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Article history: In this article, we report a novel Ag@Ag;P0,@Zn0O ternary heterostructures synthesized through a
Received 7 November 2014 three-step approach. Firstly, single-crystalline Ag nanorods are fabricated and served as the templates
Accepted 28 March 2015 for subsequent AgsP0, deposition. Secondly, AgsPO, crystals are grown around Ag core nanorods through

Available online 30 April 2015 a solution co-precipitation process, leading to the Ag@AgsPO,4 binary heterostructures. Finally, ZnO

nanorod arrays on the surface of the Ag@Ags;P0O, heterostructures are realized via a seeded growth strat-
Kkeywords: egy, forming the typical Ag@Ag;P0,@Zn0 ternary heterostructures. The photodegradation of rhodamine
?egf:sf;[;?e ‘frzor;gucmres B under ultraviolet-visible light irradiation indicates that the Ag@Ag;P0,@Zn0 ternary heterostructures
1D core-shell exhibit much higher activities than pure AgzPO4 and binary heterostructures of Ag@Ag;PO,4. The higher
Photocatalysis photocatalytic activity of the Ag@AgzP0O,@Zn0 composites may be attributed to the effective photogen-

erated charge separation at heterointerfaces of Ag/AgsPO, and Ags;P0O4/Zn0O, and the rapid electron
transport along one-dimensional Ag and ZnO nanorods.
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extremely high photo-oxidative capabilities for O, evolution from
water as well as for organic dye degradation under visible light
irradiation, and is able to achieve a quantum efficiency of 90% at
wavelengths longer than 420 nm, significantly higher than previ-
ously reported values [1,2].

So far, AgsPO, crystals with a variety of shapes and morpholo-
gies such as rhombic dodecahedrons, cubes and spheres have been
prepared by Ye and co-workers through a co-precipitation solution
method. These AgsPO4 polyhedral/spherical crystals show interest-
ing morphology-related higher photocatalytic activities than tradi-
tional N-doped TiO, catalysts under visible-light irradiation [3,4].
However, the photocatalytic activity of pure AgzPO4 may still be
restricted by its relatively low separation/transportation efficiency
of photogenerated charges and limited light harvesting abilities.
Previous reports proved that, integrating the objective semicon-
ductor with properly selected metals [5,6] or semiconductors
[7,8] to form specific heterostructured composites, can effectively
adjust energy band structure and surface charge distribution of
the composites and thus improve their overall photoelectric prop-
erty. Recently our group also reported that the novel metal/oxide
semiconductor heterostructures, such as fluffy worm-like Ag core
nanowires (NWs)-ZnO branched nanorods (ZnO BNRs) [9] and
dandelion-like Au core nanoparticles (NPs)-ZnO nanorods (ZnO
NRs) heterostructures [10], showed enhanced photocatalytic prop-
erties than pure ZnO nanorods, due to their heterogeneous features
as well as the specially designed architectures.

Thereby, lately Ags;PO4-based heterogeneous photocatalysts
have received considerable interest. For example, Bi and coworkers
have realized selective growth of metallic Ag nanocrystals on
AgsP0O4 submicro-cubes [11] and selective growth of Ags;PO4
submicro-cubes on Ag nanowires [12] to fabricate Ag-AgsP0O4 com-
posite photocatalyst with specific architectures, both of which
exhibit structure-relevant better photoactivities than pure
AgsP0O,4. Moreover, AgsPO4-based binary heterostructured photo-
catalysts such as AgX/AgsPO, [13-14], Ag3PO4/In(OH); [15],
AgsP04/Bi,WOg [16] and Graphene oxide (GO)/AgszP0,4 [17], have
been prepared to either facilitate the separation of photoexcited
electron-hole pairs or enhance the light absorption and the stabil-
ity of the catalyst.

