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ombining multiple components into

one nanoparticle (NP) is useful for
numerous applications.' * Design-

ing hybrids consisting of various organic
and inorganic materials has attracted great
attention in the past few years.” Materials
used range from the inorganic noble metals,
carbon nanotubes, graphene, metal oxides,
and silica nanowires to small organic mole-
cules and polymers.®” Among the multi-
tude of multicomposites investigated, mag-
netic materials and noble metal-based hybrids
(MNHs) attracted the most attention due to
their unique properties demonstrated theore-
tically and experimentally.2~' In terms of
catalysis, coupling with magnetic materials
enables the nanosized noble metal-based
catalysts to be easily recycled by external
magnetic field.'""* Meanwhile, the contam-
ination of the reaction solution is also
avoided. For bioapplications, such as drug
delivery,'* imaging,'® and therapy,'®"” MNHs
have significant advantages over other hybrids
because of the robust interaction between
noble metals and thiol groups. Compared to
their single-component counterparts, several
MNHs have enhanced chemical reactivity and
physical properties generated from the inter-
actions between the two components, such as
Au—Fe;0,,'® Ag—CoFe,0,,'"° and Pt—Fe;0,%°
Up to now, most well-defined structures
of MNHs are obtained in nonpolar or low-
polar solvents through thermal decomposi-
tion of Fe-, Co-, or Ni-based organometallic
species and noble metal salts such as dumb-
bell-like Fe;0,—Au,'® Fe30,—Pt,*° and Fe;0,—
Ag?' peanut-like Fe;0,—Au-PbS,** core/shell
Fe;04/Au,® and core/hollow shell gold/iron
oxide at high temperature.>* However, most
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ABSTRACT Magnetic materials and noble metal-based multifunctional hybrids have attracted
much attention recently due to their unique properties and potential applications in a variety of
fields. However, substantial challenges remain to directly obtain water-soluble hybrids with well-
defined structures and to directly combine magnetic nanoparticles with nonspherical noble metals.
We describe here for the first time a simple solvothermal method to synthesize a series of novel
water-soluble nanohybrids composed of shape-tuned Ag cores and a Fe;0, shell. We found that
small Fe;0, grains can be well-distributed directly on the surface on the Ag seeds. Such hybrids have
both plasmonic and significant superparamagnetic properties, enabling magnetic separation. The
plasmon resonance frequency of Ag nanostructures can be fine-tuned through the interactions
between the two components. In addition, the decorated Fe;0, nanoparticles stabilized the Ag
nanostructures when exposed to air and natural light for a long time. Furthermore, an interesting
structural transformation is observed in the one-dimensional Ag—Fe;0, nanowires under high-
energy electron beam. The Ag core can diffuse through the porous iron oxide shell, break away, and
result in the formation of Ag nanocluster-decorated iron oxide tubes. Finally, the hybrids acted as a
chemical template for the synthesis of Fe;0,/Au-AgCl double-layer nanotubes that display obvious
near-infrared absorption. Importantly, the double-layer nanotubes exhibited enhanced photocata-
Iytic inactivation of bacteria at very low concentrations under natural sunlight.

KEYWORDS: nanohybrids - iron oxide - silver - superparamagnetic materials -
electron-beam irradiation - phototoxicity

applications are carried out in the water
phase, and phase transfer is needed through
a ligand exchange procedure, especially for
biological and environmental use. Additionally,
the reagents used (such as organic Fe precur-
sor and solvent with high boiling temperature)
are expensive, and especially Fe(CO)s usually
used as a Fe precursor is volatile and toxic. In
the water phase, it has been found that direct
combination of iron oxide and a noble metal
with a well-defined structure is difficult be-
cause of their different crystal structures.
Flower-like Au—Fe30,4 was reported by Yin
and co-workers through a bifunctional linker:
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Scheme 1. Schematic depiction of the synthsis of petal-like
Ag—Fes0, (a), Ag nanocube—Fe;0, (b), Ag nanowire—
Fes0, (c), and Fe30,4/Au-AgCl nanotube composites (d).

