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 Facile Synthesis of Bimetallic Ag/Ni Core/Sheath 
Nanowires and Their Magnetic and Electrical Properties 
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 This paper describes a facile method for coating Ag nanowires with 
uniform, ferromagnetic sheaths made of polycrystalline Ni. A typical 
sample of these core/sheath nanowires had a saturation magnetization 
around 33 emu g  − 1 . We also demonstrated the use of this magnetic 
property to align the nanowires by simply placing a suspension of 
the nanowires on a substrate in a magnetic fi eld and allowing the 
solvent to evaporate. The electrical conductivity of these core/sheath 
nanowires (2  ×  10 3  S cm  − 1 ) was two orders of magnitude lower than 
that of bulk Ag (6.3  ×  10 5  S cm  − 1 ) and Ni (1.4  ×  10 5  S cm  − 1 ). This is 
likely caused by the transfer of electrons from the Ag core to the Ni 
sheath due to the difference in work function between the two metals. 
The electrons are expected to experience an increased resistance due 
to spin-dependent scattering caused by the randomized magnetic 
domains in the polycrystalline, ferromagnetic Ni sheath. Studies on 
the structural changes to the Ni coating over time under different 
storage conditions show that storage of the nanowires on a substrate 
under ambient conditions leads to very little Ni oxidation after 
6 months. These Ag/Ni core/sheath nanowires show promise in areas 
such as electronics, spintronics, and displays. 
  1. Introduction 

 One-dimensional (1D) nanostructures have received a great 

deal of attention over the past decade because of their unique 

anisotropic structure and fascinating physical properties. [  1–8  ]  

These nanostructures show great promise in a wide range of 
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applications such as electronics, photonics, sensing, imaging, 

drug delivery, and fabrication of solar cells. [  1  ,  9–13  ]  Metallic 1D 

nanostructures, especially those made of Ag, are attractive 

for use in the manufacturing of electronic and display devices 

because of their superior electrical and thermal conductivity 
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in addition to their ability to act as optical waveguides. [  14–17  ]  

Many such devices, however, require that the materials be 

manipulated and arranged over large areas. Methods have 

been developed to arrange nanowires into linear and other 

types of assemblies, but these methods generally require 

complex equipment and materials. [  18  ,  19  ]  Simple magnetic 

manipulation has been demonstrated previously to arrange 

nanoparticles but has yet to be extended to nanostructures 

with very high aspect ratios such as Ag nanowires. [  20  ]  There-

fore, there is still a need to design and synthesize 1D nano-

structures that can be easily manipulated without the need for 

excessive equipment or labor. 

 Recently, there has been an increasing movement 

towards the integration of multiple materials into a single, 

hybrid nanostructure. These multicomponent nanostruc-

tures are attractive because of their increased functionality. 

By combining multiple materials into one structure we are 

combining their inherent physical properties as well as intro-

ducing an additional handle for tailoring the properties of a 

specifi c material. For example, Yu and co-workers have cre-

ated Au-Fe 3 O 4  hybrid nanostructures that incorporate both 

the optical properties of Au nanoparticles and the magnetic 

properties of Fe 3 O 4  species. [  21  ]  Bimetallic nanostructures, in 

particular, have been shown to exhibit increased catalytic 

activity and greater plasmonic tunability than their mono-

metallic counterparts. [  22  ]  Many different types of multicom-

ponent nanostructures composed of semiconductors, metals 

or combinations of the two materials have been successfully 

synthesized with a wide variety of shapes and sizes. [  23–26  ]  In 

spite of this impressive success, it is worth pointing out that 

most of these syntheses cannot be readily extended to the 

production of 1D, bimetallic, core/sheath nanostructures. 