Compared to two-component heterostructures, three-
component heterostructured photocatalysts by rationally integrat-
ing proper components are more likely to satisfy the requirements
for high-efficiency photocatalysts. However, they are apparently
more challenging to be fabricated, especially those with specific spa-
tial configurations. To date, only several Ag;PO4-based ternary
structures including AgsP0O4/AgBr/Ag [18], Ag@Ag;PO,@Ag,S [19]
and Fe30,@Ag3;P0,4/AgCl [20] have been reported. Herein, we inte-
grate a noble metal (silver) and a large-band-gap semiconductor
(ZnO) with AgsPO, to form one-dimensional (1D) coaxial
cable-like structured Ag@Ag;P0O,@Zn0 ternary composites via a
three-step seeded growth method for photocatalytic studies. The
structure of the ternary composites was characterized and the pos-
sible growth mechanism was discussed. Photo-degradation of RhB
under 300 W high pressure mercury lamp and solar stimulator were
chosen to evaluate the catalytic activities of the synthesized com-
posite catalyst. In addition, the influence of the catalyst composition
and structures on the catalytic performances has been discussed.

2. Experimental section
2.1. Materials
All reagents are analytical grade. Ethyleneglycol(EG),

polyvinylpyrrolidone (PVP, Mw = 58,000, 40,000, 10,000), silver
nitrate (AgNO3), ammonium hydroxide (NHs-H,O), zincacetate

(Zn(Ac),), Rhodamine B chloride (RhB), ethanol (C,Hs0H),
hexamethylenetetramine (HMT) and zinc nitrate hexahydrate
(Zn(NO3),-6H,0) were purchased from Alfa Aesar (China)
Chemical Co. Ltd. Disodium hydrogen orthophosphate (Na,HPO,)
and sodium sulfide (Na,S) were bought from Aladdin Industrial
Corporation (China). All the materials were used directly without
further treatment.

2.2. Synthesis of Ag nanorods [21]

In a typical synthesis process, 6 mL of EG was first added to a
25 mL round-bottom flask followed by fierce stirring at 155 °C
for 1 h. Then 6 mL of PVP (Mw =58,000) solution (0.2 M in EG)
was rapidly injected into the flask. After stirring for 10 min, 4 mL
AgNOs3 solution (0.13 M in EG) was added drop by drop. The mixed
solution was kept at 155 °C for 190 min with continuous stirring,
leading to the formation of Ag nanorods. The product was collected
by centrifuging at a speed of 5000 r/min and rinsed with acetone
and deionized water repeatedly for 3 times. The obtained Ag
nanorods were stored and sealed in deionized water before use.

2.3. Synthesis of Ag@Ag;P0,4 composites [12]

Firstly, 3 mL of PVP (Mw = 40,000, 50 g/L) solution was injected
into a tube containing 2.5 mL the as-prepared Ag nanorods suspen-
sion. After 30 min, the suspension was centrifuged and rinsed with
water to remove the excessive PVP, EG and small nanoparticles
before re-dispersed in 3 mL deionized water. Afterwards, 0.15 M
aqueous solution containing [Ag(NHz),]" was added under stirring
for 15 min, followed by the dropwise addition of 0.15 M aqueous
solution of NayHPO,.

2.4. Synthesis of ZnO nanoseeds [9]

ZnO nanoseed solution (ZnO sol) was prepared as reported pre-
viously. First, 125 mL of zinc acetate solution in methanol (0.01 M)
was prepared. Then, 65 mL of KOH solution in methanol (0.03 M)
was injected dropwise. The ZnO sol was obtained after continuous
stirring the above mixed solution at 60 °C for 2 h.

2.5. Synthesis of Ag@Ag;P0,@Zn0 ternary composites

10 ml PVP (Mw = 10,000, 0.1 g/L) solution was added into the
prepared Ag@AgsP0O4 suspension and kept static for 4 h. Then the
solution was centrifuged, washed with water and dried at 60 °C.
Subsequently, the sample was dispersed in the prepared ZnO nano-
seed solution. After stirring for 3 h, the product was collected by
centrifuging and rinsed with water. Finally, the ZnO seed-coated
Ag@Ag;P0O,4 heterostructures were added to 30 mL aqueous solu-
tion composed of equimolar hexamethylenetetramine (HMT)
(0.05 M) and zinc nitrate (0.05 M). After incubation at 85 °C for
3 h, the product was collected from the solution, washed with
deionized water, and dried in the air. The synthesis process was
further illustrated in Fig. S1.

