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A B S T R A C T

A comparative study of electrochemical growth of nanowires in the anodic alumina templates with
various degree of porous structure ordering is performed. Scanning electron microscopy and coulometric
analysis are used for experimental evaluation of the average filling of pores with metal. The theoretical
model of metal growth inside anodic alumina templates is proposed. The model takes into account the
presence of branched channels in the real structure of anodic alumina and operates with completeness of
template filling achieved at the moment when metal reaches the external surface of the oxide film. In
case of the diffusion-controlled regime the strong dependence of the pore filling factor on the thickness
of porous film and the degree of its structure ordering is predicted theoretically and observed
experimentally. The influence of the nature of limiting current on the homogeneity and completeness of
template filling is discussed.

© 2016 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepa ge: www.elsev ier .com/locate /e lectacta
1. Introduction

One-dimensional (1D) nanostructures (e.g. nanotubes and
nanowires) are of great interest owing to unique properties
associated with their inherent shape anisotropy. 1D nanostruc-
tures can be easily prepared by templated electrodeposition, which
combines the advantages of templated synthesis with versatility of
electrochemical processing. For this purpose, porous matrices with
long channels, e.g. track etched membranes and anodic aluminium
oxide (AAO) films are commonly used. Both of these templates
possess uniform cylindrical channels, which are aligned closely to
the normal of the film surface in case of AAO [1,2] and can be
substantially tilted about the normal in track-etched membranes
[3]. In comparison to track-etched membranes, pore density in the
structure of AAO films is more than an order of magnitude higher
due to the assembly of the channels into the 2D hexagonal packing.
Moreover, the use of different anodization conditions allows one to
adjust the structural parameters of AAO (such as interpore distance
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Dint, pore diameter Dp and film thickness L0) in a wide range. In
particular, Dint can be changed in controllable manner from 10 to
1000 nm, Dp can be varied from 5 to 500 nm, L0 can exceed the
hundreds of micrometres.

The combination of unique structure with high thermal,
chemical and mechanical stability makes anodic alumina extreme-
ly attractive as templates for the synthesis of one-dimensional
nanostructures [4–6]. The template-assisted approach has been
successfully used for the synthesis of nanowires with constant or
modulated composition [7–9], nanotubes [10,11], nanobelts [12],
and nanorings [13] possessing the wide range of functional
properties. The extraordinary magnetic behaviour of individual
particles and their arrays [5,7], enhanced intensity of Raman
spectra [14], and unusual electron transport properties [15] have
been observed for nanowires obtained in AAO templates.
Moreover, the prototypes of high technology devices based on
AAO, such as field emission devices for X-ray instruments [16], flat
panel displays [10], chemical and biological sensors [17,18], energy
and memory storage devices [19–21] have been demonstrated.

Recently we have shown that the self-organization of AAO
structure occurs via growth of domains with preferential in-plane
orientation accompanied by the size reduction of other domains,
which is similar to Ostwald ripening [22]. This process induces the
unavoidable formation of branched and terminated channels. It is
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worth noting that terminated channels cannot be filled during
templated electrodeposition process. Obviously, these features of
AAO structure negatively affect the transport efficiency of any
species (e.g. ions, gas molecules, etc.) through AAO membranes
[23]. Taking account of the extensive use of anodic aluminium
oxide films as templates for the synthesis of various one-
dimensional nanostructures, theoretical modelling and experi-
mental study of the role of pore branching on the electrochemical
growth of metal nanowires inside the AAO channels are of great
interest. To the best of our knowledge, only a few theoretical works
have been published on metal electrodeposition in one-dimen-
sional channels of track-etched membranes [24–27] and AAO
templates [23,28–33], whereas the influence of branched pores on
the electrodeposition process has never been discussed.

