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Abstract: Background: Quasi-one dimensional nanostructures: nanowires, nanotubes, nanorods, 
nanobelts/nanoribbons and complex “nanowire-nanoparticle” composites have been synthesized 
over the years. These nanostructures are particularly appealing due to their specific properties de-
fined by their high aspect ratio: two dimensions are in the nanoscale range and one dimension is in 
the microscale.  

Methods: One of the well-designed approaches for the synthesis of such nanostructured materials 
is template-assisted fabrication combined with electrodeposition. The fabrication approaches for 
the growth of iron-group alloy nanostructures inside nanoporous oxide membranes by means of 
different electrodeposition techniques, and the resulting unique properties and potential applica-
tions of this type of materials are reviewed.  

Results: Arrays of nanostructures can be obtained by filling a porous oxide template that contains a 
large number of straight cylindrical, nano-sized diameter holes. Generalities of metals electrode-
position into nanoporous oxide membranes are discussed. Measures to minimize the non-
uniformity of deposits inside pores need to be addressed to thin the barrier layer, to control hydro-
gen evolution and to improve mass transport inside the pores. Examples of binary and ternary iron 
group alloys grown inside nanoporous oxide templates are provided. Catalytic hydrogen evolution 
and methanol oxidation on the nanowires arrays are described. The “sample size effect” on the 
magnetic properties of materials and the electrodeposition of multilayered structures necessary for 
giant magnetoresistance (GMR) are discussed in details. 

Conclusion: Electrodeposition of binary and ternary iron-group alloys confirm that controlling al-
loy composition inside nanopores is still a challenge. 

Keywords: Electrodeposition, barrier layer, iron-group alloys, nanowires, mass transport, catalytic properties, magnetic proper-
ties. 

1. INTRODUCTION

Nanostructured materials can have versatile technological 
applications, including areas such as drug delivery and de-
vice technology; in turn, they also attract fundamental inter-
est due to substantial changes at the transition from macro- 
to nanoscale [1]. Quasi-one-dimensional nanostructures such 
as nanowires [2], nanotubes [3, 4], nanorods [5], nanobelts 
or nanoribbons [6] and complex “nanowire-nanoparticle”  
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composites [7] have been synthesized over the years. These 
nanostructures are particularly appealing due to their specific 
properties defined by their high aspect ratio: two dimensions 
are in the nanoscale range and one dimension is in the mi-
croscale. One of the well-designed approaches for the syn-
thesis of such nanostructured materials is template-assisted 
fabrication combined with electrodeposition, first reported 
by Possin [8] in track etched mica films, and expanded upon 
by others with different materials and templates [2, 9-14]. 
However, the self-organized porous anodic aluminum oxide 
(AAO) membrane has become one of the most often used 
templates for tunable synthesis of different nanostructured 
materials [15, 16].  



Many end applications require nanostructures with high 
aspect ratio and/or specific surface area, production repro-
ducibility, uniformity in wire size and shape, and high spatial 
ordering. Recently, the procedures to tune pore size and pitch 
distance in AAO have been designed, e.g., [17-20]. The me-
chanical properties of the membrane are also of importance. 
It was shown [21] that Young's modulus of AAO depends on 
the porosity level and the anodizing bath components. For a 
given porosity, oxalic acid anodization produces an oxide 
layer with higher elastic modulus as compared to samples 
prepared from a sulphur-based electrolyte. 

The chemical composition of alumina films differs de-
pending on the composition of the anodizing solution as well 
as anodizing conditions due to the incorporation of acid ani-
ons and water molecules into the outer part of alumina cells. 
For example, the sulfuric acid alumina films contain high 
amounts of anionic species (12-14 wt.% sulfate), while the 
phosphate and oxalate contents in corresponding alumina 
films are 6-8 and 2-4 wt.%, respectively [22]. Incorporated 
anion species produce a negative surface charge of the pore 
walls influencing the pore filling process by one or another 
material. The hydrophobic/hydrophilic pore wall properties 
also play a significant role in nanowire (nanotube) growth in 
the precursor solution. The roughness and pore length in-
duced wettability was systematically examined for oxide 
films grown by a two-step, high-field anodization in phos-
phoric acid [23]. 

Arrays of nanowires can be obtained by filling a porous 
template that contains a large number of straight cylindrical, 
nano-size diameter holes, by various techniques including 
electrodeposition [15], chemical vapor deposition [24], FIB-
induced deposition [25], or molecular beam epitaxy [26]. 
Among all of these approaches, electrodeposition has been 
widely applied for the fabrication of nanostructures at differ-
ent length scales, including the nanometric regime. A re-
quirement for electrodeposition is that a current collector 
needs to be present, which is made by coating one side of the 
nanoporous template with a metal film, which serves as a 
cathode [27]. Nanometric structural features of nanocrystal-
line metallic systems relevant to the functional properties are 
grain size, regions of the material exhibiting a given orienta-
tion of the crystal lattice (i.e., crystallographic texture), 
atomic density gradients and zones with a different chemical 
composition [28]. However, electrodeposition typically op-
erates far from equilibrium conditions [29]. Consequently, 
the material obtained can show a non-equilibrium structure, 
which can manifest as small grain sizes and the associated 
large volume fraction of grain boundaries and triple junc-
tions, as well as non-equilibrium phases. In addition, alloys 
produced by this method can show considerable extensions 
of the solid solubility range similar to what is observed in 
materials produced by other non-equilibrium processing 
routes, such as rapid solidification. For example, electrode-
posited Ni-P can form solid solutions containing phosphorus 
levels of 10 wt.% or more [29, 30]. Similarly, extended solu-
bility ranges were also observed in other alloys, such as Co-
W [31], Zn-Ni [32], Ni-Mo [33], Fe-Pd [34]. Moreover, new 
phases may form in nanostructured alloys fabricated by elec-
trodeposition; for example, highly textured thin films of non-
stoichiometric NiWO4 were formed during co-deposition of 
nickel and tungsten [35]. 

Furthermore, nanostructured materials based on iron-
group alloys with diameters about, or smaller than 100 nm, 
can result in interesting properties. Thus, ferromagnetic (Fe, 
Co, Ni and related alloys) nanowires and nanotubes have 
gained attention recently due to the ability to tailor their 
magnetic properties [36-40], having potential applications in 
the fields of magneto-electronics [41], high sensitive giant 
magnetoresistance (GMR) sensors [42, 43] or catalysis [44]. 
It has been found that coercivity, saturation magnetization, 
and remnant magnetization are strongly dependent on the 
size, morphology, crystalline structure and composition of 
nanowires [45, 46]. Therefore, patterned magnetic storage 
media has attracted sufficient attention because of its promis-
ing potential applications in ultra-high-density storage media 
[47, 48]. The recording units of patterned storage media have 
uniform sizes, shapes and are distributed to overcome the 
superparamagnetic limit of traditional patterned magnetic 
recording media at room temperature, while enhancing the 
signal-to-noise ratio, to achieve recording densities beyond 
100 Gbit/in2 [49].  