2.6. Photocatalytic activity measurement

2.6.1. Preparation of glass slide- supported heterogeneous catalyst

0.3 mg of the prepared catalyst was well-dispersed into 2 ml of
deionized water under ultrasonic oscillation as a stock solution.
0.8 ml of the stock solution was then spin-coated on a glass slide
of 1.5 x 1.5 cm? to be used in the heterogeneous catalysis.

2.6.2. Photocatalysis experiments
The glass slide was immersed in the RhB solution (0.8 mg/L) and
kept in dark for about 1h to reach an adsorption/desorption
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equilibrium. The system was then irradiated by a 300 W high pres-
sure mercury lamp or solar simulator under magnetic stirring.
After every 10 min, the solution of the photodegradation system
was sampled and detected using UV-vis spectroscopy. The degra-
dation of RhB in the solution was estimated by the optical density
change of RhB at 554 nm.

2.7. Characterization

Morphology was characterized using a scanning electron micro-
scope (SEM, Hitachi S4800, 3 kV) equipped with associated
energy-dispersive X-ray spectroscopy (EDX) and high-resolution
transmission electron microscopy (HR-TEM, JEM 2011, 200 kV).
The crystal structure was determined by X-ray diffraction (XRD)
using a D/max2550VB3+/PC X-ray diffractometer with Cu Ko radi-
ation with a 1.5418 A wavelength. A beam voltage of 40 kV and a
100 mA current beam were used. The UV-vis spectra of the sam-
ples were recorded on a UV-vis diffuse reflectance spectrometer
(InstantSpec BWS003) with an integrating sphere accessory.
Photoluminescence (PL) spectra were measured by a LS-55 fluores-
cence spectrophotometer with the excitation wavelength of
367 nm, the scanning speed of 500 nm/min and the width of exci-
tation slit of 10 nm.

3. Results and discussion

As shown in Fig. 1, the ternary heterostructures were fabricated
via a three-step strategy involving AgsPO,4 crystal deposition, ZnO
seed coating and heteroepitaxial growth processes. To be specific,
Ag nanorods fabricated via a modified polyol method [21] serve
as the substrates for subsequent AgsPO, deposition in an aqueous
solution containing mainly [Ag(NHs),]" and HPO3~ (I). Notably, in
this step, PVP plays a key role as the bridging molecule to effec-
tively decrease the high interfacial energy between Ag nanorods
and AgsP04 nanoparticles [22]. Otherwise, AgzPO4 would preferen-
tially nucleate in the solution rather than on the surfaces of Ag
nanorods. Moreover, due to this PVP-assisted templating method,
the hetero-grown Ags;P0O, crystals in our work are smaller in size
than those reported in previous work [3] and are distributed
evenly on the surfaces of Ag nanorods, which are favorable for
enhanced light absorption and molecule adsorption. ZnO seeds
were deposited on the surfaces of Ag@Ag;P0O, simply by immersing
the PVP modified Ag@Ag3P0O, in the ZnO-nanoseed sol with stirring
(II). Then, ZnO nanorod arrays were epitaxially grown on the sur-
face of AgsPO, via a seed-mediated growth process, leading to
the formation of Ag@Ag;PO,@ ZnO ternary heterostructures (III)
[10].

Fig. 2 shows the SEM images of the prepared samples at differ-
ent preparation stages. The Ag nanorods which serve as non-planar

substrates with smooth surface are ~10 pum in length and 150 nm
in diameter. After AgsPO, crystal deposition, the surface of Ag
nanorods gets rough (Fig. 2b and c). When adjusting the reactant
concentrations (see Fig. S2) to 0.15M (standard condition), the
deposited AgsPO4 crystals are polycrystalline nanoparticles arrang-
ing continuously along the Ag nanorods with a proper density. This
is different from Bi’'s work [12], where AgszP0,4 coatings either in a
nearly amorphous phase cover the surface of Ag nanorods com-
pletely or in the form of micron-sized single crystalline particles
are strung along the Ag nanowires with relatively large
inter-particle distance of ~several hundred nanometers.
Compared with the above referred Ag/AgsPO, heterostructures,
Ag@Ag;P0, heterostructures prepared in current work with the
dense coverage of crystalline AgsP0O, particles on Ag core nanorods
may be more efficient for both light absorption and photoinduced
charge separation and transport in photocatalysis applications. By
adjusting the concentrations of HMT and zinc nitrate(see Fig. S3),
ZnO nanorod arrays grown perpendicular to the surface of
Ag@AgsPO, heterostructures were obtained, i.e., the
Ag@Ag;P0,@Zn0 ternary heterostructures (Fig. 2d-f). Although
ZnO nanorods are not well-distributed, which may be ascribed to
the rough surface of 1D Ag@Ags;PO, hybrid rods, this
non-uniformity endows the product with relatively good translu-
cency as well as large specific surface area for light harvesting.