Here we present the quantitative analysis of the impact of the
defects (e.g. branched and terminated channels) in real structure of
AAO porous films to electrochemical growth of nanowires in
anodic alumina templates. The crucial characteristic of templated
electrodeposition is a maximum achievable pore filling. Firstly, it
determines the attainable length of nanowires and the replication
accuracy of pore shape by embedded material. Secondly, the
increase in pore filling leads to the enhancement of mass-sensitive
properties of resulted nanocomposite, such as magnetization and
capacity.

2. Theoretical part

We consider the model developed by Bograchev et al. [29–31]
as the most suitable for the description of electrodeposition in
straight pores. The numerical simulation implemented for typical
geometric parameters of AAO porous structure (pore diameters
and lengths) demonstrates that the issue can be reduced to 1D
quasi-steady-state problem with varying pore length [29]. The
authors obtained the following equation for the filling of single
pore with metal M forming in the course of n-electron reduction of
Mn+ ion (Fig. 1):

dLs
dt

¼ �
MD Cm þ nFrC0

j0M

� �
dLs
dt

� �
exp aFh

RT

� �� �
rLs

ð1Þ

where Ls is the length of unfilled part of the pore, D is the diffusion
coefficient of metal ions, M is the molar weight of the metal, r is
the metal density, n is the number of electrons involved in
electrochemical reaction, j0 is the exchange current density, a is
the transfer coefficient, h = Ed – Eeq is the overpotential, Ed is the
deposition potential, Eeq is the equilibrium potential for Mn+/M
redox system, R is the gas constant, T is the absolute temperature, F
is the Faraday constant, Cm is the concentration of metal ions in the
pore mouth, C0 is the concentration of metal ions in the bulk
solution.

Bograchev et al. [29] suggested to denote the quantity
dependent on the kinetics of electron transfer as
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� �
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aFh
RT

� �
ð2Þ
Fig. 1. Nanowire growth. L0 is the membrane thickness, Ls is the length of unfilled
part of the pore.
and to present Eq. (1) as follows [30]:

dLs
dt

¼ �MD
r

Cm

Ls þ dkð Þ ð3Þ

where dk has the dimension of length and can be tentatively
presented as an additional pore length. This interpretation is also
true for branched pores. In the present paper we designate dk as
“kinetic length”. Also we use the dimensionless parameter
K ¼ dk=L0 (where L0 is AAO membrane thickness) treated as
“relative kinetic length” (Fig. 2). For purely diffusion control of
electrochemical reaction K = 0, whereas for purely kinetic control
K ! 1.

To calculate the time dependence of current, additional
assumptions about outer diffusion were used in [29–31]. In
present work we propose only one assumption concerning outer
diffusion, namely that Cm has the same value near all pore mouths
at any fixed time, but can change with time. This assumption is
enough to calculate the final length distribution of nanowires and
filling factor of pores by the metal.

When Choi et al. [34], Napolskii et al. [22], Petukhov et al. [35],
and Kasi et al. [36] observed pore branching on cross-sectional
scanning electron microscopy (SEM) images of AAO membranes,
they assumed that all branches have the same direction, and a pore
can divide into two branches during anodization, but pores never
merge. Hence, pore densities at two opposite sides of AAO
membrane (top and bottom) are not equal. In the theoretical model
we consider the growth starting (i) either from the top, or (ii) from
the bottom of AAO membrane. In experiment, (i) or (ii) can be
arranged by forming the conductive layer on top or bottom side of
AAO porous film.

Many observations have been also reported concerning well-
defined growth front of nanowires inside AAO membrane when
some other wires already reached the outer surface. We consider
this ‘internal’ growth front as the second front and demonstrate
below that it originates just from pores branching.

2.1. Working electrode located at the bottom of an AAO membrane

If conductive layer (working electrode) is deposited on the
bottom of an AAO template the branches are directed upside
down, and nanowires are merging while growing. In general,
Fig. 2. Visualization of the equation (3). Kinetic length dk can be imagined as an
additional pore length. Ls is the length of unfilled portion of the pore, C0 is
the concentration of metal ions in the bulk solution, Cm is the concentration
of metal ions in the pore mouth.



