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Abstract The template-assisted electrodeposition technique

has been utilized to synthesize highly ordered, well-

aligned, and dense Au–Ni alloy nanowires. The electro-

chemical impedance spectroscopy has been carried out to

study the in situ growth process of alloy nanowires at

different electrodeposition times. Their morphological

studies have been carried out using the high-resolution

transmission electron microscopy. Elemental composition

of template-synthesized nanowires has been studied by

energy dispersive X-ray analysis. The X-ray diffraction

study revealed the face centered cubic structure of the

nanowires. Magnetic properties of the nanowires have

been studied using Quantum Design vibrating sample

magnetometer.
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Introduction

Nanowires are attractive structures for high-performance

devices, as their very small sizes, high surface to volume

ratios and shape anisotropy impart considerable variation

in physical properties that can be exploited for sensor, logic

and memory functions, etc. Particularly different research

groups show considerable interest in the fabrication and

characterization of nanostructured ferromagnetic nanowire

arrays due to their potential applications in magnetic

recording media and sensors (Fert and Piraux 1999;

Albrecht et al. 2000; McGary et al. 2006; Clime et al.

2007), synthesis of carriers for magnetic manipulation in

bio-medical applications (Reich et al. 2003; Link and El-

Sayed 1999; Nicewarner et al. 2003; Mock et al. 2002) or

magnetic nano-assembly (Xu et al. 2005; Bicelli et al.

2008). Because of the possibility of favorable tailoring of

their intrinsic and geometric anisotropies (Dahmane et al.

2006; Huang et al. 2002; Shamila et al. 2008; Cho et al.

2006; Kumar et al. 2006), these nanowires are more

advantageous over classical superparamagnetic particles.

In these days, magnetic multilayered nanowires are

potential contenders for high density magnetic data storage,

magnetic sensors, and spintronic applications (Fert and

Piraux 1999; Albrecht et al. 2000; McGary et al. 2006;

Clime et al. 2007). Utilizing the interface phenomena from

periodic layering of non-magnetic and magnetic materials

with suitable layer thicknesses in multilayered nanowires,

giant magnetoresistance (GMR) property can be observed.

Among the various techniques for the growth of nano-

wires (Kumar et al. 2006; Liu and Bando 2003; Liu et al.

2008; Mehrez and Guo 2004; Monson and Woolley 2003;

Toma et al. 2010; Wang et al. 2008; Zhang and Wong

2009; Choi and Park 2004; Zhang et al. 2008, 2000, 2005;

Pan et al. 2005), electrodeposition is one of the best and a

cost effective method (Martin 1994; Lai and Riley 2008;

Mallet et al. 2005; Gupta and Podlaha 2010; Wong et al.

2009). Because using the electrodeposition technique it is

very easy to control the thickness of the layers. Because of

its selective property, electrodeposition is predominantly

suited for making high aspect ratio structures for micro-

electromechanical systems and other applications. If a

template is created from a patterned insulator on a con-

ductive substrate, deposition takes place only where the

substrate is uncovered. This is in dissimilarity to evapo-

ration, which coats all over, probably blocking the entrance
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to particularly fine features in the template. Electrodepos-

ition has an additional advantage, which is the ability to

vary composition simply during the growth. If an electro-

lyte containing ions of metals ‘1’ and ‘2’ is used, and if ‘1’

is more noble than ‘2’, pure ‘1’ will deposit on the cathode

at any potential which is adequately negative to reduce ‘1’

but not to reduce ‘2’. When the potential is changed to a

value sufficiently negative to reduce ‘2’, both metals will

be deposited, but assuming the concentration of ‘1’ in the

electrolyte is sufficiently low, the resulting alloy will pre-

dominately be ‘2’ (Kazeminezhad and Schwarzacher

2008).

The understanding of electrodeposition mechanism is

necessary for controlling and tuning the properties of

electrodeposited nanowires. Electrochemical impedance

spectroscopy (EIS) is the best tool for achieving this pur-

pose (Riveros et al. 2008). This technique is simple and

nondestructive. In the present work, in situ EIS was used to

examine the interface of porous electrode and electrolyte.

