ZnO core-shell hetero-
nanowires (A1), as shown in Fig. 3. The survey spectrum in
Fig. 3(A) shows the absence of other elements apart from C,

3672 eV
g g
£ £
= E
3'.“' -ﬂ;ﬂ 0 N‘HI lﬂraﬂ 368 ERl] . 178
Binding energy (eV) Binding energy (eV)
C D 53006 eV
102106V Ol
T -
‘i #n 2pyn E.
= 10439 eV £
z P
g £
= =
- -
[¥\naw
1020 1030 1040 1050 B

531
Binding encrgy (eV) Binding energy (eV)

Fig. 3 XPS spectra of the 1D Ag@ZnO core-shell hetero-nanowires
(S1): (A) survey-scan spectrum, (B) Ag 3d, (C) Zn 2p, and (D) O 1s.
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Zn, O, and Ag, indicating the high purity of the product,
which is consistent with the above XRD and EDX results.
High-resolution spectra of Ag, Zn, and O species are shown
in Fig. 3(B-D), respectively. The two peaks centred at 367.2
and 373.2 eV are attributed to Ag 3ds, and Ag 3d;,, respec-
tively, which are shifted remarkably to lower binding energies
compared with those of bulk Ag (Ag 3ds/,, 368.2 e€V; Ag 3d;),,
374.2 eV).***° This result is similar to those obtained from
worm-like Ag/ZnO core-shell heterostructured composites,'*
dendrite-like ZnO@Ag heterostructures,”® Ag-ZnO hetero-
structured nanofibers,** and ZnO nanorod/Ag nanoparticle
heterostructures.®>' The shift of Ag binding energy is mainly
attributed to electron transfer from metallic Ag to ZnO crys-
tals (i.e., formation of monovalent Ag). The Fermi levels of
the two components equilibrate when the metal nanostruc-
ture comes into contact with the semiconductor. When Ag
NWs (work function of 4.26 eV) and ZnO nanoparticles (work
function of 5.3 eV) become attached together, some electrons
are transferred from Ag to ZnO at the interfaces of the ZnO/
Ag core-shell heterostructures, resulting in monovalent Ag
(i.e. Ag')."*?>*! The binding energy of Ag'* is much lower
than that of zero-valent Ag (Ag®). Therefore, the shift of Ag
3ds, and Ag 3d;, to lower binding energies further verifies
formation of the ZnO/Ag heterostructure.”® The Zn 2p peaks
shown in Fig. 3(C) have values of about 1021.0 eV (2p3/,) and
1043.9 €V (2py;), confirming the main presence of Zn** in
the sample.>* The O 1s peak is centred at 530.6 eV [Fig. 3(D)],
which is similar to the reported value for Zn0.?>? All the XPS
results further confirm that the core-shell nanowire hetero-
structure is composed of ZnO and Ag.

All the above results confirm our success in obtaining
Ag@ZnO core-shell hetero-nanowires through this simple so-
lution approach. It should be noted that the volume of water
and the concentration of Zn(NOs),-6H,O play important roles
in the formation of Ag@ZnO core-shell hetero-nanowires. As
shown in Fig. 4(A-D), when 1.167 mL or 2.5 mL of water is
used, the Ag NWs are coated with many very small ZnO nano-
particles (A2 and A3). Increasing the water to 6.5 mL leads to
dense ZnO nanoparticles with larger sizes that are deposited
on the surfaces of Ag NWs [A4, Fig. 4(E and F)]. Flower petals
consisting of nanoparticles are partly coated on the surfaces
of the Ag NWs, however, when the volume of water is further
increased to 22.5 mL [A5, Fig. 4(G and H)]. Changing the con-
centration of Zn(NO;),-6H,O could also result in different
structured Ag@ZnO nanowires. When the concentration of
Zn(NOj3),-6H,0 is decreased to 0.3 M, flower petals of ZnO as-
sembled from small nanoparticles are partly coated on the
surfaces of the Ag NWs (A6), as displayed in Fig. 5(A and B).
When the concentration of Zn(NOj;),-6H,O is increased to
1.2 M, the ZnO nanoparticles are randomly distributed on
the surfaces of Ag NWs [A7, Fig. 5(C and D)]. The above re-
sults demonstrate that Ag@ZnO core-shell hetero-nanowires
with different morphologies can be achieved by tuning the
amount of water or the concentration of Zn(NO;),-6H,0.