After filling pores with the metal, the templates can be 
used for various purposes as a composite material 
(metal/dielectric, metal semiconductor). Alternatively, the 
formed metal nanostructures can also be released from the 
template by dissolution and be used for widespread pur-
poses. Nanomaterials, compared with their conventional bulk 
counterparts, possess relatively high specific surface area 
and surface atoms. The nanowires released from the template 
can be deposited onto carbon or another substrate and used, 
for example, for electroanalytical purposes, as reviewed in 
[50]. Since the diameters of nanowires are small and compa-
rable to the size of biological and chemical species being 
sensed, their properties can be influenced by the adsorption 
of certain analytes. Therefore, magnetic nanowires are in-
creasingly attractive in particular for biological and biomedi-
cal applications [51]. These characteristics render them supe-
rior electrocatalytic activity compared to other materials with 
larger lateral sizes. For electrode materials in hydrogen evo-
lution reactions, the enhancement of their activities by adopt-
ing nanomaterial fabricated inside AAO has been frequently 
employed [52, 53]. 

Thus, fabrication of metallic nanostructured materials is 
required in catalysis, sensing, electronics, energy harvesting 
and storage, and applications of materials with tailored mag-
netic and optical properties. The aim of the present review is 
to address iron-group alloys nanostructures uniquely, fabri-
cated within oxide membranes by means of different elec-
trodeposition techniques, and to summarize their unique 
properties and potential applications. 

2. GENERALITIES OF METALS ELECTRODEPOSI-
TION INTO NANOPOROUS OXIDE MEMBRANES 

There are three types of oxide membrane/conductive
cathode distinguished [46]: 

(i) Deposition into free-standing membranes. A suffi-
ciently thick alumina film is formed on Al foil and then re-
leased to obtain a self-standing membrane with through 
pores using sequential chemical etching of the non-oxidized 
Al. Physical vapor deposition of a thin metal film on one of 
the membrane surfaces completes the process of obtaining 



the desired sample geometry to begin electrodeposition 
process. Since it is difficult to obtain thick, self-standing 
AAO films with small pores, this method is not suitable for 
the synthesis of metallic nanowires (nanotubes) having small 
diameters. 

(ii) Deposition into on-substrate anodic alumina/Al tem-
plates. In this case, the AAO layer is kept on the Al substrate 
(Fig. 1). As an advantage of this method, both thin and thick 
on-substrate AAO/Al templates can be used to prepare me-
tallic nanowires, thus permitting access even to the sub-20 
nm (pore/wire diameter) range. 

(iii) Deposition into supported thin film AAO/metal/ sub-
strate (Fig. 2). AAO films are obtained through anodization 
of a thin Al foil that is fixed onto conductive or metal-coated 
substrates. Together with sputter deposition or chemical 
vapour deposition of Al, unique substrate shapes can be 
coated, combined with very thin or even the absence of a 
barrier layer. Major benefits of this method are: it allows 
deposition under DC conditions, is applicable to high ex-situ 
annealing temperatures, and free-standing metal nanowires 
(MNW) arrays are obtained by subsequent etching of the 
Al2O3 template [54]. The drawbacks are: a) costly high vac-
uum deposition is required for the growth of Al films; b) 
several metallic interfacial layers may be needed, which typi-
cally requires an inert (Au or Pt), and buffer layers (Ti, Nb, 
etc.) deposited to improve adhesion and prevent substrate 
oxidation during anodization of aluminium. 

Fig. (1). Schematic structure of porous-type alumina film onto 
aluminium. 

Fig. (2). Schematic structure of the system: AAO/metal/substrate. 

In order to be useful, these devices require uniform 
nanostructure (e.g., nanowires, nanotubes) deposition and 
repeatable results, fabrication on a large area, high-density 
arrays of high-aspect-ratio ferromagnetic nanowire struc-
tures. These requirements can be challenging. Non-uniform 
nanowire growth in porous templates is often observed and 
the plausible reasons for this were identified [55]; namely, 
variations in interpore spacing in the commercial templates, 
hydrogen gas evolution blocking some of the pores, non-
uniformities in nucleation rates from pore-to-pore, non-
uniform mass transfer inside pores. Improvement of uni-
formity of templates and mass transport as well as control of 
hydrogen evolution can improve the uniformity of nanowire 
growth. 

2.1. Barrier Layer Challenges During Electrodeposition 
into On-substrate Anodic Alumina/Al Templates 

Frequently, lab-made membranes of AAO are fabricated  
under procedures allowing to receive ordered pores as de- 
picted in Fig. (1), where the size of the pores can be well  
controlled within micrometer and nanometer scales by care-
ful selection of the processing conditions (e.g., temperature, 
voltage, type of electrolyte and electrolyte concentration, 
etc.). Then, the obtained membranes can be used in down-
stream applications. However, the formation of a non-
conductive barrier layer closing the pore bottom and hinder-
ing the direct electrochemical growth of metallic nanostruc-
tures within the template is a problem (Fig. 1), because the 
insulating properties of the barrier layer significantly affect 
the uniformity and quality of the depositing material [56]. 
The thinning of the barrier layer is performed after the last 
aluminium anodization stage (1st or 2nd, dependently on the 
anodization procedure applied). Several strategies have been 
developed to remove the barrier layer [57-61], but none of 
them allows using AAO readily as produced without under-
taking the meticulous procedures or requiring expensive 
laboratory equipment. Few relatively simple treatments were 
explored in order to perform dissolution of the non-
conductive barrier oxide layer of anodic aluminium nano-
template [62]: in a zincate solution, or directly in the acidic 
anodization solution containing CoCl2. The experiments car-
ried out reveal that anodic treatment in the zincate electrolyte 
remains the best option for barrier oxide layer removing. 
One optimal result, with a minimum pore enlargement ver-
sus maximum barrier layer removal, is obtained at 30°C, 
under ultrasonic conditions after 40 sec immersion time [63]: 
after the zincate treatment, AAO films remain intact on the 
base aluminium metal and can be readily used as template 
for further applications without requiring any other addi-
tional processes (see Fig. 3), and it was proven by the DC 
electrodeposition of nickel nanowires. In addition, it is 
documented that Co-Ni binary alloy nanowires of different 
compositions were co-deposited in the nanopores of highly 
ordered AAO templates from a single sulphate bath using 
alternating current (AC) electrodeposition without modifying 
or removing the barrier layer [64].  



Fig. (3). AAO membrane cross-section before (left image) and after 
zincate treatment (right image).  