Fig. 3. Branched pore and straight pore in case when a conductive layer is deposited
on the bottom of an AAO membrane. Nanowires in branched pores are growing
more slowly than nanowires in straight pores. H0 is the distance between the
bottom of membrane and the bifurcation point of the pore, L0 is the AAO membrane
thickness, h is the final length of nanowire in the branched pore.
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nanowires in branched pores are growing more slowly than
nanowires in straight pores because of more severe diffusion
limitations. In our model we consider only straight pores and
branches with a single bifurcation. The rate of nanowires growth
in branches with several bifurcations is much slower, and there is
a little chance to observe these wires at the cross-section of a
nanocomposite.

Nanowires forming in straight pores reach the surface of AAO
membrane earlier, and then the growth in branched pores stops
due to its screening. Final length of nanowires (h) in branched pore
depends on the distance H0 between the bottom of membrane and
the bifurcation point of the pore (Fig. 3).
Fig. 4. (a) Functions h(H0), plotted according to the equation (4) for different relative kin
final length distributions, calculated for pores uniformly distributed over H0 in the inter
interval of membrane thickness is expressed as percentage of the total number of bran
An equation for length h is obtained in appendix (A1) as a
piecewise function of H0:
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The obtained function h(H0) (4) contains relative kinetic length
K as a parameter. From distance H0 distribution of pores in the
membrane, one can obtain final nanowire length (h) distribution,
using the function (4).

The length distributions of nanowires were numerically
calculated for the case when pores are uniformly distributed over
H0 in the interval (0, L0), for different K, as shown in Fig. 4.

The distribution has sharp maximum which emerges because h
(H0) function has a minimum. Near the point of the minimum the
derivative is small.

In appendix (A2) the equations for the position of nanowire
distribution maximum hmax depending on parameter K are
obtained:

IfK < 0:25;
hmax

L0
¼ 1 þ 2K

3

IfK � 0:25;
hmax

L0
¼ 1 þ Kð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5 þ K2

q
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It is worth noting that the obtained solution does not depend on
pore distribution over H0 if this distribution is a smooth function.
Fig. 5 shows the plot of hmax

L0
Kð Þ function (5). The maximum of the

nanowire length distribution is expected to be observed on cross-
sectional SEM image of membrane as growth front of nanowires
behind straight nanowires that have reached the surface of the
membrane.

It can be clearly seen that the relative height of the second
growth front undergoes the changes only for K below 2.5, and lies
in the range of 90–100% of template thickness at higher K values.
etic lengths K: K = 0 (diffusion control), K = 0.3, K = 0.8 (mixed control). (b) Nanowire
val (0, L0), for different relative kinetic lengths K. Number of nanowires within 2.5%
ched nanowires.



Fig. 5. Nanowire length distribution maximum hmax depending on relative
kinetic length K according to equation (5). This maximum is expected to be
observed on cross-section of the membrane as the second growth front of
nanowires. Graph for K from 0 to 1 is shown in inset.

Fig. 6. (a) Sketch of the filling of straight and branched pores by metal when
working electrode is deposited on the top of an AAO membrane. L0 is the membrane
thickness, N is the number of pores in the branch, h0 is the final height of nanowires
in a straight pore at the moment when the metal in branched channel reaches the
top surface of template. (b) SEM image of the branched nanowire, overrunning the
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The former interval looks narrow in K scale, but in terms of
overvoltage it corresponds to semi-infinitive range of deposition
potentials.

2.2. Working electrode located at the top side of an AAO membrane

If conductive layer (working electrode) is deposited on the top
of an AAO template the branches are directed upwards, and
nanowires are branching while growing. Nanowires in branched
pores are growing faster than nanowires in straight pores because
of the diffusion limitations. Fig. 6 shows a branched nanowire,
overrunning straight one.

The model takes into account multiple pore branching, which
occurs only at the domain boundaries (Fig. 6a), whereas pore
branching inside the domains is not considered. This assumption is
credible because bifurcations occur on moving domain boundary
[22,34].

