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Abstract Ni/Pd multilayer nanowire arrays have been elec-
trodeposited into the nanochannels of porous polycarbon-
ate (PC) template. Current–time profiles obtained during the
deposition process were analyzed to understand the mech-
anism of growth. Synthesized nanowires were fully char-
acterized by X-ray diffraction (XRD), energy dispersive X-
ray (EDX), and scanning electron microscopy (SEM). The
X-ray diffraction pattern showed that Pd and Ni grow in
their face-centered-cubic (FCC) structures. Each nanowire
had the same length of ≈4 μm and a diameter of 90 nm.
The magnetic properties of the prepared nanowires are dif-
ferent under different electrodepositing conditions. A vibra-
tion sample magnetometer (VSM) was used to determine the
effect of the Pd content on magnetic properties of final prod-
ucts.

Keywords Ni/Pd multilayer nanowire · Electrodeposition ·
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1 Introduction

One-dimensional structures such as nanowires, nanorods,
nanotubes, and nanobelts exhibit unusual behavior com-
pared to their bulk counterparts; e.g., the manifestation of
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quantum phenomena in the electron transport of metallic
nanowires, [1] enhancement in the mechanical strength and
hardness [2, 3], the interesting magnetic properties includ-
ing giant magnetic resonance of nanowires [4], and decay
of wires into chains of nanospheres stimulated by Rayleigh
instability [5, 6]. In particular, nanowires are very suitable
for investigating the dependence of physicochemical prop-
erties on size reduction and are tipped to play an important
role both as interconnects and functional units in future elec-
tronic, optoelectronic, electrochemical, sensoric, and elec-
tromechanical devices with nanoscale dimensions [7, 8].

Palladium nanowire arrays can be used as hydrogen sen-
sors and hydrogen-actuated switches that exhibit a response
time ranging from 20 ms to 5 s, depending on the hydrogen
concentration [9]. This hydrogen sensor can potentially ex-
hibit a fast response with a substantially higher sensitivity
and selectivity, but palladium can be poisoned easily by ex-
posure to reactive species such as hydrocarbons, O2, H2O,
and CO2 [10]. In addition, pure palladium can produce hy-
drogen bubbles, which cause the sensors not to work nor-
mally [11, 12]. It has been demonstrated in many reports that
bimetallic catalysts are more efficient in catalytic reduction
as compared to monometallic ones. The bimetallic catalysts
consist of a noble metal (Pd, Pt, and Rh) and a promoting
transition metal (Cu, Ni, Fe, Sn, and In) [13, 14]. The role
of the transition metal is to reduce toxic ions according to a
redox process leading to its oxidation; the role of the noble
metal is to stabilize the transition metal in its lower oxida-
tion states [15].

Nanowires can be fabricated by diverse techniques in-
cluding lithographic patterning [16, 17] vapor transport
techniques [18–21], template based-synthesis method, laser
ablation [22, 23], and other synthesis methods [24–28].
The template-based synthesis involving electrodeposition
is more promising owing to its specific advantages of low
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cost and control over the nanowires properties via chang-
ing the electrolyte composition, pH, temperature, and ap-
plied potential/current [29]. Possin was the first to re-
port the electrodeposition of nanowires using a template-
based method [30]. A comprehensive overview of the mem-
brane/template based preparation method for a wide variety
of nanowires has been covered in various reviews [31, 32].

In this work, the electrodeposition technique has been
used to fill the polycarbonate template pores with Ni/Pd
multilayer nanowires since the method is more reliable for
deposition into high aspect ratio materials and can com-
pensate for the slow diffusion-driven transport in the nar-
row pores. XRD and SEM were used to study the crys-
talline structure and morphologies of the fabricated Ni/Pd
multilayer nanowires. The chemical composition of the pre-
pared nanostructures was measured by EDX performed in
SEM. Variation in magnetic behavior of the synthesized
nanowires, at different deposition times for each sample,
was investigated using VSM measurements. Moreover, the
VSM results were used for determining the effect of the Pd
content on magnetic properties of the final products.

2 Experimental

Commercially available ion track-etched polycarbonate
templates with a pore diameter of 100 nm, pore length
of 4 μm (Millipore, USA) were used as a template ma-
terial for growing multilayer nanowires. A gold layer of
approximately 100 nm thick was sputtered at the back-
side of this membrane. The gold-sputtered membrane was
used as the working electrode of the electrodeposition pro-
cess. A small platinum mesh was used as the counter elec-
trode and Ag/AgCl in 3 M KCl was used as the refer-
ence electrode. The electrodeposition takes place inside the
nanopores, starting from the metal layer. The template was
then placed in a custom-built electrochemical cell. A three
electrode electrochemical cell was used during this work to
electrodeposit Ni/Pd multilayer nanowires at room temper-
ature.