In order to demonstrate the applicability of our simple
method, core-shell Ag@ZnO nanoparticles (NPs) were prepared

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 SEM images of the products (A2-A5) prepared with different
volumes of water: (A and B) 1.167 mL, (C and D) 2.5 mL, (E and F) 6.5
mL, and (G and H) 22.5 mL.

Fig. 5 SEM images of the products (A6 and A7) prepared with
different concentrations of Zn(NOz),-6H,O: (A and B) 0.3 M, and
(Cand D) 1.2 M.

This journal is © The Royal Society of Chemistry 2016
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under similar conditions by using Ag NPs as seeds. The resul-
tant Ag@ZnO NPs (A8-A12) were examined by XRD and SEM,
respectively. The XRD results [Fig. 6(A-E)] clearly reveal that
all the diffraction peaks can be indexed to Ag (JCPDS 4-783)
and ZnO (JCPDS 5-667), and no other impurity diffraction
peaks were observed. The SEM images [Fig. 6(B-O)] show that
large quantities of Ag@ZnO NPs with different morphologies
were successfully fabricated in the presence of different vol-
umes of water. The particle size and morphology of the ZnO
shell can be tailored by changing the volume of water in the
system. When the volume of water is 1.167-6.5 mL, the Ag
core nanoparticles are packed with small ZnO nanoparticles
[A8-A10, Fig. 6(F-K)]. On increasing the volume of water to
14.5 mL, the ZnO nanoparticles aggregate to construct a
flower-like structure [A11, Fig. 6(L and M)], and the density of
flower petals decreases with further increases in the volume
of water [A12, Fig. 6(N and O)].

In addition, the effect of the concentration of Zn(NOs;),
-6H,0 solution was also investigated. When the concentration
of Zn(NO;),-6H,O solution is decreased to 0.3 M, the ZnO
crystals form a partial coating on the surfaces of Ag NPs, as
can be seen from the SEM images [A13, Fig. 7(C and D)].
When the concentration of Zn(NO;),-6H,O solution is in-
creased to 1.2 M, the ZnO nanocrystals cover the surfaces of
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Fig. 6 (A-E) XRD patterns and SEM images of the products (A8-A12)
prepared in the presence of different volumes of water: (F and G) 1.167
mL, (H and 1) 25 mL, (J and K) 6.5 mL, (L and M) 14.5 mL, and (N and
0) 22.5 mL.
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Fig. 7 (A and B) XRD patterns and (C-F) SEM images of the products
(A13 and A14) prepared in the presence of different concentrations of
Zn(NO3),-6H,0 solution: (C and D) 0.3 M, and (E and F) 1.2 M.

the Ag NPs to form a flower-like heterostructure [A14,
Fig. 7(E and F)]. These results demonstrate that the final
morphology of the Ag@ZnO nanostructures greatly depends
on the morphology of the Ag seeds, the volume of water in
the system, and the concentration of Zn(NO;),-6H,O solution.
Pure ZnO NPs were also prepared by using 1,2-propanediol
instead of Ag NW solution for comparison. The resultant
ZnO NPs were examined by XRD and SEM, respectively. The
XRD results [Fig. S2(A-E)f] clearly reveal that all the diffrac-
tion peaks can be indexed to ZnO (JCPDS 5-667), and no im-
purity diffraction peaks were observed. The SEM images [Fig.
S2(B-0)7] show that large quantities of ZnO nanocrystals with
different morphologies were successfully fabricated in the
presence of different volumes of water in the system. The size
and morphology of ZnO particles is very sensitive to the vol-
ume of water, and it can be clearly seen that the ZnO sample
comprises very small nanoparticles with a diameter of 8-20
nm when the volume of added water is 1.167 mL [Fig. S2(F
and G)f]. When the volume of water is increased to 2.5 mL,
the product becomes irregular crystals with diameters of
100-200 nm, assembled from tiny nanoparticles [Fig. S2(H
and I)T]. On increasing the volume of water to 6.5 mL, the
ZnO nanoparticles aggregate to form flower-like structures
with diameters of 600-800 nm [Fig. S2(J and K){], and the di-
ameter of the flower-like structures increased to ~1 pum on
further increasing the volume of water [Fig. S2(L-O)t].
Photoluminescence (PL) spectra were widely used to inves-
tigate recombination rate of photogenerated electrons and
holes in the photocatalysts during their photocatalysis reac-
tion.>* Fig. S31 shows the PL spectra of the tested photo-
catalysts (i.e. A1, A11, A2, and pure ZnO) with an excitation
wavelength of 325 nm. An UV emission peak centered at
around 380 nm and a visible emission in the range of 550-
590 nm with high intensity are observed in all photocatalysts.
The UV emission corresponds to the near band edge emis-
sion of ZnO, and represents the recombination of free exci-
tons through an exciton-exciton collision process.”*** The
visible emission is attributed to the presence of oxygen re-
lated defects and interstitials.'®”> Moreover, The A1 and A11
photocatalysts show a diminished PL intensity in comparison
with pure ZnO and A2, indicating that introduction of Ag
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nanowires and Ag nanoparticles inhibited the recombination
of electrons and holes generated in ZnO, which improved the
separation of electron-hole pairs and contributed to the en-
hancement of photocatalytic activity of Ag@ZnO core-shell
photocatalysts. Based on the above consideration, all Ag@ZnO
core-shell photocatalysts should have better photocatalytic
activity than pure ZnO, and A1 sample should be the best
photocatalyst among the Ag@ZnO heterostructures as it has
the lowest PL emission.