We assume that bifurcations are located at equal distances.
Fig. 6a shows the most rapid way for nanowire in a branch to reach
the surface of a membrane. When the first nanowires reach the top
side of the membrane, they screen neighbouring pores causing
other nanowires to stop the growth.

With the aim to get an analytical solution of the problem, we
obtained an approximate equation for diffusion flow through the
branch of N pores (Appendix A3):

IN ¼ I1
ffiffiffiffi
N

p
ð6Þ

where I1 is the flow through a straight pore with the same length as
the branch. This equation gives us solutions lying within 5% error
from exact solutions for N � 1.

Using (6), we obtained an approximate equation for the height
of straight nanowires h0 at the moment when the first branched
nanowire reaches the top of the membrane (Appendix A4):
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where N is the number of bifurcations in the branch. It is assumed
that N >> 1.
The equation for N is:
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If K = 0, i.e. in the case of diffusion-controlled regime, equations
(7) and (8) are simplified:
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Low filling factors of a membrane are expected when a
conductive layer, serving as a working electrode, is deposited on
the top side of an AAO membrane with only a few nanowires
reaching the surface.

3. Experimental part

High-purity aluminium foils (0.5 mm thick, 99.999%) were used
for the preparation of the AAO templates. Before anodization Al
was annealed at 150 �C for 12 hours and after that at 550 �C for
24 hours for removing mechanical stress and forming coarse grain
structure of the foil. Then aluminium plates 40 mm in diameter
growth front of metal, in Cu/AAO nanocomposite with Au current collector
sputtered on the top side of an AAO membrane (see experimental details below).
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were sanded by SiC abrasive papers (Smirdex) and mechanically
polished by 3 mm diamond suspension DiaDuo-2 (Struers) and
colloidal silica suspension OP-S (Struers). In order to obtain the
foils with a mirror-like surface, electropolishing of the pretreated
aluminium in a solution containing 13 M H3PO4 (IREA 2000, 85%)
and 1.85 M CrO3 (Vekton, 99.7%) at 80 �C in an impulse mode was
used. 40 impulses for 3 s were imposed at an anodic current
density of 0.4 A cm�2. Finally, aluminium was cleaned in deionized
water and dried in airflow at room temperature.

Anodization was carried out in two-electrode electrochemical
bath in 0.3 M oxalic acid (99.5%, Chimmed) at constant applied
potential difference of 40 V using DC power supply N8741A
(Agilent). Polished Al foil was used as an anode and Al ring served
as a cathode. The cathode surface area was several times higher
than that of the anode; the distance between electrodes was 30 cm.
The electrolyte was intensively agitated by overhead stirrer RW 20
digital (IKA) and its temperature was kept equal to 0 �C using
thermostat Unistat Tango (Huber). Large volume of electrochemi-
cal bath (20 litres) allowed us to control the temperature of
electrolyte precisely. The thickness of AAO films was controlled
coulometrically. Two series of AAO films with the thickness from
30 to 90 mm were used as templates. In order to obtain AAO films
with high degree of pore ordering, two-step anodization technique
was applied, whereas one-step anodization was performed for the
preparation of AAO with higher quantity of branched channels in
their structure.

In case of two-step anodization 45 mm thick sacrificial alumina
layer, formed during first anodization step, was selectively
dissolved in an aqueous solution containing 0.5 M H3PO4 and
0.2 M CrO3 at 70 �C for 30 min. The second anodic oxidation of Al in
0.3 M oxalic acid at 40 V leads to the formation of AAO with 2D
hexagonal arrangement of pores.

