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Abstract:

We report a facile route for the synthesis of Au@Ag@ZnO triple layer core-shell
nanostructure with Au as core, Ag as intermediate layer and ZnO as an outer shell. The
thickness and surface plasmon resonance (SPR) absorption peak of the Ag shell of Au@Ag
bimetal has been controlled by the concentration of AgNO3 In Au@Ag@ZnO nanostructure
two major absorption peaks were seen, one due to SPR of Au and other due to the combined
effect of Ag and ZnO layer. The photoluminescence study shows that the Au@Ag@ZnO has
better charge separation compared to ZnO and Au@ZnO nanostructure. The visible
photocatalytic activity for the degradation of methyl orange dye was found to be much higher
in case of Au@Ag@ZnO core-shell structure than ZnO or Au@ZnO or TiO,.
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Introduction:

In recent years, nanoparticles of novel metals like Au, Ag, Pd, Cu and Pt have attracted
considerable interest because of their unique surface plasmon resonance (SPR), showing
dominant optical, electrical and catalytic properties !. Studies on bimetallic alloy or core-shell
nanoparticles incite interest as they have the capability to enhance the aforementioned
properties. For instance, Au-Pt, Au-Cu, Ag-Au and Au-Pd bimetallic alloy nanoparticles
show better catalytic properties than the monometallic nanoparticles (NP) *°. Bimetallic alloy
nanoparticle show one SPR absorption peak located between two monometallic SPR peaks °.
In case of Au@Ag bimetallic core-shell nanoparticle, two SPR bands can theoretically and
practically be present, by varying the size /shape of the core and the thickness of the shell ’.
Till date, various synthetic routes with various morphologies have been reported for synthesis
of Au@Ag core-shell nanoparticles (NPs). For example, Shore and co-workers reported the
synthesis of Au@Ag core-shell NPs by digestive ripening method ®. Zhang et al prepared
Au@Ag core-shell NPs by a seeding growth method °. Li et al synthesized such water-
soluble nanoparticles by using unmodified apoferritin template ' and Lim et al synthesized
DNA-embedded Au@Ag core—shell NPs with controllable silver shell thickness ''. Pena-
Rodriguez et al synthesized Au@Ag core-shell using citrate reduction method '2. Whereas
Zhang et al synthesized Au@Ag using polyelectrolyte multilayerd nanoreactors 1 Ma et al
prepared Au@Ag core shell nonocubes using capping agent like cetyltrimethylammonium
bromide (CTAB) or cetyltrimethylammonium chloride (CTAC) with single localized surface
plasmon resonance absorption ' Guha and co-workers synthesized Au@Ag nanoparticles by
synthetic fluorescent dipeptide B-Ala-Trp for Hg(I) sensing . Gong and co-workers
synthesized Au@Ag core-shell nanocrystals by varying the shapes of the cores '°. Yu and co-
workers prepared bimetallic Au/Ag core-shell nanorods and found the existence of two
longitudinal SPR bands in Au/Ag core shell nanorods that are due to the contributions from
the Ag shell and the Au core 7. Among the above mentioned methods, the most promising
approach is by coating the core with shell layer by successive reduction methods, where we
can tune the shell thickness and control the SPR absorption of core and shell individually.
Similarly hollow Au@Ag core-shell nanoparticles prepared by galvanic replacement of an
Ag core by Au '8 The Au@Ag@Au@Ag nanostructure can also be formed by successive
reduction of silver salt in the presence of Au@Ag@Au nanoparticles "°. In case of bimetal
core-shell nanoparticle the shell layer usually dominate the optical properties as compare to

core *’. The SPR is strongly affected by the refractive index in the immediate vicinity *'.

Page 2 of 27



Page 3 of 27

New Journal of Chemistry

By modifying the semiconductor nanostructure with metal or with bimetal, the photocatalytic
activity is realized in the visible region, the charge recombination is reduced, and the charge
storage is improved. It also shifts the Fermi level to a further negative potential and leads to
the formation of a Schottky barrier at the metal-semiconductor interface”’. Li and co-
workers synthesized Au@ZnO core-shell structure and studied the photocatalytic properties
under UV irradiation **. Sun and co-workers synthesized Au-ZnO nanocomposite and applied
it as a substrate in surface-enhanced raman scattering (SERS) measurement *°.Misra and co-
worker prepared Au@ZnO core-shell structure and studied the photocatalytic degradation of
methyl orange (MO) and oxidation of methanol under visible light irradiation®.

