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ABSTRACT: One-dimensional Ag—Fe;O, core—shell hetero-
nanowires have been synthesized by a facile and effective
coprecipitation method, in which silver nanowires (AgNWs)
were used as the nucleation site for growth of Fe;O, in aqueous
solution. The size and morphology control of the core—shell nano-
wires were achieved by simple adjustments of reaction conditions
including FeCly/FeCl, concentration, poly(vinylpyrrolidone)
(PVP) concentration, reaction temperature, and time. It was
found that the Fe;O, shell thickness could be tuned from 6 to
76 nm with the morphology variation between nanopheres and
nanorods. A possible growth mechanism of Ag—Fe;O, core—
shell nanowires was proposed. First, the C=O derived from

Slow growth

Lower,
OH Fr"ihi
- tel

y L]
displaced | Highe

Ostwald ripefiing

— —
e kit Ostwald ripéning

Ag-Fe O, core-shell nan

4 Fast nucleation
AENWs

PVP on the surface of AgNWs provided nucleation points and in situ oxidation reaction between AgNWs and FeCl;/FeCl, solution
promoted the accumulation of Fe** and Fe** on the AgNWs surface. Second, Fe;O, nanoparticles nucleated on the AgNWs surface.
Lastly, Fe;O, nanoparticles grew on the AgNWs surface by using up the reagents. Higher FeCl;/FeCl, concentration or higher
temperature led to faster nucleation and growth, resulting in the formation of Fe;O, nanorods, whereas lower concentration or
lower temperature resulted in slower nucleation and growth, leading to the formation of Fe;O, nanospheres. Furthermore, the Ag—
Fe;0, core—shell nanowires exhibited good electrical properties and ferromagnetic properties at room temperature. Particularly, the
magnetic saturation values (M) increased from 5.7 to 26.4 emu g~ with increasing Fe;O, shell thickness from 9 to 76 nm. This
growth of magnetic nanoparticles on 1D metal nanowires is meaningful from both fundamental and applied perspectives.

KEYWORDS: silver nanowires, Fe;O,, core—shell heterostructure, growth mechanism, magnetic property

1. INTRODUCTION

One-dimensional (1D) silver nanowires (AgNWs) have attracted
considerable attention due to their uni(éue size-dependent
optical,"”* electrical,>* thermal properties,®® and their various
applications in nanoscale electronic devices.””® Particularly, the
AgNWs can serve as templates for synthesizing 1D coaxial
heterostructured nanowires that can expand their applications
because of improved or even novel properties associated with the
newly derived nanowires.'!! For example, AgNWs have been
used as physical templates for the preparation of Ag—SiO, core—
shell nanowires that comprise the AgNWs decorated with uniform
SiO, shells.”>™"® The combination of AgNWs and SiO, nano-
particles in a single composite core—shell heterostructure make
the nanowires exhibit an improved fracture resistance and an
electron-beam induced shape restoration effect," higher enhance-
ments for surface-enhanced Raman scattering (SERS) applica-
tions,"* and also be used as a kind of effective conductive filler
applied in flexible conductive nanocomposites.'® Afterward,
AgNWs were also used as templates for synthesizing Ag—TiO,
core—shell nanowires'®™>" in which thickness of the TiO, layers
could be easily tuned by controlling reaction conditions.'” These
Ag—TiO, core—shell nanowires exhibit enhanced dye-sensitized
solar cells performance'® and improved photocatalytic activity'* !
due to their unique multifunctional nanoassembled system.
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In addition, AgNWs can also serve as chemical templates
to react with FeCl; for the synthesis of Ag—AgClI core—shell
nanowires,”>> which displayed enhanced photocatalytic
properties. Recently, a novel class of Ag—Cu,0 core—shell
nanowires”*** have been prepared via a facile solution process
at room temperature, which showed enhanced photocatalytic
activity. It is evident that the fabrication of Ag core—
nanomaterial shell heterostructured nanowires has brought
new avenues in fundamental nanomaterial research as well as
new technological applications. Hence, it is highly desirable to
synthesize various Ag—nanomaterials core—shell nanowires.
Recently, Ag core—magnetic nanoparticle shell heterostruc-
tured nanowires have attracted much interest because of the
combination of unique magnetic and electrical properties. Lin
et al.” fabricated ordered Ag—nickel core—shell nanowire arrays
by electrodeposition, which showed strong magnetic anisotropy
with the easily magnetized direction perpendicular to the core—
shell nanowires axis. Compared to metal nickel, magnetic Fe;O -
decorated nanostructure materials have attracted more signifi-
cant and growing amounts of attention due to their various uses
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Table 1. Experimental Parameters for the Preparation of All the Samples

raw materials

samples AgNWs, (mM) FeCl;:6H,0 (mM) FeCl-4H,0(mM)
M1 35 1.6 0.8 7
M2 35 2.4 1.2 7
M3“ 35 4.8 2.4 7
M4 35 6.4 32 7
MS 35 8.0 4.0 7
P1 35 4.8 2.4 0
P2 35 4.8 2.4 3.
P3“ 35 4.8 2.4 7
P4 35 4.8 24
Ps 35 4.8 24
T1 35 4.8 24
T2 35 4.8 2.4
T3" 35 4.8 2.4
T4 35 4.8 24
TS 35 4.8 2.4
tl 35 4.8 24
t2 35 4.8 2.4
t3 35 4.8 2.4
4 35 4.8 24
tS 35 4.8 2.4
t6 35 4.8 24

PVP (mM)

[S—
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technology conditions

mass ratio of Fe;O, to AgNst temperature (°C)  reaction time (min)

0.05:1 70 60
0.075:1 70 60
0.15:1 70 60
0.2:1 70 60
0.25:1 70 60
0.15:1 70 60
0.15:1 70 60
0.15:1 70 60
0.15:1 70 60
0.15:1 70 60
0.15:1 40 60
0.15:1 S5 60
0.15:1 70 60
0.15:1 85 60
0.15:1 100 60
0.15:1 70 3
0.15:1 70 15
0.15:1 70 30
0.15:1 70 60
0.15:1 70 120
0.15:1 70 240

“Determined that experimental parameters were the same. “Determined the theoretical yield of Fe,0, divided by the AgNW mass in the system.

in a range of applications including biomedicine,>” SERS,*®
wastewater treatment,”> supercapacitor electrode,*>>" and
microwave absorption.>”** If Fe;0, could be used to coat
AgNWs for synthesizing Ag—Fe;O, core—shell nanowires, the
derived nanowires would integrate excellent magnetic and elec-
trical properties to expand their applications. There has been
some research on the synthesis and functionality of Ag—Fe;O,
core—shell nanowires. Chen et al.>* prepared Ag—Fe;O,, core—
shell nanowires with a solvent-thermal method in which uniform
Fe;0, shells were bound on the AgNWs. Recently, Li et al>®
used a facile coprecipitation method to fabricate Ag—Fe;O,
core—shell nanowires which could be highly aligned by an
external magnetic field. By contrast, coprecipitation technology
overcomes the disadvantages of high reaction temperature, high
pressure, time consuming, or the organic solvent use.>”*® Moreover,
the stability of AgNWs under these fabrication conditions is secure.