Aluminium was selectively dissolved in 4 M solution of Br2 in
methanol to obtain freestanding oxide films. Then barrier oxide
layer was removed by chemical etching in 3 M H3PO4 solution at
room temperature with the electrochemical detection of pore
opening moment [37]. The diameter of channels in AAO was
Fig. 7. SEM images of anodic alumina films. (a) Top and (b) bottom of the AAO membrane
by two-step anodization process. The bottom views were recorded after removal of the b
section of alumina films obtained by one- and two-step anodization, respectively.
widened by etching of porous films in 0.5 M H3PO4 solution at 60 �C
for 3 min.

In order to illustrate the role of pore ordering in AAO templated
electrodeposition process, the electrochemical growth of copper
nanowires in AAO membranes was carried out. Electrodeposition
was performed in a three-electrode cell from a solution containing
0.1 M CuSO4 and 0.1 M H2SO4 (pH = 1.08) in potentiostatic mode
using PGSTAT100N (Autolab). Thin Au layer (ca. 200 nm thick) was
deposited by magnetron sputtering (Q150T ES, Quorum Technolo-
gies) onto one side of the AAO template to serve as current
collector. Pt wire ring with diameter of ca. 2 cm was used as a
counter electrode. Saturated (KCl) Ag/(AgCl) electrode connected
with the cell via Luggin capillary served as the reference electrode.
Deposition potentials �0.4 V and �0.2 V were chosen using cyclic
voltammetry. During electrodeposition the electrolyte was con-
stantly agitated by magnetic stirrer (IKA big squid) with the rate of
400 rpm.

Current-time transients registered by PGSTAT100N (Autolab)
during metal electrodeposition were used for the characterization
of the growth process of Cu nanowires inside AAO porous films. To
calculate the average pore filling factor achieved at the moment
when metal reaches external surface of a template, the volume of
electrodeposited metal was estimated by the Faraday’s law with
account for current efficiency. Electrodeposition charge was found
by the numerical integration of current-time transient. SEM
images of the AAO membranes and Cu/AAO nanocomposites were
collected using field-emission scanning electron microscopes
Supra 50 VP (LEO) and NVision 40 (Carl Zeiss). Before SEM
analysis, 5 nm thick layer of gold was sputtered onto surface of the
samples by magnetron sputtering.

4. Results and discussion

Structure parameters of AAO templates were calculated by
statistical analyses of the SEM images of the top and the bottom of
porous oxide films (Fig. 7). All AAO templates possess nearly equal
interpore distance of 102 � 5 nm and pore diameter of 49 � 3 nm,
 after the first anodization step; (c) top and (d) bottom of the AAO template obtained
arrier layer by chemical etching. Insets in panels (b) and (d) display schematic cross-



Fig. 8. Cyclic voltammogramms of porous electrode, based on 45 mm thick AAO
with ordered porous structure, in an aerated solution containing 0.1 M CuSO4 and
0.1 M H2SO4. Potential scan rate is 50 mV s�1. Experiments were performed under
various rate of electrolyte agitation: without stirring (blue), 100 rpm (orange),
200 rpm (yellow), 300 rpm (violet), 400 rpm (green). The currents were normalized
on geometric area of the sample (0.2 cm2).
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corresponding to the porosity of ca. 20%. At the beginning of first
anodization step pores nucleate stochastically on the smooth
surface of the electropolished aluminium substrate (Fig. 7a). The
pores self-organize during first oxidation step and, thus the two-
dimensional hexagonal honeycomb-like porous structure can be
seen on the bottom of the AAO template (Fig. 7b). Self-organization
process is accompanied by the branching of pores followed by the
formation of terminated channels (inset in Fig. 7b) [22]. It should
be noted that the terminated pores cannot be opened by any
etching procedures applied usually for barrier layer removal. If the
duration of anodization is long enough, only the top part of oxide
film is disordered, whereas the bottom part of AAO possesses
ordered structure with low concentration of branched and
terminated channels (inset in Fig. 7b). In case of two-step
anodization the second oxidation step begins on pre-patterned
metal surface obtained after the selective dissolution of sacrificial
alumina layer. This allows us to obtain porous films with ordered
structure over all the thickness of AAO (Fig. 7c,d).
Fig. 9. Cross-sectional SEM images of Cu/AAO nanocomposites based on 60 mm th
electrodeposition was performed at �0.4 V (a,c) and �0.2 V (b,d). Gold was sputtered on th
of working electrode (WE) is shown by arrow.
Obviously, the presence of terminated channels decreases
maximum achievable filling of AAO by the metal, whereas the
impact of branched channels on electrodeposition process
depends on the nature of the limiting step of electrochemical
reaction. The growth rate of the nanowires in branched pores
under diffusion control may be substantially different from that in
straight pores. On the contrary, under kinetic control the rate of
metal growth does not depend on the number of branches.