Tsukamoto and co-workers prepared TiO, loaded with Au—Ag bimetallic alloy particles and
under UV irradiation they efficiently produce H,O, from an O;-saturated ethanol/water
mixture®’. Zielin” ska-Jurek and co-workers prepared Au-TiO, and Ag/Au-TiO, nanoparticles
using a water-in-oil microemulsion system and found that the bimetallic samples showed a
higher photodegradation rate in visible region than monometallic photocatalysts.*> Chen and
co-worker prepared a Au—Ag-ZnO architecture on indium tin oxide substrate using three-step
electrochemical method and study the photocatalytic degradation of methyl orange under UV
irradiance®. They found a typical absorption peak around 365 nm for the pure ZnO as well as
Ag/Au modified ZnO thin film and no visible absorption peak was observed due to presence
of Ag/Au.

The literature review revels that no synthesis method has been reported for preparation of
Au@Ag@ZnO core-shell structure so far. Keeping in view of this we have developed a novel
preparation of Au@Ag@ZnO nanostructure by coating Au@Ag bimetal with ZnO layer.
Further we study the growth mechanism of Au@Ag@ZnO core-shell nanostructure. The
photocatalytic activities of ZnO nanoparticle, Au@ZnO, Au@Ag@ZnO core-shell
nanostructures were evaluated and compared with commercially available TiO, powder by

the photocatalytic degradation of methyl orange (MO) under visible light irradiance.
Experiment:

Synthesis of gold nanoparticle:

A typical procedure chosen to prepare Au nanoparticle is as follows: 8 ml of 25 mM HAuCly
was added in 200 ml of deionized (DI) water. Next, freshly prepared 1ml of ice-cold (0.35 M)
NaBH4 aqueous solution was quickly added under continuous stirring. The solutions turned

yellow to reddish immediately after addition of NaBH,, indicating gold nanoparticle
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formation, then 0.5 g of CTAB was mixed in the solution. The molar ratios of Au: BHa:
CTAB was 1:1.77:6.83. The solutions were kept undisturbed for 24 h. The gold nanoparticle
colloidal solution was repeatedly washed with ethanol and DI water to remove excess CTAB
via centrifugation finally red colour gold nanoparticles was redispersed in 50 ml of DI water

and was named as S1.
Preparation of Au@Ag core shell nanoparticle:

From sample S1, four sets of 10 ml gold nanoparticle colloidal suspension were labelled as
S2, S3, S4 and S5. 17.6 mM AgNOs stock solution was prepared in aqueous medium. From
this stock solution different amounts of (40 pl, 60 pl, 100 pl and 200 pl) AgNO; were mixed
with S2, S3, S4 and S5 respectively. As a result the Ag' ion concentrations were 0.07, 0.105,
0.175, and 0.35uM for sample S2, S3, S4 and S5 repectively. A freshly prepared ice-cold 50
pl (0.35 M) NaBH4 was mixed with each set of solutions so the molar ratio of BHs: Ag
was1:0.04, 1:0.06, 1:0.1 and 1:0.2. The colour of the solution changed from reddish to
reddish brown. The prepared Au@Ag core-shell nanostructures were repeatedly washed with
DI water to remove unreacted chemicals via centrifugation, and were redispersed in 10 ml of

DI water.

Preparation of Au@wAg@ZnO core-shell nanoparticle:

From sample S4, three sets of 3 ml bimetal colloidal suspension were labelled as S6, S7 and
S8. 0.1 M zinc acetate and 0.4 M sodium hydroxide stock solution was separately prepared
in aqueous medium. From this, 3ml of zinc acetate stock solution were mixed with each set of
solution. Simultaneously hydroxide stock solution was added instantly into S6, S7 and S8 and
pH of solutions was maintained at 10, 11 and 12 respectively. Finally the ratio of Zn*" and
OH ™~ was maintained at (1:4), (1:8) and (1:12) for sample S6, S7 and S8. Each of the reaction
temperature was at 90 °C for about 2 min. Each final product was centrifuged and washed
with DI water to remove residual impurities. The residue was dried in vacuum at 60 °C for 6

hrs and the colour of the finally product was dark brown.
Synthesis of ZnO:

For the synthesis of ZnO nanostructure, 20 ml of (0.4 M) sodium hydroxide solution was
mixed with 20 ml of (0.1 M) zinc acetate solution under continuous stirring. The resultant

solution temperature was maintained at 90 °C for about 2 min. A white-coloured colloidal
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solution was found after addition of NaOH. The residue was separated by centrifugation and
then washed with DI water to remove unreacted chemicals. The sample thus obtained was

named as S9.
Synthesis of Au@ZnO:

In order to synthesise Au@ZnO core-shell nanostructure, 10 ml of previously prepared S1
gold solution was mixed with 20 ml of (0.1 M) zinc acetate solution under vigorous stirring.
20 ml of (0.4 M) sodium hydroxide was added to the above solution under continuous stirring
and maintained at a temperature of 90 °C. The colour of the solution turned red to pink after
addition of sodium hydroxide. The precipitates were collected after 2 min, and were

centrifuged and washed using DI water. This resultant sample was named as S10.

Characterization:

Photoluminescence spectra were measured at room temperature by a Cary Eclipse
fluorescence spectrophotometer. The UV-vis absorption measurement of aqueous colloidal
solution was measured using Hitachi U-3900 H spectrophotometer. The morphology and
structure of nanoparticles studies were carried out by Transmission Electron Microscopy
(TEM) using JEM 2100 (JEOL) microscope operating at 120 kV accelerating voltage.
Samples were prepared by placing a drop of nanoparticles suspended in water on carbon-
coated TEM grids with 300 meshes. The TEM grids were allowed to dry for 10 min at room
temperature before analysis.

Photocatalytic activities:

The photocatalytic activities of pure ZnO (S9), Au@ZnO S(10), Au@Ag@ZnO (S6)
nanostructures and TiO, powder were evaluated by the photocatalytic degradation of methyl
orange (MO) in an aqueous medium under visible light. A 150 W Xe lamp with a 390 nm
cut-off filter was used as the visible light source. Prior to visible light exposure, 50 ml of (100
mM) MO and 5 mg of catalytic powder (ZnO or Au@ZnO or Au@Ag@ZnO or TiO,) were
magnetically stirred in the dark for 20 min to equilibrate the absorption and desorption of dye
molecules. To monitor the degradation process, the absorption of pure MO solution, MO

with ZnO, Au@ZnO and Au@Ag@ZnO was recorded after every 10 min at 456 nm.
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Results and Discussion:

It is well known that the surface plasmon resonance (SPR) bands of metal nanoparticle
depend on the shape, size, structure, composition and dielectric properties of the local
environment **. The metal nanoparticle shows only a single SPR absorption. In core-shell
bimetals, it shows two SPR absorptions, one for the core and the other for the shell. These
SPR absorptions are dependent upon shell thickness. After the formation of the shell of
certain thickness on the core, the SPR absorption of the core diminishes and shows only one
SPR absorption. In order to study the effect of Ag shell thickness on Au core, the SPR
absorption has been carried out for samples S2 to S5. It has been found that the pure Au
nanoparticles (S1) colloidal solution show SPR characteristic peak located at 533 nm. At
lower concentrations of AgNO3 (40 pl) in the S2 solution, the peak position corresponding to
gold gets blue shifted to 529 nm and the peak intensity also gets drastically increased, as
shown in figure 1. Such a blue-shift of the SPR absorption of Au is consistent with increasing
thickness of the Ag shell layer onto the gold core surface as the surface plasmon band
position is sensitively dependent upon the coupling between the Au and Ag layers and
elemental composition of the metal nanoparticles ® '> ' **. With increased the AgNOs;
concentration (60 pl) in sample S3 it has been observed that the SPR of Au core gets more
blue shifted at 527 nm. The Ag shell has been grown on the outer surfaces of Au
nanoparticles by the selective reduction of Ag" ions and was bound to the surfaces of Au
nanoparticles. At higher concentration of AgNO3 (100 pl) in S4 shows two SPR are generated
one at 526 nm and the other at 425 nm which corresponds to gold core and silver shell
respectively. So we can reveal that this was the optimum AgNO; concentration for the
generation two SRP peaks. With a further increase of AgNOj; concentration in S5, the peak
corresponding to Au core gets diminished shoulder at ~523 nm and the peak corresponding to
Ag shell becomes prominent at 420 nm. The detail SPR absorption values has been given in
the supporting information (table S1). Therefore, when the Ag shell is sufficiently thick, the
Au core SPR peak becomes very weak. As a result, the absorption spectrum shows one
distinct peak from the outer surface of Au@Ag at a shorter wavelength of 420 nm. The SPR
absorption of Au core of Au@Ag bimetal gets blue shifted as compared to pure Au
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nanoparticle. Since we know that the ionic potential of Au (9.1 eV) is higher than that of Ag
(7.55 eV), due to an electronic interaction between Au core and the Ag shell, the electrons
will get transferred from Au core to the Ag shell, resulting a reduction in electron density
and blue shifting in the SPR of Au core. When bimetal nanoparticles were comes in contract
with Zn" and OH ions in the reaction media the ZnO nucleation start on the surface Ag layer.
After the first nucleation formation, the bimetal nanoparticle particles begin to grow by
diffusion of the reactants through the solution to the surface of the growing particles. In case
of sample S6 the pH of solution was 10 and Au@Ag@ZnO nanoparticle shows two broad
absorptions have been observed one at 506 and other at 428 nm. The first corresponds to SPR
of Au, and the second is related to combined absorption of Ag and ZnO layer. Further
increase the pH value (11-12) of solution the solubility of zinc species get enhance in the
reaction media, as a result the growth of relatively accumulated and larger Au@Ag@ZnO
nanoparticle with thick ZnO shell was observed®. The effect of pH value also reflects in the
absorption of Au@Ag@ZnO nanoparticle. At higher pH value the absorption of ZnO shell
becomes prominent than the Au@Ag absorption. The pure ZnO nanostructure shows
absorption at 358 nm. The Au@ZnO shows two absorptions, one at 377 nm and the other at
516 nm. The absorption peak of ZnO shell in the Au@ZnO core-shell structure undergoes a
red-shift in comparison to pure ZnO nanoparticle, which attributes the formation of ZnO
nucleation layer on the surface of Au nanoparticle. The absorption of Au is attributed to the
surface plasmon resonance (SPR) response of Au cores, and a significant blue-shift against
pure Au nanocrystals is observed as the surface plasmon generated electrons in Au get
transferred to the conduction band of ZnO. The detail absorption of samples S6-S8 has been