Nevertheless, no experimental works are available on the
growth mechanism of Ag—Fe;O,, core—shell nanowires, which is
unfavorable for controlling the resulting structure. What’s more,
a gap in knowledge remains with regard to the morphological
evolutions of Ag—Fe;O, core—shell nanowires as a function of
FeCl;/FeCl, concentration, poly(vinylpyrolidone) (PVP) con-
centration, reaction temperature, and reaction time. Moreover,
most of the literatures above only focused on one kind of
morphology for Fe;O, coated on the surface of AgNWs, which is
unsuitable for the synthesis of core—shell nanowires with
different shell morphologies. To the best of our knowledge,
there is still no literature reporting a synthesis system that can
prepare Ag—Fe;0, core—shell nanowires with various shell mor-
phologies by simply adjusting the reaction conditions. Thereby,
the goal of this paper is to demonstrate the growth mechanism
of Fe;O, on the surface of AgNWs and to obtain stable
Ag—Fe;0, core—shell nanowires with outstanding control over
the resulting structure, in which the electrical and magnetic
properties can be effectively controlled by the controllable
morphology.
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Herein, we report a facile coprecipitation route to the mass
synthesis of Ag—Fe;O, core—shell nanowires with different shell
morphologies including nanospheres and nanorods in the same
synthesis system in the presence of PVP. Detailed and systematic
parametric studies on the dependence of morphology of result-
ing products on the FeCl;/FeCl, concentration, PVP concen-
tration, temperature, and reaction time were elucidated.
Moreover, the in situ oxidation etching between AgNWs and
FeCl;/FeCl, solution is also explored in detail. The results
provided insight into the growth mechanism of Ag—Fe;O, core—
shell nanowires. Finally, the magnetic and electrical properties
of these Ag—Fe;O, core—shell nanowires are obtained to
determine how particle shape and shell thickness affect their
magnetic and electrical characteristics. This growth of magnetic
nanoparticles on 1D metal nanowires is meaningful and interest-
ing from both fundamental and applied perspectives.

2. EXPERIMENTAL SECTION

2.1. Materials. AgNO; (>99.0% purity), NaCl (>99.5% purity),
FeCl;:6H,0 (>99.0% purity), FeCl,-4H,0 (>99.0% purity), and
ethanol were all supplied by Beijing Finechem, China. Ethylene glycol
(EG) (=99.5% purity), NaOH (>99.5% purity), deionized water, and
PVP (M, =~ 40000, > 99.0% purity) were purchased from Xilong
Chemical Industry Incorporated Co., Ltd., China. All chemicals were
analytical grade and used without further purification.

2.2. Preparation of Ag—Fe;0, Core—Shell Nanowires. Uniform
AgNWs with average diameter of 90 nm and length of 15 ym were
synthesized with some modifications by the two-step dropping polyol
process, as previously reported by our group.**° Ag—Fe;0, core—shell
nanowires were fabricated by a facile and effective coprecipitation
method. In the typical synthesis procedure, 10 mL of 56 mM PVP
solution in deionized water was heated to 70 °C until the temperature
was steady. Afterward, 30 mL of 90 mM AgNWs solution in deionized
water was dropped into the mixture above under N,. Then 20 mL of
19.2 mM FeCl;-6H,0 solution in deionized water was added into the
flask followed by adding 20 mL of 9.6 mM FeCl,-4H,O solution in
deionized water into the mixture. In this case, the Fe3* and Fe*" molar
ratio should be 2:1 in order to obtain pure Fe;0,.>**' The mixture was
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Figure 1. Structural characterization of pure AgNWs, Fe,0,, and Ag—Fe;0, nanowires: (a) FESEM images of pure AgNWs; (al) EDX spectrum of pure
AgNWs; (b) FESEM images of pure Fe;O,; (b1) EDX spectrum of pure Fe;O,; (c) FESEM images of Ag—Fe;0, core—shell nanowires (sample MS);
(c1) EDX spectrum Ag—Fe;0, core—shell nanowires; (d) FESEM images of Ag—Fe, O, core—shell nanowires at high magnification, and the inset showing

its TEM image; (e) structure of icker; (f) XRD patterns, and the inset showing the Mssbauer spectra of Ag—Fe;O, nanowires; (g) FTIR spectra.

stirred for 30 min and then a 1 M NaOH solution was injected into the
flask until the pH reached 12.>* The synthesis process was followed
by mechanically stirring for 60 min. For those syntheses that produced
Ag—Fe;0, core—shell nanowires under N,, the following color changes
were noticed: initially silver-white and glistening to yellowish-white,
to yellowish-brown, and finally to taupe. The suspension was then
washed repeatedly with deionized water and ethanol until pH 7. The
final products were dispersed in ethanol and stored at room temperature
for further characterization. Pure Fe;O, nanoparticles were also fabri-
cated as the comparative test.

