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a b s t r a c t
A simple model of electrochemical growth of nanowires in the pores of anodic aluminum oxide (AAO)
template is developed. The metal deposition is considered at various overpotentials. The model takes into
consideration the ionic transfer both in the varying diffusion layer in the pores and in the diffusion layer
above the template, which is determined by the external hydrodynamic conditions. The model takes
into account the kinetics of electrochemical reaction by means of the Tafel equation and the diffusion
transfer of metal cations both in the pores and in the outer diffusion layer. The analytical solution of the
problem with several simpliﬁcations yields the equations for calculating the time dependence of current,
the pore ﬁlling time, and other parameters of the process. An example of the application of the model for
the analysis of nanowire growth in the template pores is compared with the experimental data showing
good agreement.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

three-electrode cell is used. The pores are ﬁlled with a metal in the
corresponding electrolyte (for example, in the Watts bath for nickel
deposition), frequently, under the potentiostatic conditions.
Great interest in these systems is associated with their potential application in the ﬁelds of high-density magnetic memories,
optoelectronic devices, nanoscale electronics, electromechanical
devices, catalytically active electrodes for the analysis of solution
composition, etc.
Based on Refs. [28,30,34,36], we can recognize at least three
main stages of pore ﬁlling with metal (Fig. 1).

In recent years, a large number of experimental studies have
been devoted to the template synthesis of metal (Fe, Ni, Co, various
alloys and chemical compounds) ordered nanowire arrays [1–39].
Most frequently, a porous oxide ﬁlm, which was produced by aluminum anodizing and then separated from the nonporous (barrier)
oxide layer and aluminum substrate, is used as the template. A
metal (copper, gold) layer is spayed in vacuum onto one side of
porous ﬁlm. The layer serves as the current lead in the metal deposition into the oxide ﬁlm pores. The porous layer is commonly 50 m
thick, the pores are 40–50 nm in diameter (high aspect ratio pores),
and the porosity is ε = kr2 ≈ 0.13 (k is the number of pores per unit
surface area of specimen and r is the pore radius). The pores are
spaced approximately 100 nm apart [7,34].
In some works, nuclear track polycarbonate (polyethylene
terephthalate, mica) membranes were used as the templates
[5,28,30,36,40]. In these cases, the membranes were 5–20 m thick
and the pores were 10–500 nm in diameter. A pore density was
2–6 × 108 cm−2 [4,30] and 1.05 × 1010 cm−2 [34]). Porous silicon
was also used as the template with the pores 10–60 nm in diameter
and 10–30 m in length [9].
A porous ﬁlm with a metal layer (current lead) is placed into
an electrochemical cell and serves as the cathode. Commonly, a

(1) A stage of non-steady-state diffusion. When a potential is
applied, the current increases abruptly and, then, decreases
with time in accordance with the diffusion layer thickness
increasing from zero to the porous layer thickness. Here, the
Cottrell equation is valid.
(2) A stage of pore ﬁlling with metal. Thereby, the current slightly
increased, remained invariant, or even slightly decreased with
time in different works. The duration of this stage (tﬁll ) is much
longer than that of the ﬁrst stage.
(3) The pores are ﬁlled up, the metal wires emerge from the pores.
The effective cathode surface area increases, the current steeply
increases. When the entire surface is coated with the metal ﬁlm,
the current reaches a certain constant value.
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It should be noted that the current and pore ﬁlling time tﬁll
depend on the potential [7,28,36]: the higher the potential (the
overpotential of cathodic reaction), the higher the current and
shorter the time tﬁll.
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Fig. 1. A scheme of template metal electrodeposition into AAO. (a) The template prior to the metal deposition; (b) the template with partially ﬁlled pores; (c) the template
with completely ﬁlled pores; and (d) the template coated with continuous layer of metal deposit. (1) Conducting layer, (2) template, (3) a pore, (4) template surface area
corresponding to a single pore, (5) axisymmetric approximation of the template surface area corresponding to a single pore, (6) a nanowire that partly ﬁlls the pore, (7) a
nanowire that completely ﬁlls a pore, and (8) continuous layer of metal deposit on the template surface.