X-ray diffraction (XRD) analysis was explored to examine the
crystal structures of the obtained samples. As shown in Fig. 3C,
the peaks of the XRD pattern for Ag nanorods can be indexed to
face-centered cubic phase of pure Ag (JCPDS, No. 04-0783) [21].
Fig. 3B is the XRD pattern of Ag@Ag;P0O, composites. Except for
the peaks belong to Ag nanorods, the other peaks in Fig. 3B marked
with pink inverted triangle can be indexed to AgzPO,4 (JCPDS, No.
06-0505) [3]. And it is notable that compared to Fig. 3C, the inten-
sity of those peaks belonging to Ag decreases drastically, indicating
the dense deposition of AgzPO4 on the Ag nanorods. In the case of
the Ag@Ag;P0,@Zn0 ternary heterostructures, there are three
groups of diffraction peaks which can be assigned to Ag, AgsPO,4
and ZnO (marked with red inverted triangles, JCPDS, No. 36-
1451) [10], respectively. Moreover, the energy dispersive spec-
troscopy (EDS) (Fig. S4) of the Ag@Ag;P0,@Zn0 heterostructures
also indicates the existence of Ag, P, O and Zn elements, aside from
the Si signal coming from the silicon substrate used for EDS analy-
sis and the C signal from the residual PVP molecules, which further
confirms the ternary composition of our target product.

The optical properties of the obtained samples were studied
using UV-vis diffuse reflectance spectra (DRS) and shown in
Fig. 4. For comparison, the DRS of pure AgsPO,4 sub-micro-cubes
prepared according to reference [3] was also provided. As reported
[23], pure Ag3zPO,4 can absorb visible light shorter than 530 nm in
wavelength (the magenta curve in Fig. 4). For the Ag@Ag;PO,4
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Fig. 1. Schematic illustration of the growth process of Ag@Ag3P04@ZnO ternary heterostructures.
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Fig. 2. SEM images of Ag nanorods (a), Ag@AgsPO, (b and c), and Ag@Ag;P0,@Zn0 ternary heterostructures (d-f).
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Fig. 3. XRD patterns of (A) Ag@Ags;PO,@ZnO ternary heterostructures, (B)
Ag@Ag;P0, binary heterostructures and (C) Ag nanorods.
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Fig. 4. UV-vis diffuse-reflectance spectra of AgszPO, crystals, Ag@Ag;PO,4 binary
heterostructures and Ag@Ag;P0O,@Zn0 ternary heterostructures.

binary heterostructures in current work, besides the absorption
peaks ascribed to AgzPO,4, two new peaks centered at about 320
and 420 nm (marked with pound sign, the blue curve in Fig. 4)
are appeared. The former one could be indexed to the directly
bonding of electrons to the silver atoms in bulk silver [24], and