Diffi culties arise because of three main reasons: i) the pos-

sibility for galvanic replacement between the two different 

metals; ii) the tendency for alloying between the metallic 
    Figure  1 .     A) Scheme depicting the two-step synthesis of Ag/Ni core/sheath nanowires. B) TEM 
image of the fi nal products. The inset is a TEM image at a higher magnifi cation taken from the 
edge of a Ag/Ni nanowire (scale bar: 10 nm). C) SEM image of the fi nal products. The inset 
shows an SEM image at a higher magnifi cation taken from the edge of a nanowire, illustrating 
the rough surface (scale bar: 50 nm).  
components; and iii) the surface of the 

nanowires tends to lack the rough features 

or active sites necessary for heterogeneous 

nucleation and growth compared to nano-

particles, which leads to the preference 

of homogeneous nucleation during syn-

thesis. Therefore, a facile robust procedure 

is still desired for the preparation of 1D, 

bimetallic, core/sheath nanostructures. In 

this study, we aim to integrate ferromag-

netic Ni with electrically conductive Ag in 

order to create multifunctional nanowires 

that can be assembled on a large scale and 

potentially applied to the construction of 

nanometer-scale devices and electronics. 

 Bimetallic Ag/Ni core/sheath nanowires 

have been synthesized previously using an 

anodic-aluminum oxide template method 

combined with electrochemical deposi-

tion of Ni. [  27  ]  Although this technique is 

useful because it can easily reduce Ni ions 

to elemental Ni, the procedure involves 

multiple steps and the diameter of the 

nanowires is limited by the pore size of 
www.small-journal.com © 2010 Wiley-VCH Verlag Gm
the template. Our group has previously developed simple 

polyol methods for the synthesis of Ag nanowires with a 

range of diameters. [  28  ,  29  ]  Our aim with this study is to coat 

these Ag nanowires using a simple, solution-based Ni deposi-

tion method. During the synthesis we characterized changes 

in surface morphology of the Ag/Ni nanowires using electron 

microscopy. We also confi rmed the core/sheath structure of 

these Ag/Ni nanowires using cross-sectional transmission 

electron microscopy (TEM) imaging. We found that these 

nanowires are magnetically responsive by simply placing 

them in a magnetic fi eld. We also found that their electrical 

conductivity was lower than that of bulk Ag and bulk Ni due 

to the metal/metal interface created and increased electron 

scattering in the core/sheath structure. Finally, we observed 

that the method by which the nanowires were stored affected 

their degree of surface oxidation over time and that storage 

on a substrate under ambient conditions leads to very little 

oxidation.   

 2. Results and Discussion  

 2.1. Synthesis of Ag/Ni Core/Sheath Nanowires 

 The Ag/Ni core/sheath nanowires were synthesized by a two-

step procedure ( Figure    1  A). In the fi rst step, Ag nanowires 

were synthesized using a previously published protocol with 

some minor modifi cations. [  29  ]  Similar to other polyol-based 

syntheses, ethylene glycol (EG) was used as both the solvent 

and source of reducing agent. A small amount of copper (II) 

chloride (CuCl 2 ) was added to the EG to increase the yield 

of nanowires. In addition, poly(vinyl pyrrolidone) (PVP) was 

added to serve as a capping agent, while silver nitrate (AgNO 3 ) 

was used as a source to elemental Ag. The reaction was vis-

ually monitored by its color changes and stopped once the 
bH & Co. KGaA, Weinheim small 2010, 6, No. 17, 1927–1934
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    Figure  2 .     A) TEM image of Ag/Ni nanowires prepared with A) a lower 
amount (Ag/Ni  =  16:10) and B) a higher amount (Ag/Ni  =  16:12) of 
Ni precursor than the standard sample shown in Figure  1 . The insets 
show TEM images at a higher magnifi cation, illustrating the difference 
in surface morphology for the nanowires (scale bars: 20 nm).  
solution appeared light tan, wispy and opalescent. Figure S1 

in the Supporting Information shows electron microscopy 

images of a typical sample of Ag nanowires. This CuCl 2 -

mediated synthesis generally yields about 90–95% Ag 

nanowires with an average diameter around 70 nm. From 

the inset of Figure S1A in the Supporting Information, the 

smooth surface of the Ag nanowires is clearly seen.  