The majority of published works on this problem are the experimental studies. They show that nanowires can be produced by the
cathodic deposition of various metals and some substances into the
pores, predominantly, in AAO.
Only a few theoretical studies on this problem are available. For
example, the authors of [4] developed and simulated a 2D model
for the electrodeposition of metal inside the porous AAO template,
which deals with one only potentiostatic pulse applied to one pore.
The transfer processes in the electrodeposition of cobalt into
the pores (250 nm in diameter and 20 m in length) of nuclear
track polycarbonate membranes at the limiting current were theoretically analyzed in [17]. Two periods were considered: a short
period of non-steady-state diffusion, when the Cottrell equation
is valid, and a longer period, when gradually increasing radii of
spherically shaped diffusion zones from each recessed nanoelectrode result in the overlapping of diffusion zones, and, ﬁnally, a
constant steady-state limiting current was reached.
The aim of the work is to develop an approximate method for
simulating mass transfer and nanowire growth in the template
pores with regard for the kinetics of electrode reaction and diffusion
limitations both in the pores and diffusion layer of electrolyte above
the template surface. The problem will be solved analytically and
the equations for calculating the time dependence of metal deposition current, the pore ﬁlling time, and other parameters of the
process will be obtained.
2. Statement of problem
In the work, it is assumed that the pores in the template are
arranged regularly (Fig. 1a), and a region of electrolyte solution
between the template surface and anode with a regular hexagonal

cross-section (4 in Fig. 1a) corresponding to each pore can be
approximated by the region with round cross-section (5 in Fig. 1a).
The shape of cross-section has an effect on the mass transfer
only in the transient zone II (Fig. 2b); its length does not exceed
several distances between the pores. The diffusion transfer in
zone II is estimated by the ﬁnite element method for the system’s
parameters (porosity, pore radius, pore length, the distance from
the template to the anode) of practical importance. It is shown that
an error due to axisymmetric approximation does not exceed 1%.
The use of axisymmetric approximation enables one to reduce a 3D
problem to 2D one and, consequently, simplify the numerical solution with an insigniﬁcant loss of accuracy. Therefore, hereafter, the
axisymmetric approximation is used. The radius of the region with
round cross-section was determined by the following equation:
√
R = rp ε

(1)

Fig. 2 gives a scheme of calculating the mass transfer in the
axisymmetric region. Here, d is the porous ﬁlm (template) thickness (the initial pore length); d* is the current thickness of deposit
layer in the pore; L = d − d*(t) is the current thickness of layer free of
metal in the pore; rp is the pore radius; R is the radius of axisymmetric region corresponding to a single pore; ı is the thickness of outer
diffusion layer determined by the external hydrodynamic conditions; c0 , cp , and cs are the concentrations of metal cations in the
bulk solution, at the pore bottom, and an average concentration in
the pore mouth, respectively; I is a zone in the pore with 1D distribution of concentration; II is a transient zone with 2D distribution
of concentration; III is a zone in the solution with 1D distribution
of concentration; I and III are approximations of zones I and III,
respectively.
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Fig. 2. A scheme for calculating the mass transfer in the metal deposition in a pore. (1) A conducting layer (current lead), (2) template, (3) a pore, (4) a pore portion ﬁlled
with metal, (5) a space between the template and auxiliary electrode ﬁlled with the electrolyte, and (6) an auxiliary electrode (anode).

In the general case, at the distances more than rp from the outer
template surface, the distribution of concentration is almost independent of the radial coordinate [41], i.e. it is 1D (zones I and III). At
smaller distances, the distribution of concentration depends both
on the vertical coordinate and radius, i.e. it is 2D (zone II). However,
these distances are by several orders of magnitude smaller than the
pore length. Therefore, in the model, the distribution of concentration over the radius is ignored throughout the pore length (from
the bottom to the mouth).
The model takes into account the time-varying diffusion layer
L, which is equal to the unﬁlled part of a pore, and the outer diffusion layer with a constant thickness ı determined by the external
hydrodynamic conditions (the solution was stirred).
Within this approximation, the calculation of mass transfer is
reduced to the solution of 1D problem in the pore with moving lower boundary (I ) and axisymmetric problem in the region
between the outer template surface and outer boundary of diffusion layer (region III ). The concentration in the pore mouth (at the
boundary between I and III regions) is not known beforehand and
can be determined from the condition of equal diffusion ﬂuxes of
electroactive ions in zones I and III in the pore mouth. In the model,
the transfer of only electroactive ions, i.e. metal cations, is taken
into account.
In this work, we consider only the second stage of pore ﬁlling
with metal in the solution containing metal cations with concentration c0 . This choice is based on the fact that the ﬁrst stage
(non-steady-state diffusion) is much shorter than the second one,
the pore ﬁlling with metal proceeds almost completely at the
second stage. (Simple estimation of the time of diffusion front propagation from the pore bottom to its mouth d2 /D, where D is the
diffusion coefﬁcient of metal cations in the pore, and the experimental results, for example [34], show that the ﬁrst stage is by
approximately two orders of magnitude shorter than the second
stage.) The third stage (the wires emerge from the template surface)

