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Fabrication of Au(Ag)/AgCl/Fe;0,@PDA@AuU nanocompositeswith
enhanced visible-light-driven photocatalytic activity

Baoyu Wang,Min Zhang,*Weizhen Li,Linlin Wang, Jing Zheng, WenjunGan,*Jingli Xu*

Here we reported a facile method to synthesize multifunctional
nanocables with tunable chemical composition. Through the in-
situ templating method, the polydopamine could be directly
coated onto the magnetic silver nanowires to form Ag
NWs/Fe;O,@PDA nanocables. Then, the
Au(Ag)/AgCl/Fe;0,@PDA@Au was elaborately fabricated by
utilizing the Ag NWs/Fe;O,@PDA as a template by means of
spatially confined galvanic replacement and reduction among Ag
NWs, PDA and HAuCl,. These multifunctional nanotubes
exhibited excellent photocatalytic activity in the presence of
visible light.

One dimensional silver nanowires(Ag NWs) have attracted
considerable interest due to their intriguing electrical, thermal, and
optical properties. ' Recently, more attention has been paid to
functionalize silver nanowires with various inorganic nanoparticles
such as metals, metal oxides.? ®Among these hybrid Ag NWs,
magnetic silver nanowires have been emerging to be an interesting
area of advanced research owing to their potential applications in
catalysis, polymer reinforcement, and etc.’

During the past decade, tremendous research efforts have been
devoted to fabricating the large-band gap photocatalysts and
improving their absorption coefficient in the visible light
region.*Among the photocatalysts, plasmonic photocatalysts based
on silver halides have attracted much attention because of their
excellent photocatalytic performance for dye degradation. * For
example, AgCl was chosen as a highly efficient and stable
photocatalyst due to its large band gap'®. Furthermore, incorporating
noble metal nanostructures(such as Au and Ag nanoparticles) with
strong surface plasmon resonance can increase photocatalysts
absorption efficiency in the visible light region,''because it not only
can promote the photocatalytic activity by slowing down the
recombination of photogenerated electrons and holes but also can
induce a visible-light-driven photocatalysis originating from their
plasmonic effects. Up to now, considerable endeavor has been
focused on exploring the AgCl-Au as visible-light-responding
photocatalyst.'>'*For instance, Sun group had developed a two-step
approach to fabricate AgCl nanowires decorated with Au
nanoparticles by using Ag nanowires as chemical templates.'
Similarly, by using the Fe;O,/AgNWs hybrids as the chemical
template, Fe;04/Au-AgCl double-layer nanotubes which display
obvious near-infrared absorption have also been reported." To our
knowledge, the well-defined visible photocatalyst should possess
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two characteristics, namely near-infrared absorption and excellent
photocatalytic stability. Unfortunately, few photocatalysts are
present to meet these requirements.

The application of protective shell was an effective strategy for
improving the compatibility and stability of the photocatalyst.
Polydopamine(PDA)has received significant attention because of its
unique chemical structure, outstanding performance and wide
potential application." It was reported that the self-polymerization
of dopamine could form stable coating on the surface of inorganic
and organic materials in comparison to the other coating
techniques. '® Besides its good biocompatibility and adhesiveness,
the PDA coatings have other attractive features: serving as a
versatile platform for secondary surface-mediated reactions, leading
to multifunctional coatings for diverse uses, and so on. 17,18,19
Recently, our group has also extended the application of
polydopamine coating on Ag NWs, 2 Fe;0,,2!:2 Fe304@SiOZ,23
and CNTs/Fe;0,%* through the self-polymerization of dopamine at
room temperature. Via this process, PDA can be well deposited on
monodisperse ferrite on the outside walls of Ag NWs can be readily
obtained. To this end, more involvements should be done to
improve the photocatalytic properties by utilizing the PDA
chemistry.