————

cysteamine.?” The amine groups react with the carbox-
yl group on the poly(acrylic acid)-caped FesO,4 nano-
particles, while the thiol groups of cysteamine attach to
the surfaces of the gold nanoparticles by the Au—S
bond. A common strategy to construct Fe3O4/Au or Ag
core/shell structures was to modify the Fe;O4 nano-
particles first with an amorphous layer (such as SiO,,
polymer, or functional linkers), which can mediate the
deposition or assembly of Au or Ag nanoparticles on
the magnetic cores.?*~3'" Ag—Fe;0, submicrometer
composites irregularly doped by Ag and Fes0,4 nano-
particles were obtained from solvent-thermal methods
in ethylene glycol."® Several intrinsic drawbacks exist in
these methods, including complicated preparation
procedures, nonuniform morphology, and no direct
contact, hence no interactions, between a magnetic core
and a noble metal shell in most cases. Therefore, new
methods are needed to synthesize MNHs in polar sys-
tems with well-defined structures, enabling the products
to be directly well dispersed in aqueous solution without
further modification.

Unlike noble metal nanoparticles with a wide variety
of shapes and sizes,>?>~>* MNHs are not as well devel-
oped. To date, there has been very limited success in
nonspherical noble metal-based magnetic hybrids.
The properties (such as optical properties) of noble
metal nanomaterials are dependent on their size and
shape; for example, the plasmon resonance frequencies
of Ag nanopheres and Ag nanocubes are different. Many
unique properties of noble metals cannot be expected
from these MNHs composed of only noble metal nano-
spheres. Recently, Irudayaraj and co-workers have com-
bined carboxylic Fes0, NPs and amine-functionalized
Au nanorods using EDC/NHS chemistry to construct a
multifunctional material with magnetic properties and
near-infrared absorption.'® However, substantial chal-
lenges remain to directly deposit magnetic nanoparti-
cles on nonspherical noble metals (such as one-
dimensional structures).
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Figure 1. (A and B) Typical TEM graphs of petal-like Ag—
Fe;0,. (C) High-resolution TEM images of petal-like Ag—
Fe;0,. (D) XRD patterns of petal-like Ag—Fe;O, (Hl Fes0,4; @
Aq). (E) UV—vis spectra of the Fe30,4 nanoparticles (a), petal-
like Ag—Fes0, (b), petal-like Ag—Fes0, stored in air and
light for 9 days (c), Ag nanoparticles (d), and Ag nanopar-
ticles stored in air and light for 9 days (e).

Herein, we report a new and facile approach for
synthesizing water-soluble superparamagnetic bifunc-
tional Ag—Fe30,4 hybrids using common materials.
A series of Ag nanostructures containing nanospheres,
nanocubes, and nanowires were well decorated by
Fes04 NPs. The deposition of Fes04 could tune the
plasmon resonance frequency of the Ag NPs and increase
the stability of Ag NPs. Interestingly, under high electron
beam, the structure of Ag—Fe30, nanowires could trans-
form to Ag-decorated nanotubes. Furthermore, the Ag
domain had the ability to convert into another noble metal
with a hollow cavity and porous walls by the versatile
Galvanic reaction. A novel Fe;04/Au-AgCl double-layer
nanotube was obtained. Significantly, the nanotubes
showed obvious near-infrared absorption and exhibited
excellent photocatalytic inactivation of bacteria via natural
sunlight.

RESULTS AND DISCUSSION

Shape-Tuned Synthesis of Ag—Fe;0, Hybrids. Scheme 1
shows the synthesis steps of magnetic-plasmonic Fe;0,—
Ag hybrids. The petal-like Ag—Fes0,4 nanohybrids were
obtained via a facile one-pot solvothermal proce-
dure, using silver nitrate and iron nitrate as precur-
sors (Scheme 1a). Figure 1A and B show transmission
electron microscopy (TEM) images of the hybrids. Because
the electron densities of Ag and FesO, NPs differ, the
spherical Ag core appeared black and the outer Fes0,
appeared lighter. It can be found that multiple FesO,4 NPs
grew on the surface of each Ag NP. The hybrid structure
could be seen clearly from the typical high-resolution TEM
image (Figure 1C). The distance between two adjacent
planes in Fes0, was 049 nm, corresponding to (111)
planes of cubic magnetite,®® and that in Ag was 0.23 nm,
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corresponding to (111) planes of fcc structured Ag2*
Figure 1D showed the XRD result of the composition,
which was indexable on the basis of silver (JCPDS No. 87-
0720) and magnetite (JCPDS No. 75-1609). Therefore, the
formation of hybrids could be confirmed. Absorption
spectra of the Fe30, NPs, Ag NPs, and Ag—Fe;0,4 NPs in
water are shown in Figure 1E. Compared with pure Ag
NPs (curve d), the combination with Fe;O, led to a
significant red-shift absorption (curve b), indicating the
electron changes on the Ag domains due to the inter-
face communication.'®