The resultant Ag@ZnO core-shell nanowires and nano-
particles are expected to show higher photocatalytic activity
than pure ZnO NPs, due to the plasmonic enhancement of
the Ag cores. The performance of the Ag@ZnO NWs (A1-A7)
was evaluated by the photodegradation of RhB under solar
light irradation. For comparison, the Ag NWs, Ag@ZnO NPs
(A8), and pure ZnO nanoflowers were also tested under iden-
tical experimental conditions. If the photodegradation of
RhB is considered as a pseudo-first-order reaction;****?* its
photocatalytic reaction kinetics can be expressed as follows:
C = Coe ™ where k is the degradation rate constant, and C,
and C are the initial concentration of RhB and the concentra-
tion of the pollution at a reaction time of ¢, which corre-
sponds well to the absorbance of RhB at 554 nm, respectively.
Fig. 8(A) shows the photodegradation curves of RhB in the
form of In(C,/C) as a function of time, and the k values deter-
mined from linear fitting for the as-prepared photocatalysts
are listed in Table 1. It can be clearly observed that the degra-
dation of RhB over only Ag NWs under solar light irradiation
is negligible.

In contrast, the as-prepared Ag@ZnO core-shell compos-
ites and pure ZnO nanoflowers all exhibit excellent photo-
catalytic performance. In particular, Ag@ZnO core-shell NWs
with various morphologies and proportions, and Ag@ZnO
core-shell NPs apparently show higher photocatalytic activi-
ties than that of the pure ZnO nanoflowers, while the
Ag@ZnO core-shell NWs (A1) prepared with 0.6 M Zn(NOs),
‘6H,0 and 14.5 mL water exhibit the highest catalytic activity,
which can decolor 99% of RhB within 60 min, with a rate
constant (k) of 0.0641 min". It should be noted that sample
A1 with 1D structured Ag NWs and fusiform ZnO with a high
carrier transport property serve as spatially extended active
centers to provide direct and fast electron/hole transfer to
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Fig. 8 (A) Rhodamine B degradation curves of In(Co/C) versus time for
Ag@ZnO heterostructured composite, Ag nanowires, and pure ZnO
used as catalyst. (B) Cycling runs in the photocatalytic degradation of
RhB in the presence of sample Al and pure ZnO under solar light
irradiation.
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Table 1 Reaction rate constant (k) for photocatalytic degradation of RhB
under solar light irradiation

Sample A1 A2 A3 A4 A5
k/min™ 0.0641 0.0265 0.0427 0.0629 0.0578
Sample A6 A7 A11 Pure ZnO Ag NWs
k/min™* 0.0437 0.0395 0.0613 0.0098 0.0004

their acceptors (H,O, O,, RhB), which increases the chance
for RhB dye to be degraded, compared with other 1D struc-
tured Ag NWs and ZnO nanoparticles such as samples A2
and A3. A similar kinetics and rate constant value (0.0613
min ') is also observed with Ag@ZnO core-shell NPs, which
is about 6.3 times larger compared to that of the pure ZnO
nanoflowers (0.0098 min~"). The results clearly demonstrate
that the hetero-growth of ZnO nanoshells on Ag NWs and
NPs to build core-shell heterostructures has been proven to
be a useful and successful strategy for improving the photo-
catalytic properties of ZnO crystals, and the photocatalytic
performance of the Ag@ZnO core-shell heterostructures can
be optimized by tailoring their morphology and proportions.