Structure of synthesized nanowires was studied us-
ing X-ray diffraction (Philips powder diffractometer type
PW 1373 gonimeter). The XRD was equipped with a
graphite monochromator crystal. The X-ray wavelength was
1.5405 Å and diffraction patterns were recorded in a 2θ

range (0–80◦) with a scanning speed of 2◦/min. To obtain
the SEM images of electrodeposited nanowires, polycarbon-
ate templates were dissolved in dichloromethane and the re-
mains consisted of nanowires and a gold layer were served
as a sample for the SEM observation. The sample morphol-
ogy and images of nanowires were studied by VEGA TES-
can SEM. The chemical composition of the prepared nanos-
tructures was measured by EDX performed in the SEM. The

magnetic measurement was carried out in the VSM at room
temperature.

3 Results and Discussion

3.1 Fabrication of Multilayer Nanowire Arrays

Using the dual-bath technique, Ni and Pd segments were al-
ternately electrodeposited into the pores for the same time
by moving the substrate between two different electrolyte
baths. One bath consisted of 225 g/l NiSO4·6H2O, 30 g/l
NiCl2·6H2O, and 30 g/l H3BO3 [7]. The Pd nanowires elec-
trodepositions were carried out in a Pd(NH3)2Cl2 solution,
prepared according to the following procedure: PdCl2 was
added to hydrochloric acid and stirred until it was com-
pletely dissolved, leaving a brown transparent solution.

PdCl2 + HCl → [PdCl4]2− + 2H+ (1)

Pink-colored Pd(NH3)2Cl2 appeared when the solution was
dropped into diluted ammonia as follows:

[PdCl4]2− + 4NH3 → [
Pd(NH3)4

]2+Cl2 (2)

The solution was stirred at 70 ◦C for 1 h. The pH value of
the solution was then adjusted to 7 by the addition of diluted
sulfuric acid as follows [33]:
[
Pd(NH3)4

]
Cl2 + H2SO4 → [

Pd(NH3)2
]
Cl2

+ (NH4)2SO4 (3)

The electrochemical behavior of Ni2+ and Pd2+ on
the polycarbonate template was investigated using cyclic
voltammetry (Fig. 1). Figure 1 shows that deposition po-
tential of Ni2+ and Pd2+ on polycarbonate template is +0.5
and −1.00 V, respectively.

The deposition process was accomplished while monitor-
ing the current-time profiles to derive information related to
the growth mechanism.

The product of the current and the time determined
the deposited amount of Ni and Pd at the cathode. Fig-
ure 2 shows current-time diagram during electrodeposition
of Ni/Pd multilayer nanowires in polycarbonate template. It
includes (a): 10 s electrodeposition of Ni2+ ions at −1.1 V
and then 200 s for Pd2+ ions at −1 V, (b): 10 s electrodeposi-
tion of Ni ions at −1.1 V and then 100 s for Pd ions at −1 V,
(c): 30 s electrodeposition of Ni ions at −1.1 V and then
100 s for Pd ions at −1 V. Figure 2 shows that cathodic cur-
rent produced during electrodeposition of Ni layer is more
than that of Pd layer. This may be due to the higher con-
centration and higher applied overvoltage of Cu ions com-
pared with Pd ions. Our purpose is to understand the effect
of different deposition times on the structural and magnetic
properties of the Ni/Pd multilayer nanowires.
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Fig. 1 Cyclic voltammograms of (a) Ni2+ and (b) Pd2+ ions on polycarbonate template

Fig. 2 The current transient during the electrodeposition of the Ni/pd
multilayer nanowires in the polycarbonate template. (a): 10 s electrode-
position of Ni ions at −1.1 V and then 200 s for Pd ions at −1 V,
(b): 10 s electrodeposition of Ni ions at −1.1 V and then 100 s for Pd
ions at −1 V, (c): 30 s electrodeposition of Ni ions at −1.1 V and then
100 s for Pd ions at −1 V

Fig. 3 XRD patterns of the segmented Ni/Pd multilayer nanowires
deposited at different times. (a): electrodeposition 10 s of the Ni layer
and electrodeposition 200 s of the Pd layer, (b): electrodeposition 10 s
of the Ni layer and electrodeposition 100 s of the Pd layer, (c): elec-
trodeposition 30 s of the Ni layer and electrodeposition 100 s of the Pd
layer
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Fig. 4 Typical SEM image of
Ni/Pd multilayer nanowires

3.2 Crystal Structure and Morphology

Structure of the samples was studied using the XRD tech-
nique. Figure 3 showed XRD patterns of the segmented
Ni/pd multilayer nanowires at different deposition times.
The sharp peaks of the (111), (200), (220) diffractions in-
dicate that the Pd and Ni segment has FCC structure [7].