To investigate the effects of the raw materials consisting of FeCl;-
6H,0/FeCl,-4H,0 concentration and PVP concentration, and techno-
logical conditions including of temperature and reaction time on the
final morphologies of Ag—Fe;0, core—shell nanowires, we performed a
series of experiments in which the addition of FeCl;-6H,0/FeCl,:
4H,0, the molarity of PVP, temperature, and reaction time were varied
from 1.6/0.8 mM to 8.0/4.0 mM (samples M1—MS), from 0.0 to
17.5 mM (samples P1—PS), from 45 to 110 °C (samples T1—TS5), and
3 to 240 min (samples t1—t6), respectively. The detailed formulas of
these experiments were summarized in Table 1. To further understand
the formation mechanism of Fe;O, on the surface of AgNWs,
the reaction solutions were extracted at various feeding stages based
on the formula of sample M3. They were identified as S1 (AgNWs),
S2 (AgNWs/PVP), S3 (AgNWs/PVP/FeCly-6H,0/FeCl,-4H,0),
S4 (AgNWs/PVP/FeCl;-6H,0/FeCl,-4H,0/NaOH (pH 8)), and
SS (AgNWs/PVP/FeCl;-6H,0/FeCl,-4H,0/NaOH (pH 12)), respec-
tively. An experiment in which Fe;O, were synthesized followed by the
addition of AgNWs was also carried out.

2.3. Characterization. Field-emission scanning electron micros-
copy (FESEM) was carried out with a field-emission scanning electron
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microscope (JSM-7500, JEOL) operated at an accelerating voltage of
S kV and the samples were prepared by drop-casting a drop of the
aqueous suspension of samples over a smooth aluminum wafer. The
transmission electron microscope (TEM) images were obtained from a
JEM-2100 operated at 200 kV and the samples were prepared by placing
small droplets of the diluted suspension of samples on copper grids
coated with amorphous carbon film. The sizes were determined by
individually measuring the diameter of 30 nanostructures by aid of
SISAC-IAS image analyzer from the FESEM and TEM images. Results
are given as averages with standard deviations. The chemical composites
were analyzed with an energy dispersive analyzer (EDX, Oxford Inca).
X-ray powder diffraction (XRD) was taken by a D/max 2200 PC X-ray
diffractometer operated at a voltage of 40 kV and a current of 40 mA with
Cu Ka radiation (4 = 0.15406 nm) at a scanning rate of 0.02°s™" in 26
ranging from 20° to 80°. FTIR spectra of the samples were obtained
using a Nicolet Nexus 670 in which the signal resolution was 1 cm™".
Mossbauer measurements of samples were performed by a digital
Mossbauer System MFD-500A with a ’Co (Rh) radioactive source
of ~1 X 10° Bq activity at room temperature. The spectrum evaluation
was obtained with the assumption of Lorentzian line shape using
Mosswin 3.0i XP software, and the parameters calculated for the spectral
components were isomer shift (§, mm/s) and quadrupole splitting
(A, mm/s). The surface state of samples was surveyed by X-ray photo-
electron spectroscopy (XPS) was performed with an ESCALab 250
electron spectrometer from ThermoFisher Scientific USA using 150 W
Al Ko radiation. For the characterization of electrical property, all -V
measurements were tested using a CHID620 Electrochemical Analyzer
at room temperature. The measurements were performed under linear
sweep mode from —2 to 2 'V and the separation between the electrodes
was 3 cm. All the samples were prepared by dropping suspension liquid
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of nanowires on indium tin oxide (ITO) and dried under vacuum at
50 °C for 6 h. The magnetic properties was recorded on a vibrating sample
magnetometer (VSM PPSM-9) at 300 K in 10 kOe applied field.

3. RESULTS AND DISCUSSION

3.1. Structure Identification of Ag—Fe;0, Core—Shell
Nanowires. Figure 1 displays the structural characterization
of the pure AgNWs, Fe;O, and Ag—Fe;O, nanowires. From
Figure 1a, it could be clearly observed that the neat AgNWs had
a relatively smooth surface. From Figure 1b, it was found that
the neat Fe;O, clusters synthesized in the absence of AgNWs are
of order of 10—30 nm. Notably, large quantities of Ag—Fe;O,
heterostructured nanowires with diameter about 143 nm were
observed, in which the AgNWs were decorated with Fe;O,
nanorods, as shown in Figure 1c. By analyzing the EDX spectrum,
we could demonstrate that the heterostructured nanowires mainly
consisted of Ag element, Fe element and O element. Figure 1d
showed the enlarged image of a single hetro-structured nanowire
and inset displayed its TEM image, indicating that their profiles
included uniform Fe;O, nanorods shell with thickness of about
76 nm and AgNWs core with diameter of about 61 nm, in which
there was a clear layer boundary between them. More interestingly,
it seemed that the Ag—Fe;O, core—shell nanowires displayed
the structure of icker (Figure le). To further demonstrate the
crystallinity and phases of the Ag—Fe;O, nanowires, more direct
evidence is supplied. Figure 1f showed the XRD patterns of pure
Fe;0,, AgNWs, and Ag—Fe;0, nanowires. The XRD pattern of
the Fe;O, showed peaks at 20 = 30.1, 35.5, 43.1,57.3, 62.8°,
respectively, corresponding to the (220), (311), (400), (511),
and (440) refection of Fe;O,, which match well with the data from
the JCPDS file (no. 75—0033) for cubic Fe;0,.*** As for the
pattern of AgNWs, diffraction peaks at about 260 = 38.2, 44.5,64.2,
and 77.4° could be perfectively indexed to the (111), (200), (220),
and (311) planes of crystal structure for silver (JCPDS File 04—
0783).* Compared with the pure Fe;O, and AgNWS, the results
indicated that the Fe;O,—AgNW nanocomposites were a mixture
of two phases: AgNWs and Fe;0,. Moreover, it is evident that the
Fe;0, shell grew on the Ag nanowire core. To further confirm
phase purity of Fe;O,, we show the Mdssbauer spectra of Ag—
Fe;0, nanowires in the inset Figure 1f. Only one doublet could be
clearly observed in the graph, and no six line spectra appeared.
Because the weight percent of AgNWs core was very large and the
weight percent of Fe;O, shell was very small in the Ag—Fe;O,
nanowires, six line spectra signal was very weak and could not
be fitted out. Importantly, the Mossbauer parameters of 6 =
0.34 mm/s and A = 0.76 mm/s were obtained, which were
consistent with the Mossbauer parameters of Fe;O, reported in
the previous study.*** The FTIR spectral analysis of pure Fe,0,,
AgNWs, and the Ag—Fe;O, nanowires are shown in Figure 1g.
As for Ag—Fe;0, nanowires, the peaks at 3443, 1643 , 604, and
482 cm™ could be observed. The broad characteristic band in the
range of 3443 cm™" can be related to O—H stretching vibrations
of the ethanol solvent. The peak at 1645 cm™ should be due
to C==0 stretching vibrations of the PVP. The peak at 604 and
482 cm ™ are due to the Fe—O stretching mode of the tetrahedral
and octahedral sites.***® Notably, by comparing the FT-IR spectrum
of pure Fe;0, (592 and 450 cm™), the stretching vibrations of
Fe—O were weakened and red-shifted. These FT-IR spectra
provided the useful information that the Fe;O, were successfully
bound to the AgNWs.