 The second step of the synthesis involved the nucleation 

and growth of Ni on the surface of the Ag nanowires. We 

found that in order to produce a uniform coating of Ni on 

the Ag nanowire, a molar ratio of Ag precursor to Ni pre-

cursor around 16:11 was necessary. A range of molar ratios 

was attempted and we found that those samples with a lesser 

amount of Ni precursor did not produce a suffi cient response 

to the magnetic fi eld, while those samples with a higher 

amount of Ni precursor did not have uniform sheaths. The 

reduction of the Ni precursor in our synthesis was achieved 

by hydrazine monohydrate (N 2 H 4  · H 2 O) according to the fol-

lowing reaction:

 

N2H4 ⋅ H2O → N2H+
5 + OH−

N2H+
5 + 2Ni2+ → N2 + 5H+ + 2Ni   (1)    

 The products of the reaction were dark gray/black in color 

and tended to form large aggregates that adhered to the 

magnetic stir bar. After the fi nal products were washed once 

with EG/acetone, they were easily re-dispersed in water and 

retained the wispy opalescence typical of metallic nanowires. 

It was observed that after a few minutes the nanowires 

began to aggregate and precipitate due to magnetic interac-

tions between the Ag/Ni nanowires. Despite this aggregation, 

the nanowires could be easily re-dispersed in solution with 

slight agitation indicating that they do not form a permanent 

aggregate.   

 2.2. Structural Characterization 

 Figure  1 B and C shows electron microscopy images of the as-

prepared Ag/Ni nanowires. From these images we can conclude 

that these nanowires retained the original 1D morphology of 

the Ag nanowires in the core. The inset images in Figure  1  illus-

trate the change in surface morphology for the Ag nanowires 

after Ni coating. Compared to the Ag nanowires in Figure S1, 

the core/sheath nanowires have a rough, jagged surface due to 

the polycrystalline structure of the Ni coating. The nucleation 

and growth mechanism of Ni in this synthesis is much like that 

of a thin fi lm grown on a substrate. In that case, there are three 

possible growth mechanisms: the Frank–van der Merwe (layer-

by-layer), Volmer–Weber (island), and Stranski–Krastanov 

(island-on-layer) mechanisms. [  30  ]  The growth mechanism for a 

particular system is determined by the overall excess energy, 

 Δ   γ  . This overall energy is the sum of the surface energies of 

the materials and their interfacial and strain energies. In our 

system, it is defi ned by the following equation,

 �γ = γ Ni + γ i + γ strain − γ Ag   (2)    

 where,   γ   Ni  is the surface energy of Ni,   γ   i  is the energy of the 

interface formed by the two layers,   γ   strain  is the strain energy 
© 2010 Wiley-VCH Verlag Gmbsmall 2010, 6, No. 17, 1927–1934
induced by the difference in lattice constants between the 

two layers, and   γ   Ag  is the surface energy of Ag.  Figure    2  A 

and B shows TEM images of Ag/Ni nanowires prepared with 

lower (Ag:Ni  =  16:10) and higher (Ag:Ni  =  16:12) amounts 

of added Ni precursor, respectively, than the standard sample 

(Ag:Ni  =  16:11) shown in Figure  1 . By comparing these 

images and those in Figure  1 , we can conclude that the Ni 

sheath was formed by a Stranski–Krastanov (island-on-layer) 

growth mechanism. Initially, the Ni formed a homogeneous 

layer on the surface of the Ag nanowire (Figure  2 A). The 

inset in Figure  2 A shows a slightly roughened surface mor-

phology compared to the inset in Figure S1A of the plain Ag 

nanowires. As the thickness of the Ni coating increased, the 

strain felt by the growing Ni layer due to the large lattice mis-

match between the two metals induced a switch from layered 

growth to island growth. Figure  2 B clearly shows that the 

sheath began to branch out and form dendrites rather than 

continue to form an even layer as more Ni was deposited.  

 To confi rm the core/sheath morphology, we acquired a 

cross-sectional TEM image from a single Ag/Ni nanowire. 

