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Abstract: To understand the growth mechanism of Ag and Cu nanowires we have studied the effect of workfunction on the
metal nanowire growth by XRD, SEM and Potentiostat. Under the same potential and overpotential, the metal with a smaller
workfunction has a higher current density, i.e. current density for Ag is higher than of Cu nanowires. Likewise metals, the
plane with smaller workfunction grows faster than with the larger workfunction, thus the preferential growth plane is (220) for
both metals. We argued that the current arises from electrons tunneling from metal surface to hydrated metal and hydrogen
ions. The metal with a smaller workfunction has a thinner barrier for tunneling, thus leading to a higher current density. It is
found that deposition method have no such effect on the structure of deposited nanowires.
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1. Introduction

Metal nanowires have attracted a great deal of research
interest in recent years because of their electronic and
optical properties [1, 2] and potential applications in
nanodevices [3]. Several groups prepared and studied the
silver nanowires or nanorods using templates [1-6].
Currently, the synthesis of nanowires by the
electrochemical deposition is of great interest. To fabricate
and investigate the growth mechanisms of metal nanowires
in the cylindrical pores of a template is of essential and
technological interests [7-12]. The template-assisted
synthesis of nanowires is a conceptually simple and
intuitive way to fabricate nanostructures [13, 14]. Template
commonly used for nanowire synthesis is Anodic
Aluminum Oxide (AAO) owing to its salient features such
as decorative properties, nanopore symmetry and corrosion
resistance [15, 16]. Understanding various factors that
influence the growth of electrodeposited metal nanowires is
of scientific and technological interests. Deposition
potential plays an important role in controlling the metal
nanowire growth. For example, the nanowires of Au, Ag,

and Cu are single crystalline under the low deposition
potential, and polycrystalline under the high deposition
potential [17].

We have proposed in the previous paper that the growth of
metal nanowires can be pictured as the four steps at the
atomic-level scale [18]. The dehydration of hydrated metal
ions can be the most important step among the four steps.
The dehydration involves valence electrons tunneling to
hydrated metal ions [18, 19], leading to neutralization of the
hydrated metal ions. The neutral metal atoms are adsorbed on
the surface and then diffuse to surface sites (such as kink
site) where they incorporate into the metal lattice, thus
leading to the growth [18]. Therefore, the growth rate is
related by the dehydration [18]. Since the probability of
electron tunneling is related to the workfunction of metals,
the workfunction can have a significant effect on the growth
of metal nanowires. Moreover, the elemental processes of
electrodeposition are still not well understood. Therefore the
present paper attempts to study the workfunction effect of
metal nanowire growth and to understand the electrode
reaction mechanism and also its effect the growth of planes
of same metal.
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2. Material and Methods

The detailed experimental procedure for preparation of the
porous anodic alumina oxide (AAO) templates has been
given in our previous paper [18, 20-22]. The templates
obtained by this procedure have the cylindrical and
hexagonally arranged pores of about 50 nm in diameter. A
gold (Au) film was sputtered onto the back side of the
templates to serve as the working electrode. The two
electrolytes have the same concentration of metal ions. The
electrolyte was 0.2M  AgNQO, and 0.68M H3;BO; for

deposition of Ag nanowires, and 0.2M CuSO, and 0.68M

H3;BO; for deposition of Cu nanowires. The pH of
electrolytes was adjusted to 2.5 by adding 1M H,SO,
solution. Direct current electrodeposition was conducted in a
three-electrode cell at room temperature. The area of the
working electrode for growth of nanowires was 0.608cm’
(=0.2571(0.88¢cm)* ) and the area of the graphite counter

electrode was 14.7cm” (= 4.2cmx3.5¢cm ). The reference
electrode was the saturated calomel. Two different kinds of
deposition were performed to understand the growth
mechanism of Ag and Cu nanowires. First, the deposition
was performed with a slow scan rate of 0.ImV/s. The
potential ranges for CV were, 0.098 to -1.2V (SCE) for Cu
and 0.558 to -0.3V for Ag. The starting point of scanning is
near the equilibrium potential of deposited metal. The other

-0.10

deposition was conducted at fixed potential of -0.4V. The Ag
and Cu nanowires were analyzed by X-ray diffraction (XRD,
X’Pert PRO MRD, PANalytical, Netherlands) with CuK,
radiation. Before XRD measurements the sputtered Au film
and the over-deposition were mechanically polished away.
The deposited Cu, Co and Ni nanowires were also examined
by scanning electron microscope (SEM, JEOL JSM-6700F).
In order to perform SEM observations, the AAO template
was partly dissolved with a 5 wt% NaOH solution, and then
carefully rinsed with deionized water for several times.