3.2. Morphological Evolution and Growth Mechanism
of Ag—Fe;0, Core—Shell Nanowires. It is well-known that
the coprecipitation processing enabled the synthesis of Fe;O,

Figure 2. FESEM (left) and TEM (right) images of Ag—Fe;O, core—
shell nanowires synthesized with different concentrations of FeCl;-6H,O:
(sample M1) 1.6 mM, (sample M2) 2.4 mM, (sample M3) 4.8 mM,
(sample M4) 6.4 mM, (sample MS) 8.0 mM.

nanopatricles with different morphologies, depending on the raw
materials and technological conditions. In order to understand
the formation mechanism of the Ag—Fe;O, core—shell nano-
wires, we carried out a series of experiments, varying the FeCl,-
6H,0/FeCl,-4H,0O concentration, PVP amount, reaction tem-
perature, and reaction time, respectively, and the evidence for
which is now shown in detail.

Effects of Raw Materials. 1. Effects of FeCl;-6H,0/FeCl,
4H,0 Concentration. It has been demonstrated that the final
morphologies of the shells are strongly dependent on the con-
centration of the precursor solution.'”** In this experiment,
we addressed the morphological evolution of the core—shell
nanowires with the FeCl;-6H,0/FeCl,-4H,0 concentration.
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Figure 3. Changes in (a) nanowire diameter and (b) shell thickness and core diameter as a function of the FeCl;-6H,0 concentration.

Because the molar ratio of Fe>* to Fe** should be 2:1, FeCl,-
6H,0 concentration was selected as a representative concen-
tration for simple illustration. FESEM images of the as-synthesized
core—shell nanowires with FeCl;-6H,0O concentration of 1.6, 2.4,
4.8, 6.4, and 8.0 mM are displayed in Figure 2 (Left: M1-MS),
respectively. Figure 3a shows the changes in nanowire diameter as
a function of the FeCl;:6H,0 concentration. It can be clearly
observed that Fe;O, nanoparticles are tightly attached on the
surface of AgNWs in all images. When FeCl;-6H,O concentration
increased from 1.6 to 8.0 mM, the diameter of core—shell nano-
wires increased from 90 to 143 nm. To further understand mor-
phology details of the shells and cores for the as-synthesized
products, representative TEM images of them are shown in Figure 2
(Right: M1—-MS). And Figure 3b shows the changes in core
diameter and shell thickness as a function of the FeCl;-6H,0 con-
centration. It is important to find that the shell thickness increased
from 6 to 76 nm, while core diameter decreased from 84 to 60.8 nm
with the ferric salt concentration. When the concentration of ferric
salt was 1.6 mM, from the FESEM and TEM images of the products
(Figure 2 (M1)), incomplete coverage of small Fe;O, nanospheres
was obtained. When the FeCl;:6H,0O concentration varied from
1.6 to 4.8 mM, the bigger and denser Fe;O, nanospheres decorated
on AgNWs were dominate. Further increasing FeCl;-6H,0 con-
centration to 6.4 mM leaded to the formation of Fe;O, nanosheets
and Fe;O, nanorods besides Fe;O, nanospheres on AGNWs. When
the FeCl;:6H,O concentration was further increased to 8.0 mM, a
large amount of icker-like Ag—Fe;O, nanowires appeared, in which
Fe;0, nanorods were tightly bound to AgNws. It is well-known that
lower concentration of the ferric salt would suppress the nucleation
rate of Fe;O, nanoparticles on AgNWs, thereby there was big space
between the adjacent Fe;O, nuclei on AgNWs surface. According
to the surface-energy minimization, the Fe;O, nuclei would grow
along the length of the nanowires,” resulting in the formation of
the small Fe;O, nanospheres. On the contrary, the higher concen-
tration of the ferric salt leaded to higher nucleation rate and growth
rate of Fe;O, nanoparticles. In this case, Fe;0, nucleated simul-
taneously at many points along the AgNWs. These Fe;O, nuclei
began to grow vertically AgNWs surface after their edges touched,
leadin% to rows of Fe;O, nanorods arrays on the surface of AgNWs
finally.*® In addition, nanowires with higher concentration of ferric
salt, which led to stronger in situ oxidation reaction between
AgNWs and FeCl;/FeCl,, ended up with smaller cores. Our results
indicated that the variation in the ferric salt concentration was
effective for controlling the morphology and sizes of core—shell
nanowires.

2. Effects of PVP Concentration. 1t has been demonstrated
that the presence of PVP played an important role in the growth
of nanocrystals on surface of metal nanowires.”> FESEM images

16031

Figure 4. FESEM (left) and TEM (right) images of Ag—Fe;O, core—shell
nanowires synthesized with different concentrations of PVP: (sample P1)
0 mM, (sample P2) 3.5 mM, (sample P3) 7 mM, (sample P4) 10.5 mM,
(sample PS) 17.5 mM.
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Figure 5. Changes in (a) nanowire diameter and (b) shell thickness and core diameter as a function of the PVP concentration.

