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Abstract. Dense arrays of homogeneous Ni nanowires as well as segmented Ni/Cu nanowires were
fabricated by electrochemical deposition in the nanopores of an alumina template. In order to
highlight the wide application range of these nanowire arrays and the versatility of their fabrication
method, we showed that homogeneous Ni nanowire arrays can be used as chemical sensors, while
Ni/Cu segmented nanowire arrays act as magnetic fields detectors.
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1. INTRODUCTION

Nanostructured systems, in particular nanowires based on Ni or Ni alloys are suitable as sensors due to
their magnetic properties [1, 2] and catalytic properties/chemical response [3—5] in the presence of certain
substances, eventually after an appropriate functionalization of the surface. Both chemical and magnetic
responses are strongly dependent on the dimensions, composition, shape, and morphology of nanowires.

Such sensors can consist of individually contacted or arrays of nanowires [2], the latter being generally
grown by electrochemical deposition inside the nanopores of a template. This relatively low-cost growth
method of nanowires does not require very sophisticated equipments and is very versatile, being suitable for
fabricating either metallic or semiconducting nanowires with determined composition and diameters [6-9].
In addition, homogeneous or segmented nanowires can be obtained by controlling specific growth
parameters [10-13].

In this paper we show that Ni and segmented Ni/Cu nanowire arrays, grown inside the nanopores of an
alumina template, act as chemical and magnetic field sensors, respectively. The results reported in this paper
demonstrate the wide range of applications of Ni-based nanowires fabricated by this versatile method.

2. FABRICATION OF THE ALUMINA TEMPLATE

The template is fabricated on a Si(111)/SiO, substrate (the SiO, width is 30 nm), cleaned by
ultrasonication in a bath of benzene and acetone. The substrate is covered by DC cathodic pulverization with
an Au film, which has a double role: as anodization barrier for the subsequent deposition of the Al film, and
as working electrode in the electrochemical anodization and subsequent deposition of nanowires. The Al
layer is then deposited also by DC cathodic pulverization. The anodization of the Al film was performed in a
home-made electrochemical cell, which assures an optimum temperature control of the electrolytic bath.
More specifically, the anodization temperature was kept constant, around 3-5 °C, to avoid the closure of
nanopores. A three-electrode configuration was used, consisting of the two working electrodes and a
commercial reference electrode from saturated calomel (SCE). The anodization electrolyte consists of a
mixture of oxalic and phosphoric acids, the complete chemical reaction being:

2A1 + 3H20 — A1203 + 3H2 (1)
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The chrono-ampermetric curve recorded during anodization and presented in Fig. 1a reveals the three
stages of the process: (i) formation of a thin Al,Os layer at the cathode surface (Al film), associated to the
initial sharp decrease of the current; (ii) balance reaching between the two competing processes: dissolution
of the formed oxide in the region of intense electric field and continuation of the oxidation process, which
lead to nanopore formation; and (iii) nanopore growth up to the Au electrode, which inhibits oxidation and is
responsible for the sharp increase of the current due to the electrolyte short-circuit. The inset of Fig. lais a
side-view of the alumina membrane with nanopores, the SEM image in Fig. 1b showing the resulting high-
density nanopores in the membrane.
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Fig. 1 —a) Chrono-ampermetric curve; b) SEM image of the porous alumina membrane.

The chrono-ampermetric curve recorded during anodization and presented in Fig. 1a reveals the three
stages of the process: (i) formation of a thin Al,O; layer at the cathode surface (Al film), associated to the
initial sharp decrease of the current; (ii) balance reaching between the two competing processes: dissolution
of the formed oxide in the region of intense electric field and continuation of the oxidation process, which
lead to nanopore formation; and (iii) nanopore growth up to the Au electrode, which inhibits oxidation and is
responsible for the sharp increase of the current due to the electrolyte short-circuit. The inset of Fig. la is a
side-view of the alumina membrane with nanopores, the SEM image in Fig. 1b showing the resulting high-
density nanopores in the membrane.