It is well known that Ag NPs are unique nanoma-
terials because of their distinct size- and shape-depen-
dent optical properties.3® Therefore, we investigated
whether our method is applicable to other pre-
formed Ag nanostructures. Ag nanocube—Fe;0, and Ag
nanowire—Fe;0,4 composites were obtained through a
seed-mediated approach (Scheme 1b and c). Figure 2A
and B are the typical SEM images of the Ag nanocubes
and Ag nanocube—Fe30, hybrids, respectively. It can
be observed that the surface of Ag nanocubes became
rough after coating with Fe3O, NPs. TEM images
(Figure 2C and D) show that Ag nanocubes are sur-
rounded by Fe30, domains in the hybrids. High-resolu-
tion TEM images (Figure 2E) reveal the lattice fringes of
Ag and Fe30,. Comparing to the UV—vis absorption
spectrum of pure Ag nanocubes (Figure 2F, curve a), a
significant red-shift (curve c) was observed for Ag
nanocube—Fe3;0,4 hybrids due to component interac-
tions. The compositions of silver and magnetite were
also confirmed by XRD (Figure S1a).

Because most of the unique properties of noble
metal NPs are associated only with their nanoscale size,
preventing aggregation is of particular importance.
However, individual Ag NPs can be easily oxidized
and gradually form aggregates within several days
when exposed to air and light, resulting in a large
decrease in intensity of absorption spectra (Figure 1E,
curve e and Figure 2F, curve b).” In our case, the
hybrids were washed with ethanol several times before
storing. After at least four months in storage, a certain
amount of hybrids were dispersed stably in solution
and the sediment could be redispersed well via sonica-
tion. As shown in Figure 1E, the absorbance intensity of
petal-like Ag—Fe30,4 nanohybrids (curve c) decreased
much less than single Ag NPs (curve e) after storage for
9 days under light. Significantly, no obvious changes in
the absorbance spectrum were observed for the Ag
nanocube—Fe;0, (Figure 2F, curve d) after 9-day storage
under light, demonstrating their excellent stability.
Therefore, the hybrids are very stable due to the pro-
tection of Fe304 NPs, which may reduce the oxidation
of Ag cores and prevent aggregation by acting as a
physical barrier.

The one-dimension Ag—Fe;0, composites were ob-
tained when Ag nanowires were used as seeds. Com-
pared to the pure Ag nanowires shown in Figure 3A,
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Figure 2. SEM images of Ag nanocubes (A) and Ag nano-
cube—Fe30, composites (B). TEM images of Ag nanocubes
(C) and Ag nanocube—Fe;0,4 composites (D). High-resolu-
tion TEM images of Ag nanocube—Fe30, (E). (F) UV—vis
spectra of Ag nanocubes (a) and Ag nanocube—Fe30;, (c);
Ag nanocubes (b) and Ag nanocube—Fe;0, (d) stored in air
and light for 9 days.

hybrids showed a rough surface (Figure 3B and Q),
revealing the combination of the small Fes0, NPs. TEM
images of Ag nanowires and Ag—Fe3;0, nanowires
are shown in Figure 3D and E, where the significant
changes in surface appearance can be observed. High-
er magnification revealed that the wire, including its
end (Figure 3E, inset) and side (Figure 3F), was deco-
rated with small FesO, NPs. High-resolution TEM
images also revealed clearly the crystallization of the
Ag and Fe30, domains (Figure 3G), and the composi-
tions were confirmed by XRD (Figure S1b). The UV—vis
spectrum of Ag nanowires shows an asymmetric peak
at 404 nm and a small peak at 367 nm (Figure S2a). A
perpendicular plasmonic feature is obvious, but the
longitudinal resonance is not feasible in the visible
range because the nanowire is too long compared with
the light wavelength. For Ag nanowire—Fe30,4 hybrids,
the spectrum shows a peak at 357 nm (Figure S2b),
which was overlaid by the absorption of Fe30,4 and the
Ag nanowire. These results underline one of the key
advantages of our approach: different preformed Ag
nanostructures may be used as seeds for high-density
nucleation of Fe;0,.