Its behavior during the growth of Au–Ni nanowires was

also studied. The structural and magnetic properties of Au–

Ni nanowires were also reported.

Experimental

The commercially available anodic alumina membrane

(AAM) purchased from Whatman, UK, having average

pore diameter 100 nm and pore density 109 cm-2, has been

used for the fabrication of Au–Ni alloy nanowires. The

chemicals and reagents used were of analytical grade

(Fisher Scientific, purity 99.5 %). The de-ionized water

was used for preparing solutions. The electrodeposition

process has been carried out in a typical three-electrode

electrochemical cell using Potentiostat (Gamry Reference

600) with a platinum electrode as counter electrode, Ag/

AgCl2 as reference electrode, and the AAM coated with

silver paste as working electrode. The electrolytic bath

contains HAuCl4�3H2O (10 mM), NiCl2�6H2O (0.5 M),

and H3BO3�2H2O (0.5 M) whereas the current density was

controlled via a Gamry Reference 600 potentiostat/galva-

nostat. For the generation of alloy nanowires, pulsed

electrodeposition technique was used, by periodically
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Fig. 1 a Applied pulsed potential during the growth of Au–Ni

nanowires. b Current response during the growth of Au–Ni nanowires
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Fig. 2 a Nyquist plots obtained with the AAM electrode at different

stages of the Au–Ni nanowires electrodeposition process at room

temperature (300 K). b Equivalent circuit for in situ electrochemical

impedance behavior of the AAM/electrolyte interface during Au–Ni

nanowires growth
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switching the potential between -200 mV (30 s) for Au

and -800 mV (10 s) for Ni. Figure 1a presents the applied

pulsed potential during the growth of Au–Ni nanowires and

the resulting current response is shown in Fig. 1b.

For studying the in situ growth of Au–Ni alloy nano-

wires, EIS experiments were carried out at different elec-

trodeposition times. Initially, we applied the pulsed

potentials for 200 s, afterward the electrochemical growth

was stopped and then the in situ EIS was performed at a

low overpotential of -15 mV with 5-mV ac perturbation

(Riveros et al. 2008). The frequency range used was

1 MHz–0.2 Hz. After that, the growth process was restar-

ted and the similar procedure was repeated for different

deposition times.

Fig. 3 a SEM micrograph of

Au–Ni nanowires embedded in

AAM. b HR-TEM micrograph

of Au–Ni nanowires with

backscattered and SAED

pattern. c HR-TEM micrograph

of Au–Ni nanowires with EDX

at different positions
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The crystallographic study of Au–Ni nanowires

embedded in AAM as host was performed using the X-ray

diffractometer (PANalytical X’Pert) with CuKa (k =

1.5406 Å) radiation operated at 45 kV and 40 mA. For

transmission electron microscopy (TEM) characterization,

the prepared sample of Au–Ni nanowires embedded in the

AAM was put in a solution of NaOH to dissolve the alu-

mina membrane. The nanowires were then washed several

times with de-ionized water followed by ethanol. A small

drop of the above solution, containing the nanowires, was

taken on carbon-coated copper grids for the TEM charac-

terizations. Energy dispersive X-ray (EDX) analyzer attached

with high-resolution transmission electron microscopy

(HR-TEM) was used to confirm that nanowires prepared

using electrodeposition had the desired composition

throughout their length. Quantum design VSM was used to

study the magnetic properties of Au–Ni nanowires.

Results and discussion

Figure 2a represents the impedance diagrams in the Nyquist

plane for Au–Ni nanowire arrays within the AAM at different

growth times. As the electrodeposition time increases the

resistance decreases, predicting an important contribution of

the internal pore resistance to the total resistance, which

diminishes as the pore is being filled. The possible equivalent

circuit for the metal/AAM electrode is shown in Fig. 2b.

cFig. 3 continued
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Cc corresponds to the electrical capacitance of the AAM, Re

the ohmic drop across the electrolyte, Rp the electrical

resistance of the pores, Rct is attributed to the charge transfer

resistance, W represents the Warburg impedance character-

izing the diffusion process and Cdl corresponds to the double

layer capacitance (Sima et al. 2008).