In  Figure    3  A, we can clearly distinguish the highly crystal-

line Ag core with its pentagonally twinned structure from 

the polycrystalline Ni sheath. For this particular wire, the Ag 

core was about 70 nm in diameter with an even 5-nm-thick 

Ni sheath. We analyzed the composition of both the core and 

the sheath using energy-dispersive X-ray (EDX) analysis. 

The large difference in relative heights for the Ag and Ni 

peaks in the EDX spectra (Figure  3 B and C) confi rms that 

core and sheath were made of Ag and Ni, respectively. This 

result indicates that there was essentially no galvanic replace-

ment or alloying taking place during or after the synthesis of 

the bimetallic nanowires.    

 2.3. Magnetic Properties 

 The magnetic properties of the Ag/Ni nanowires were 

explored using a variety of approaches.  Figure    4  A shows a 

magnetization curve for a sample of Ag/Ni nanowires. The 

curve follows the typical S-shape of a ferromagnetic mate-

rial and the inset in Figure  4 A shows an expanded region of 
1929H & Co. KGaA, Weinheim www.small-journal.com



McKiernan et al.

1930

full papers

    Figure  3 .     A) Cross-sectional TEM image of one of the Ag/Ni core/sheath nanowires shown in 
Figure  1 . B,C) EDX spectra taken from the core and sheath of the nanowire, respectively. The 
small Ag peak in (C) is due to the spot size of the beam being around the same dimensions 
as the Ni sheath. The strong Cu peak is from the Cu TEM grid.  
the curve that demonstrates the nonzero coercivity of these 

nanowires. This indicates that they are ferromagnetic rather 

than superparamagnetic. The critical diameter for super-

paramagnetic behavior in Ni nanoparticles has previously 
www.small-journal.com © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinh

    Figure  4 .     A) Magnetization curve for the Ag/Ni nanowires shown in 
Figure  1 . The inset is an expanded view of the same curve depicting the 
nonzero coercivity of the nanowires. B)  I – V  curve of the Ag/Ni nanowires 
shown in Figure  1 . The inset is an SEM image of the two nanowires 
spanning the electrode gap.  
been determined to be 15 nm. [  31  ]  Although 

the thickness of the Ni coating on our 

Ag/Ni nanowires was only 5 nm, the lat-

eral dimensions of the nanowires were 

much larger than the critical diameter of 

15 nm. This large anisotropy creates mul-

tiple magnetic domains, which induces 

ferromagnetic behavior in the Ni sheaths. 

The saturation magnetization ( M  s ) of our 

sample was 33 emu g  − 1  where only the 

mass of Ni was considered. This value is 

lower than that of bulk Ni (58.57 emu g  − 1 ), 

but larger than what was previ-

ously reported for pure Ni nanofi bers 

(24.76 emu g  − 1 ). [  32  ,  33  ]  The reduction in  M  s  

compared to bulk Ni could be due to the 

reduced thickness of the Ni sheath and/

or surface oxidation. It has been shown 

previously that the saturation magnetiza-

tion of Ni nanoparticles decreases with 
[34]
decreasing particle diameter.       It is likely that the Ni sheath 

of our Ag/Ni nanowires follows a similar trend. In addition, 

surface oxidation may lead to the creation of an antiferro-

magnetic NiO layer, which also limits the magnetic properties 

of our nanowires. [  35  ]  The coercivity of our Ag/Ni nanowires 

was 116 Oe, which is larger than that of bulk Ni (0.7 Oe). 

Compared to other 1D Ni nanostructures our value is slightly 

lower than that reported by Lin and co-workers for their Ag/

Ni nanowires (180 Oe) and much lower than what has been 

reported for Ni nanotubes (200 Oe). [  27  ,  36  ,  37  ]  These values, 

however, are not directly comparable since the previously 

reported values were for arrays of nanowires or nanotubes, 

while the nanowires in our sample had no long-range order.  