The magnetic hysteresis loops were measured
by a superconducting quantum interference device
(SQUID) at 300 K (Figure 4). The saturation magnetiza-
tions of petal-like Ag—Fes0,4, Ag nanocube—Fes0,,
and Ag nanowire—Fe30, were approximately 19.7,
16.1, and 10.6 emu/g, respectively. Without remnant
magnetization, the samples were superparamagnetic
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Figure 3. SEMimages of Ag nanowires (A) and Ag nanowire—Fe;0, composites (B, C). TEM images of Ag nanowires (D) and Ag
nanowire—Fe;0, composites (E, F). High-resolution TEM images of Ag nanowire—Fe30, (G).

at room temperature. Therefore, the materials could
disperse well in solution without magnetic dipole
interactions. These measurements also revealed that
the hybrids could reach the saturation magnetization
easily (below 3000 Oe, easily achieved by an NdFeB
magnet). Therefore, the materials are good candidates
for magnetic separation, as shown in Figure S3. The BET
surface area of Ag nanospheres—Fe30,4, Ag nano-
cubes—Fe30, and Ag nanowires—FesO, were 30.35,
17.75, and 6.14 m?/g, respectively (Figure S4). It can be
found that the surface area decreased with the increasing
of the size of Ag cores.

Mechanisms for Hybrid Formation. Although the petal-
like Ag—Fe30, structure was similar to the previously
published result when Au NPs were used as seeds for
the epitaxial growth of FesO, in the slightly polar
organic solvent diphenyl ether.'® Our method has
two significant differences from the published method:
(1) there are large disparities in solvent polarity used in
the two systems as well as iron precursors and capping
agents; (2) Fe NPs were formed first on the seeds and
transferred to iron oxides in the previously published
method, whereas in our method, iron oxides were
formed through dehydration of hydrate. Here we
propose a possible mechanism for the formation of
Ag—Fes0, hybrids in our method. Ag(l) and Fe(lll) can
be bound by poly(vinylpyrrolidone) (PVP) used in our
method, which donates lone pairs by both nitrogen
and oxygen atoms."® In the binary solvent system of
EG/DEG, Ag(l) and Fe(lll) could be reduced to Ag(0) and
Fe(ll) by the solvent. During heating in the early stage,
Ag NPs formed rapidly and PVP was strongly absorbed
onto their surface, forming an obstacle for further
growth. Because Fe ions can be bound on the Ag NPs
by PVP, which acts as a linker, nucleation of Fe30, may
occur in situ when the system exceeded a certain tem-
perature. Nucleated Fe3O4 may, in turn, serve as seeds
for further growth of Fe;0,4 domains. Rather than forming
a continuous Fes0, shell, multiple small Fe;0, grains
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Figure 4. Hysteresis loops of the petal-like Ag—Fe30, (a),
Ag nanocube—Fe30, (b), and Ag nanowire—Fe;0, compo-
sites (c) measured at room temperature.

formed on the polycrystalline Ag seeds along certain
facets with low lattice mismatch. The Ag (100) plane
(lattice-plane spacing d = 0.20386 nm, JCPDS No. 87-
0720) matches the Fes0,4 (400) plane (d = 0.20960 nm,
JCPDS No. 75-1609) with a mismatch of only 2.74%, and
the interfringe distance of the Fes04 (111) plane (d =
0.48503 nm) is two times that of the Ag (111) plane (d =
0.23540 nm) with a mismatch of 2.93%. Formation of the
petral-like hybrid structure is a way to minimize the
interfacial area for reducing the interfacial energy.®
Similar mechanisms could be applied to methods where
preformed Ag nanocubes or Ag nanowires protected by
PVP were used as seeds.