lies beyond the scope of practical problem: the template synthesis
of metal ordered nanowire arrays.
Assume that, at the ﬁrst stage, the metal deposition proceeds
under the mixed (non-steady-state diffusion and charge-transfer)
control. By the end of the ﬁrst stage, the quasi-steady-state concentration of cations at the pore bottom is reached. This concentration
of cations and current depend on the prescribed overpotential, the
initial concentration of electroactive ions, their diffusion coefﬁcient, and pore length.
Further variations in the quasi-steady-state concentration of
cations and current are determined by the conditions of steadystate diffusion and the kinetic Tafel equation.
The used condition (d − d*(t))  rp is valid for the metal deposition in the AAO templates, except for the last short period of pore
ﬁlling.
3. Solution of problem
Under the above assumptions, the problem can be reduced to
two conjugated quasi-steady-state problems: axisymmetric problem with partially insulated surface and 1D problem in a pore with
varying length.
The solutions of the problems are given below.
3.1. Axisymmetric problem with partially insulated surface. A ﬂux
of electroactive ions in zone III
A ﬂux of electroactive ions in zone III was determined as a result
of numerical solution of diffusion equation in the axisymmetric
region with height ı and outer radius R (Fig. 2):
1 ∂c
∂2 c
∂2 c
+
+ 2 = 0,
r ∂r
∂r 2
∂z

(2)
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3.2. 1D problem in a pore with varying length
In 1D approximation, for the diffusion current density in a single
pore jp , we can write (see Fig. 2):
jp =

nDF(cs − cp )
.
L

(8)

Due to the conservation law, the current density j̄ averaged over
the surface of specimen with a system of pores can be expressed in
terms of current density in a single pore and porosity ε:
j̄ = jp ε.

(9)

The current jp can be related to the charge-transfer overpotential
 by using the Tafel equation:
jp = j0
Fig. 3. The plots of geometric factor  vs. the ratio of outer diffusion layer thickness
to the pore radius at various template porosities ε.

with the following boundary conditions:



cp
˛F
exp −
c0
RT



,

(10)

where j0 is the exchange current density, ˛ is the transfer coefﬁcient, R is the gas constant, and T is the temperature.
From (10), the concentration at the pore bottom can be
expressed as a function of current:
c0 jp
exp
j0

 ˛F 

c|z=d+ı = c0 ,

(3)

cp =

c|z=d,r<Rp = 0,

(4)

The current is related to the deposited metal thickness by the
Faraday’s equation:


∂c 
= 0.
∂n 

(5)

A difference between the concentrations at the upper boundary
of diffusion layer ı and the concentration in the pore mouth was
taken to be c0 (Eqs. (3) and (4)), other regions of the boundary were
considered as nonconductive (5).
To elucidate the question whether a partial insulation of template surface has an effect on the mass-transfer rate in zone III , a
parameter  was introduced. It is a ratio between the electroactive
ion ﬂux to the electrode with partially insulated surface and that to
the uninsulated electrode:
=

2ı

 rP
0

r(∂c/∂z)dr
c0

R2

=

2ı

 rP
0

r(∂c/∂z)dr

c0 rp

2ε

(6)

The results of numerical solution of the problem (Fig. 3) showed
that, if the diffusion layer thickness ı is much larger than the pore
radius and the distance between the pores,  is approximately unity
and partial insulation of surface has no noticeable effect on the
mass-transfer rate.
Using parameter , an average current density j̄ in zone III can
be determined by the following equation:
j̄ =

nFD(c0 − cs )
ı

(7)

where D is the diffusion coefﬁcient of electroactive cations in a template pore; n is the charge of cation; F is the Faraday’s constant; 
is a ratio of diffusion coefﬁcient of cations in the “free electrolyte”
to that in a pore.
The coefﬁcient  was introduced, because the authors of several experimental studies [7,34,38,39] concluded that the diffusion
of cations in the pores of anodic oxide ﬁlm is suppressed as
compared to bulk diffusion; for example, according to [34], the
diffusion coefﬁcient of nickel cations in a pore is approximately
2.0 × 10−7 cm2 /s against 6 × 10−6 cm2 /s in the bulk solution. If the
diffusion coefﬁcients in zones I and III are equal,  = 1.

d∗ (t) =

M
nFM

RT



.