 To demonstrate the magnetic properties of the Ag/

Ni nanowires on a macroscopic scale, we observed their 

response to a small neodymium magnet.  Figure    5  A shows 

a digital photograph of the Ag/Ni nanowires dispersed in 

ethanol. The image suggests that despite the ferromagnetic 

behavior of these nanowires they could be easily dispersed 

in solution for further application. The image in Figure  5 B 

is of the nanowires after resting overnight. It shows that the 

nanowires tend to aggregate due to their magnetic interac-

tions and settle to the bottom of the vial. In Figure  5 C, we see 

that the nanowires immediately respond to the magnetic fi eld 

produced by the neodymium magnet, leaving behind a clear 

supernatant. This observation indicates that all nanowires in 

the solution had a suffi ciently thick coating of Ni to respond 

to the external magnetic fi eld.  

 Finally, we demonstrated the alignment of our Ag/Ni 

nanowires on a silicon substrate using a magnetic fi eld as 

seen in Figure  5 D. A small amount of the Ag/Ni nanowires 

in butyl alcohol was dropped onto a silicon wafer placed 

between opposite poles of a C-shaped magnet. From the 

scanning electron microscopy (SEM) image in Figure  5 D, we 

fi nd that the majority of the nanowires were aligned parallel 

to the magnetic fi eld. A small number of nanowires, how-

ever, aligned perpendicular to the fi eld direction. Some of the 

nanowires also seem to be aligned diagonal to the fi eld direc-

tion. This unusual alignment is likely a result of the highly 
eim small 2010, 6, No. 17, 1927–1934
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    Figure  5 .     Digital images of A) Ag/Ni nanowires dispersed in ethanol, 
B) aggregated nanowires after being stored overnight, and C) nanowires 
attracted towards a small rare-earth magnet. D) SEM image of Ag/Ni 
nanowires after alignment on a silicon substrate using a C-shaped 
magnet. The magnetic fi eld was applied along the direction indicated 
by the arrow.  

    Figure  6 .     A) Diagram depicting the transfer of electrons from Ag to Ni 
due to the difference in work functions between these two metals. B) 
Diagram depicting the difference in conduction path for the electrons 
through the Ag core and Ni sheath. The randomized magnetic domains 
in Ni lead to increased scattering of electrons.  
anisotropic morphology of the nanowires. If a handful of 

nanowires were aligned perpendicular to the fi eld direction 

before the fi eld was applied, then the net torque felt by the 

wire due to the magnetic fi eld would be zero and no rota-

tion would be induced. For those nanowires aligned diagonal 

to the fi eld, perhaps they were in the process of rotating to 

align with the external magnetic fi eld when the solvent was 

evaporated. In order to quantify the effi ciency of this type 

of alignment method, a statistical distribution of the angle of 

the nanowires shown in Figure  5 D relative to the magnetic 

fi eld direction was obtained. The histogram summarizing this 

data is shown in Figure S2. Out of the 200 nanowires that 

were measured, a large majority of them were aligned within 

10 degrees of the fi eld direction. The distribution then dips as 

it nears 50 degrees and rises slightly at 90 degrees. This slight 

increase in the number of nanowires perpendicular to the 

fi eld supports our theory discussed above.   

 2.4. Electrical Properties 

 The electrical conductivity of the Ag/Ni nanowires was deter-

mined by measuring the resistance of the nanowires using 

a two-probe method. Figure  4 B shows the current–voltage 

( I – V ) curve for the nanowires depicted in the inset SEM 

image in the same fi gure. Using SEM and atomic force micro-

scopy (AFM) we determined that there were two nanowires 

spanning this electrode gap, which is expected given their fer-

romagnetic behavior (Figure S3). One of the nanowires had 

a diameter of 115 nm and the other a diameter of 80 nm. The 

resistance of these nanowires was determined from the slope 

of the  I – V  curve (1594  Ω ) and the resistivity was calculated 

using the following equation,

 
ρ =

R(A1 + A2)

L   
(3)    

 where   ρ   is the resistivity,  R  is the resistance,  L  is the length 

between electrodes,  A  1  is the cross-sectional area of the 

115 nm nanowire, and  A  2  is the area of the 80 nm nanowire. 