To investigate the quantity of PVP at the interface of
Ag and Fe;0,, we moved away these PVP absorbed on
Fes04 through dissolving the Fe;0, domains of the
Ag—Fes0, hybrids by dilute sulfuric acid. The weight
percentages of PVP were determined through thermo-
gravimetric analysis (TGA). As shown in Figure S5a, PVP
accounts for ~6.47% of the total weight in materials, as
derived from the weight losses corresponding to PVP
decomposition as the temperature increases. This
result proved that there is PVP in the Fes0,—Ag inter-
face, which plays an important role as linker for hybrid
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formation. Figure S5b shows that there was more PVP
in the Ag nanoparticles directly obtained from the
solvothermal method. This may be explained by the
fact that high temperature can weaken the surfactant
binding to the surface of the Ag seed, leading to loss of
some PVP during the synthesis procedure. We also
demonstrated that PVP served as a linker in control
experiments when additional PVP (1.5 g) was added
and preformed Ag nanocubes acted as seeds. Few
hybrids were found except separated Ag nanocubes
and Fe304 NPs (data not shown) because Fe(lll) bound
to much free PVP but not to PVP on the Ag nanocubes.
Additionally, we found that the ratio of Vpgg/Veg was
crucial in generating well-defined Ag—Fes0, hybrids.
When the proportion of DEG increased (Vpgg/Veg =11/
1) or when EG was absent, irregular sheet-like Fes0,4
structures appeared without obviously combining with
Ag (Figure S6). If the proportion of DEG decreased
(Vpea/Veg =11/4), a large amount of Fe;0, aggregates
occurred with few hybrids being formed (data not
shown). In the DEG/EG binary solvent system, increas-
ing the proportion of highly viscous DEG can slow the
growth rate of Fe30,4, and prevent the formation of
large aggregates. However, if only DEG was used,
isotropic growth would result in the formation of
sheet-like Fe;0,.%°

The stability of preformed Ag nanoseeds during the
reaction was found to be critical. Even though Ag(0)
can be oxidized by Fe(lll), no apparent morphological
changes occurred on the Ag nanocubes (Figure 2D)
or Ag nanowires (Figure 3E, F) of the hybrids be-
cause the solvent effectively prevented Ag(0) from
the oxidation.*® When iron nitrate was replaced by iron
chloride and the preformed Ag nanocubes also acted
as seeds, a very different result was observed. Apparent
deformation of the Ag nanocube was found, although
the Fes04 NPs linked well with the irregular Ag NPs
(Figure S7). In the presence of CI~, the Ag nanocube
was eroded and AgCl formed immediately. AgCl is
stable and needs a higher temperature to be reduced
back to Ag(0) than Ag ion (or Ag,0 in such an alkaline
system) due to the reduced reduction potential from
the Ag™/Ag pair (or Ag,0/Ag pair) to the AgCl/Ag
pair.*' Through these mechanisms, CI~ facilitates the
dissolution of the Ag nanocubes*? before the system
reaches the temperature for AgCl reduction. These
observations indicate that certain iron precursors
should be avoided in forming hybrids if the anions in
the iron precursors can form an insoluble compound
with Ag(l).

TEM-Induced Structural Evolution in Fe;0,/Ag Nanowires.
Unexpectedly, it was observed that the one-dimensional
Ag nanowire—Fe;0, could be transformed in situ to
nanotubes by etching of the Ag core under electron-
beam irradiation. It has been previously reported that the
high-energy electron beams in TEM can cause structural
changes in some materials.**** For example, Au NPs can
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Figure 5. (A) TEM image of Ag nanowire—Fe30, slightly
destroyed by electron-beam irradiation. (B—D) TEM images
of Ag nanowire—Fe3;0, exposed at high electron beam
irradiation.

coalesce upon exposure to high-energy electron beams.*®
Au(l)-alkanethiolate complexes can be reduced to mono-
dispersed Au NPs by irradiation in TEM.* To the best of
our knowledge, there have not been previous reports on
electron beam-induced structure changes in noble metal/
semiconductor-core/shell nanostructures. As shown in
Figure 5A, we found that parts of Ag disappeared at some
ends of the nanowires during investigation by TEM. When
the energy of electron beam irradiation was enhanced
(with an accelerating voltage of 100 kV and an electron-
gum emission current of 20 uA; a focus area of less than
25 cm? on the fluorescent screen), voids appeared on the
Ag nanowire immediately and grew larger to form multi-
ple inner channels. After further evolution, the nanotube
was formed. The whole process was fast and completed in
several seconds. Figure 5B—D show a series of TEM images
of the resulting structures. As shown in Figure 5B and C,
several segments of Ag stay in the tube. The original Ag
core has diffused through the porous iron oxide shell,
broke away, and disappeared. Further detailed obser-
vation revealed that many small Ag nanoclusters
formed stably on the iron oxide shell (Figure 5D). An
interesting phenomenon is that once the Ag nanoclus-
ter-decorated iron oxide tube formed, the morphology
of Ag did not change further over time. A similar
process has been reported in a solid-state conversion
by Yang and co-workers.*’ ZnO—Au—SiO, sandwich
nanowires were annealed at 900 °C; then the gold
interlayer diffused and was inlaid into the nanotube wall
to form a Au NP-decorated nanotube. In our method,
the electron-beam irradiation could also impart high
energy to the sample.