3. Results

Figure 1 demonstrates the current density vs time curves
(I — t curves) for the deposition of Ag and Cu nanowires at
fixed potential of -0.4V. From the figure again one can see
that at the same potential and at same experimental
conditions the deposition current density for Ag is higher
than that of Cu. In the next section we will explain why the
current density is higher for Ag nanowires and lower for Cu
nanowires, also why Ag nanowires grow faster than of Cu. In
CV deposition there was a thick layer of Ag on the template
that shows the faster growth of Ag nanowires, which was
mechanically removed after the deposition completed. Also
the growth rate can be realized from the I — t curves, the
time required for the deposition of Ag is very less than that of
the Cu nanowires (see Figure 1).
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Figure 1. Current density vs time curves for Ag and Cu measured at fixed deposition potential -0.4V.

Figure 2 shows the XRD patterns of Ag and Cu nanowires
deposited by two different deposition techniques (CV

deposition, and deposition at fixed potential). The XRD
patterns were collected from the top side of nanowire. The
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Ag and Cu nanowires were deposited at room temperature
with scan rate of 0.1mV/s for CV deposition, and at fixed
potential of -0.4V. From the figure it can be seen that there is
no such difference in the structure of deposited nanowires for
both CV and fixed potential deposition. The diffraction peaks
are corresponding to (111) and (220) reflections of the face-
centered cubic (fcc) structure of bulk Ag with the standard
lattice constant of a=4.077A (JCPDS 87-0720), respectively.
It is obvious that the intensity of peak at 64.36° is much
stronger than that at 38.18° (111), which means that our
silver nanowires have preferred (220) orientation. For Cu, all
peaks match well with the fcc Cu (JPCDS, 70-3038) with
lattice constant a=3.625A. It can be seen that the preferential
growth plane is fcc (220). For the same metal, different
planes have different workfunction and the atomically rough
surface has a smaller workfunction than the atomically
smooth surface such as fec (111).
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Figure 2. XRD patterns for electrodeposited nanowires, a) Ag CV
deposition, b) Ag deposited at fixed potential -0.4V, c¢) Cu CV deposition, b)
Cu deposited at fixed potential -0.4V.

For example, the workfunction of the (110) and (111)
surfaces is 4.14 (+0.04 or -0.04) eV and 4.46 (+0.02 or -0.02)
eV for Ag [23], 4.48 eV and 4.94 eV for Cu, respectively
[24]. We can again see that the plane with a smaller
workfunction grows faster (preferentially).

Figure 3 shows SEM images of nanowires deposited at
fixed potential of -0.4V and a scan rate of 0.1mV/s for CV

deposition.

Figure 3 (a, and b) presents the Ag nanowires, Figure 3 (c,
and d) the Cu nanowires. The diameter of the deposited Ag,
and Cu nanowires (~50nm) is the same as that of the pores of
AAO template (~50nm), indicating that the cylindrical pores
of the AAO template were fully filled with Ag (Cu) atoms
during the deposition.

4. Discussion

As described in the introduction section that growth of the
nanowires is related to dehydration and the tunneling is
related with the workfunction of metals. Here we discuss that
how the workfunction significantly affect the growth of
metal nanpwires within the pores of AAO template.

In electrodeposition of metal, a metal ion M"" is
transferred from solution into the ionic metal lattice,
meanwhile electrons are provided from the external electron
source (power supply) to the electron gas of the metal M
[25]. When an adsorbed hydrated metal ion captures
electrons from the surface by quantum-mechanical tunneling,
the metal ion becomes a neutral metal atom. The electrostatic
attractive interaction between the neutral metal atom and
water molecules is zero and the water molecules of hydration
are displaced. The neutral metal atom adsorbed on the
surface and diffuses to a surface site (such as kink site) where
it incorporates into the ionic metal lattice, leading to the
growth of nanowires. The current density arises from valence
electrons tunneling from metal surface tunneling to hydrated
metal and hydrogen ions, leading metal nanowire growth and
hydrogen evolution, respectively.