Therefore, the novel Au(Ag)/AgCl/Fe;0,@PDA@Au multiple
layer nanotubes were obtained where in Ag NWs/Fe;0,@PDA
worked as a template and transformed chemically by means of
galvanic replacement and reduction among Ag NWs, PDA and
HAuCl,. The design of Au(Ag)/AgCl/Fe;0,4 hollow structure with
PDA-Au coating is one feasible strategy in terms of photocatalytic
processes. The advantages of this conception are explained here.
First, hollow Au(Ag)/AgCl structure enables both the outer and
inner surfaces of the catalyst to contact with the reactants, and allow
light scattering of visible light within the interior cavity to promote
the light-harvesting efficiency. Second, the incorporation of Au
nanoparticles onto the PDA shell can provide them with intriguing
stability inherited from the synergetic effect on enhancing the
adsorption on the visible light. More importantly, combining the
attractive tubular structure with superparamagnetic iron oxide
nanoparticles not only has all the advantages of multifunctional
nanotubes, but also greatly favors their recycling or targeting
abilities by external magnetic field. Consequently, the
multifunctional nanocomposites showed obvious near-infrared
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absorption and exhibited excellent photocatalytic activity via visible
light. Here, the Ag NWs/Fe;0,@PDA nanocomposites play dual
roles. Firstly, the outer layer of PDA can be used as both carrier and
reductant to form the PDA-Au composites” which can enhance the
adorption of the near-infrared light. Secondly, the inner core of Ag
NWs serves as chemical template to form the Au(Ag)/AgCl
nanotubes, which can also be applied in the photocatalytic

reaction.”®?’

y Pdop / HAUCl,
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vy ® @
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Scheme 1 Programmed synthesis of Au(Ag)/AgCl/Fe;0,@PDA@Au by
different reaction mass ratio of Ag NWs/Fe;04@PDA to HAuCly: (A) 7:1, (B)
8:5, (C) 1:7. (Note:The product of A is defined as the
Ag(Au)/AgCl/Fe;0,@PDA@Au; the product of B is the intermediate product
and C; The defined as the
Au(Ag)/AgCl/Fe;04@PDA@AU).

between A product of C is

Scheme 1 shows the schematic fabrication of the nano-hybrids.
Firstly, high-quality AgNWs with length of 4-15 um were
synthesized by a facile and scalable one-pot route previously
reported *® (Supporting Information). Secondly, the magnetite
nanoparticles were loaded onto the surface of Ag NWs by in-situ
high-temperature  decomposition of the precursor iron(IIl)
acetylacetonate. © The PDA was further coated on the Ag
NWs/Fe;04 to improve the functionality of the resultant composites.
Finally, Au(Ag)/AgCl/Fe;0,@PDA@Au nanocomposites was
fabricated by using the Ag NWs/Fe;0,@PDA as a chemical
template by means of galvanic replacement and reduction among Ag
NWs, PDA and HAuCl,.

The standard reduction potential of AuCl,/Au pair (0.99 V vs. SHE)
is higher than that of Ag'/Ag pair (0.80 V vsSHE). Thus the Ag can
be oxidized into Ag" when the HAuCl, is added to the suspension of
silver nanostructures.*® Silver nanocrystals/nanowires were usually
chosen as the templates for preparing Au nanocages/tubes by means
of the galvanic replacement reaction in HAuCl, aqueous solution *'
and the formed AgCl was removed. Herein, we demonstrate that the
Au(Ag)/AgCl/Fe;0,@PDA@Au nanocomposites can be prepared
based on the galvanic replacement reaction and reduction among Ag
NWs, PDA and HAuCl, under mild environment. Recently, Shim
etc? have reported the synthesis and characterization of one
dimensional Au(Ag)/AgCl nanocomposites. As the Au precursor
concentration increased, the structure of the resulting Au(Ag)/AgCl
changed from a solid core@shell wire to a porous hollow wire with a

decrease in the Ag and AgCl contents and increase in the Au content.

Notably, the content of AgCl was decreased with increasing the Au
precursor concentration, because the excessive remaining AuCly can
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spontaneously dissolve the deposited AgCl into the solution phase
by being reduced to Au(Scheme S1).