Electron beam-induced changes in iron oxides
(from solid to hollow structure) occurred only in amor-
phous particles. We did not observe any damages to the
iron oxide NPs, suggesting their crystallization. Highly
crystalline iron oxide particles are usually stable.*® How-
ever, the final tubes were distorted. The bend of the
iron oxide tube may be caused by the rapid movement
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Figure 6. (A, B) SEM images of Fe;0,/Au—AgCl nanotubes.
(C) XRD patterns of Fe30,/Au—AgCl nanotubes. (D) UV—vis-
NIR spectra of Fe;0,/Au—AgCl nanotubes.

of Ag in the inner channel and the disappearance of
the one-dimension Ag template. These data are useful
for solid-state synthesis of novel hybrids by electron-
beam irradiation and for methods not involving micro-
scopes such as laser beams and annealing at high
temperature.

Synthesis of Derivative Fe;0,/Au—AgCl Double-Layer Nano-
tubes and Their Enhanced Antibacterial Properties under Natural
Sunlight. One-dimensional Fe304/Au—AgCl nanotubes
were obtained (Scheme 1d) through Galvanic reaction
between Fe30,/Ag nanowires and HAuCl, since the
standard reduction potential of the AuCl, /Au pair
(0.99 V vs SHE) is higher than that of the Ag™/Ag pair
(0.80 V vs SHE).*" Figure 6A presents the SEM image of
the nanotubes. It is observed that the original Ag
nanowires were broken down to several short seg-
ments and had tubular morphology with hollow inter-
iors and opened ends (Figure 6B). XRD patterns
showed obvious peaks of AgCl, Au (or Au—Ag alloy),
and Fe;0, (Figure 6C). Because the samples used for
XRD were collected by magnetic separation during the
washing procedure, these coproducts in the galvanic
reaction such as free Au nanoclusters and AgCl nano-
particles would be removed. This could be confirmed
in the SEM investigation. Comparing to the samples
without washing (Figure S8), there were no small
irregular nanoclusters besides the hollow hybrids in the
sample washed (Figure 6A). Energy-dispersive X-ray spec-
troscopy (EDS) analyses also demonstrated the presence
of Au, Ag, Cl, and Fe elements (Figure S9). These results
indicate that the reaction simultaneously precipitated
AgCl and Au. Au—Ag alloy may have also formed at the
same time by epitaxial depositon of Au on Ag due to their
good lattice matching.*' The absorption spectrum of the
hybrid exhibited a major peak in the visible—near-infrared
(NIR) region (Figure 6D). Additionally, the hybrid is a good
candidate for magnetic separation as shown in Figure S3.

Photocatalysts have attracted tremendous research
interest in many years because of their unique applica-
tions in the degradation of organic pollutants and the
destruction of bacteria.***° Sunlight is the energy
source of choice compared to other artificial light. It has
been reported that when a semiconductor is combined
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Figure 7. Survival rate of E. coli in different treatment
conditions. Samples without irradiation were kept in the
dark for 40 min, while samples with irradiation were ex-
posed to direct sunlight (400 W/m?) for 40 min. Sample
without hybrids and irradiation was set as the control group
with bacterial survival rate 100%. Triplicate experiments
were performed in each group. The final values were
expressed as a percentage of the control (mean =+ standard
deviation).

with noble metal NPs, the absorption of visible light
can be amplified and the separation process of the
photogenerated electrons and holes can be drama-
tically accelerated.®’ Silver halide/silver or gold
plasmonic photocatalysts exhibit efficient photo-
catalytic activity under visible light irradiation.>*>3
Among the photocatalysts investigated, magnetic
photocatalysts have been attracting great atten-
tion nowadays due to their ability to magnetically
separate.>™>> Here, we examined the ability of
Fes04/Au—AgCl double-layer nanotubes to destroy
bacteria via natural sunlight.
The antibacterial activity of the nanotubes against
E. coli, one of the most important foodborne patho-
gens, was evaluated by agar plate assays described in
the Experimental Section. Figure 7 shows the percen-
tage of viable colonies of E. coli in different treatment
conditions. Irradiation alone (about 400 W/m?, 40 min)
affected slightly the viability of E. coli in the absence of
materials. Addition of Fe30,4/Au-AgCl nanotubes (0.004
mg/mL) could cause certain inactivation of the E. coli.
Increasing the amount of Fe304/Au-AgCl nanotubes to
0.016 mg/mL would cause a higher inactivation rate, so
the viable bacteria were reduced significantly in a
hybrid concentration-dependent manner. A dramatic
enhancement of inactivation efficiency was observed
when sunlight irradiation (400 W/m?, 40 min) was added
to the samples containing FesO4/Au—AgCl nano-
tubes. Comparing to Fe30,/Au—AgCl nanotubes, Ag—
Fes04 nanowires with the same amount showed lower
antibacterial activity, and Ag—Fe;04 nanowires did not
show phototoxicity toward E. coli. From the nitrogen
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Figure 8. Survival rate of E. coli under direct sunlight (700
W/m?) without hybrids (a) and with 0.016 mg/mL Fe;0,/
Au—AgCl nanotubes (b).