Figure 3 shows that the peaks’ intensity of the Ni seg-
ment increases and the peaks’ intensity of the Pd segment
decreases. This is due to the increased time of Ni deposi-
tion. The sharp diffraction peaks of the sample indicated that
Ni/Pd multilayer nanowires have been well crystallized. No
characteristic peaks of other impurities have been detected,
indicating the high purity products.

Figure 4 shows the typical SEM image of the Ni/Pd mul-
tilayer nanowires electrodeposited in the porous polycarbon-
ate templates. Clearly, the nanowires are cylindrical shape
and almost each nanowire has a diameter of 90 nm.

A quantitative EDX spectrum was taken to determine the
elemental composition of the Ni/Pd multilayer nanowires.
The results are presented in Fig. 5. From this figure, it is con-
firmed that there are no other elemental impurities present in
the nanowires composition. This analysis gives the percent
by weight (wt %) and percent number of atoms (at %) of
each elemental identified (Table 1).

Figure 6(a–c) shows the magnetic hysteresis loops of
Ni/Pd multilayer nanowires at different deposition times at

room temperature. The measurements were performed with
the magnetic field applied perpendicular to the polycarbon-
ate template plane. The results of MS and MR are summa-
rized in Table 2.

As shown in Table 2, the magnetic property of sample “c”
is better than that of the other samples because the thickness
of the Ni layers is sample “c” more than other samples.

4 Conclusion

The present work describes the successful fabrication of
Ni/Pd multilayer nanowires in the PC template by the elec-
trodeposition method. The Ni/Pd multilayer nanowires have
the diameters of about 90 nm. The growth mechanism and
the behavior of current-time curves are investigated in de-
tail. The proposed explanation of the mechanism enables
us to in-situ control of the growth of multilayer nanowires
by controlling current-time transients. The fabricated Ni/Pd
multilayer nanowires are well arranged. The XRD pattern
shows that multilayer nanowires consist of a pure phase of
nickel and palladium with FCC structure without a preferred
orientation. The magnetic properties of nanowires increased
with an increase in the thickness of Ni layers. We believe
that such structures can be used as an active element for sen-
sor and catalyst applications.
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Fig. 5 EDX of the Ni/Pd
multilayer nanowires deposited
in polycarbonate template.
(a): electrodeposition 10 s of the
Ni layer and electrodeposition
200 s of the Pd layer,
(b): electrodeposition 10 s of the
Ni layer and electrodeposition
100 s of the Pd layer,
(c): electrodeposition 30 s of the
Ni layer and electrodeposition
100 s of the Pd layer

Table 1 EDX elemental analysis of the Ni/Pd multilayer nanowires.
(a): electrodeposition 10 s of Ni layer and electrodeposition 200 s of Pd
layer, (b): electrodeposition 10 s of Ni layer and electrodeposition 100 s
of Pd layer, (c): electrodeposition 30 s of Ni layer and electrodeposition
100 s of Pd layer

Deposition times
ratio (Ni/Pd)

Wt% At%

Ni Pd Ni Pd

a: 10 s/200 s 58.38 41.62 71.78 28.22

b: 10 s/100 s 76.1 23.9 84.13 15.87

c: 30 s/100 s 93.82 6.18 96.49 3.51

Table 2 MS and MR of Ni/Pd multilayer nanowires (a): electrodepo-
sition 10 s of Ni layer and electrodeposition 200 s of Pd layer, (b): elec-
trodeposition 10 s of Ni layer and electrodeposition 100 s of Pd layer,
(c): electrodeposition 30 s of Ni layer and electrodeposition 100 s of
Pd layer

Deposition times (Ni/Pd) MS MR

a: 10 s/200 s 0.00894 0.001525

b: 10 s/100 s 0.007815 0.00237

c: 30 s/100 s 0.007315 0.006385
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Fig. 6 Hysteresis loops of electrodeposited Ni/Pd multilayer
nanowires in parallel directions to the applied magnetic field (a): elec-
trodeposition 10 s of the Ni layer and electrodeposition 200 s of the Pd

layer, (b): electrodeposition 10 s of the Ni layer and electrodeposition
100 s of the Pd layer, (c): electrodeposition 30 s of the Ni layer and
electrodeposition 100 s of the Pd layer
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