3Ag + HAuCl, —s=— Au+ 3AgCl+ HCI

AgCl(s) + ¢ —= Ag(s)+CI’

Fig. 1A shows X-ray diffraction (XRD) patterns of the Ag NWs, Ag
NWs/Fe;04 and PDA coated Ag NWs/Fe;04 nanocomposites.
According to the Fig. 1A(a), the XRD pattern of Ag NWs shows
broad diffraction peaks at 20= 38.2°, 44.5°, 64.4° and 77.5°, which
correspond to the (111), (200), (220), and (311) of fecc-silver
structure(JCPDS file No. 89-3722), respectively. In the XRD pattern
of Ag NWs/Fe;0, composites, two new significant diffraction peaks
at 20 =35.6°, 57.3° are attributed to (311) and (511) planes of
Fe;04(JCPDS file No. 19-0629). For the XRD pattern of Ag
NWs/Fe;O04@PDA(Fig. 1A(c)), the pattern is similar to the pristine
Ag NWs/Fe;04 composites(Fig. 1A(a)), revealing that the core-shell
composites consist of the Ag NWs/Fe;O4 component.

The XRD patterns (Fig.1B) of the as-prepared products of reactions
between Ag NWs/Fe;0,@PDA and HAuCl, indicate that the series
of nanocomposites are clearly composed of four components, i.e.,
Ag, AgCl, Fe;04 and Au, where the Ag and Au peaks are almost
identical, due to their similar lattice constants. After the oxidation of
Ag NWs/Fe;0,@PDA nanocomposites by HAuCly, the as-obtained
composites displays different XRD pattern (Fig. 1B) with distinct
diffraction peaks of 20 at 28.2°, 32.6° 46.6°, 55.2°, 57.8°, 67.6°,
which correspond to the (111), (200), (220), (311), (222) and (400)
planes of the typical cubic phase of AgCl (JCPDS 31-1238). The
compositions of the Ag NWs/Fe;0,@PDA with different amount of
HAuCl, are also investigated by XRD(Fig. 1B). Four additional
peaks of 260 at 38.2°, 43°, 64.6° and 77.8°, which represent the Bragg
reflections from (111), (200), (200), and (311) planes of Au(JCPDS
card No. 04-0784) are observed, showing clearly the existence of Au
NPs in the Au(Ag)/AgCl//Fe;0,@PDA@Au(Fig. 1B(d)). The XRD
result indicates the coexistence of AgCl and Au in the composites
nanotubes. It must be mentioned that when the reaction mass ratio of
Ag NWs/Fe;04@PDA to HAuCl, is 1:7, the Ag NWs disappear,
which indicates that the inner Ag core is etched to form the
Au(Ag)/AgCl hybrids(Fig.1B(d)). The results are consistent with
previous work.*>** Moreover, the peak intensity of AgCl becomes
weaker, this is due to that the excessive AuCl, can spontaneously
dissolve the deposited AgCl.** Additionally, the diffraction from
Fe;0, is too weak to be detected, which is due to the heavy atom
effect of Au.**
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Fig.1 A:XRD patterns of the as-prepared Ag NWs(a), Ag NWs/Fe;04(b) , Ag
NWs/Fe;04@PDA(c) B:XRD patterns of the as-prepared Ag NWs/Fe;0;@PDA
with different mass ratios of Ag NWs/Fe;04@PDA to HAuCly , 7:1(a), 8:5(b),
1:3(c), 1:7(d).

The morphologies of the as-prepared Ag NWs, Ag NWs/Fe;04 and
Ag NWs/Fe;04@PDA composites were detected by SEM. Fig.
S1(a,b) show SEM photographs of Ag nanowires, indicating that Ag
nanowires with smooth surface are of 4-15 umin length and about
100 nm in diameter. Because a layer of tiny Fe;O, nanoparticles is
deposited on the surface of Ag nanowires, the resulted Ag
NWs/Fe;0,4 core-shell nanowires display extremely rough surface
morphology which are shown in Fig.S1(c,d). Interestingly, after
further coating Ag NWs/Fe;0, with a uniform layer of
polydopamine, the surface becomes smooth.

Fig. 2 TEM images of (a,b) Ag NWs, (c,d) Ag NWs/Fe;04 composites, (e,f) Ag
NWs/Fe;04@PDA-20 nm,(g,h)Ag NWs/Fe;04@PDA-65 nm.