Figure 3a presents the SEM micrograph of Au–Ni

nanowires embedded in AAM. It clearly depicts the large

scale and uniform growth of nanowires. Some hemispher-

ical caps on the top of AAM show the over-deposition.

Figure 3b depicts the HR-TEM micrograph of a nanowire

with backscattered mode and selected area electron dif-

fraction (SAED) pattern. SAED shows the crystalline nat-

ure of Au–Ni nanowires. The surface of the nanowires

observed was not smooth. It got ruptured due to the dis-

solution of AAM in NaOH solution with high concentra-

tion (2 M). Figure 3c shows the HR-TEM of nanowires

with EDX at different positions. EDX analysis of nano-

wires confirmed the presence of more than 93 % of gold in

the nanowires. The large time period (30 s) for gold

deposition than nickel (10 s) is the reason for high per-

centage of gold in the template-synthesized nanowires.

Gold also co-deposited with nickel at 800 mV required for

nickel deposition.

The X-ray diffraction (XRD) analysis of the Au–Ni

nanowires, embedded in AAM, has been carried out to

study crystal structure (Fig. 4). It shows the presence of the

four reflection peaks attributed to planes, (111), (200),

(220), (311), confirming gold nanowires with the face

centered cubic crystal structure (JCPDS 04-0784). From

Fig. 4, it is also clear that the growth of Au–Ni nanowires

is preferably along the direction (111). One reflection peak

for nickel (111) is also observed overlapping with gold

peak (200), but with low intensity may be due to low

percentage of nickel.

The hysteresis curves for arrays of Au–Ni-alloyed

nanowires are shown in Fig. 5. Inset of Fig. 5 shows clear

ferromagnetic signal in Au–Ni-alloyed nanowires. The

hysteresis loops were measured using a magnetic field

applied perpendicularly and parallel to the axes of the

nanowires at room temperature (300 K). The magnetic

behavior of Au–Ni-alloyed nanowires is strongly depen-

dent on the effective magnetic anisotropy and dipole–

dipole interaction among the wires. Magnetic anisotropy

further depends upon shape, magneto-crystalline and

magneto-elastic contributions (Cortex et al. 2000). In the

case of long nanowires, the easy axis is along the nanowire

axis, as the preferred magnetization direction is dominated

by the nanowire shape anisotropy. In our case ferromag-

netic signal is very small due to the small concentration of

Ni in the nanowires, as observed by EDX analysis. Ferro-

magnetic signal is more enhanced in the case of field

applied parallel to the wire axes as compared to the field

applied perpendicular to the wire axes. Coercivity observed

was also more in the case of field applied parallel to the

wire axes. The high pore density in the case of alumina

template, consequences in high interwire interactions

which stimulate a dipolar field due to neighboring wire

interactions. This dipolar field will act as a demagnetiza-

tion field. The effect of high dipolar interactions for per-

pendicular fields results in the reduced magnetization

(Narayanan et al. 2008).

Conclusions

Au–Ni nanowires were successfully synthesized using

electrodeposition in the pores of AAM. SEM confirms the
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uniform growth of nanowires. EDX analysis confirmed that

the Ni concentration is very small as compared to gold

because of small time period for Ni deposition and high

concentration of gold. Using EIS it was observed that with

increase in electrodeposition time, pore resistance decrea-

ses. From TEM micrographs, we found that high concen-

tration of NaOH for the dissolution of host AAM is harmful

for the template-synthesized nanowires. Small ferromag-

netic signal is observed in Au–Ni alloy nanowires may be

due to small concentration of Ni as compared to Au. High

dipolar interactions among nanowires for perpendicular

fields result in poor magnetization.
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