2.2. Hydrogen Evolution from the Nanopores 

Another challenge is that during electrodeposition of iron 
group metals and their alloys from an aqueous solution, a 
hydrogen evolution side reaction occurs. In template-assisted 
electrodeposition into nanopores, gas bubbles from the side 
reaction can block pores inhibiting or blocking the growth of 
metal nanowires. Moreover, as H2 evolves nearby the elec-
trode, the local pH can be altered, which can affect the metal 
deposition mechanism. For alloys, this leads to changes in 
composition, as well as in the extreme case of exceedingly 
increasing pH, this favours the formation of intermediate and 
low soluble hydroxo-compounds of iron group metals. For 
minimization of pH changes, the buffering additives to elec-
trolytes such as boric acid [65], Na2CO3 [66], ammonia and 
ammonium compounds [67, 68] are used. Also, these addi-
tives are the determining conditions to minimize the rate of 
the hydrogen evolution reaction and to maximize current 
efficiency [69].  

One strategy to manage the side reaction is to use pulse 
current electrodeposition with long, relaxation or off-times to 
allow for the diffusion of ions and gas into and out of 
nanopores. This point of view may be illustrated by success-
ful pulse deposition of Super Invar (Fe-Ni-Co) nanowires 
[70].  

On the other hand, hydrogen bubble generated by the 
side reaction is a key factor in the fabrication of tubular 
nanostructure (nanotubes). It was found that the thickness of 
the nanotube wall could be controlled by adjusting the elec-
trolyte pH and cathodic potential [71]. The nanotube inner 
diameter was correlated with the size of the hydrogen bub-
bles trapped inside the center of the nanopore. Under certain 
conditions, it is possible to deposit from the same electrolyte 
either nanowires (pulsed current mode) or nanotubes (direct 
current mode) [72]. Motoyama et al. [73] elegantly showed a 
mapping of nickel wires and tubes dependent upon the ap-
plied potential and electrolyte pH, and also indicated a tran-
sition region where tubes start to grow and then become 
wires, due to a change of the relative rates of metal and side 
reaction. Their results suggest that the nanotube deposition 
starts to occur as the ratio of the metal deposition rate to the 
hydrogen evolution rate decreases. Davis and Podlaha [74] 
electrodeposited Cu and CoNiCu nanotubes in AAO tem-
plates having a contact layer on its backside (free-standing 

gold sputtered membrane). They used a dilute metal ion elec-
trolyte designed purposely to have a high side reaction and 
low current efficiency that was deemed critical to the evolu-
tion of tube formation. Both gas evolution, resulting from 
proton and water reduction and partial pore coverage on the 
bottom of the membranes accounted for the tube formation. 
By only increasing the current efficiency, wires were 
formed. In contrast, lowering the current efficiency resulted 
in tubes. Others have reported electrodeposited tubes in 
nanoporous membranes. For example, in the case of Cu [75] 
and Ni tubes [76] electrodeposition, the formation of a tubu-
lar structure was explained exclusively by the partial pore 
filling of the substrate by the conductive Au layer, created on 
the backside of the AAO. A small amount of Au coats the 
inner walls at one of the membranes, not entirely filling up 
the pore end. Thus, the conductive region protruding into the 
pore along the sidewall and near the bottom of the pore cre-
ates a non-uniform electric field, promoting deposition along 
the sidewall resulting in the formation of tubes. Davis and 
Podlaha [74] noted that tube formation is also dependent on 
mass transfer controlled deposition and hydrogen evolution 
that was deemed essential to promote tube formation of Cu 
and CoNiCu nanotubes. 

Recognizing that the side reaction plays an important role 
in determining the deposit morphology, Philippe and Michler 
[77] presented a model that predicts nanostructure geometry 
(tubular versus nanowire) of metals depending on the elec-
trolyte pH, applied potential, deposition time and the pore 
density, length and radius. The model assumes a diffusion 
controlled metal reduction reaction that is under transport 
control and pH dependent. For higher pH values, the metal 
thickness at the wall approaches the pore radius and the 
structure is a wire. This model was successful at predicting 
the relative tube thickness for electrodeposited cobalt wires. 

Fukunaka et al. [71] described the role of hydrogen bub-
bles when tubes are formed in nanoporous membranes. Dur-
ing deposition, a gas bubble remains in the core blocking the 
metal deposition. The gas generation is balanced with its 
dissolution rate, forming soluble hydrogen gas molecules, 
dictated by Henry's law, at the front face of the trapped bub-
ble. Further bubble nucleate can occur outside of the pores 
when the hydrogen's critical concentration is reached and can 
affect the hydrodynamic environment near the pore mouth. 

2.3. Uniformity and Mass Transport 

The criteria for successful electrodeposition in the re-
cesses are the void-free and uniform filling of them in a 
timely manner [78]. Nonuniform ion transport outside and 
inside the template pores result in the non-uniform growth of 
the nanowires. This, in turn, creates only a few nanowires 
that fill the pore from one side of the template to another. 
These nanowires start to create semi-spherical caps that 
completely block the other remaining pores having shorter 
nanowires, especially in widely used porous anodic 
aluminium oxide (AAO) due to its high porosity and packing 
density. This is extremely critical in fabricating the 
nanowire-based devices since only limited numbers of the 
nanowires are actually in contact at both ends. In other 
words, a major portion of the nanowires is malfunctioning 
[79]. 



Mass transport is of critical importance during electro-
forming, and the presence of an array of cylindrical pores on 
the electrode has a significant effect on the diffusion [80]. 
The different concentration profiles result in different wire 
growth, and it is attributed to the overlapping of diffusion 
regions, which results in less diffusive flux in certain pores 
and more diffusive flux in other pores resulting in non-
uniform nanowire lengths [81]. Methods to increase mass-
transport of the deposited metal ions include ultrasonic agita-
tion [82], increasing the temperature of the electrolyte [83], 
and pulse-electrodeposition modalities [84]. With increasing 
pore lengths and decreasing in radial dimensions, a lower 
contribution of convection to mass transport can be observed 
[85]. However, Amatore et al. [86] showed that even when 
an electrolyte is macroscopically still, there can be a 
microscopically chaotic motion that can be viewed as an 
apparent diffusion coefficient that depends on the position 
and is particularly useful at long transient. Given the con-
sumption of ions within pores, a natural convection can re-
sult. For example, Konishi [87] showed that there was the 
difference in the growth rate of copper wires, as reflected in 
the current transient if the cathode was placed facing up or 
down. With the cathode up, mass transport fluxes are aided 
by both diffusion and natural convection while the opposite 
orientation shows a lower current transient as only diffusive 
fluxes are present.  

The transient diffusion problem with two fixed boundary 
layers can be readily solved analytically, for an array of re-
cessed electrodes, such as the prediction of the transient cur-
rent in Eq. (1), for a constant potential with a single metal 
reactant that describes linear diffusion in a pore [88]:  

(1) 

The equation does not assume that the deposited film is 
growing and so is only valid at the very start of deposition.  