(11)

t

jp dt,

(12)

0

where M is the molar weight of metal and M is the metal density.
It is assumed that the current efﬁciency for the metal deposition is
100% and all pores are ﬁlled concurrently. (In some experimental
works, for example [7,22,28,36], it was shown that this condition
is fulﬁlled under certain conditions.)
Then, for the current density in a single pore:
jp = −

nFM ∂L
M ∂t

(13)

In view of Eqs. (8), (11) and (13), and also Eqs. (7), (9) and (13)
the system of Eqs. (14) and (15) describing pore ﬁlling is as follows:
∂L
MD(cs + (nFM c0 /j0 M)(∂L/∂t) exp(˛F/RT ))
=−
M L
∂t

(14)

∂L
MD(c0 − cs )
=−
∂t
εM ı

(15)

Multiplying (14) by L and (15) by εı/ and combining thus
obtained equations, we eliminate the concentration of electroactive ions in the pore mouth cs from Eqs. (14) and (15). Denote
ı* = (nFc0 D/j0 )exp(˛F/RT); ı* can be formally imagined as an additional pore length (additional diffusion layer thickness). Then, we
obtain a differential equation describing pore ﬁlling with the metal:
∂L
MDc0
=−
.
∂t
M (L + (εı/) + ı∗ )

(16)

The parameter ı* is associated with the Tafel kinetics of metal
deposition. When the current tends to the limiting one, this ﬁctitious additional layer thickness tends to zero.
The initial condition for differential Eq. (16) is determined by
the porous ﬁlm thickness d:



L

t=0

= d.

(17)
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Eq. (16) is easily integrated; ﬁnally, in view of initial condition
(17), the time dependence of L is as follows:


L=−

εı
+ ı∗





+

εı
+ ı∗ + d


2
−2

MDc0
t.
M

(18)

Substituting (18) into (13), we obtain the time dependence of
current density in a single pore provided that the deposit thickness
does not exceed d:
jp = −

nFM ∂L
=
M ∂t

nFDc0
2

(ı∗ + d + (εı/)) − 2(MDc0 /M )t

(19)

or, ﬁnally, for an average current density:
j̄ =

εnFDc0
2

((nFc0 D/j0 ) exp(˛F/RT ) + d + (εı/)) − 2(MDc0 /M )t
(20)

It is seen that within the framework of the model, the current
can increase with time, if the denominator decreases.
The pore ﬁlling time tﬁll can be determined from the condition
L = 0 and (18):
tfill =

M d((εı/) + (nFc0 D/j0 ) exp(˛F/RT )) + d/2)
MDc0

(21)

The time dependence of concentration at the pore bottom can
be determined from (19) and (11):
cp =

nFDc0 2 exp(˛F/RT )

j0

Fig. 4. (1)–(3) Time dependences of current, which were calculated by Eq. (16) at (1)
 = −0.8 V, (2)  = −0.85 V, and (3)  = −0.91 V, and (4) the experimental time dependence, which was obtained in [34] for the nickel deposition in an anodic aluminum
oxide template. Dashed line corresponds to the end of the ﬁrst stage.

.
2
((nFc0 D/j0 ) exp(˛F/RT )+d + (εı/)) −2(MDc0 /M )t
(22)

From (22), two limiting cases can be derived. At high overpotentials, the concentration at the pore bottom will be nearly zero
lim cp → 0 (the limiting current) throughout the period of metal
E→∞

deposition. At relatively low overpotentials and not very thick outer
diffusion layer, concentration cp becomes approximately equal to
the bulk concentration lim cp → c0 .
E→0

4. Results and discussion
The analytical solution (18)–(22) describes the pore ﬁlling with
metal in AAO. It enables one to estimate the time variation of current density and the pore ﬁlling time. The solution can be used for
predicting and analysis of experimental data.
The geometric factor  (Fig. 3) is required for self-consistency of
ion ﬂux through the diffusion layer that is common to all pores. For
typical sizes of the systems under consideration,  can be taken to
be unity.
The outer diffusion layer thickness, which is deﬁned by the
hydrodynamic conditions near the template surface, is multiplied
by the porosity in all equations. When the porosity tends to zero,
the mutual effect of pores vanishes. In the case of a single pore with
a nanometer radius and micrometer length ε 1, and, therefore,
(nFc0 D/j0 )exp(˛F/RT) + d  (εı/), so that the term, which takes
into account the resistance to mass transfer in the outer diffusion
layer, may be neglected.
Fig. 4 gives the experimental time dependence of current,
which was obtained in [34] for the nickel deposition in an
AAO template (curve 4), and three time dependences calculated
by Eq. (20) for various overpotentials at the following parameters: j0 = 2 × 10−9 A/cm2 ; D = 7.8 × 10−7 cm2 /s; d = 5 × 10−3 cm;
ı = 1.4 × 10−2 cm; M = 60 g/mol;  = 8.9 g/cm3 ; ε = 0.055; (it was
decreased as compared to [34] due to a low ﬁlling factor in [34]);