of the as-synthesized core—shell nanowires with different PVP
amounts of 0, 3.5, 7, 10.5, and 17.5 mM while maintaining the
other parameters in the typical process constant, are displayed in
Figure 4 (Left: P1—PS), respectively. The effects of PVP concen-
tration on the size and morphology of the core—shell nanowires
were further examined by TEM (Figure 4 (Right: P1-PS)).
Figure 5 shows the changes in nanowire diameter, core diameter
and shell thickness as a function of the PVP concentration. It was
found that the nanowires exhibited incomplete shell coverage in
which AgNWs had a poor interfacial bonding with the Fe;O, in
the absence of PVP, as shown in Figure 4 (P1). Notably, the
introduction of PVP improved the interface bonding between
AgNWs and Fe;0, and resulted in the formation of Ag—Fe;0,
core—shell nanowires with uniform and complete Fe;0, shells.
In this case, when the PVP concentration was increased from
3.5 to 17.5 mM, nanowire diameter increased slightly from 97 to
102 nm, correspondingly the shell thickness varied from 19 to
27 nm. Moreover, morphology of Fe;O, decorated on AgNWs
surface varied from nanopheres (Figure 4 (P2—P4)) to nanorods
with spindle-like tips (Figure 4 (PS)). It has been demonstrated
that PVP molecules could be absorbed on the surface of metal
nanoparticles through metal-O coordination.*” In this system,
PVP molecules interacted with silver particles through the oxygen
atom in carbonyl and were tightly absorbed on the (100) planes of
AgNWs according to the surface-energy minimization.”* It is
believed that these carbonyl functional groups could provide
nucleation points for the formation of metallic oxide.*® Thus, in
the experimental system, there were two possible nucleation sites,
i.e,, AgNWs substrates and bulk solution, for the growth of Fe;O,
nanoparticles. These two sites competed with each other. PVP
could be also absorbed on the (100) planes of Fe;O, nuclej, leading
to the orientated growth of Fe;0,. No PVP or lower concentration
of PVP resulted in the higher homogeneous nucleation rate and
growth rate in bulk solution. This meant that nanowires, which
lacked sufficient ferric salt precursor, ended up with incomplete
shell coverage. On the other hand, a higher concentration of PVP
resulted in the higher heterogeneous nucleation rate and growth
rate on the surface of AgNWs. In this case, Fe;0, nanoparticles
grew from the active nucleation centers, and therefore uniform
core—shell nanowires with smaller Fe;O, nanopheres were pro-
duced finally, possibly due to the particular nucleation promotion
and growth suppression of PVP. Particularly, when the PVP
concentration increased to a certain extent, due to the extremely
strong structure induction effect, a small amount of Fe;O,
nanorods with spindle-like tips coated on AgNWs were observed
in the system. We speculate that the particular stabilization and
structure induction of PVP promote the growth of Fe;O, crystals
on the surface of AQNWs and cause the formation of the resultant
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Figure 6. FESEM (left) and TEM (right) images of Ag—Fe;O, core—shell
nanowires synthesized in different temperature: (sample T1) 40 °C, (sample
T2) 55 °C, (sample T3) 70 °C, (sample T4) 85 °C, and (sample TS) 100 °C.

DOI: 10.1021/acsami.5b04342
ACS Appl. Mater. Interfaces 2015, 7, 16027—16039


http://dx.doi.org/10.1021/acsami.5b04342

ACS Applied Materials & Interfaces

Research Article

20

Diameter of core-shell nanowires (nm)
[+
o
T

55 ... 85
Temperature ('C)

75
() (b) : 5
60 | { _"‘}_E\ ]
: =4 |
£ 460 =
e 5
: E
z 440 5
=30k
= <= £
@
<
lﬁ b { } }/ | -
o /
0 " . . . 0
40 100 45 80 75 920 105

Temperature (C)
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Ag—Fe;O, nanowires with a uniform and perfect core—shell
structure.

Effects of Technological Conditions. 1. Effects of Reaction
Temperature. 1t is well-known that temperature is an important
factor for morphology-controlling of Fe;O, nanoparticles.>”*
Figure 6 (Left: T1—TS) depicts the FESEM images of the prod-
ucts obtained at 40, 55, 70, 85, and 100 °C, respectively, while
keeping the other parameters constant. Further insight into the
morphology evolution and microstructural details of core—shell
nanowires with the temperature were gained by using TEM
(Figure 6 (Right: T1—TS5)). Changes in nanowire diameter, core
diameter, and shell thickness as a function of the temperature are
shown in Figure 7. It is important to find that the shell thickness
increased from 13 to 53 nm, whereas the core thickness decreased
slightly from 78 to 66 nm with the temperature. When the tem-
perature was in the range of 40—5S °C (Figure 6 (T1-T2)), a
large amount of agglomerated Fe;O, nanospheres besides core—
shell nanowires were obtained. As the temperature increased to 70
and 85 °C, the uniformity and coverage rate of shells increased and
almost no agglomerated Fe;O, nanospheres were observed at
85 °C (Figure 6 (T3—T4)). Upon the increase in the reaction
temperature to 100 °C, a large number of Fe;O, nanorods with
spindle-like tips like flowers begun to form on surface of AgNWs
and incomplete shell coverage appeared (Figure 6 (TS)). We
speculated that Fe;O, nuclei on adjacent AgNWs and Fe;O,
nuclei in solution competed for ferric salt precursor. When the
temperature was relatively low, the growth rate of Fe;O, nuclei on
AgNWs and Fe;O,4 nuclei in solution were at the same level,
leading to incomplete shell coverage and agglomerated Fe;O,
nanospheres in solution. As the temperature increased, the faster
the molecular movement made the growth rates of Fe;O, nuclei
on AgNWs higher than that of Fe;O, nuclei in solution, suggesting
that nanowires require a larger volume of Fe;O, nanoparticles for
growth. Thus, the Fe;O, nuclei in solution dissolved into small
particles and the Fe;O, nuclei on the surface of AgNWs grew
fast to nanopheres by absorbing these small particles, leading
to thicker and uniform shells. When the temperature increased
to reflow temperature (100 °C), a large of nuclei edges on the
AgNWs surface touched and their growth rate was considerably
much higher than that of Fe;O, nuclei in solution. Moreover, the
octahedral Fe;O, nanoparticles always formed as nucleus and
exposed the (111) facet most due to the energetic stability of the
(111) facet, which leaded to the 1D growth along the (110)
direction.”" Then adjacent nucleation sites on the AgNWs surface
competed for Fe;O, source, leading to the formation of Fe;O,
nanorods with spindle-like tips like flowers and incomplete shell
coverage. Our data indicated that a high temperature is good for
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the growth of Fe;O, nanorods decorated on AgNWs and a low
temperature for Fe;O, nanospheres coated on AgNWs.