Mass-transfer controlled metal reactions inside the pores  
of the AAO template were investigated and a simplified  
model was proposed [89]. When a metal is deposited inside  
nano- or mesopores, natural convection inside the pores had  
not be taken into account1 at first approximation due to the  
limited cross-section and essentially shorter pore length than  
the length of the layer of convective diffusion, and metal  
ions are supplied by linear diffusion. The highest rate of dif- 
fusion occurs when the concentration of reducing metal ions  
at the bottom of the pores with the length l is equal to zero.  
In this case, diffusion undergoes in accordance with the sec- 
ond Fick’s law for the planar diffusion. An estimate of the  
time it takes for diffusion from the bulk of solution toward  
the pores takes place and finally a stationary flux of metal  
ions is realized, where a non-stationary diffusion regime is  
switched to the stationary after time ttr:  

(2) 

1 Usually, the electroplating baths contains the salts of depositing metals and 
ligands, buffering agents as well at concentrations comparable or even 
higher that metal concentration, therefore, electrolyte density variations due 
to metal ions electroreduction is negligible small. 

     Where, L is a pore length, D is a diffusion coefficient of 
reducing metal ions 

At this point, it should be clarified that diffusion is 
spherical at the top of the pores (‘outer layer’) because of the 
sub-micron size of the diffusion plane, and remains planar 
inside the AAO pores (see Fig. 4a). Therefore, the ‘outer’ 
diffusion layer is likely to be very thin in comparison with a 
planar diffusion layer, otherwise a planar diffusion only un-
able to support metal transport to the electrode at the rela-
tively high current density (3-5 mA cm-2 in the case of Co-
W). Therefore, for the electrodeposition of Co-W alloys in 
the nanosized recesses is governed by the diffusion of dis-
charging metal-containing species from the bulk solution 
toward the pores, while the electrodeposition on flat elec-
trodes occurs under kinetic limitations [90]. 

The more comprehensive models were presented by 
Blanco et al. [91] and Philippe et al. [92], that takes into 
account the growing metal film in the pores and as a result a 
changing metal ion concentration at the pore mouth with a 
constant bulk concentration. The model assumes that at the 
start of deposition, the diffusion, and thus the concentration 
gradient changes in one dimension along the pore; a transi-
tion occurs as the front reaches the pore mouth and then cre-
ates a three-dimensional hemispherical front. Eventually, the 
neighboring boundary layers near the pore mouth start to 
overlap and mass transport can be described as planar diffu-
sion to the whole array like it is shown in Fig (4b).  

a 

b 
Fig. (4). Types of diffusion in the case of electrodeposition in the 
nano- and mesopores: (a) the two types of diffusion appear at time 
t≥ttr (Eq. 5); (b) the overlapping spherical diffusion boundaries over 
mouths of pores at much longer times than ttr.  a spherical diffusion 
for the longer time when the steady-state current density is achieved 
appears. 
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However, diffusion-controlled reactions would not be the 
most desirable scenario to alloys electrodeposition into 
nanopores due to depletion of the solution and excessive side 
reactions. The transfer from mass-transport control to kinetic 
control of electrode processes is a powerful tool to elec-
trodeposit nanostructures in the pores having a uniform 
length. It is achieved by proper selection of pulse deposition 
conditions [89]. In addition, pulse deposition mode is often 
used to improve the properties of electrodeposits such as 
morphology, crystallite size, chemical composition, crystal-
line structure and/or hydrogen inclusion [93, 94], and are 
widely used for the electrodeposition in the recesses [51, 60, 
95]. By changing the frequency (or duty cycle), it is possible 
to provide either kinetic or diffusion (or mixed) control of 
electrode reaction. For frequency domain estimation, elec-
trochemical impedance spectroscopy (EIS) data can be used. 
At high frequencies, the Warburg impedance is small since 
diffusing reactants do not have to move very far; at low fre-
quencies the reactants have to diffuse farther, thereby in-
creasing the Warburg (diffusion) impedance. The typical 
shape of the Nyquist diagram for Randles-Ershler impedance 
is shown in Fig. (5). At a critical frequency (ωcrit), the con-
trol over the electrochemical reaction switches from kinetic 
to diffusion and vice versa.  

Fig. (5). Nyquist diagram for Randles circuit including linear diffu-
sion.  

However, in many cases, the kinetics of metals elec-
trodeposition is rather complicated because of the adsorption 
on the electrode of intermediates and solution components 
(e.g., ligands), coupled with charge transfer and diffusion 
processes, and the diffusion impedance can be hidden from 
the obtained spectra [96]. Therefore, it is impossible to dis-
tinguish on the obtained EIS spectra the frequency ranges for 
which the electrode processes occur under kinetics or the 
mass transfer control. Simulation of EIS is a convenient way 
to estimate frequencies for which diffusion or kinetic limita-
tions take place. It was shown [89], that simulation can be 
restricted to use a Randles-Ershler equivalent circuit contain-
ing the following elements: solution resistance, double layer 
capacitance, faradaic charge transfer resistance, and Warburg 
impedance. This impedance depends on the frequency of the 
potential perturbation and mass transfer conditions (concen-
trations, diffusion coefficients, and type of diffusion–semi-
infinite or bounded diffusion). It was shown, that the values 
of ωcrit depend on the coefficient of diffusion and the charge 
transfer resistance, and in the most cases ωcrit>0.3-1.0 Hz. 
This result means that if pulse current (or potential) cycle is 

1 sec or shorter, the electrodeposition occurs under kinetic 
control, and it results in a more uniform length of nanowires 
(see Fig. 6). Uniformity of the nanowires, in this case, means 
the equal length of all wires inside the arrays. 

a 

b 
Fig. (6). SEM images of Co-W nanowires electrodeposited under: 
(a) galvanostatic and (b) current pulse (current ON 0.2 s, OFF 0.8 
s) modes.

3. IRON GROUP ALLOY NANOWIRES PREPARED
WITHIN AAO TEMPLATES 

Alloy electrodeposition in recessed substrates, such as in 
nanoporous membranes, not only needs to overcome the 
challenge of managing gas evolving side reactions but also 
there may be a challenge in controlling alloy composition, 
dictated by the individual reduction rates of each type of 
reacting metal ions. Under kinetic control, anomalous and 
induced codeposition behavior can occur. According to 
Brenner [97], if a 50:50 mixture of two metal ion compo-
nents are mixed together in a non-complexing electrolyte, it 
is expected that the resulting composition of the deposit 
would be similar if the reaction is thermodynamically con-
trolled. Under a purely kinetic control, the less noble com-
ponent may deposit preferentially (i.e., anomalous 
codeposition) or one component may require the presence of 
another to deposit at all (i.e., induced codeposition). One 
way to assess the reduction behavior of metal ions is to ex-



amine the partial current densities. A review of the partial 
current density behavior of alloy electrodeposition is best 
summarized by Landolt [98] that considers the interplay of 
kinetic limitations, and the influence of mass transport ef-
fects as well. 