3. FABRICATION OF THE MATRIX OF NI NANOWIRES

The Ni nanowires were grown inside the pores of the alumina membrane by electrochemical
deposition. More precisely, the Ni nanowires were obtained using as electrolyte a Watts bath containing 225
g/L of NiSO46H,O and 30 g/L of NiCl,-6H,0. A PC driven VoltaLab potentiometer controlled the
electrochemical process in the three-electrode configuration with an Au cathode, a Pt anode and a SCE
reference electrode. The temperature was kept at 5 °C during the growth of Ni wires. Under these conditions,
the reaction at the cathode is:

4+ 2e — Ni’. )

After the pores are filled, the template membrane is dissolved in an alkaline solution of NaOH, so that
the matrix of Ni nanowires remains exposed.

Figures 2a—c present SEM images with increasing magnification of the nanowire matrix grown on a set
of Au interdigitated electrodes. As can be observed from these figures, the nanowires grow only on the
metallic surfaces/electrodes. The average diameters and lengths of the nanowires are 90 nm and 700 nm,
respectively.
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Fig. 2 — SEM images with increasing magnification of the nanowire array grown on Au interdigitated electrodes.

4. NI NANOWIRES ASGLUCOSE SENSORS

The interdigitated electrodes covered with Ni nanowires were then used as chemical sensor, for
capacitive detection of glucose. The presence of Ni nanowires enhances the sensitivity of the sensor due to
the increased surface/volume ratio as well as the high catalytic activity of Ni in the glucose oxidation
process.

The capacitive response was determined by impedance spectroscopy, the capacitance being extracted
from the real and imaginary parts of the measured output signal, denoted by X and Y, respectively, according

to the formula:

Jv. Xy —y? _

C= ; :R rava sin| arctan| ——" —arctan[;J , 3)
T

where Vj is the input signal with frequency f.

The frequency dependences of X and Y of the capacitive detector are presented in Fig. 3(a) for different
concentrations of glucose test solutions, the corresponding dependence of the capacitance, determined from
(3), being illustrated in Fig. 3b. The lock-in detection system is represented in the inset of the last figure, the
concentrations of the test solutions in g/l being indicated in the legend of Fig. 3b. Note that for glucose, with
a molecular weight of 180.16 g/mol, 1 g/l is equivalent to 5.55 mM. The curves in Fig. 3 show that the
output signal does not depend on frequency, at least for the f range in this study, and that the detector senses

9

glucose concentrations as small as 50 uM. Although not focused on finding the detection limit of the Ni
nanowire sensor, and not optimized for sensing purposes, the results of the study in Fig. 3 reveal that this
capacitive sensor can detect any anomalies in the physiological level of glucose, the normal level of which is
of 3-5 mM. Note that arrays of Pt/Ni nanowires with average diameters and widths of 200 nm and 4 pum,
respectively, have a detection limit for glucose of about 2 uM, due partially to the catalytic activity of Pt,
which is, however, a rare element [14]. From Fig. 3, as well as from Fig. 4, which presents the calibration
curves of the detector in the range of the studied concentrations, at different frequencies, it follows that the
response of the Ni nanowire capacitive sensor is not linearly dependent on the glucose concentration. This
could be a consequence of the limited adsorbtion of glucose molecules on the surface of Ni nanowires in a
high-density array caused by a limited diffusion of glucose molecules inside the array.
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Fig. 3 — Frequency dependences of: a) the real and imaginary parts of the output signal,
b) capacitance for different test solution concentrations.
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Fig. 4 — Calibration curves of the glucose detector in the range of the studied concentrations, at different frequencies.