given in the supportive information (table S2).

After addition of AgNO; in the Au nanoparticle solution, the silver ion (Ag") comes into
contact of Au nanoparticle. When the strong reducing reagent NaBHy is added into the
solution, the Ag” gets reduced to Ag” and a nucleation layer of Ag is formed on the surface of
Au seed . The shell thickness of Ag in Au@Ag core-shell nanoparticles depend upon the
concentration of AgNOjs in the solution as shown in the TEM image figure 2(a to ¢). For the
synthesis of Au@Ag@ZnO nanoparticle, zinc acetate and sodium hydroxide were mixed in
bimetal solution. A thin layer of ZnO was formed on the surface of Ag, as the ratio of
Zn"/OH  is relatively high in the solution which also helps in crystal aggregation of ZnO
under the driving forces of surface energy and electrostatic force. The TEM image and its

size distribution has been given in figure 2(f-h). The TEM image and size distribution of
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sample S9 and sample S10 also shown in figure 2 (i and j). The schematic representation of
the growth mechanism of Au@Ag@ZnO core-shell nanostructure shown in the figure 3. The
size distribution range and shell thickness for core-shell material has been given in supporting
information (table S3).

To study the electron transfer mechanism the photoluminescence (PL) characteristics of the
Zn0, Au@ZnO and Au@Ag@ZnO nanoparticles were carried out at room temperature with
an excitation wavelength of 330 nm. It has been observed that ZnO shows the emission band
centered at 378 nm and no emission band in the visible region as shown in the figure 4. This
UV emission band attributed to the near edge band emission of ZnO. The Au@ZnO and
Au@Ag@Zn0O have nearly same emission at 387 nm but lower emission intensity than ZnO.
The Au@Ag@ZnO possesses better charge separation behaviour than ZnO and Au@ZnO.
As soon as the metal nanoparticles come in contact with ZnO, it induces bending of energy
band of ZnO. At the interface, a schottky barrier is formed, leading to an upward bending of
the energy band of ZnO. Since the work functions of Ag (4.26 ¢V) and Au (5.1 eV) are lower
than that of ZnO (5.3 eV), electrons will get transferred from metal to ZnO until the Fermi
level of both come at the same level “* When Au@Ag bimetal interacts with ZnO, a new
Fermi energy level is formed at the interface of semiconductor-bimetal junction to create a
stable state. The free electrons present in the bimetal will flow towards ZnO until the Fermi
level of both comes to the same level. The overall Fermi level of Au@Ag@ZnO moves
upwards as compared to pure ZnO. Schematic energy-band diagrams of Au@ZnO,
Ag@ZnO, and Au@Ag@ZnO nanostructures are shown in figure 5 (a, b and c). The electron
transfer path way of Au@Ag@ZnO under UV excitation was shown in the figure 5 (d).