c0 = 0.6 × 10−3 mol/cm3 ;  = 1;  = 7.72; ˛ = 0.5;  = −0.8 V (curve 1),
 = −0.85 V (curve 2), and  = −0.91 V (curve 3). Here, j0 and ˛ were
taken from [42] for nickel deposition from 1 M NiSO4 solution.
It is seen that the application of this simple model enables one
to calculate the results that agree with the experimental data both
in the shape of current vs. time curve and in the pore ﬁlling time. It
should be noted that, in the model, only a period of deposit growth
inside the pores is considered; an abrupt increase of the current in
the calculated curve 3 is not associated with the growth of caps at
the end of wires. An increase of the current in the calculated curves
corresponds to a decrease of the inner diffusion layer thickness at
the ﬁnal stage of deposit growth in the pores. At high overpotentials
of electrochemical reaction and intense stirring of solution, the current can increase signiﬁcantly even before the wires emerge from
the template surface.
Fig. 5 shows the time dependences of degree of pore ﬁlling at
three overpotentials. It is seen that the pore ﬁlling time decreases
with increasing overpotential. At relatively low overpotential, the
dependence is almost linear.

Fig. 5. Time dependences of degree of pore ﬁlling at various overpotentials: (1)
 = −0.8 V, (2)  = −0.85 V, and (3)  = −0.91 V.
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overpotential. At high overpotentials, tﬁll is determined by the electrolyte concentration c0 .
5. Conclusions

Fig. 6. Time dependences of electroactive ions concentration on the growing deposit
surface at various overpotentials: (1)  = −0.8 V, (2)  = −0.85 V, and (3)  = −0.91 V.

Fig. 6 gives the time dependences of electroactive ion concentration on the growing deposit surface calculated by Eq. (20) at various
overpotentials. It is seen that the initial dimensionless concentration of these ions cp /c0 increases with decreasing overpotential;
the lower overpotential, the smaller is the deviation of concentration on the deposit surface from the bulk concentration. The
higher overpotential, the higher is the rate of cation concentration
variation on the growing deposit surface.
In Fig. 6, the initial concentrations are nonzero. This means that
at the beginning of quasi-steady-state period of deposit growth in
the pores, the diffusion limiting current was not reached.
Under different conditions, the limiting current can be reached
even at the beginning of considered period of pore ﬁlling (this was
assumed in several cited works). However, in the course of pore
ﬁlling, the current can become lower than the limiting one due to
a decrease of diffusion layer thickness.
Fig. 7 gives the plots of pore ﬁlling time vs. the overpotential at
various concentrations c0 , which are calculated by Eq. (21). First,
the ﬁlling time decreases and, then, becomes independent of overpotential corresponding to the diffusion limiting current.
At relatively low overpotentials, tﬁll is virtually independent of
the bulk solution concentration c0 and is determined only by the

Fig. 7. The plots of pore ﬁlling time vs. the overpotential at various concentrations
of electroactive ion c0 : (1) 0.1 M, (2) 0.2 M, (3) 0.5 M, and (4) 1 M.

The model of electrochemical growth of ordered arrays of high
aspect ratio nanowires in the nonconducting template is developed. The initial non-steady-state period of the process is ignored,
because its duration is by two orders of magnitude shorter than the
pore ﬁlling time. It is taken into account that the metal deposition
depends both on the conditions of metal cations diffusion and on
the overpotential by the Tafel equation. The presence of outer diffusion layer above the template surface and a possible difference
between the diffusion coefﬁcients of electroactive ions in the inner
diffusion layer (in the pore) and in the outer diffusion layer were
taken into account. An approximation of uniform outer diffusion
layer was used.
Within the model, the exact solution was obtained for the potentiostatic mode of metal deposition in the pores. With regard for the
template porosity, the following characteristics of the process were
obtained: the time dependences of current and concentration of
electroactive ions at the growing deposit surface; the dependence
of pore ﬁlling time on the overpotential of electrochemical reaction,
etc.
An example of qualitative agreement between the calculated
and experimental data is given. It is shown that an abrupt increase
of the current in the curve of the current vs. the deposition time
do not necessarily indicate that the metal wires emerge from the
template surface.
However, the agreement between the calculated and experimental results in the above example does not mean that the model
is sufﬁcient for exact analysis of various experimental results.
Therefore, the model for the growth of electrodeposits in the pores
with a high aspect ratio should be further improved.
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