Electron tunneling is used to explain electronic processes
occurring near metal surface. When positively charged ions
approach a metal surface, metal valence electrons can
neutralize these ions via electron tunneling. For example, in
Low-energy ion scattering experiments, low energy ions that
are incident on a metal surface are neutralized via electron
tunneling [26]. In electrodeposition, metal valence electrons
also tunnel to dehydrated metal ions, leading to neutralization
[18, 19]. In electrodeposition the electron tunneling is
required for the growth of metal nanowires. This is because
the metal nanowires can grow only when the waters of
hydration that are attached to the metal ions are displaced on
the surface and thus metal atoms incorporate into the ionic
metal lattice.

According to the free electron gas model, the metal can be
considered a potential box, filled with electrons to the Fermi
level, which lies below the vacuum level by several electron
volts. The distance from Fermi to vacuum level is called the
workfunction, as shown in the left side of figure 4. In the
double layer, there is a very strong electric field

E=V/d (1)

where the V is the applied potential to the metal, assuming
that the potential of solution is zero and d the width of the
double layer. The potential energy ¢ of electrons outside of
the metal varies with the field strength E simply as € =
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e.E.x, as shown in the right side of figure 4. Most of the
electron tunneling will occur from the vicinity of the Fermi
level where the barrier is thinnest.

It is well-known that increasing the applied potential
increases the current density. Here we use the electron
tunneling theory to explain this. From eq. (1), we can see that
increasing the applied potential will make the electric field
strength stronger. This leads to the more rapid change of the
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potential of electrons outside the metal, as shown in Fig. 4a.
In this case, the slope of electron potential with a higher
electric field is steeper than that of with a small electric field.
The barrier width that electrons tunnel through becomes
thinner and electron tunneling occurs more easily. Therefore,
the current density increases with increasing the applied
potential.
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Figure 4. Schematic representation of transmission of electrons near the vicinity of Fermi level (Er) through the potential barrier: (a) effect of applied field (or
electric field strength) on the barrier width (d) of electron tunneling; (b) under the same potential change in barrier width for electron tunneling owing to

workfunction.
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The workfunction of metal can have an effect of the
barrier width that electrons tunnel through. Fig. 4b shows
that under the same applied potential (meaning that there is
the same electric field strength in the double layer) the
barrier width for the metal with small workfunction becomes
thinner and electron tunneling takes place more easily.
Therefore under the same applied potential, there is a higher
current density for deposition of nanowires of the metal with
a smaller workfunction [27]. So that is why the deposition
current density for Ag is higher than that of Cu. For the same
metal, the planes with a smaller workfunction, such as: (110)
plane for both Ag and Cu have smaller workfunction’s value
than of (111) plane, therefore the preferential growth plane is
(110) for Ag and Cu nanowires.

The physical reason of electron tunneling is that the
wavefunction of valence electrons in metals does not drop to
zero abruptly at the surface but extend above the surface with
an exponentially decaying tail [28]. When the wavefunction
tail of the valence electron overlaps with the orbital
wavefunction of hydrated metal ions, the valence electron
can tunnel to unoccupied orbital of hydrated metal ions. As a
first approximation, the tunneling probability is mainly
determined by the overlap of the wave functions. The larger
the overlap between the orbital wavefunction and the valence
electron wavefunction is, the larger the tunneling probability
is. The overlap depends very sensitively on the extension of
decaying tail and the distance of hydrated metal ions from
surface [29, 30].

The wavefunction of electrons above the surface decays
exponentially according to [31]

W O e SHed )

Where d is the distance from metal surface in A and @ the
workfunction in eV. From eq. (2) we can see that the valence
electron wavefunction of metal with a smaller workfunction
decays less steeply and extends more above the surface. The
wavefunction overlap depends mainly on the extension of
metal wavefunction. As the wavefunction of metal with a
smaller workfunction extends more above the surface, the
valence electrons of the metal with a smaller workfunction
tunnel more easily to hydrated metal ions than those of the
metal with a larger function. Thus, we observed a higher
current density value when electrodepositing nanowires of
the metal with a smaller workfunction.

5. Conclusions

Under the same potential and overpotential, the current
density of electrodepositing metal nanowires depends on the
value of the workfunction of this metal; the smaller the
workfunction is, the higher the deposition current density is.
The reason for this is that the small workfunction can make
the tunneling of electrons easy, thus leading to the faster
deposition of metal nanowires. Likewise, for the same metal,
plane with smaller work function grow faster than of larger

workfunction thus preferential growth plane is (220) for both
metals (Ag and Cu). It is also found that there is no such
difference of deposition techniques (CV or Fixed potential
deposition) on the structure of deposited nanowires.
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