To determine the potential regions of various regimes of metal
electrodeposition, cyclic voltammetry was used (Fig. 8). The
experiments were carried out in an electrolyte containing 0.1 M
CuSO4 and 0.1 M H2SO4. The working electrode consisted of 45 mm
thick AAO template with gold sputtered to the bottom of oxide
film.

The current of Cu electrocrystallization does not depend on the
rate of electrolyte agitation, manifesting the kinetic regime of
deposition, when electrode potential is positive. On the contrary, at
E < �0.3 V, the limiting diffusion current is observed, which
increases significantly with stirring. Intermediate potential region
corresponds to mixed reaction control. Unfortunately, electrode-
position under purely kinetic control results in too slow metal
growth rate, and can be complicated by gradual increase in pore
diameter during long electrodeposition process due to dissolution
of AAO in acidic solution. This is why to check the effect of regime,
two deposition potentials Ed = �0.4 (diffusion control) and �0.2 V
(mixed control) were chosen for further experiments. It is worth
noting, that the onset of hydrogen evolution appears to drift to
more negative potentials with electrolyte agitation rate. This
feature can result from the Ohmic drop contribution, as the
currents are high enough.

Fig. 9 shows cross-sectional SEM images of Cu/AAO nano-
composites based on 60 mm thick AAO templates obtained by one-
and two-step anodization. A conductive layer serving as working
electrode was sputtered on the bottom of porous film, hence
branches were directed upside down. Cu nanowires were
deposited under diffusion (Ed = �0.4 V, Fig. 9a and c) and mixed
(Ed = �0.2 V, Fig. 9b and d) growth control. All depositions were
stopped after sharp current increase, which indicates that
significant number of nanowires reached the outer surface of
the membrane [38].

SEM images shown in Fig. 9 were recorded using secondary
electrons with high acceleration voltage of 20 kV. This regime
allows us to obtain the images with atomic-number contrast: the
brighter the region on cross-section, the higher the quantity of
pores filled by the metal. We should stress that the decrease in
ick AAO templates obtained by one- (a,b) and two-step (c,d) anodization. Cu
e bottom of AAO porous film, hence branches were directed upside down. The place



Fig. 10. Current-time transients for Cu electrodeposition at Ed = �0.4 V in AAO
membranes with different thickness and degree of pore ordering. Gold was
sputtered on the bottom of AAO templates. Samples are denoted as XstepY, where X
is the number of anodization steps (1 or 2), Y is the thickness (in mm) of AAO layer
formed at the first or second anodization step, respectively.
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overpotential leads to the increase in the number of wires which
reach the AAO outer surface. As a consequence, after deposition in
mixed regime the surface of the samples was covered by
continuous layer of electrodeposited Cu (Fig. 9b,d), whereas under
diffusion control only individual semispherical caps were ob-
served. The longest wires which approached the outer surface are
formed in non-branched channels when the working electrode is
located at the AAO bottom. Contrary, when deposition starts from
the opposite side of membrane (working electrode located at the
top, Fig. 6b), the ‘fastest’ wires are formed in branched pores. For
the latter case, h/L0 ratio depends both on K and N, and in future
Eq. (9) can be probably used for diagnostics of branching.