One main disadvantage of ZnO is its poor stability in deg-
radation of organic pollutants in aqueous solution due to
photo-corrosion. To investigate the stability and repeatability
of photocatalytic performance in the solar light region, sam-
ple A1 and pure ZnO were compared for their ability to de-
grade RhB in eight repeated cycles, and the results are shown
in Fig. 8(B). It was noteworthy that sample A1 exhibited much
higher stability than pure ZnO under solar light irradiation.
The RhB degradation rate decreased from 48% for the first
cycle to 15% for the eighth cycle over pure ZnO photocatalyst,
showing poor stability. However, the photocatalytic efficiency
was reduced by about 10% and 25% after five cycles and
eight cycles, respectively.

It was reported that in the photodegradation of organic
pollutants, reactive species such as ‘0,, h", e*, and "OH play
the bridge role in photocatalysts under light irradiation,'**>®
and they could vary with the different photocatalysts.?*”*” To
investigate the photocatalytic mechanism and to understand
the better performance of 1D Ag@ZnO core-shell photo-
catalyst (A1), the effect of scavengers on the degradation of
RhB was examined to clarify the contribution of different re-
active species during the photocatalysis study. We used
p-benzoquinone (PBQ) as O, scavenger,?*“““ triethanolamine
(TEOA) as h* scavenger,”*”? CCl, as electron scavenger,**?
and isopropanol (IPA) as -OH scavenger.>®* These scavengers
were added into the RhB solution together with the 1D
Ag@ZnO core-shell hetero-nanowires before irradiation. As il-
lustrated in Fig. 9, the almost complete inhibition of RhB
degradation in the presence of PBQ suggests that -O,” is the
major reactive species for the photocatalytic degradation of
RhB. The dramatic decrease in degradation of RhB in the
presence of TEOA demonstrate that h” also plays an impor-
tant role in the photodegradation of RhB over such 1D
Ag@ZnO heteronanowires, which was further confirmed by
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Fig. 9 Photocatalytic degradation of RhB over the 1D Ag@ZnO core-
shell hetero-nanowires (Al) in the presence of scavengers.

slight RhB degradation enhancement after adding CCl, to
capture photogenerated electrons. Meanwhile, the decrease
in degradation of RhB arising from the removal of oxygen
with bubbling N, revealed that molecular oxygen also plays
an important role over such 1D Ag@ZnO heteronanowires.
This is attributed to the electron trapping role of molecular
oxygen, which could produce ‘O, to inhibit the recombina-
tion of electron-hole pairs and leave an excess of holes to oxi-
dize RhB. The elimination of molecular oxygen would dimin-
ish the amount of holes and prevent the oxidation of RhB
due to the fast recombination of electron-hole pairs. The ad-
dition of IPA also indicates that 'OH contributes greatly to
the degradation of RhB.

As the real photocatalytic mechanism of Ag@ZnO hybrids
is very complicated, it is necessary to discuss the band struc-
ture of Ag@ZnO heterostructures in detail. The work function
of ZnO (5.2 eV) is larger than that of Ag (4.26 eV), which leads
to the migration of electrons from Ag to the conduction band
(CB) of ZnO to achieve Fermi energy level (Eg,) equilibration
when coupling of Ag NWs/NPs with ZnO. The transfer of
electrons can lead to trapping of charges and increased car-
rier life. A schematic illustration of the photocatalytic reac-
tion of RhB on Ag@ZnO heterostructures is presented in
Scheme 1. For photocatalysis under solar light irradiation,
the enhancement in both the UV region and the visible light
region should be considered, which may be ascribed to the
synergistic effects of Ag NWs/NPs and surface ZnO. As
evidenced by the SEM and TEM images, there are clear inter-
faces between Ag NWs and ZnO nanoparticles, which can effec-
tively suppress the recombination rate of electron-hole pairs.