The reaction rate, or partial current density, of one metal 
ion species, can be inhibited, as in the case of anomalous 
codeposition, or it can be accelerated, as in the case of in-
duced codeposition. Both of these behaviors have been 
shown to be pH dependent so that if there is varying local pH 
within a nanoporous template, this can affect the metal ion 
reduction rates and hence composition. For these reasons and 
due to changes in the resulting potential (at galvanostatic 
deposition), the electrolytes and deposition conditions ap-
plied for film alloy electrodeposition need to be adopted for 
nanowires electrodeposition.  

Local pH changes can be minimized by using buffers 
and/or by implementing pulse deposition. For example, boric 
acid is commonly used in many electrolytes, in part, for this 
reason. Additives, such as sodium lauryl sulfate (SLS), affect 
the interfacial gas-liquid surface tension of bubbles that are 
generated from the side reaction, which then can indirectly 
change the local pH due to changes in the side reaction. 
While studies do not typically examine these variables per se 
many reported deposition electrolytes contain buffers and 
implement pulse deposition either in recognition of this issue 
or simply because it works. 

3.1. Binary nanowires 

3.1.1. Fe-Ni nanowires 

The electrodeposition of alloys containing Ni-Fe is of in-
terest due to their soft magnetic properties, such as those 
associated with (Permalloy, Ni80Fe20, or due to a low coeffi-
cient of thermal expansion (CTE), such as those exhibited in 
Invar alloys, Fe64Ni36). Ni-Fe codeposition is often used as a 
model example of anomalous codeposition  

Llavona et al. [99] electrodeposited Ni-Fe alloys into 
nanoporous templates and found an enhancement of anoma-
lous deposition compared to the thin films in the potential 
range from -0.9 to -1.2 V vs. Ag/AgCl. In other words, there 
was more Fe in the deposited nanowires than in a thin film 
deposited using the same applied potential. However, when 
the applied potential was more negative, the composition of 
the nanowires was the same as the thin films. These results 
were explained by the interplay of kinetic control, where 
anomalous codeposition occurs, and diffusion. At low over 
potentials, there is more Fe on account of the anomalous 
deposition effect, but at high over potentials, iron and nickel 
ions are under diffusion control and their composition does 
not change with a further increase in over potential. Changes 
in the composition of the nanowires in the direction of 
growth were examined. The composition was uniform when 
the two metal reduction reactions were kinetically controlled, 
non-uniform when there was a mix of kinetic and diffusion 
control, and then uniform again when the nickel and iron 
ions were both deposited at their diffusion limiting current 
densities. The alloy composition varied in regions where 
hydrogen bubbles were lodged in the deposit. It was more 
Ni-rich near depressions in the deposit created by bubbles 

and the local change of composition was attributed to local 
current distribution effects. It was suggested that the compo-
sitional change was attributed to partial blocking of adsorbed 
species, a widely held view of the origin of anomalous 
codeposition [100-102].  

Dragos et al. [103] also observed the anomalous 
codeposition behavior in the electrodeposition of Fe-Ni 
nanowires into AAO templates with pulsed potential deposi-
tion from a sulfate-chloride electrolyte. Their electrolyte was 
composed of 0.4 M boric acid, 0.3 M ammonium chloride, 
0.2 M nickel sulfate, 0.02 M iron sulfate, 5 mM saccharin as 
a Na-salt, and 0.3 mM sodium lauryl sulfate at a pH of 3. As 
reported for Ni-Fe codeposition in thin films, the Fe concen-
tration in the deposits increased with the applied potential, 
reaching a maximum, and then decreasing. This relationship 
was similar to that reported in [99]. Dragos et al. [103] pro-
posed that mass transport is only one of the factors influenc-
ing anomalous codeposition. Adsorption/desorption of iron 
and nickel intermediate electroactive species can be respon-
sible for the nanowires composition. The adsorbed nickel 
species dissociates into solution preferentially while
FeOHads

+  accumulates on the surface. Ni56Fe44 nanowires
with fcc structure and a grain size between 9-11 nm were 
formed. 

Atalay et al. [104] reported on the electrodeposition of 
Ni-rich Ni-Fe alloys into highly ordered AAO templates, 
created by anodization, with pores sizes of 200 nm. The sul-
fate electrolyte containing 7 mM saccharine and 0.1 g/L so-
dium lauryl sulfate at low pH was used for electrodeposition 
at an applied potential of -2 V vs. Ag/AgCl. The amount of 
nickel in the electrolyte was 0.1 M while that of Fe was 
0.005 M, a ratio of Ni/Fe of 20. The average alloy nanowire 
composition for all their deposits was between a ratio of 1 to 
5, an anomalous codeposition effect. The average deposit 
composition changed with deposition time, indicating a 
change of composition along the wire length. For example, 
at an electrolyte pH value of 2.0 and a deposition time of 
7200 s the Ni/Fe deposit ratio was 72:28, or 2.6, while for a 
longer deposition time of 11000 s the deposit Ni/Fe ratio was 
nearly doubled. They attributed their observed anomalous 
composition as due to a hydroxide suppression mechanism, 
as first proposed by Dahms and Croll [105], where the local 
pH rise leads to the enhancement of Fe due to the precipita-
tion of an iron hydroxide that inhibits Ni. In thin film deposi-
tion, this model has some limitations, as the degree of pH 
rise is typically not large enough to form the needed hydrox-
ide blocking species. However, in a deep nanopore, the local 
pH rise is expected to be greater than near flat cathode.  
3.1.2. Co-Ni, Co-Fe nanowires 

Zhu et al. [106] electrodeposited Co-rich, Co-Ni alloys 
into an alumina template with a pore depth of approximately 
~ 50 µm, and a diameter of 200 nm using a sulfate-boric acid 
electrolyte. The magnetic properties of the obtained wires 
were affected by an applied magnetic field during the deposi-
tion. Vilana et al. [107] deposited Co-Ni nanowires into both 
polycarbonate and AAO nanoporous templates. The content 
of Co was shown to be somewhat higher in the case of poly-
carbonate templates. The wires were electrodeposited from a 
chloride- boric acid electrolyte. The structure was strongly 
influenced by the applied potential. Cobalt-rich hcp Co-Ni 



films were formed at more noble potentials and an fcc struc-
ture was observed at more negative deposition potentials. 
The magnetic properties were very different for two mem-
branes. This is associated with the difference of the pore 
densities. In AAO the high pore density permits interaction 
of the magnetic moments of neighboring nanowires which 
increases the magnetic anisotropy, in contrast to nanowires 
fabricated in polycarbonate membranes. 