To study the photocatalytic activities of ZnO (S9), Au@ZnO (S10), Au@Ag@ZnO (S6)
nanostructures and commercially available TiO, powder, they were tested for methyl orange
degradation process under visible illumination. Methyl orange (MO) showed single
absorption peak at 456 nm in the visible region. To compare the photocatalytic activity more
quantitatively, we have monitored the change in MO concentration (C), relative to the initial
concentration (Cyp). The figure 6(b) shows the degradation curve for all the samples estimated

as C/Cy versus time. The degradation efficiency n (%) could be calculated as

(%) = <&

€ x 100 (1)
Co

where Cy is the initial concentration of dye and C is the concentration after photo degradation.
In the absence of any catalyst, MO shows no change in absorption intensity up to 50 min. The

Au@ZnO (S10) core-shell NPs show better photocatalytic activity as compared to pure ZnO
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(S9) and TiO; powder. It degrades about 53% of MO, while pure ZnO degrades only 8% of
MO. This can be attributed to the presence SPR generated electron of Au core. Furthermore,
Au@Ag@ZnO (S6) degrades about 93% of MO and shows superior photocatalytic activity
than ZnO, Au@ZnO NPs and TiO;. The specific schematic diagram of MO degradation using
Au@Ag@ZnO is illustrated in figure 6(a). The Au@Ag bimetal acts as a source of two SPR
generated electrons under visible illumination. The SPR generated e transfers to the
conduction band of ZnO, where it gets trapped by electron acceptors such as adsorbed O; to
produce superoxide radical anions 0;~. And then, the O, radicals can further react with H,O
to produce H,O, in aqueous solution. Further H,O, react with electrons to form - OH radical
which is responsible for degradation of MO as it happen in case of TiO, nanospheres
decorated by Au nanoparticles 0 The photocatalytic degradation of MO can be summarized

by the following reactions.

ecg + 02 = 0y (2)
05" + H,0 — HO; + OH™ 3)
HO, + HO; » H,0, + 0, (4)
H,0, + efz — - OH + OH™ (5)

Dye + - OH — Degradation products  (6)

Conclusion:

In summary, we have successfully demonstrated a facile approach of preparation of
Au@Ag@ZnO nanoparticles in aqueous medium. In case of Au@Ag nanoparticle, the shell
thickness of Ag layer could be tuned by controlling the concentration of AgNO;. The SPR of
Au and Au@Ag suppressed the near edge band emission of ZnO and reduced the charge
recombination. The Au@Ag@ZnO showed better visible photocatalytic behaviour than
Au@ZnO and ZnO.

Acknowledgments: The authors acknowledge CSIR for research fellowships and supports
extended for this work. The authors also acknowledge Mr. P. Chakraborty for his helpful

discussion.
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Figure 1. UV-vis absorption spectra of Au, Au@Ag and Ag@Au@ZnO nanoparticles
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Figure 2 (b) TEM image of Au@Ag (sample S2) nanoparticle and its size distribution histogram
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Figure 2 (c) TEM image of Au@Ag (sample S3) nanoparticle and its size distribution histogram
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Figure 2 (d) TEM image of Au@Ag (sample S4) nanoparticle and its size distribution histogram
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Figure 2 (e) TEM image of Au@Ag (sample S5) nanoparticle and its size distribution histogram
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Figure 2 (f) TEM image of Au@Ag@ZnO (sample S6) nanoparticle and its size distribution histogram
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Figure 2 (h) TEM image of Au@Ag@ZnO (sample S8) nanoparticle and its size distribution histogram

New Journal of Chemistry Accepted Manuscript



Page 19 of 27

New Journal of Chemistry

25 -
20 -
15 -
10 -

Frequency (%)

23 24 26 30 33 35
particle size (nm)
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Visible light induced photocatalytic mechanism of Au@Ag@ZnO core-shell nanostructure and kinetics of methyl orange
(MO) photo degradation by ZnO, Au@ZnO, Au@Ag@ZnO and TiO,