From the resistivity (5  ×  10  − 4   Ω  cm) we determined that the 

nanowires had an electrical conductivity of 2  ×  10 3  S cm  − 1 . 

This value is about two orders of magnitude lower than the 

conductivities of bulk Ag (6.2  ×  10 5  S cm  − 1 ) and Ni (1.4  ×  

10 5  S cm  − 1 ). This reduced conductivity can be explained as a 

result of the metal/metal interface created in our nanowires. 

By placing Ag and Ni in direct contact with each other we 

have created an avenue for electron transfer. In this case, elec-

trons will prefer to transfer from the Ag core to the Ni sheath 

because of the difference in work functions between the two 

metals.  Figure    6  A illustrates this mechanism. Since the work 

function of Ni ( ≈ 5.2 eV) is larger than that of Ag ( ≈ 4.6 eV), 

its Fermi level is lower in energy. [  38  ]  Therefore, electrons in 

the Ag core will transfer to the Ni sheath in order to lower 

their overall energy. If both metals were single crystalline, the 

decrease in conductivity due to this transfer would be min-

imal since the resistivity of Ni (7  ×  10  − 6   Ω  cm) is only slightly 

higher than that of Ag (1.6  ×  10  − 6   Ω  cm). In our case, however, 

the Ni sheath was both ferromagnetic and polycrystalline, 
1931H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  7 .     TEM images of Ag/Ni core/sheath nanowires stored under 
different conditions: A) as a suspension in ultrapure water; B) as a 
suspension in absolute ethanol; and C) as a dry sample on a TEM grid 
and placed in air. All the images were taken six months after sample 
preparation. The scale bars in the insets are 20 nm.  
which created many segregated magnetic domains with rand-

omized orientations. An electron, which has an intrinsic spin, 

moving through this material will experience spin-dependent 

scattering, which is expected to greatly increase the resist-

ance of the material. This phenomenon is similar to that of 

giant magnetoresistance (GMR) and we can use this concept 

to explain the reduced conductivity for our Ag/Ni nanowires. 

Generally, GMR occurs in systems that consist of alternating 

thin layers of ferromagnetic and nonmagnetic materials, in 

which, at room temperature and with no externally magnetic 

fi eld applied, the spins of the magnetic layers are aligned 

antiparallel. An electron moving perpendicular to the layers 

will then experience spin-dependent scattering. In our case, 

once the electrons are transferred to the Ni sheath, their 

pathway through the material is impeded by the randomized 

magnetic domains, much like the electrons moving through 

the antiparallel layers. Figure  6 B illustrates this mechanism. 

Therefore, the reduced conductivity of our nanowires can be 

explained through a combination of the difference in work 

functions and the spin-dependent scattering of electrons as 

they move through the Ni sheath.    

 2.5. Long-Term Storage 

 It is well known that elemental Ni is more susceptible to 

oxidation and corrosion than noble metals. In order for 

these Ag/Ni nanowires to be useful in applications such as 

nanoelectronics, their structure will need to be stable over a 

long period of time. As such, we were interested in how the 

long-term storage of these nanowires affected their struc-

ture.  Figure    7   shows TEM images of Ag/Ni nanowires stored 

by three different methods. The nanowires in Figure  7 A 

were stored as a suspension in ultrapure water for six 

months. The inset shows a high-magnifi cation TEM image 

of the nanowires illustrating their dramatic change in mor-

phology. After six months of storage in water, a majority of 

the Ni on the nanowires had oxidized as indicated by the 

increase of lower contrast material on their surface. [  35  ,  39  ]  This 

is likely due to the signifi cant amount of dissolved oxygen in 

the water. [  40  ]  The nanowires in Figure  7 B were stored as a 

suspension in absolute ethanol for six months and showed 

a slight decrease in their degree of oxidation. Finally, the 

nanowires in Figure  7 C were stored as a dry sample on a 

TEM grid for six months. These nanowires were originally 

imaged immediately after synthesis, stored under ambient 

conditions, and re-imaged six months later. These nanowires 

show very little oxidation as indicated by the TEM image 

in the inset. Compared to the fresh nanowires in Figure  1 C, 

these nanowires show a very similar surface morphology. 