Zhan et al. [108] prepared Fe1-xCox (0.0 ≤ x ≤ 1.0) 
nanowires with an average size of 20 nm in diameter at dif-
ferent ratios of Fe2+/Co2+ species in the electrolyte. An AC 
(alternative current) current condition was used, 200 Hz and 
a cell potential of 15 V (AC). Elbaile et al. [109] reported 
pulse deposition to fabricate Fe-Co alloys. Compared to gal-
vanostatic and potentiostatic deposition, pulse deposition 
was more beneficial to control the length and uniformity of 
nanowires. Khan and Petrikowski [110] electrodeposited Co-
rich, Co-Fe alloys into anodized Al (1% Mg) nanoporous 
templates. They used a sulphate electrolyte and ac electroly-
sis (cell potential 20-25 V 50 Hz). They were able to prepare 
thin nanowires, having diameters of 78 nm and 18 nm. Ar-
rays of nanowires show the perpendicular anisotropy accom-
panied with larger coercivity stemming from their reduced 
diameter when compared to the continuous films with simi-
lar compositions. Han et al. [111] reported the preparation of 
the Fe-Co nanowires under a magnetic field of 8 kOe, which 
induced a preferred crystallographic orientation, and affected 
the magnetic properties of the nanowires. Song et al. [112] 
electrodeposited thin Co-Fe nanowires into AAO templates 
of 50 nm diameter at different electrolyte temperatures; in-
creasing the temperature resulted in a larger nanowire Co 
content. They used a sulfate electrolyte composed of 0.2 M 
CoSO4, 0.15 M FeSO4, 0.4 M boric acid and 0.05 mol/L 
ascorbic acid. Co content increased from 52 at. % to 77 at. % 
with the increase of the electrolyte temperature from 20oC to 
60oC. The lower electrolyte temperature contributed to the 
formation of single crystalline nanowires. 
3.1.3. Ternary Alloy Nanowires 

There are few reports of Fe-Ni-Co alloys [113-115]. A 
closely related system with a small amount of copper, Fe-
Co-Ni-Cu, was fabricated by Huang et al. [113] by elec-
trodeposition into commercial AAO templates. Pulse deposi-
tion was used to minimize the local pH rise. The obtained 
alloy was Co-rich. Fe-rich, Fe-Ni-Co nanowires were firstly 
reported by Kim, et al. [70], from a sulfate/sulfamate electro-
lyte utilizing pulse deposition into commercial AAO tem-
plates. The target composition was close to bulk Super Invar, 
with the expectation of generating a nanowire with low 
thermal expansion. A five-segmented wire was electrode-
posited, containing a sandwich with a Super Invar layer, 
separated by gold, followed by Cu and then another gold 
layer, Super Invar/Au/Cu/Au/Super Invar. In a narrow pH 
range in a citrate-boric acid solution, the copper layer can be 
selectively etched resulting in a gapped wire. Similarly, 
Geng and Podlaha [114] continued this work. Their new 
method included the formation of Fe-Ni-Co nanowire seg-
ments, followed by a copper etching. Li and Podlaha investi-
gated the effect of hydrogen evolution reaction on the mor-
phology and composition of DC electrodeposited Fe-Ni-Co 

wires or tubes formation by varying electrolyte pH and the 
concentration of sodium lauryl sulfate [115].  

Samanifar et al. [116] electrodeposited Fe rich Fe-Co-Ni 
nanowires into AAO templates with a diameter of 175 nm at 
a constant current density of -70 mA/cm2. A reduc-
tion/oxidation voltage for 2.4/2.4 ms and off-time of 48 ms 
was applied to thin the barrier layer at the bottom of AAO 
templates. Although a slight increase of the Fe content was 
detected as the length of nanowires increased from 5 to 40 
micron, the overall deposits had a relatively constant compo-
sition of Fe47Co38Ni15. Saedi and Ghorbani [117] demon-
strated an approach to modify the barrier layer induced dur-
ing the oxidizing process in order to obtain uniform aligned 
arrays. The composition of the resulting nanowires was 
found to be dependent on the thickness of AAO templates. 

4. PROPERTIES OF THE ARRAYS OF NANOS-
TRUCTURES 

4.1. Catalytic Properties of Nanowires 

The most frequent use in the view of catalytic prospects 
of the alloys of iron group metals is related to water splitting. 
Effective hydrogen production by water electrolysis is stud-
ied worldwide as an alternative to conventional sources of 
energy [118, 119]. The research on effective electrodes for 
hydrogen evolution reaction (HER) is still in demand due to 
the more expensive cost of platinum-based electrodes. Elec-
trocatalytic activity of nickel-based electrodes, including Ni-
P alloys towards water electrolysis, has been widely studied 
by several groups [120-122]. One of the factors influencing 
the catalytic activity is specific hydrogen adsorption, which 
depends on the electrode surface [123]. That depends on the 
geometry of the substrate used for electrodeposition. 1D ge-
ometry as nanowires or nanotubes is favorable in this re-
spect. Even when having an identical chemical composition 
as films or coatings, nanowires/nanotubes can behave com-
pletely differently.  

The replacement of Ni films by nanowires increases the 
electrocatalytic properties significantly [44]. The choice of 
appropriate nanowire material (NiP instead of Ni) and tuning 
nanowire length can considerably improve catalytic proper-
ties [53, 124]). In order to enhance the catalytic activity of 
nanostructured electrodes towards HER magnetic field can 
be applied [125, 126]. Effect of externally applied magnetic 
field depends on the distance between electrodes, electrolyte 
concentration, which can be attributed to electrolyte convec-
tion caused by magneto-hydrodynamics. Thus, the influence 
of magnetic field on the electrocatalytic activity has been 
studied during cathodic polarization measurements for three 
different morphologies of the electrodes: plane, nanopattern, 
and nanowire [120]. Ni-P electrode has higher electrocata-
lytic activity than Ni electrode with corresponding electrode 
morphology, in the absence of an employed magnetic field. 
The different pictures are noticed when a magnetic field is 
applied. In this case, Ni-P alloys have a superior electrocata-
lytic activity in comparison to Ni electrodes which could be 
associated with the electron transfer in Ni-P [15, 127] and 
crystalline texture evolution with P content [128, 129] that 
give the enhancement of the catalytic property.  



However, the catalytic behavior changes for Ni nanoelec-
trodes under magnetic field due to the stronger coercivity, 
which induces higher magnetic field near the electrode and 
thus higher current densities. As a result, the Lorentz force 
facilitated the outflow of hydrogen bubbles from the cathode 
surface and promotes the HER reaction. Furthermore, for 
both Ni and Ni-P electrodes, the electrocatalytic activity evi-
dently increased in the following sequence of the electrodes: 
plane, nanopattern, and nanowire. These outcomes are di-
rectly connected to the higher specific surface area of the 
nanostructured electrodes [120, 130]. However, nanopat-
terned electrode exhibited the higher catalytic activity than 
plane electrode in spite of the lower specific area. It seems 
that, near the perimeter of the nanopattern, the electric field 
concentration can change the overall current efficiency, lead-
ing to the increase of HER activity [53, 131]. The bubbles 
generated from the nanopattern electrode were smaller and 
more uniform in size distribution [120]. The smaller bubbles 
escape faster from the nanopatterned electrode. In the case of 
the plane electrode, the larger bubble takes more time to 
grow and blocks the electrode surface decreasing its catalytic 
activity. 