Although the metal started growth on external surface of
nanocomposite, high degree of pore filling with copper is observed
only in near bottom parts of Cu/AAO nanocomposites obtained at
Ed = �0.4 V (Fig. 9a,c). Equal thickness of this bright layer
throughout the sample cross-section testifies that the nanowires
grow with close rates. It is worth noting that these nanowires form
the second growth front. First growth front is formed by a small
portion of wires which reached the top surface of AAO template,
and is not visible. Cu/AAO nanocomposites obtained at Ed = �0.2 V
possess similar morphology with two clearly visible growth fronts
of metal nanowires.
Fig. 11. Cross-sectional SEM images of Cu/AAO nanocomposites based on 30–90 mm t
performed at �0.4 V using a solution containing 0.1 M CuSO4 and 0.1 M H2SO4. Gold was 

down. The place of working electrode (WE) is shown by arrow.
The existence of two growth fronts can not be explained with
the use of a deposition model considering only straight pores in
porous template. Thus, although the second growth front of metal
nanowires in AAO template was often observed [33,38–40], none
of existing theoretical models can describe this kind of morpholo-
gy.

The theoretical model presented above (see Theoretical part)
refers to the existence of two growth fronts with branched pores.
Nanowires in straight pores reach the surface of AAO membrane
faster, and, thus, form the first growth front. Metal nanostructures
in branched channels with one bifurcation form the second growth
front (see Fig. 4 and 9). According to SEM analysis, the average pore
filling and the ratio of final length of nanowires in branched pores
to the template thickness (h/L0) are higher in the case of mixed
control as compared to diffusion-controlled regime of electrode-
position (Fig. 9). This experimental observation is in good
agreement with the suggested theoretical model (Fig. 5).

We should stress that several assumptions are used in the
suggested theoretical model. Firstly, the nucleation is considered
as instantaneous for all overpotentials. Actually, progressive
nucleation may take place at lower overpotentials (Ed = �0.2 V).
If so, the length dispersion of nanowires in growth front should
increase. Indeed, the length dispersion of the nanowires forming
the first and the second growth fronts, is higher in case of mixed
control electrodeposition (compare Fig. 9c and d). Secondly, the
model considers branched pores with only one bifurcation.
Actually, the pore branches with several bifurcations exist. They
may form additional growth fronts of metal nanowires.

To observe the influence of the degree of pore ordering on
completeness and homogeneity of the pore filling with metal, Cu
electrodeposition under diffusion control was performed. Accord-
ing to the theoretical model, diffusion-controlled electrodeposi-
tion should reveal the most pronounced effect of pore branching
on metal electrocrystallization. For this purpose, AAO porous films
with the thickness from 30 to 90 mm obtained by one- and two-
step anodization were used as the templates. Current-time
transients of template-assisted copper electrodeposition at Ed =
�0.4 V are shown in Fig.10. During Cu deposition in AAO pores, the
current density is constantly increasing. It is caused by the increase
in concentration gradient of electroactive species with reduction of
the length of the unfilled pore regions (see Eq. (3)). It is worth
noting that current-time transients recorded for AAO templates of
the same thickness, but with different structure ordering (obtained
by one- and two-step anodization) are almost similar. Current
density is systematically higher for AAO films obtained by two-step
anodization, probably due to a lower number of terminated and
branched pores in their structure. By the way, this difference
hick AAO templates obtained by two-step anodization. Cu electrodeposition was
sputtered on the bottom of AAO porous films; hence branches were directed upside



Fig. 12. h/L0 ratios for Cu/AAO nanocomposites with different thickness and degree
of pore ordering. Cu electrodeposition was performed at �0.4 V from electrolyte
containing 0.1 M CuSO4 and 0.1 M H2SO4. Gold was sputtered on the bottom of AAO
templates. Experimental data are fitted using Eq. (5) – solid line. Dash lines show
95% confidence bounds.