adsorption—desorption isotherms of Ag—Fes04 nano-
wires and Fe304/Au—AgCl nanotubes (Figure S4), a
significant enhancement of the surface area can be
found after the hollow structure formed. Low antibac-
terial activity of Ag—Fe30,4 nanowires was possibly due
to the low surface area of the Ag structure®® and the
Fes0, shell attenuating the intrinsic toxicity of silver.
Under higher energy sunlight (about 700 W/m?), the
E. coli could be completely inactivated in 20 min
(Figure 8), while the same intensity of irradiation had
little effect on E. coli without hybrids. On the basis of
the physical and structure characterization above, the
excellent photocatalytic activity of Fe3O,/Au—AgCl
nanotubes could be attributed to the enhanced hole
—electron pair generation, as well as good catalytic
properties of Au to produce radical species. The tube-
like structure is also favorable for utilization of the light
because light may be reflected repeatedly in the tube.
The tubes were composed of a thin complex layer of
AgCl, Au, and Ag. Au nanoparticles combined with
AgCl should polarize its electron distribution. In the
hybrids, the negative regions were far from the Au/
AgClinterface, while positive regions were close to the
Au/AgCl interface. The surface plasmon resonance of
the Au nanoparticles lies in the visible region, which is

EXPERIMENTAL SECTION

Reagents. Ferric chloride, ferric nitrate, ethylene glycol,
diethylene glycol, sodium acetate anhydrous, silver nitrate,
sodium sulfide, poly(vinylpyrrolidone) (average M,, = 40000),
and HAuCl, were purchased from Beijing Chemical Reagent
Factory (Beijing, China). All reagents were used as received
without further purification. The water used was purified
through a Millipore system. E. coli was obtained from Kunming
Institute of Zoology, Chinese Academy of Sciences.

Preparation of Ag—Fe;0, Hybrids. Ferric nitrate (0.12 g) was
dissolved in a mixture (14 mL) of ethylene glycol and diethylene
glycol (volume ratio 3:11) containing sodium acetate anhydrous
(1 g) and PVP (1.5 g) to form a homogeneous solution by
vigorous stirring and heat, purged with N, for 50 min. Then
silver nitrate (0.025 g) was added, and the mixture was sealed in
a Teflon-lined stainless-steel autoclave. The autoclave was
heated to and maintained at 200 °C for 10 h and allowed to
cool to room temperature. The products were washed several
times with ethanol and dried at 60 °C.
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favorable to photocatalytic reaction driven by visible
light. Under sunlight irradiation, an absorbed photon
would be efficiently separated into an electron and a
hole at the Au domains. The excellent conductivity of
Au nanoparticles can enhance the electron translation
and the interfacial charge transfer. The recombination
of electron—hole pairs was reduced efficiently. The
photogenerated electrons could transfer to the pre-
sent molecular oxygen in the solution to form active
species such as O, ">’ At the same time, the holes
transfer to the surface of the AgCl particle, which
contains CI~. Holes could oxidize CI~ ions to CI°>3
The formed chlorine atoms and oxygen species are all
reactive radical species, which, in turn, could effectively
destroy the bacteria.