The microstructure of the as-prepared Ag NWs, Ag NWs/ Fe;0, and
Ag NWs/Fe;0,@PDA composites were investigated by using TEM.
From Fig. 2(c,d), a layer of Fe;O4 NPs is found on the Ag NWs(Fig.
2(a,b)). The average diameter of Fe;0, nanoparticles was about 8 nm
and they are uniformly distributed on the surface of the Ag NWs.
These Ag NWs/Fe;0,4 composites could be well dispersed into the
water solution. Fig. 2(e,f)) were the TEM images of the

This journal is © The Royal Society of Chemistry 2015

Ag/Fe;04@PDA, in which we could find that a uniform PDA layer
of 15~20 nm is coated on the surface of Ag/Fe;04. The shell
thickness is tunable and they can gradually increase from 20 nm to
65 nm (Fig. 2(g,h)) with adjusting the mass ratio of Ag/Fe;O, to
dopamine from 1:1 to 1:2. Thus, it can be concluded that coverage
thickness can be easily controlled by changing the PDA
concentration.

Fig. 3 SEM images of the nanocomposites with increasing the weight ratio
between Ag NWs/Fe;04@PDA and HAuCly: 7:1(a), 8:5(cb), 1:3(c), 1:7(d).

The novel Au(Ag)/AgCl/Fe;0,@PDA@Au multiple layer nanotubes
were obtained by adding the Ag NWs/Fe;0,@PDA to HAuCl,
solution without extra reagents or heat treatment. It is believed that
numerous amine and catechol functional groups are present in the
PDA coating, and the catechol groups are oxidized. Therefore, the
obtained polydopamine shell can act as both reducing agent of metal
ions and anchor sites for the resultant metal(0)."* Furthermore, the
impact of HAuCl,; dosage on the size and amount as well as
distribution of Au NPs immobilized was investigated. Based on the
SEM and TEM analysis, we could find that the size and amount of
the Au NPs show strong dependency on the dosage of HAuCl,.
From the Fig. 3(a) and Fig. 4(a,b) images,it can be clearly seen that
plenty of monodisperse Au NPs with small size were both embedded
in PDA shell and distributed on PDA surface. However, with further
increasing of the HAuCl, concentration, the size of AuNPs increased
and the excess Au NPs tended to agglomerate to large Au NPs (Fig.
3(b,c,d)).”® Simultaneously, some ions of silver migrated out of the
PDA, and reacted with chloride ion to generate irregular AgCl
nanoclusters which were deposited on the surface of PDA.
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Fig. 4 TEM images of the Ag NWs/Fe;04@PDA@Au composites with
increasing the weight ratio between Ag NWs/Fe;04@PDA and HAuCly to
7:1(a,b), 8:5(c,d), 1:3(e,f), 1:7(g,h).

TEM images of Fig. 4 show Ag NWs/Fe;0,@PDA@Au composites
obtained via galvanic displacement reaction between Ag NWs core
of the Ag NWs/Fe;04@PDA composites with HAuCly. During
galvanic replacement, the reaction starts at a specific site with the
highest surface energy(obvious examples include point defects and
stacking faults) of the side {100} surfaces.*> According to Fig. 4(a,b),
it is demonstrated that Ag is oxidized and there are some flaws on
the surface of Ag NWs, which is due to the electrons migrating to
the entire surface of the nanowire to reduce AuCly ions into Au
atoms. From previous work,*® it can be concluded that a thin layer of
Au nanoparticles are deposited on the surface of AgNWs. As shown
in Fig. 4(c,d), the TEM image indicates that with the concentration
of HAuCl, further increasing, the as-obtained nanocomposites
display the structure of nanotubes with well-shaped hollow interior
and uniform wall. Due to the space occupied by Ag atoms unable to
be filled by Au atoms, nanotubes with smooth and uniform wall
form composed of Au(Ag)/AgCl composites. Alternatively, if more
HAuCl, reacts with the Au(Ag)/AgCl nanotubes, the remaining
HAuCl, can spontaneously dissolve the deposited AgCl into the
solution phase by being reduced to Au. As shown in Fig. 4(e,f), the
dealloying process brings about a lot of small pinholes in the
Au(Ag)/AgCl nanotube wall. Further dealloying expands the lateral
dimensions of the holes and many adjacent ones agglomerate into
larger ones. Fragmentation of the porous nanotubes into Au
nanoparticles with irregular shapes is triggered by complete (or
deep) dealloying (Fig. 4(gh)). Meanwhile, one-dimensional
Au(Ag)/AgCl//Fe;0,@PDA@AuU nanotubes are obtained through
galvanic reaction between Ag/Fe;O, nanowires and HAuCl,.
Moreover, it was observed in Fig. S2 that the original Ag nanowires
are broken down to several short segments and formation of
nanotubes with a uniform, smooth, homogeneous well-shaped
hollow interior. Furthermore, the one-dimensional
Ag(Au)/AgCl//Fe;0, nanotubes display a different exterior wall
from the Ag NWs/Fe;0,, which could be attributed to the
Ag(Au)/AgCl/Fe;0, nanocomposites.'* Ag NWs/Fe;0, is easy to be
broken apart into small fragments at higher HAuCl, concentrations
without PDA coating; after coated by PDA, the morphology of
structures of Ag NWs/Fe;0, reacted with HAuCl, is kept as before.
The experimental results suggest that the PDA coating was aid for
the stability of Ag NWs/Fe;0, composites.