5. FABRICATION OF THE NI/CU SEGMENTED NANOWIRE ARRAY

Arrays of Ni/Cu segmented nanowires have been also electrochemically deposited inside the pores of
the alumina template. More precisely, the segmented nanowires were sequentially grown from a single
electrolytic Watts-type bath containing a solution of NiSO46H,0 (225 g/l), NiCl,-6H,0O (30 g/l), boric acid
(22.5 g/1) and hydrated copper sulphate (4 g/1), the growth control being assured by a stepwise variation of
the electrode potential between the values that favor the deposition of a specific metal (Ni or Cu). Figure 5
presents the programmed sequence of applied pulses of the electrode potential (up) and the time-dependent
deposition current (bottom). The sequence of pulses necessary to grow a Cu/Ni period of the segmented
nanowire is 6.0 s at —120 mV (potential value that favors Cu deposition) and 0.5 s at —1100 mV (potential
that favors Ni deposition). The SEM images with different magnifications of the resulted segmented Ni/Cu
nanowires, with average diameter of about 90 nm, are represented in Figs. 6a—b, the different segments being
clearly observed in the last image.
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Fig. 5 — Programmed sequence of applied pulses of the electrode potential (up)
and the time-dependent deposition current (bottom).
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Fig. 6 — SEM images with different magnifications of segmented Ni/Cu nanowires.
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Fig. 7 — X-ray diffraction spectrum of segmented nanowires.
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The X-ray diffraction spectrum in Fig. 7, obtained with a high-resolution diffractometer (Bruker D8
Discover) using the Cu-K,; radiation (A = 1.5406 A) in a grazing incidence configuration confirms the
presence of both elements, Ni and Cu, in the nanowires. Diffraction peaks attributed to Au, which is the
working electrode, and Si, which is the substrate, are also visible in the X-ray spectrum.

6. NI/CU SEGMENTED NANOWIRESASMAGNETIC FIELD SENSORS

The magnetic response of Ni/Cu nanowires, in particular the dipolar interactions between magnetic
layers and the magnetic shape anisotropy, can be tuned via the shape (rod-like versus disk-like) of the layers
[15], the remanence, coercivity and Curie temperatures increasing with the length of the Ni segments [16].

We used segmented Ni/Cu nanowire arrays to detect magnetic fields via the magnetoresistive effect.
To enhance the quality of the contact of the nanowire array, nanowires higher than the template were
deposited, in order to form large-area metallic regions above the template. Figures 8a—b show the formation
of such metallic clusters and, respectively, of a continuous metallic layer above the nanowire array, which
can be used as electric contact. The insets in these figures are schematic side representations of the nanowire
array in the pores of the template, as well as of the clusters/continuous layer above the template. The
magenta (brown) segments correspond to Ni (Cu).
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Fig. 8 — Formation of: a) metallic clusters; b) a continuous metallic layer above the nanowire array.

The electrical characterization of the segmented nanowire array revealed a linear dependence of the
current on the applied voltage, the Ni/Cu interface having an ohmic behavior. The electrical resistance has
small values, of few ohms, typical for metallic nanowires. The electrical resistance varies, however, in the
presence of an applied magnetic field due to the magnetoresistive effect, decreasing from the value in the
absence of the magnetic field with about 1.4 % for magnetic fields as low as 0.3 T. The magnetoresistive
effect was observed also in other segmented nanowires containing ferromagnetic and diamagnetic materials
grown by electrochemical deposition in the pores of a template [17, 18].

Further, we have studied the dependence of the transverse magnetoresistance on the length of the
Ni/Cu period. The magnetoresistances of nanowires with a total length of about 700 nm containing 5 and,
respectively, 10 Ni/Cu periods are represented in Figs. 9a and, correspondingly, 9b, as a function of the
applied magnetic field. As expected, the magnetoresistance increases with the magnetic field, and is higher
for the nanowire with smaller distances/enhanced interaction between Ni layers. Moreover, from Fig. 9 it
follows that the magnetoresistance at room temperature is higher than at 200 K. In general, the
magnetoresistance decreases with temperature, an opposite tendency being observed in individual Ni
nanowires as well as in Ni nanowires in alumina templates, in which the magnetic anisotropy changes
direction due to a temperature-induced stress caused by different thermal expansion coefficients of Ni and
the surrounding media [19, 20]. This effect could also explain the results in Fig. 9.
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Fig. 9 Magnetoresistance dependence on the magnetic field for a segmented Ni/Cu nanowires array with:
a) 5; b) 10 periods.

7. CONCLUSIONS

We have demonstrated that Ni-based nanowire arrays fabricated by electrochemical deposition in the
nanopores of an alumina template have a wide range of applications. Homogeneous Ni nanowire arrays
grown via this versatile method could be used as chemical sensors, while Ni/Cu segmented nanowire arrays
are able to detect magnetic fields. The results emphasize the potentialities of nanowire arrays fabricated by
this adaptable method.
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