The enhanced photocatalytic performance in the UV re-
gion was attributed to the formation of Schottky barriers at
the metal-semiconductor interface between the Ag NW/NP
core and the ZnO nanoparticle shell, which facilitates the
capture and quick transfer of photoexcited electrons from
the ZnO nanoshells to the Ag NWs/NPs under solar light
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Scheme 1 Schematic illustration of the transfer of photogenerated
electron-hole pairs in the Ag@ZnO core-shell NWs/NPs under solar
light irradiation.

irradiation.>® When the Ag@ZnO core-shell heterojunctions
are irradiated by UV light, electrons (e) in the valence band
(VB) can be excited to the CB with simultaneous generation
of the same amount of holes (h") in the VB. As presented in
Scheme 1, the bottom energy level of the CB of ZnO is higher
than the Ep of the Ag/ZnO heterostructures, so that photoex-
cited electrons can transfer rapidly from ZnO particles to Ag
nanowires, driven by the potential energy. Ag NWs/NPs, act-
ing as electron sinks, not only reduce the recombination of
photoinduced electrons and holes but also prolong the life-
time of photogenerated pairs. Subsequently, the electrons ac-
cumulated in the Ag NWs/NPs or the conduction band of
ZnO are transferred to O, molecules to produce superoxide
radical anions (‘O,") through multiple-electron reduction re-
actions to decompose organic pollutant.>*® Accumulation of
the photoinduced holes in the valence band of the ZnO nano-
shells leads to the production of the hydroxyl radical (OH) at
the surface, which is responsible for the oxidation decompo-
sition of the RhB molecules.* Both the sensitizing property
of the dye and the electron scavenging ability of silver to-
gether contribute to the interfacial charge transfer process to
utilize the photoexcited electrons, as well as the VB holes, to
form these active oxygen species.>! In addition, the defects at
the Ag@ZnO interface have also been demonstrated to sup-
press the charge recombination by transferring the photo-
generated electrons to the dye in solution.?
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For the enhancement in the visible light region, the
adsorbed RhB would also be photoactivated by the visible
light, so that electrons can transfer from the singlet excited
RhB (RhB*) to the conduction band (CB) of ZnO, Ag NWs/
NPs, and the shallow trap levels in the band gap of
Zn0.°**"?*% The electrons on the ZnO surface are subse-
quently trapped by the Ag NWs/NPs, which separates the
RhB" and the electrons, preventing the recombination pro-
cess.’® Moreover, the surface plasmon resonance of Ag NWs/
NPs excited by the solar light improves the excitation of sur-
face electrons and the transfer of interfacial electrons.’
Upon irradiation with visible light, the electrons in Ef, were
injected quickly into the conduction band (CB) of ZnO via a
surface phonon resonance (SPR) mechanism, leaving behind
holes on the metal surface. Separated electrons might then
be consumed by the dissolved oxygen to produce various re-
active oxidative species, thus promoting photocatalysis under
visible light irradiation.>**"

The unique 1D Ag@ZnO core-shell NWs are expected to
have excellent electron conductivity and mobility. The metal
nanowires with a high carrier transport property serve as spa-
tially extended catalyzing centres, which can facilitate fast
and long-distance electron transport, and the fast transfer of
photoinduced electrons and holes over the Ag NWs and ZnO
nanoshells suppresses the recombination of electron-hole
pairs, which is favorable for increasing the chances for RhB
to be degraded, compared with Ag@ZnO core-shell nano-
particles. Furthermore, the high length-to-diameter ratio of
the 1D metal-core@semiconductor-shell hetero-nanostructures
may remarkably enhance the light absorption, trapping, and
scattering through a local field enhancement effect of
plasmonic Ag NWs, and thus increase the quantity of photo-
generated electrons and holes available to participate in the
photocatalytic reactions, leading to an enhanced photocata-
Iytic property of the ZnO. It should be noted, however, that
the photocatalytic mechanism over such Ag@ZnO core-shell
NWSs/NPs is still not completely understood, and a more de-
tailed study is still underway.

Conclusions

In summary, plasmonic Ag@ZnO core-shell hybrids, includ-
ing hetero-nanowires and hetero-nanoparticles, have been
fabricated by a facile solution process at room temperature.
The resulting unique heterostructures exhibit greater
plasmonic enhancement of photocatalytic activity in RhB
oxidizing than pure ZnO under solar light irradiation. The
photocatalytic activity and cycling stability of the 1D core-
shell hetero-nanowires prepared under optimal conditions is
better than that of pure ZnO, which can be attributed to the
efficient separation of electron-hole pairs in such 1D
Ag@ZnO hetero-nanowires. Such rational design and fabrica-
tion of metal-core@semiconductor-shell architectures with
hetero-nanowires and hetero-nanoparticles may hold great
potential in solar energy utilization.
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