the latter is due to the unique surface plasmon resonance (SPR)
absorption of Ag nanorods. For the Ag@Ag;PO,@ZnO ternary
heterostructures, it is obvious that their absorption band entirely
overlaps that of pure Ag3;P0O4. However, the ultraviolent absorption
region (200-400 nm) of the ternary heterostructures is promi-
nently intensified with the two absorption peaks centered at
~320 and ~370 nm corresponding to the electron binding of Ag
and the typical band absorption of ZnO (marked with a star in
the green curve) [25]. This reveals that integration of Ag and ZnO
with AgsPO, can greatly enhance the light harvesting ability of
the composites especially in the ultraviolet region. Furthermore,
the three components of Ag, AgzPO,4 and ZnO possess a good match
in their energy band structure, for example, their band-edge posi-
tions: ZnO(CB= —0.6 eV, VB=2.6eV) [26], Ag3PO4(CB=0.45¢eV,
VB =2.88eV)[18] and Ag (Ef Ag = 0.4 eV vs. normal hydrogen elec-
trode (NHE)) [22]. Therefore, as illustrated in Fig. 5a and b, due to
the coaxial structure and the matched energy band-edge of the
three components, photo-generated electrons can readily transfer
to and concentrate on the surface of Ag nanorods, while the holes
transport to the valence band of ZnO, thus decreasing the recombi-
nation rate of the photo-induced charge carriers. Moreover, photo-
luminescence (PL) emission spectra of the samples were also
recorded to obtain more information about the surface vacancies
and migration and separation of the photo-induced charge carriers.
The PL spectra of the pure AgszPO, sub-micro-cubes and the
Ag@AgsP0O, and Ag@Ag;P0,@Zn0 heterostructures are demon-
strated in Fig. S5. For pure Ag3PO,, the broad PL emission peak cen-
tered at 480 could be attributed to the recombination of the
photo-generated charge carriers between the O2p orbit and the
empty d orbit of the central Ag" or of the self-trap excitons in
the PO, oxyanion complex, while the peak centered at 500 nm is
considered to originate from the recombination of
photo-generated holes with electrons around the surface oxygen
vacancies [24]. Compared with pure AgsPO4, the PL spectra of
Ag@Ag;P0O, and Ag@AgsP0O,@Zn0 composites have similar emis-
sion peaks in the test range. Notably, for the Ag@Ag;P0,@Zn0O
ternary heterostructures, the peak centered at 500 nm almost van-
ishes, indicating that integration of Ag and ZnO with AgsPO, in a
core-shell structure is very favorable to separate the photogener-
ated charge carriers and inhibit their recombination, thus leading
to the quenching of PL emission.

The photocatalytic performances of the obtained samples were
evaluated by degradation of RhB under ultraviolet-visible light
irradiation (Fig. 6). For comparison, degradation experiments with-
out catalyst or using pure AgszPO4, and the Ag@Ags;PO, binary
heterostructures as the catalysts were also conducted respectively.
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A&PO4

Fig. 5. Schematic diagrams of the energy band structures (a) and photocatalytic reaction process (b) for Ag@AgsP0O,@ZnO ternary heterostructured photocatalyst.

It is noted that all the samples (~0.12 mg, the standard weight in
current catalytic system (see Fig. S6)) were deposited on
1.5 x 1.5 cm? coverslips and immersed face-up in the solution of
RhB under irradiation of a high pressure Hg lamp. According to
the photodegradation curves shown in Fig. 6, the photocatalytic
efficiency of the studied catalysts follows the order:
Ag@Ag;P0,@Zn0O (green) > Ag@Ag;P0,4 (magenta) > AgsPO,
(Cyan) > Blank (blue, no catalyst added). Combined with the light
absorption properties (Fig. 4) and the energy band structures of
the catalysts (Fig. 5a), the above photocatalytic performance order
can be explained as follows: (1) It is well-reasoned that the degra-
dation rate is faster when using AgsPO,4 as the catalyst than that
with no catalyst added, because Ag3zP0O,4, a narrow-band semicon-
ductor (2.43 eV), has been proved to be a good catalyst under
visible-light irradiation [18]. (2) The integration of Ag with
AgsPO,, for one thing, could enhance the light absorption ability
of AgsPO4 as demonstrated in Fig. 4; for another thing, facilitates
the photo-induced charge carrier separation. Thus the
Ag@Ags;P0O,4 binary heterostructure has improved photocatalytic
performance than pure AgsPO,4 which agrees with Bi's reports
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Fig. 6. Photocatalytic degradation of RhB upon different catalysts of pure Ag;POy,
binary Ag@Ag;P0,, ternary Ag@Ag;P0,@Zn0 as well as blank respectively under
ultraviolet-visible light irradiation at room temperature.