Ag3d
120000

100000

)

> 80000

60000

40000

intensity(a.u

20000

0

0 ' 2(‘)0 ' 4(‘)0 ' 6(‘)0 I 860
Binding Energy(eV)

1000

4| J. Name., 2015, 00, 1-3

Dalton Transactions

Fig. 5 XPS spectra wide scan of the as-prepared nanocomposites. A:
Ag(Au)/AgCl/Fe;0s@PDA@Au (7:1);  B:  Au(Ag)/AgCl/
Fe;04@PDA@Au(1:7) .

nanocables

To clarify the elemental and chemical states of the obtained
composites, XPS measurement was conducted on the obtained
nanocomposites. According to the Fig.5, the XPS spectra from
elements of Ag, Cl, C, Au, N and O can be seen. The Cl 2p spectrum
in Fig.S4 displays double peaks at 197.5 and 199.1 eV, which could
be attributed to the binding energies of Cl 2ps, and Cl 2pyp,
respectively.’’ The XPS spectrum of Ag 3d could be deconvoluted
into two doublets. And the two peaks at 367.4 and 373.4 eV could be
attributed to Ag 3ds», and Ag 3ds, of AgCL9 While, two peaks
centered at 84.3 and 88.1 eV could be assigned to Au 4f;, and Au
4f5;, (Fig.S3).  The spin energy separation of the 4f doublet is 3.8
eV, indicating the metallic nature of gold (Au0).** It is worth
mentioning that the peak intensity of Cl 2p and Au 4f are greatly
improved(Fig. S5), revealing that the surface density of Au
nanoparticles and AgCl are greatly improved with increasing the
concentration of HAuCl,.

O w
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T T T T
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Fig.6 Magnetic hysteresis curves measured at RT of Fe;04/Ag NWs@PDA(A),
Ag(Au)-AgCl/Fe;04@PDA@Au (7:1) (B), and Au(Ag)-
AgCl/Fe;04@PDA@Au(1:7) (C).

nanocables

The magnetic properties of various as-obtained novel nanotubes
were evaluated by using the VSM. Fig. 6 shows the M-H hysteresis
loops of the nanocomposites measured by sweeping the external
field between -0.6 T and 0.6 T at room temperature. The saturation
magnetizations of Ag NWs/Fe;0,@PDA composites, Ag(Au)/AgCl
/Fe;0,@PDA@Au nanocables(Ag NWs/Fe;0,@PDA composites
weight ratio to HAuCl, = 7:1), Au(Ag)/AgCl/Fe;0,@PDA@Au (Ag
NWs/Fe;0,@PDA composites weight ratio to HAuCl, =1:7) are
approximately 5.4, 4.8, 4.3 emu/g, respectively. Based on these data,
we can calculate the mass amount of Fe;04 of composites are about
11.29%(PDA), 9.8%(nanocables), 8.8%(nanotubes). The formula is
listed as follows: Fe;0,% = (the magnetic saturation values of
composites)/(the magnetic saturation values of Fe;O4). The VSM
value of Fe;O,4is shown in Fig. S8. According to the curves we can
find that the three samples exhibit superparamagnetic behavior at
room temperature with no coercivity and remanence. The saturation
magnetization ~ values  of  Ag(Au)/AgCl/Fe;0,@PDA@Au
nanocables(7:1) and Au(Ag)/AgCl/Fe;04@PDA@Au(1:7) are lower
than Ag NWs/Fe;0,@PDA composites (5.4 emu/g) due to the
existence of galvanic replacement reaction. However, the relative

This journal is © The Royal Society of Chemistry 2015
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magnetization value is enough for efficiently separating the sample
from solution with an external magnet.