2. Effects of Reaction Time. FESEM images of the nanowires
synthesized with reaction times of 3, 15, 30, 60, 120, and 240 min,
while keeping all the other parameters constant are shown in
Figure 8 (Left: t1—tS), respectively. Further insight into the mor-
phology evolution and microstructural details of them with the tem-
perature were gained by using TEM (Figure 8 (Right: t1—tS)).The
changes in nanowire diameter, core diameter, and shell thickness
with respect to the reaction time are depicted in Figure 9. Uniform
core—shell nanowires with diameter of 84.4 nm were dominant
products when the reaction time was only 3 min, suggesting that the
shell growth was typically fast (3 min for first nucleation and growth
stage) (Figure 8 (t1)).When the reaction time was prolonged from
3 to 60 min, the nanowires diameter increased from 84 to 100 nm.
In this case, the diameter and the amount of the nanopheres
covered on the AgNWSs tended to increase (Figure 8 (t2—t3)). Fur-
ther prolonging the reaction time to 120 and 240 min, the nano-
wires diameter basically unchanged (Figure 8 (sample t4—tS)). In
this case, the Fe;O, nanoparticles grew by consuming the small
particles, and the reduction in surface energy promoted the crystal
growth and morphology evolution due to the difference in solubility
between larger particles and small particles, according to the
Ostwald ripening process.”>** Meanwhile, it could be observed that
the core diameter kept basically unchanged, suggesting that the oxi-
dation etching of AgNWs by ferric salt have ended after the
dropping of NaOH. In this process, with the addition of NaOH,
Fe;0,4 nanoparticles begun to form on AgNWs surface and CI™ in
the system no longer etched the AgNWs core, leading to the
unchanged the core diameter.

Proposed Growth Mechanism of Ag—Fe;O, Core—Shell
Nanowires. To further understand the formation mechanism
of Fe;0, on the surface of AgNWs, the reaction solutions were
quenched at various feeding stages based on the formula of
sample M3. Figure 10 shows the FESEM images, EDX spectures
and TEM images of the structural evolution in this process.
As shown in Figure 10 (S1), the surfaces of the pure AgNWs with
a pentagonal cross-section were very smooth. When the AgNWs
were mixed with PVP solution, the surface of the AgNWSs became
rougher and the elements C and O proportions increased com-
pared to pure AgNWs (Figure 10 (S2)). We speculated that the
PVP molecules were tightly absorbed on the (100) planes of
AgNWs. Moreover, TEM image of sample S2 showed that the
thickness of PVP layer was about 1—2 nm supporting the phe-
nomenon that PVP were well bound to AgNWSs. These carbonyl
functional groups on AgNWs would provide nucleation points
for the formation of Fe;O,.When the ferric salt aqueous solution
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Figure 8. FESEM (left) and TEM (right) images of Ag—Fe;O, core—
shell nanowires synthesized with different reaction times: (sample t1)
3 min, (sample t2)15 min, (sample t3) 30 min, (sample t4) 60 min,
(sample t5) 120 min, (sample t6) 240 min.

was added into the solution above, the in situ oxidation reaction
occurred. It can be clearly seen that a large amount of nano-
crystals were coated on surface of AgNWs to form core—shell
nanowires and the thickness of nanoshell was about 3—4 nm
(Figure 10 (S3)). By analyzing EDX, we speculated that the

composition of shells was AgCL In this process, the CI™ ions
reduced the redox potential of Ag species from +0.80 V (Ag+/Ag)
to +0.223 V (AgCl/Ag), thereby Fe*" ions (E°pes,/pericror71v)
could oxidize the surface Ag atoms of nanowires into AgCl crystals
directly.”® This would promote the accumulation of Fe** and Fe?*
on the surface of AgNWs. After dropping a small amount of
NaOH (pH 8), the surface of AgNWs were coated with a large of
small nanoparticals. Further increasing the PH to 12, core—shell
nanowires with a uniform structure appeared, correspondingly
elements Fe proportion and shell thickness increased. In this
process, NaOH reacted with Fe** and Fe** absorbed on surface of
AgNWs to form Fe;O, nuclei, then Fe;O, shell grew epitaxial on
the AgNW core surface. The principle reaction is given as follows

2Fe’™ + Fe’* + 8OH™ — Fe,0, + 4H,0 (1)

Moreover, AgCl must be displaced during the nucleation of Fe;O,,
as no interlayer was observed in Figure 10 (S4, SS).

To further clarify the formation mechanism of Fe;O, on the
surface of AgNWs, we provide more direct evidence. Figure 11
shows the FTIR spectra of products at different feeding stages
based on sample M3. As shown in Figure 11, compared to the
spectra of pure AgNWs, the addition of PVP made the absorp-
tion bands at 1643 cm™" assigned to C=0 stretching be stronger,
demonstrating that PVP was absorbed on AgNWs surface through
Ag—O coordination. With the addition of ferric salt aqueous
solution, absorption bands at 800 cm ™" assigned to Ag—Cl stretch-
ing appeared. Then, when a small amount NaOH was added into
the system, the absorption bands at 610 and 502 cm™" belong to
the Fe—O stretching of Fe;O, appeared.>***>* When further
increasing the NaOH amount, these absorption bands shifted to
592 and 492 cm™! and became wider and stronger, demonstrating
the growth of Fe;O, shell on AgNWs surface. During this process,
the bands at 1643 cm™" corresponding to the C=0 of PVP from
sample S3, S4, and SS still remained, suggesting that the products
all contained PVP which was absorbed on AgNWs surface and
provided the nucleation points for the formation of Fe;O,.
However, they seem not change much compared with pure
AgNWs. Generally, it is undesirable to make comparisons about
characteristic peak intensity of IR between materials with different
material composition. In this case, with the formation of AgCl
(sample S3) and Fe;O, (sample SS) on AgNWs, the chemical
environments of the C=0 and the material composition changed.
Therefore, we should not make comparisons because they
are meaningless. The FTIR spectra data are consistent with the
FESEM, EDX, and TEM characterization.