We also collected EDX data for all three samples which 

is shown in Figure S4. There is a dramatic decrease in the 

height of the oxygen peak relative to the Ag and Ni peaks 

from the sample in Figure  7 A to that in Figure  7 C. This 

result is promising given that once the nanowires are depos-

ited on a substrate, very little Ni oxidation will take place, 

which means these nanowires could be used in the fabrica-

tion and long-term use of nanoelectronics and other types 

of devices.     
www.small-journal.com © 2010 Wiley-VCH Verlag Gm
 3. Conclusion 

 In summary, we have demonstrated the synthesis of Ag/

Ni core/sheath nanowires using a two-step, solution-based 

method. The Ag/Ni nanowires had a rough surface mor-

phology compared to the pristine Ag nanowires due to the 

growth of a polycrystalline Ni coating on the surface. We 

have confi rmed the core/sheath structure of these nanowires 

through cross-sectional TEM imaging and EDX analysis. The 
bH & Co. KGaA, Weinheim small 2010, 6, No. 17, 1927–1934
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nanowires exhibited magnetic hysteresis as demonstrated by 

their magnetization curves as well as macroscopic magnetic 

properties. We demonstrated the ability to control their align-

ment on a substrate by simply placing them in a magnetic 

fi eld. We found that the Ag/Ni nanowires exhibit a reduction 

in electrical conductivity compared to Ag nanowires due to 

the creation of a metal/metal interface, which leads to the 

transfer of electrons from the highly electrically conductive 

Ag core to the polycrystalline ferromagnetic Ni sheath. These 

electrons then experience spin-dependent scattering, which 

tends to reduce the conductivity of the nanowires. Finally, we 

studied how their long-term storage affected their structure. 

We found that the nanowires stored on a substrate under 

ambient conditions had very little oxidation while those 

stored in a solvent (water or ethanol) showed signs of signifi -

cant oxidation for the Ni coating. It is believed that these Ag/

Ni core/sheath nanowires with their modifi ed electrical con-

ductivity and magnetic properties could eventually be used 

for the fabrication of electronic and display devices.   

 4. Experimental Section 

  Preparation of Ag Nanowires : To synthesize the Ag nanowires, 
we used a slightly modifi ed CuCl 2 -mediated method, which was 
described in detail in a previous study. [  29  ]  Briefl y, 5 mL of ethylene 
glycol (EG, 99%, JT Baker) was preheated for 5 min in a 25 mL dis-
posable vial in an oil bath set at 155   ° C under magnetic stirring. To 
this, 65  μ L of a 4 m M  copper (II) chloride dihydrate, (CuCl 2  · 2H 2 O, 
99 + %, Aldrich) solution in EG was added. Then equal parts of a 
0.094  M  silver nitrate (AgNO 3 , 99 + %, Aldrich) solution in EG and a 
0.282  M  poly(vinyl pyrrolidone) (PVP, MW  ≈  55 000, Aldrich) solu-
tion in EG were mixed thoroughly and 3 mL of the mixture was 
quickly added to the vial. The vial was capped and the reaction was 
monitored by its color changes. The reaction was stopped once the 
sample became light tan with the wispy opalescence characteristic 
of Ag nanowires (about 45 min). The nanowires were washed once 
in EG/acetone (1:7 by volume) and centrifuged at 2000 rpm for 
10 min. Then they were washed twice in water and centrifuged at 
2000 rpm for 20 min to remove any byproducts such as Ag nano-
particles. The nanowires were stored in water until characterization 
and Ni coating. The concentration of Ag was determined by induc-
tively coupled plasma mass spectrometry (ICP-MS). 