It has been identified that Au NPs show excellent catalytic
activity and selectivity on many catalytic reactions. To evaluate the
catalytic ~activities of the Au NPs decorated on Ag
NWs/Fe;04@PDA  core-shell nanocomposites, the reduction of
methylene blue(MB) in the presence of NaBH,is chosen as a model
reaction system. From the Fig. S6, it can be observed that after
adding small amount of Ag(Au)/AgCl/Fe;0,@PDA@Au nanocables
composites into the mixture of NaBH,; and MB (15 mg/L) , the
absorbance at 668, 615 nm successively decreases and nearly
disappears at 7 min. The catalytic results reveal that the as-
synthesized Ag(Au)/AgCl/Fe;0,@PDA@AuU nanocables
nanocatalyst shows a higher catalytic performance.
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Fig. 7 UV-Vis absorption spectra during the catalytic reduction of methylene
blue over nanocomposites composites under visible light. Ag(Au)/AgCl
/Fe;04@PDA@Au nanocables (7:1) (A), Au(Ag)/AgCl/Fe;04@PDA@Au(1:7)
(B).

Photocatalysts have attracted tremendous research interest in
many years because of their unique applications in the degradation
of organic pollutants.”_43 To evaluate the photo-oxidation capability
of the magnetic nanocomposites, we examined the decomposition of
organic dyes in solution over the as-obtained sample under visible
light irradiation. Firstly, the obtained composites (4 mg) were
immersed in 50 mL MB aqueous solution (5 mg/L) uniformly. The
above mixture was shaken in the dark for 60 min to reach an
adsorption-desorption equilibrium between the photocatalyst and
MB molecules. Fig.7A shows the evolution of the absorption of MB
with light irradiation time on the Ag(Au)/AgCl/Fe;0,@PDA@Au
nanocables (7:1). It can be seen that MB is degraded slowly by
Ag(Au)/AgCl/Fe;0,@PDA@Au nanocables(7:1) under visible light.
For comparison, MB is degraded quite efficiently by
Au(Ag)/AgCl/Fe;0,@PDA@Au (1:7) under visible light and after
20 min of irradiation almost all MB has been decomposed(Fig.7B).
A possible theory is proposed as follows: When a semiconductor
was integrated with gold nanoparticles, the absorption of visible light
can be enlarged and the separation process of the photogenerated
electrons and holes can be dramatically accelerated. “In simple
terms, the gold nanoparticles conduce to improvement of the AgCl
photocatalytic performance. In addition, from the adsorption
equilibrium curves, we can find that the samples in our experiment
show very different adsorption ability on MB after 60 minute
treatment in the dark. The results is due to that
Au(Ag)/AgCl/Fe;0,@PDA@Au (1:7) holds more BET surface than
that of the Ag(Au)/AgCl/Fe;0,@PDA@Au nanocables(7:1).
Moreover, after five-cycle tests of MB photodecomposition, there is

This journal is © The Royal Society of Chemistry 2015

no significant decrease of photocatalytic activity of the catalyst,
indicating the excellent photocatalytic stability of the as-obtained
hybrid nanotubes (Fig. S7).

Conclusions

In conclusion, we reported a facile method to prepare well-
defined  Au(Ag)/AgClFe;0,@PDA@Au  through  galvanic
replacement at room temperature. The synthesized nanocomposites
show higher catalytic activity in the reduction of MB via visible
light. More importantly, the outer gold nanoparticles deposited on
the surface of the PDA layer play an important role for enhancing
optical absorption coefficient of the inner Au(Ag)/AgCl composites
in the visible region as well as keeping their stability. Consequently,
it is believed that the as-prepared nanocomposites can be used as an
efficiency photocatalytic catalyst for practical dye removal treatment.
The synthetic method described in this paper could possibly inspire
future research in preparation of highly efficient magnetic
nanocatalysts for practical catalytic applications.
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