[22]. (3) In the case of the Ag@Ag;P0,@Zn0 ternary heterostruc-
tures, the deposition of ZnO, a wide-band-gap semiconductor
(3.2 eV), further enhanced the absorption in UV region, which
greatly improved the light harvesting capacity of the heterostruc-
tured catalyst. Importantly, the delicately matched band structures
of ZnO, AgsP0, and Ag (Fig. 5a), are very favorable for the excited
electrons to transfer from the conduction bands of ZnO and
AgsP0O,4 to the newly rebuilt surface energy band of Ag, leaving
holes accumulating in the valence band of ZnO or Ag3;PO,.
Therefore, this ternary heterostructure not only intensifies the
light harvesting capacity of the composite catalyst, but also
improves the separation and transportation efficiency of the
photo-induced charge carriers. (4) Last but not least, the rationally
designed heterogeneous architecture of the three-component pho-
tocatalyst consisting of the core of 1D Ag nanorods, the interlayer
of AgsPO, crystalline nanoparticle and the outer layer of arrayed
ZnO nanorods, with high carrier transportation features, can serve
as spatially extended catalyzing centers to provide electrons/holes
to the acceptors (O,, H,0, RhB) [9] in a direct and timely-supplied
way. Fig. 5b was plotted to illustrate the detailed function mecha-
nism of the spatially extended catalyzing centers: upon exciting
with light, a fast charge separation and transportation process is
initiated, electrons enriched on the Ag nanowires would partici-
pate in and facilitate the multiple-electron reduction reaction of
oxygen (0, + 2H* + 2e~ - H,0,) [11,27]. Simultaneously, the accu-
mulated holes on ZnO rods and AgszP0O, particles would function as
the high-energy oxidants to accelerate the degradation of RhB
molecules. Moreover, the hierarchical heterostructured assemblies
with fluffy worm-like morphology endow the catalysts with a lar-
ger specific surface area and more accessible active sites for
improved adsorption and diffusion of molecules involved in the
desired photochemical reactions.

Degradation of RhB under solar stimulator using the synthe-
sized samples were also conducted as shown in Fig. S7, Different
from the results shown in Fig. 6, photocatalytic activities of the
studied catalysts under simulated solar light irradiation follows
the order of Ag@AgsP0O, . Ag@Ag;P0,@Zn0 > AgzP0,4, which is rea-
sonable when considering that the ultraviolent light content in the
solar spectrum is less than 5% while in the mercury lamp spectrum,
ultra-violet possesses a large percent. Therefore, although the pres-
ence of ZnO enhances the light absorption of Ag in the visible to
near-infrared region, the main function of ZnO is harvesting
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ultra-violet light and inject excited electrons to AgsPO, and Ag,
thus improving the efficiency of the composite photocatalyst.
Since the ultra-violet light content in the solar simulator spectrum
is low, the function of ZnO nanorods in the Ag@Ag;P0,@ZnO tern-
ary hetero-structures is very limited. Even worse, the presence of
Zn0 nanorods may shade and reflect part of the light which should
have been absorbed by Ags;PO, and Ag. From this point of view,
ternary composite photocatalysts formed by small ZnO nanoparti-
cles, rather than ZnO nanorod arrays, distributed on the surface of
Ag@AgsP0, in a proper density may be more favorable for those
photocatalytic applications irradiated under solar light. At present,
the relevant work is in progress in our group.

4. Conclusions

In summary, we have demonstrated an effective seed-mediated
deposition approach to prepare novel fluffy worm-like
Ag@Ag;P0,@Zn0 ternary heterostructures. The Ag@Ag;P0,@Zn0
ternary hetero-structures showed much higher photocatalytic
activities than pure AgzPO, and Ag@AgsPO, binary heterostruc-
tures upon UV-visible light irradiation. This could be ascribed to
the energy band structure match of the selected components (Ag,
AgsP0O,4 and ZnO) and the rationally designed architectures of the
ternary heterostructures, which enabled efficient channeling of
the photogenerated charge carriers and therefore led to improved
photocatalytic performance, compared to pure or binary photocat-
alysts. This strategy may also be adapted for preparing other mul-
ticomponent heterostructures with promising applications in solar
energy conversion, sensing and other photoelectric fields.
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