Not only phosphide-based nanomaterials could be used 
as effective electrodes; sulfides and even selenides of iron 
group metals also manifest promising behavior. These cata-
lysts are cheaper than the oxides and hydroxides of the same 
type [119, 132, 133].  

The multilayered structures containing iron group metals 
also can catalyze electro-oxidation of methanol. The Pt/Ni 
multilayer nanowire electrode was obtained which demon-
strated better methanol electrooxidation catalytic activity 
than the pure Pt nanowires: the peak current density for Pt/Ni 
nanowires reached 0.258 mA/cm2, which is higher than that 
for pure Pt (0.102 mA/cm2). Moreover, these multilayered 
nanowires were more stable to poisoning by CO-like inter-
mediates from dehydrogenation of methanol than Pt. This is 
important since one of the drawbacks of Pt electrodes is, 
indeed, the fast poisoning by CO, which reduces substan-
tially the effective use of such electrodes [134].  

Similar results were obtained also for PtCo nanowires 
[135] which showed better performance for methanol elec-
tro-oxidation than PtCo films with the same composition. Of 
course, this effect is due, in part, to the higher specific area 
of nanowires compared to films, but the authors also indi-
cated that the nanostructured configuration of PtCo results in 
better resistance to CO poisoning than in films. The last out-
come is not well understood yet but seems to be linked to the 
hypothesis that CO is oxidized easier on larger Pt particles 
than on smaller ones [129]. Here, we can underline that in 
both cases, PtNi and PtCo nanowires, were successfully ob-
tained using AAO template deposition. Moreover, Co-W and 
Fe-W nanowires could have also a high catalytic activity for 
methanol electro-oxidation as their plane electrodes have 
better performance than Pt electrodes [136]. 

4.2. Magnetic Properties of Nanowires 

The magnetic properties of arrays of nanowires deposited 
inside the pores of oxide templates (AAO or TiO2) have been 
widely investigated for applications like high-density 

recording media [48], giant magneto-resistance [137] or 
magnetic control of biomolecule desorption [138], among 
others. Eventually, polymeric porous templates (e.g., 
nanoporous polycarbonate membranes) have been utilized, in 
cases where the use of oxide membranes was found to be not 
compatible with the electrolytic bath and deposition condi-
tions [139, 140]. The investigated magnetic materials com-
prise single metals (like Fe, Co or Ni) [11, 48, 51, 141-144], 
binary (Co-W, Co-Pt, CoNi, FeNi, etc.) [51, 89, 106, 144-
154] and ternary alloys (e.g., CoNiP) [155].  

Core-shell structures [156] and multi-segmented mag-
netic nanowires [137-140, 157-159] have been also investi-
gated. Introducing nanoporosity into the architecture of the 
magnetic nanowires offers the potential to take advantage of 
magnetism in applications like catalysis or electrocatalysis 
[158, 160].  

In general, the properties of magnetic nanowires differ 
from the bulk magnetic behavior of materials with the same 
composition owing to: (i) effects stemming from the reduced 
lateral dimensions of the nanowires (sample size effects), (ii) 
influence of interwire dipolar interactions between the 
nanowires, when they are still inside the templates (which 
cause noise in applications like recording media) [161] or 
once released into a suspension (which causes aggregation of 
the nanowires) [138].  

An insulated magnetic nanowire usually exhibits a larger 
coercivity than a bulk material with the same composition 
(“sample size effect”). This is due to a reduction in the num-
ber of domain walls inside nanowires (particularly if they are 
sub-50 nm in diameter) and the predominance of single-
domain magnetization reversal (coherent rotation). Other 
types of magnetic configurations are sometimes formed in 
the nanowires, like magnetic vortices or even more complex 
arrangements, particularly for diameters exceeding 200 nm 
[162].  

In any case, the high-aspect ratio of magnetic nanowires 
usually causes the occurrence of shape anisotropy, making 
them promising candidates for recording media with perpen-
dicular-to-plane magnetic anisotropy [48, 137]. In some 
cases, particularly for single crystalline nanowires (e.g., Co 
nanowires), the magnetocrystalline axis of easy magnetiza-
tion is not oriented along the nanowire axis but perpendicu-
lar to it [51, 143, 163, 164]. The competition between shape 
anisotropy and magnetocrystalline anisotropy causes pecu-
liar angular dependence of the magnetic response in this 
case.  

Dipolar interactions are particularly pronounced for 
highly-packed arrays of nanowires, both for ordered and 
disordered arrangements. Dipolar interactions depend on 
both the interwire lateral spacing (pitch size) and the length 
of the nanowires (see Fig. 7). The net effects of interwire 
dipolar interactions in nanowires embedded in a template are 
to decrease the coercivity and the remanence and to induce 
changes in the slope of the hysteresis loops [163, 164]. 

More specifically, for an array of nanowires (still 
embedded in the AAO template) the following three 
contributions will have an effect on the easy axis direction in 
the measured hysteresis loops: (i) the shape anisotropy of the 



Fig. (7). Hysteresis loops, measured along and perpendicular to the 
nanowires axis, corresponding to arrays of Co-W nanowires with 
two different nanowire length, (a) 1 µm and (b) 25 µm [89]. The
decrease of coercivity, remanence, and slope of the hysteresis loops 
observed for the longer nanowires is due to stronger interwire mag-
netic dipolar interactions. 

nanowires (which depends on their length-to-diameter aspect 
ratio), (ii) the magnetocrystalline anisotropy (whose 
direction depends on crystallographic structure and texture) 
and (iii) the magnetostatic coupling among neighbouring 
nanowires (which depends on the interwire dipolar 
interactions and promotes a magnetic easy axis perpendicular 
to the nanowire axis). 

To take all these effects into account, one can assume a 
two-dimensional infinite array of cylindrical particles with 
radius r, length L, aspect ratio Ar = L/2r and interwire dis-
tance D. One can then consider that the total dipolar field 
generated when all nanowires are oriented along the 
nanowire axis direction can be written as [146, 147, 164, 
165]: 
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On the contrary, if all moments are aligned perpendicular 
to the direction of the wire, then the created dipolar field 
would be: 
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The self-demagnetizing magnetic field of one nanowire 
can be then expressed as: 

 
H demag = ( N ! " N || ) M S  (5) 

Where, ||N and !N are the demagnetizing factors along 
the nanowire axis and its perpendicular direction and can be 
calculated using a prolate spheroid approximation, as follows 
[144]: 

( ) ( )
!
!
"

#

$
$
%

&
''+

''
(= 11ln

121
4 2

22|| rr
r

r

r

AA
A
A

A
N

(6) 

2
4 ||NN

!"
=#

     (7)

       Hence, the total effective anisotropy field can be then 
expressed as: 
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This equation predicts that if HK,eff is positive the mag-
netic easy axis will be parallel to the wires axis; conversely, 
for negative HK,eff, the magnetic easy axis will tend to be 
oriented along the perpendicular-to-nanowires axis. Hmc rep-
resents the magnetocrystalline anisotropy contribution, 
which is usually small compared to the other terms of the 
equation. If one uses approximate values of the nanowire 
length and diameter and the distance between nanowires 
(pitch size), one can try to estimate the effective anisotropy 
field of a given array of nanowires using Eq. (8). Hence, this 
simple model is capable of describing, in a semi-quantitative 
manner, the preferred orientation of the magnetic easy axis 
in the hysteresis loops of an array of magnetic nanowires. 