CONCLUSION

In summary, a novel protocol has been developed for
synthesizing magnetic—plasmonic Ag—Fes0, hybrids
with different morphologies. The petal-like Ag—Fes0,4
nanohybrids were obtained via a simple one-pot solvent
thermal procedure, and hybrids consisting of other Ag
nanostructures were synthesized by a seed-mediated
process. It has been experimentally proved that both
binary solvent EG/DEG and PVP played important roles
for the well-defined hybrid structures. The addition of
Fe30,4 NPs stabilized the Ag core. The Fe30,/Ag nanowire
could transform into a Ag nanocluster-decorated iron
oxide nanotube under high electron-beam irradiation,
which may provide a new approach for solid-state
synthesis of hybrids. A novel structure of Fe30,/Au—AgCl
double-layer nanotubes was obtained through galvanic
reaction. The nanotubes demonstrated excellent bacter-
icidal activity via natural sunlight. Our solvent thermal
protocol may be applicable in generating various water-
soluble MNHSs with different compositions and morphol-
ogies by simply supplying different seeds for certain
applications and systematically studying the interactions
on noble metal—iron oxide composites.

Preparation of Ag Nanoparticles. Silver nitrate (0.1 g) was dis-
solved in a mixture (14 mL) of ethylene glycol and diethylene
glycol (volume ratio 3:11) containing PVP (1.5 g). The mixture
was purged with N, for 50 min and then sealed in a Teflon-lined
stainless-steel autoclave, maintained at 200 °C for 10 h, and
allowed to cool to room temperature. The products were
washed several times with ethanol.

Preparation of Ag—Fe;0, Hybrids with Supplied Ag Seeds. Ag
nanocubes and Ag nanowires were obtained from procedures
reported by Xia and co-workers.*®>° A 3 mL amount ethylene glycol
containing Ag nanocubes or Ag nanowires was added to 11 mL
of diethylene glycol containing ferric nitrate (0.03 g) and sodium
acetate anhydrous (1 g), which was made homogeneously by
vigorous stirring and heat under N, flow for 50 min. The mixture
was sealed in a Teflon-lined stainless-steel autoclave, then main-
tained at 200 °C for 10 h. The products were washed several times
with ethanol and dispersed in 15 mL of water.

Preparation of Fe;0,/Au—AgCl Nanotubes. A 0.5 mL portion of the
above solution containing Ag—Fe30,4 nanowires was added to
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10 mL of aqueous solution containing 50 mg of PVP, purged
with N; for 50 min, and kept in a 50 °C water bath. Then 3 mL of
0.16 mM HAuCl, aqueous solution was added to the mixture
under vigorous mechanical stirring and reacted for 20 min. The
products were separated with a magnet and washed with water
at least three times.

Instruments. A XL30E SEM scanning electron microscope
equipped with an energy-dispersive X-ray analyzer was used
to determine the composition of the products. SEM images
were taken on a JEOL JXA-840 scanning microanalyzer scanning
electron microscope, and the accelerating voltage was 20 kV.
UV—vis—NIR spectra were collected on a CARY 500 Scan
UV—vis—NIR spectrophotometer. All samples were treated by
short sonication before measurement. TEM measurements
were made on a Hitachi H-8100 EM with an accelerating voltage
of 100 kV and a FEI-TECNAI G transmission electron microscope
operating at 200 kV. X-ray diffraction (XRD) analysis was carried
out on a D/Max 2500 V/PC X-ray diffractometer using Cu (40 kV,
30 mA) radiation. Magnetic measurements were carried out
using a superconducting quantum interference device (SQUID)
magnetometer (LakeShore 7307) at 300 K. The SQUID measure-
ments for all the samples were done on the pure and dried
powders. The intensity of sunlight was measured by a solar
power meter (TES 1333). Nitrogen adsorption—desorption iso-
therms at the temperature of liquid nitrogen were measured by
using a Micromeritics ASAP 2010 analyzer (USA) with nitrogen.
The samples were degassed under vacuum for 4 h at 160 °C
before the measurements. TGA was conducted on a Perkin-
Elmer thermal analyzer from room temperature to 700 °C with a
heating rate of 10 °C min~" in the nitrogen flow.

Antibacterial Activity against E. coli. E. coli was used in this study.
The bacteria were grown aerobically at 37 °C for 12 h on a rotary
shaker in Luria broth medium. After being properly diluted (500-
fold), 80 uL aliquots of the bacterial suspension were mixed with
2 mL of composites solution. A 10 uL sample of each mixture
was spread on the agar plates after the specific treatment, and
the plates were inverted and incubated at 37 °C for 20 h. All
measurements were performed in triplicate. The photograph of
colonies of E. coli incubated on agar plates was taken by a
camera, and the number of colonies was counted exactly to
determine the antibacterial activity.
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