To further confirm the formation mechanism of Ag—Fe;0,
core—shell nanowires, we performed XPS spectra of sample S3
and S5. As indicated in Figure 12a, the O 1s peak for sample S3
was observed at 531.9 eV attributed to anionic oxygen in carbonyl
functional groups,”>*® confirming that PVP was absorbed on
AgNWs surface, whereas, sample S5 exhibited two O 1s peaks
located at 531.5 and 530.3 eV, in which the peak at 530.3 eV might
be ascribed to the oxygen in Fe;0,°>>® Figure 12b shows the
peaks of Fe 2p,,, and Fe 2p;, located at 710.9 and 724.4 eV for
sample S5, related to the electron peaks for Fe 2p in Fe;0,.°*** No
shakeup satellite peaks related to the fingerprints of electronic
structures of iron oxides like y-Fe,O; could be identified.>**® The
Fe 2p,/, and Fe 2p;, could be resolved using the XPS peak fitting
program. Peaks corresponding to 709.6 and 723.1 eV are attributed
to +2 oxidation states, whereas 711.2 and 724.6 eV are ascribed
to +3 states of iron.>® Accordingly, the fitting results imply that that
relative areas of Fe>* and Fe®* were calculated with the values of
0.337:0.663 for Fe 2p, , and 0.341:0.659 for Fe 2p; ,, respectively,
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Figure 9. Changes in (a) nanowire diameter and (b) shell thickness and core diameter as a function of the reaction time.
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Figure 10. FESEM images (the first row), EDX spectrum (the second row), and TEM images (the third row) of products at different feeding stages for
sample M3: (sample S1) AgNWs; (sample S2) AgNWs/PVP; (sample S3) AgNWs/PVP/FeCl;-6H,0/FeCl,-4H,0; (sample S4) AgNWs/PVP/
FeCl;-6H,0/FeCl,-4H,0/NaOH (pH 8); (sample SS) AgNWs/PVP/FeCl;-6H,0/FeCl,-4H,0/NaOH (pH 12).

almost corresponding to their molar ratio (1:2) in Fe;O,, which
could also be displayed as FeO-Fe,0;. Our XPS data are in good
agreement with the Fe 2p spectrum for Fe;O, reported in the
previous study.’>**>> The results indicated that the carbonyl
functional groups in PVP on AgNWs surface provided nucleation
points and Fe;O, nanoparticles grew on AgNWs. And XPS
spectrum of the Fe 2p confirmed the purity of Fe;O, nanoparticles
on AgNWs by the assessment of molar ratio of Fe** and Fe**. As
3 ——— shown in Figure 12¢, d, the spectrum of Ag 3d;,, and Ag 3d;,,

1643 regions for sample S3 are observed at 367.6 and 373.6 €V,
respectively.” And its Cl 2p,,; peaks are located at 197.4 and
3 198.8 eV, which were attributed to chlorine in AgCl and chlorine
in FeCl;:6H,0 or FeCl,-4H,0, respectively. With the addition
of NaOH, the Ag 3d spectrum shifted to higher binding energies
and their intensity became weaker for sample SS, indicating the
formation of shells on the AgNWs, whereas the Cl 2p,,; peaks
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Figure 11. FTIR spectra of products at different feeding stages based on

sample M3: (sample S1) AgNWs; (sample S2) AgNWs/PVP; (sample S3) vanished, suggesﬁng the displacement of AgCl at growth process of

AgNWs/PVP/FeCl,-6H,0/FeCl,-4H,0; (sample $4) AgNWs/PVP/ Fe;0, nanoparticles.

FeCly-6H,0/FeCl,-4H,0/NaOH (pH 8); (sample S5) AgNWs/PVP/ Specially, we speculated that the mechanism of Fe;0,

FeCl,-6H,0/FeCl,-4H,0/NaOH (pH 12). nanoparticles formation in solution followed by adsorption to
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Scheme 1. Proposed Scheme of in Situ Growth Mechanism of the Fe;O, Nanoparticles on the AgNWs Surface by Co-precipitation
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the AgNWs surface might exist. In order to further confirm
this possible mechanism, we carried out an additional experi-
ment in which Fe;O, nanoparticles were synthesized followed
by the addition of AgNWs. It can be seen that only a minute
amount of nanoparticles coated on the AgNWs surface. The
data indicated that a combined behavior of surface and bulk
particle formation in the Ag—Fe;O, formation mechanism
existed, and surface formation was the dominant formation
mechanism.

On the basis our experimental results, we proposed that the
main formation process of Fe;O, nanoparticles on the AgNWs
surface occurred in three steps: (1) Ag-AgCl core—shell nano-
wires formation, (2) nucleation of Fe;O, nanoparticles on the
AgNWs surface, (3) Fe;0, nanoparticles growth until the reagents
are used up. The evolution process was illustrated in Scheme 1.
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At the first stage, Cl” ions reduce the redox potential of Ag
species markedly from +0.80 V (Ag+/Ag vs SHE) to +0.223 V
(AgCl/Ag), inducing the electrons on the surface of the AgNWs.
Thereby, Ag atoms on AgNWs surface had been in situ oxidized
into AgCl nanocrystals, and Fe**/ Fe** couple gathered on AgNWs
surface. In addition, the carbonyl functional groups derived from
PVP could provide nucleation points for the formation of Fe;O,
nanoparticles. With the introduction of OH™ ions, Fe;O, nucleates
simultaneously at many points along the AgNWs. These Fe;O,
nuclei grow until their edges touch, resulting in rows of perfectly
aligned Fe;O, nanoparticles along AgNWs surface. In this process,
higher ferric concentration or higher temperature led to the fast
nucleation rate and growth rate, resulting in the formation of
Fe;O, nanorods, whereas lower concentration or lower temper-
ature led to slower nucleation rate and growth rate, resulting in the
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formation of Fe;O, nanospheres. Finally, as the reaction continued
further, the nanoparticles grow by using up the small particles
according to the Ostwald ripening process, and larger nanoparticles
were finally formed on the AgNWs surface.