Remarkably, in nanowires comprising more than one ma-
terial with dissimilar magnetic properties (e.g., core-shell 
nanowires), effects like exchange bias (i.e., a shift of the 
hysteresis loop along the magnetic field axis) are sometimes 
observed, due to the coupling between the two magnetic 
components (e.g., exchange interactions between ferromag-
netic Co core with an antiferromagnetic CoO shell) [156].  

Multisegmented nanowires comprising alternating ferro-
magnetic and non-magnetic segments (e.g., Fe/Cu multilay-
ered nanowires) can be used as magnetic sensors, taking ad-
vantage of the giant magnetoresistance effect. The resistivity 
of these nanowires depends on whether the ferromagnetic 
segments are oriented parallel or antiparallel to each other 
[137]. Hence, it is clear that the functionalities of magnetic 
nanowires can be enhanced by combining different materials 
in the nanowire architecture. In this sense, it might be also 
possible to combine magnetic counterparts with materials 
exhibiting other interesting properties (i.e., photocatalytic or 
photoluminescent segments). In these cases, the magnetic 
constituents can be used to magnetically guide (wirelessly, 
with external magnetic fields) the nanowires to specific loca-
tions where the catalytic reactions (or other applications like 
drug delivery or biological labelling) could take place. In any 



case, however, for the full exploitation of the technological 
potential of magnetic nanowires (single component or multi-
component), it is necessary to combine deep knowledge on 
the magnetic behavior of this type of materials together with 
precise control of the synthetic procedures to obtain the de-
sired nanoarchitectures. 

In addition, the unique combination of a magnetostrictive 
effect and high magnetic permeability offers potential appli-
cations of the nanowires kept in templates as ultrasonic 
transducers and sonar sensors [166], perpendicular magnetic 
storage devices [46, 167]. 

4.3. Multilayered Nanowires 

The 2007 Nobel Prize in physics was awarded to Fert and 
Grünberg, for their discovery and fundamental understand-
ing of giant magnetoresistance (GMR). Although this was 
not first demonstrated with electrodeposited materials, it was 
later shown that electrodeposition could be a viable process 
and perhaps a niche in developing GMR nanowires using the 
template approach. To create a GMR effect a ferromagnetic 
layer, with nanoscale thickness, is sandwiched between a 
non-ferromagnetic (paramagnetic) layers. A comprehensive 
review of electrodeposited, GMR thin films is provided by 
Bakonyi and Peter [168]. Electrodeposition is uniquely 
suited to fabricate these layered structures in the form of 
nanowires. While Alper et al. [169] were the first to demon-
strate an electrodeposited GMR film, it was Blondel et al. 
[43] that demonstrated a significant GMR property in 
nanowires fabricated with electrodeposited sequential layers 
of Co and Cu layers, and Ni-Fe and Cu layers, modulated to 
create a series of multilayers (Co/Cu and Ni-Fe/Cu). They 
used a single, sulfate-boric acid electrolyte to deposit the two 
different layers with a modulation of the applied working 
electrode potential. A more noble potential was used to de-
posit the Cu layer and the less noble to deposit the magnetic 
layer (Co or Ni-Fe). Although this seminal work was done 
using polycarbonate track-etched templates, other research-
ers have shown that the procedure can also be readily 
adapted to AAO membrane templates. For example, Evans et 

al. [170] electrodeposited Co-Ni-Cu/Cu nanowires within 
commercially available AAO templates with a pore size of 
20 nm. The selected deposition potential of the less noble, 
ternary alloy layer was deposited at an applied potential of -
1.6 V vs. SCE, whereas a pure Cu layer was deposited at -0.2 
V vs. SCE. An annealing process was used to modify and 
improve the GMR property. 

Electrodeposition of FeCoNiCu/Cu nanometric, composi-
tionally modulated alloy nanowires was reported by Huang 
et al. [113]. Pure Cu nanowires and Co-rich FeCoNiCu alloy 
nanowires were deposited from a single electrolyte. A dou-
ble potential pulse scheme was used for the multilayer depo-
sition and significant anodic dissolution was observed during 
the low potential pulse. Galvanostatic triple pulses with a 
relaxation period were developed to minimize the local pH 
rise inside the nanopores during fabrication of the layered 
FeCoNiCu/Cu nanowires. Fig. (8) shows a layered nanowire 
region containing Co-rich CoNiFeCu/Cu layers fabricated 
within 60 µm thick, commercially available anodized alumi-
num oxide membranes deposited from a tartrate sulfamic 
acid electrolyte. Fig. (8), clearly shows the layering effect 
necessary for GMR. The TEM image corresponds to a GMR 
behavior as depicted in Fig. (8). The light colored layer is 
Cu, having a thickness of 4.2 + 0.7 nm and the dark layer is 
the CoNiFeCu alloy of thickness 5.6 + 0.4 nm. In addition to 
FeCoNiCu/Cu nanowires, nanotubes were also prepared at a 
low electrolyte temperature from a relatively dilute electro-
lyte [171]. 

CONCLUSION 

Progress on the template electrodeposition of iron-group 
alloys nanowires into oxide membranes is reviewed. Three 
aspects that play a role during the growth of this type of ma-
terials were analyzed in detail: barrier layer challenges dur-
ing electrodeposition into on-substrate anodic alumina/Al 
templates; hydrogen evolution from the nanopores, and mass 
transport inside the pores and its critical importance to obtain 
uniform nanostructures. Works dealing with electrodeposi-

Fig. (8). Co-rich, Fe-Co-Ni-Cu/Cu multilayered nanowire and its accompanying GMR from an array of nanowires in AAO with permission 
from The Electrochemical Society [171]. 



tion of binary and ternary iron-group alloys confirm that 
controlling alloy composition inside nanopores is a challenge 
since one should control the individual reduction rates of 
each type of reacting metal ions. Previous works on catalytic 
hydrogen evolution and methanol oxidation on the 
nanowires arrays are also reviewed. From the point of view 
of magnetic properties, precise control of the composition 
and crystallographic structure of the nanowires, as well as 
their aspect ratio and interwire distance is crucial in order to 
obtain materials for a variety of applications, including fields 
like magnetic recording, GMR sensors or even biomedicine. 
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