  Preparation of Ag/Ni Core/Sheath Nanowires : To coat the 
Ag nanowires with Ni sheaths, we fi rst transferred them into EG. 
The nanowires were washed once in ethanol and centrifuged at 
2000 rpm for 20 min. The concentrated nanowires in ethanol were 
then re-dispersed in 6 mL of EG for Ni coating. The dispersion was 
placed in a disposable vial and preheated in a 65  ° C oil bath for 
5 min with magnetic stirring. To this, a nickel acetate tetrahydrate 
(Ni(ac) 2  · 4H 2 O,  > 99%, Fluka Analytical) and PVP solution was 
added to maintain a Ag:Ni ratio of 16:11. After 5 min, 0.5 mL of 
hydrazine monohydrate, (N 2 H 4  · H 2 O, 98%, Aldrich), in EG (volume 
ratio N 2 H 4  · H 2 O/EG  =  80:720) was slowly added. The reaction pro-
ceeded for 15 min. The color of the nanowires changed to black 
and they formed large aggregates that adhered to the magnetic 
stir bar. The products were washed once in EG/acetone (1:7 by 
© 2010 Wiley-VCH Verlag Gmbsmall 2010, 6, No. 17, 1927–1934
volume), centrifuged at 2000 rpm for 5 min and once in water, cen-
trifuged at 2000 rpm for 20 min and re-dispersed in ethanol. The 
fi nal products were cleaned twice in ethanol using magnetic sepa-
ration and stored in ethanol until further characterization. SEM and 
TEM images of freshly prepared Ag/Ni core/sheath nanowires were 
taken immediately after synthesis to avoid any oxidation. 

  Structure Analysis : Samples for SEM were prepared by drop-
ping a small amount of the suspension of nanowires on a silicon 
wafer. The samples were dried in the fume hood and washed with 
water in a gravity fl ow-cell before imaging. SEM images and EDX 
spectra were collected using a Nova NanoSEM 230 fi eld-emission 
microscope (FEI, Hillsboro, OR) operated at an accelerating voltage 
of 15 kV. TEM samples were prepared by dropping a small amount 
of the suspension of nanowires on a carbon-coated copper grid. 
TEM images were obtained using a Hitachi H-7500 at an operating 
voltage of 100 kV. Cross-sectional TEM images were obtained by 
cross-sectioning a sample of Ag/Ni nanowires using a focused ion 
beam (FIB). The sample was then rough milled using 30 keV Ga  +   
ion beam, followed by fi ne milling and polishing at 3.8 keV. The 
samples were thinned to  ∼ 50 nm thickness prior to imaging. 

  Measurement of Electrical Properties of Ag/Ni Core/Sheath 
Nanowires : Electrical conductivity of the Ag/Ni nanowires was meas-
ured using a two-probe method. The substrate was fabricated using 
photolithography. A plastic photomask was used to deposit 5-nm 
Ti and  ≈ 70-nm Au on a Si/SiO 2  substrate. The substrate was then 
cleaned in boiling acetone for 3 min and sonicated in isopropanol 
for 30 s, followed by oxygen plasma treatment for 30 s. A diluted 
suspension of the nanowires in ethanol was drop casted onto the 
substrate and allowed to dry under ambient conditions. Electrical 
measurements were done using a Keithley 4200 SCS analyzer. 

  Measurement of Magnetic Properties of Ag/Ni Core/Sheath 
Nanowires : The hysteresis curve for the Ag/Ni sample was obtained 
using a Quantum Design Physical Property Measurement System. 
The Ag/Ni nanowires in ethanol were concentrated, loaded into 
a sample holder and allowed to dry before sealing with epoxy. 
The magnetic moment (emu) was then measured as a function of 
the applied magnetic fi eld (Oe). Magnetic alignment was accom-
plished using a C-shaped magnet with a 2-cm opening and 0.05 T 
fi eld. A small amount of Ag/Ni nanowires in butyl alcohol (99.96%, 
EMD Chemicals) was dropped onto a silicon wafer which had been 
placed directly between the two poles of the magnet. As the solvent 
evaporated, the nanowires had suffi cient time to align (15 − 20 min). 
After washing in a gravity fl ow-cell, the nanowires were observed 
using a Nova NanoSEM 230 fi eld-emission microscope (FEI, 
Hillsboro, OR) operated at an accelerating voltage of 15 kV.   
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