3.3. Influence of Shell Thicknesses on the Electrical and
Magnetic Properties of Ag—Fe;0, Core—Shell Nanowires.
On the basis of the above experimental results, various Ag—
Fe;0, core—shell nanowires with different shell morphology and
thickness have been synthesized by varying FeCl;-6H,0/FeCl,:
4H,0O concentration, PVP concentration, reaction temperature
and reaction time. As the properties of nanostructures are mainly
dependent upon size, shape, and homogeny, it is desirable to
obtain materials with desired properties and/or functions for
a particular application by precisely maneuvering these
parameters. In this section, we addressed how particle shape
and shell thickness affected magnetic and electrical character-
istics of core—shell nanowires

For the characterization of electrical property, all -V mea-
surements were tested using a CHID620 Electrochemical Analyzer
at room temperature. Linear I-V curves of the representative
samples (AgNWs, M2, M3, MS, TS, ITO) were obtained using
linear sweep voltammetry in CHID 620 Electrochemical Analyzer
at room temperature. The results are shown in Figure 13.
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0.0

Current (A)

0
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Figure 13. Current—voltage plots of Ag—Fe;04 core—shell nanowires
with different shell thickness for samples M2, M3, TS, and MS: (sample
M2) Fe;O, nanophere shells with thickness of 9 nm; (sample M3)
Fe;0, nanophere shells with thickness of 16 nm; (sample TS) Fe;0,
nanorod shells with thickness of 54 nm; (sample MS) Fe;O, nanorod
shells with thickness of 76 nm.

Compared to the pure AgNWs, the introduction of Fe;O, shell
was found to decrease the electrical conductivity (electrical current
at the same voltage). Moreover, their electrical conductivity was
decreased with increasing Fe;O, shell thickness due to the intro-
duction of the electrically insulating Fe;O, shells. Nevertheless, all
core—shell nanowires still exhibited superior electrical properties
to ITO, suggesting that Ag—Fe;O, core—shell nanowires can still
be used as conductive nanofillers.

The magnetic properties of the representative Ag—Fe;O,
core—shell nanowires (samples M2, M3, MS, and T5) with
different Fe;O, shell thickness as a function of the applied
magnetic field at room temperature are present in Figure 14. The
magnetic saturation values (M) are 5.7, 12.7,20.3,and 26.4 emu g '
for sample M2, M3, TS and MS, respectively, which suggests
that the magnetic properties significantly depend on the shell
thickness and morphology. Obviously, sample MS with icker
structure possesses the highest magnetic saturation value. In this
case, the M, is about equal to 0.4 times the Ms for pure Fe;0,
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Figure 14. Magnetization curves measured at 300 K of Ag—Fe;O, core—
shell nanowires with different shell thickness for samples M2, M3, TS,
and MS: (sample M2) Fe;O, nanophere shells with thickness of 9 nm;
(sample M3) Fe;0, nanophere shells with thickness of 16 nm; (sample
TS) Fe;0, nanorod shells with thickness of 54 nm; (sample MS) Fe;0,
nanorods shells with thickness of 76 nm. Inset in a shows magnetic
responsive images of sample MS, inset in b shows the close-up of the
origin.

nanoparticles reported (66.24 emu g~'),>” which is greater than
the evaluated mass ratio (= 0.25:1) of Fe;O, to AgNWs in the
system. This may be due to the small-size effect:***” Fe,0,
nanorods coated on the AgNWs exhibited large specific surface
area, leading to an increase in unit cell volume and Fe®* content
in the sample. Additionally, the in situ oxidation etching on
surface of AgNWs and dissolution of AgCl nanocrystal at growth
stage of Fe;O, core—shell nanowires would result in a decrease
in the AgNWs content. Inset b presents the close-up of the origin.
It can be seen that their remanent magnetizations are 2.8, 0.6, 0.9,
and 3.2 emu g, respectively, indicating that the core—shell
nanowires display ferromagnetic behavior. Taking into account
the magnetic separation application of core—shell nanowires,
sample M5 was selective to be checked its magnetic response in
the external applied magnetic field with a magnet and the results
was shown in inset Figure 14a. It can be found that Ag—Fe;O,
core—shell nanowires dispersed in ethanol can gather for about
40 s in the presence of magnet without residues left in solution
state.

4. CONCLUSIONS

It can be demonstrated that under the appropriate experimental
conditions, AgNWs can be used as a nucleation site for the
growth of pure phase Fe;O, shells in a water environment. By
tuning the synthetic parameters, various core diameters and shell
thicknesses can be obtained, leading to fine control over electrical
and magnetic properties. On the basis of the experimental results,
the following conclusions can be drawn:

(1). The result of a formation mechanism investigation revealed
that FeCl;-6H,0/FeCl,-4H,0 concentration, PVP concen-
tration, reaction temperature, and time made significant
contributions to Fe;O, nanoparticles growth on the surface
of AgNWs. Carbonyl functional groups on the AgNWs
surface derived from PVP provided nucleation points for
the formation of Fe;O,. In the first step, the AgNWs
were oxidized with FeCl;/FeCl, solution followed by elec-
trons generated on the AgNWs surface, resulting in the
accumulation of Fe**/Fe?* on the surface of AgNWs.
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Then, Fe;O, nanoparticles nucleated on the AgNWs
surface and grew by using up the reagents. Moreover, at
higher FeCl;-6H,0/FeCl,-4H,0 or higher temperature, a
large amount of Fe;O, nuclei touched and grew vertically
on the AgNW surface, leading to rows of Fe;O, nanorod
arrays on the surface of AgNWs because of faster nucleation
and growth, whereas at lower concentration or lower tem-
perature, a small amount of Fe;O, nuclei did not touch and
grew along the AgNWs surface, resulting in the formation
of Fe;O, nanospheres coated on AgNWs due to slower
nucleation and growth.

(2). The as-synthesized Ag—Fe;O, core—shell nanowires exhi-
bited superior electrical properties to ITO at room tem-
perature. And their electrical properties decreased with the
increment of the shell thickness because of the intro-
duction of electrically insulating of Fe;O, shells.

(3). The as-synthesized Ag—Fe;O, core—shell nanowires exhi-
bited ferromagnetic properties at room temperature, in
which the magnetic saturation values (M;) increased from
5.7 to 26.4 emu g~' with increasing thickness of Fe;O,
shell from 9 to 76 nm because of the ferromagnetic prop-
erties of Fe;O, shells.

The opportunity to achieve high-quality magnetic nanoparticles
grown on AgNWs and understand their growth mechanism
is indeed compelling to pursue fundamental researches on rele-
vant properties at the nanoscale. Moreover, the as-synthesized
Ag—Fe;0, core—shell nanowires may be used as a kind of effective
conductive filler applied in flexible conductive nanocomposites for
high-performance electromagnetic interference shielding because
of outstanding electrical and magnetic properties, which will be our
future important work.
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