A.A. Noyan et al. / Electrochimica Acta 226 (2017) 60–68 67
diminishes for the thick templates, in which the layer with
disordered porous structure, formed at the beginning of the first
anodization, plays a minor role. When in some pores Cu nanowires
reach the outer surface of the template, the electroactive surface
area enlarges, which results in the steep increase in current density
(Fig. 10).

Cross-sectional SEM images for 30–90 mm thick Cu/AAO
nanocomposites based on porous films obtained by two-step
anodization are shown in Fig. 11. It can be clearly seen that the
relative height of the second growth front (h/L0) decreases with
template thickness. This behaviour can be explained by the
increase in diffusion current contribution to the total current with
the increase in template thickness. According to the theoretical
model, the ratio h/L0 falls down to 1/3 when electrodeposition
passes from mixed control to diffusion-controlled regime (Fig. 5).
According to experimental data, h/L0 varies from 26% (90 mm
membrane, obtained by one-step anodization) to 55% (30 mm
membrane, formed by two-step anodization), which is in line with
the suggested model.

The template thickness-dependence of h/L0 ratios is summa-
rized in Fig. 12. Experimental data are fitted using Eq. (5). Since the
kinetic length dk is constant, function (5) may be considered as the
function of L0. Obtained value of dk is 5 � 4 m within 95%
confidence bounds. Monotonic decrease in h/L0 with template
thickness can be clearly seen for both types of AAO templates
obtained by one- and two-step anodization. Moreover, h/L0 ratio is
the same within an error for the AAO with ordered and disordered
porous structure. It agrees well with the theory: the ratio depends
only on parameter K, where K is a function of membrane thickness
and overpotential, but does not depend on the number of branched
pores.

On the other hand, average filling of AAO can be estimated
coulometrically from the charge spent for Cu electrodeposition at
the stage of the metal growth inside AAO matrix, as the ratio of
metal volume to the pore volume. The quantity of electrodeposited
Cu was calculated taking account of 90% current efficiency at
Ed = �0.4 V. For 60 mm thick templates average pore filling rises
substantially with increase of pore ordering (38% versus 49% in
case of AAO prepared by one- and two-step anodization,
respectively). The observed difference in pore filling decreases
with template thickness because the defects of porous structure
(e.g. terminated channels and pore branches) concentrate upon the
top part of AAO obtained by one-stage anodization. The average
filling of the thickest templates (90 mm) is nearly the same (equal
to 30% within an error) for the AAO with ordered and disordered
porous structure.

5. Conclusions

The theoretical model of metal growth inside the pores of
anodic alumina films, which takes into account the features of the
real structure of AAO templates (e.g. terminated and branched
channels), has been developed. The model explains the existence of
two growth fronts, which are usually experimentally observed on
cross-section view of metal/AAO nanocomposites at the moment
when nanowires reach the external surface of the template.

According to the model, the microstructure of metal/AAO
composites depends on the choice of the AAO side on which a
conductive layer should be sputtered. In AAO membranes, pores
branch, but never merge, hence two cases should be considered:

1) If a conductive layer was sputtered on the bottom of an AAO
membrane, all branches are directed upside down, and nano-
wires are merging while growing. In this case, nanowires in
straight pores reach the surface of AAO template firstly, and
branches with one bifurcation form the second growth front
behind them.

2) If a conductive layer was sputtered on the top of an AAO
membrane, all branches are directed upwards, and nanowires
are branching while growing. In this case, nanowires with the
greatest number of bifurcations reach the surface firstly, and
straight pores form the second growth front behind them.

The theoretical predictions were proved by experiments on
templated electrodeposition of Cu in anodic alumina obtained at
40 V in 0.3 M oxalic acid electrolyte. Two growth fronts and
branched pores overrunning straight ones were observed on cross-
sectional SEM images. Experiments on templated Cu electrodepo-
sition showed that height of the second growth front decreases
with membrane thickness, and increases with decrease in over-
potential. These observations are in good agreement with the
theoretical model. High filling of AAO templates can be reached by
electrodeposition of required substance under kinetic control in
thin porous films with ordered porous structure.
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