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ABSTRACT: Metal electrodeposition in porous anodic aluminum oxide (AAO) is a 

complicated and multi-step process, consisting of diffusion of metal ions in the pores, 

reduction of metal ions and crystallization of metal atoms. The growth mechanism is 

also complex and changing with electrodeposition conditions. In this paper, we present 

new insights into the growth of metal nanostructures in AAO via electrodeposition. 

Two different growth modes for metal electrodeposition in porous AAO, namely centre 

growth mode and lateral growth mode, are revealed, opening a new approach to 

preparing metal nanotube arrays with tailored structures. This strategy is broadly 

applicable to varieties of metals, such as Ni, Cu, and Ag. The resultant metal nanotube 

arrays give rise to improved electro-catalytic activity to small molecule oxidation (such 

as ethanol and urea) due to the larger surface areas. These findings help to deeply 

understand the metal electrodeposition in AAO, extend the application of template-
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assisted electrodeposition and provide innovative ideas to prepare novel metal 

nanomaterials. 

KEYWORDS: Metal nanotube; Growth mechanism; Metal electrodeposition; Anodic 

aluminum oxide 

 

One dimensional metal nanostructures have attracted great attention in 

fundamental research and technical applications in nanoelectrics devices,1-3 

magnetic memories,4-6 biosensor,7-9 catalysts10-12 and energy storage materials.13-

15 A wide spectrum of methods were reported to prepare metal nanowires,16-18 

nanotubes,19-21 nanorods,22, 23 nanocables24 and other nanostructures.25 In 

particular, template-assisted electrodeposition is considered as a simple and 

effective way to prepare one dimensional metal nanostructures.26-28 In this 

strategy, porous anodic aluminium oxide (AAO) membranes are typically used 

as sacrificial templates due to their controllable channel length, diameter and 

pore density.29, 30 Metal nanowires, including Au, Ag, Pt, Pd, Ni, Cu, Fe, Co and 

alloys of them, have been electrochemically synthesized in the pores of AAO 

under specific electrochemical conditions.24, 31-35  

In comparison with metal nanowires, the development of metal nanotubes, 

especially arrayed nanotubes, is slow because of the difficulties in fabricating 

metal nanotubes with well-controlled dimensions. Several techniques have been 

developed for the synthesis of nanotubes besides template-assisted 

electrodeposition.36-39 Although it is more difficult than the preparation of metal 
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nanowires, metal nanotubes can also be fabricated by electrodeposition with the 

assistant of AAO template.38, 40-42 Usually, surface modification of AAO before 

electrodeposition is necessary to increase the metal ion concentration along the 

inner wall surface.43, 44 It still remains challenging to produce metal nanotubes 

arrays directly by metal electrodeposition in AAO, creating a technical barrier 

for the development of nanotubes as well as its applications.  

The growth behaviour of metal electrodeposition in AAO membrane has been 

extensively examined previously.43, 45, 46 It is widely accepted that electric field 

or applied current is the major controlling factor based on the fact that nanowire 

can be easily formed at low current density (≤ 1mA/cm2) and almost no metal 

grows in the pores at higher current density (20～300mA/cm2)45. Usually, to 

avoid a so called “puddling effect”, which might cause nail-head shape at one 

end of nanowire, a thin layer of sacrificial membrane(Ag or Ni) is 

electrodeposited into AAO at initial stage.47 Hence, the actual growth details in 

the pores are often ignored and a comprehensive understanding of metal 

electrodeposition in the pores of AAO is still lacking. 

Innovation and aim of the work.— In this paper, we present new insights into 

the growth mode of metal electroplating in AAO membrane according to the 

growth of Ni nanostructures, namely, nanowires and nanotubes. Centre growth 

mode and lateral growth mode are proposed, respectively. Of note is that the 

growth mechanism is applicable for electrodeposition of diverse metallic species, 

such as Ni, Cu, and Ag. Take advantage of this mechanism, a facile method to 
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prepare metal nanotube directly in AAO is also developed. The metal nanotube 

array has been proved to exhibit superior electro-catalytic performance to small 

molecule oxidation (such as ethanol and urea) owing to larger surface areas. We 

envisage that our convenient strategy offer insight into the development of metal 

nanotubes in AAO, paving the road for the future applications of metal 

nanostructures. 

Experimental 

Materials and chemicals.— The anodic aluminium oxide (AAO) membranes 

with porous diameter of 200 nm were purchased from Whatman. All chemical 

reagents were purchased from Shanghai Chemical Industrial Co. Ltd. (Shanghai, 

China), which were analytical grade and used in the experiments without 

additional purification. Double distilled ultrapure water (≥18 MΩ∙cm) was used 

for all solution preparation.  

Electrodeposition of metal nanowires and nanotubes.— All electrodeposition were 

performed in a three-electrode cell with an electrochemical workstation 

(Reference 3000, Gamry). The electrochemical cell consisted of a saturated 

calomel reference electrode (SCE) and a platinum wire counter electrode. An 

AAO membrane (1cm × 1cm) were connected with a copper wire and sputtered 

a thin gold layer to be used as working electrode. The gold sputtering was 

performed with a vacuum coating equipment (ETD-2000, JEOL) for 15 mins. 

The electrolytes were mixed solution of 30 g/L NiSO4, 20 g/L NiCl2 and 30 g/L 

H3BO3 for nickel electrodeposition, mixed solution of 12 g/L CuSO4 and 80 g/L 
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H2SO4 for copper electrodeposition, and mixed solution of 40 g/L AgNO3, 120 

g/L KCN and 8 g/L K2CO3 for silver electrodeposition respectively. All 

electrolytes were deoxygenated by bubbling high-purity nitrogen for 20 min 

before use.  

Galvanostatic electrodeposition was carried out at different cathodic current 

density (1, 5 and 10 mA/cm2) to investigate the growth of Ni nanostructures. Ni, 

Cu and Ag nanowire arrays were all synthesized at constant cathodic current 

density of 1 mA/cm2. Galvanostatic and pulse galvanostatic deposition were 

combined to prepare metal nanotube arrays. The preparation process consists of 

two segments: constant cathodic current (1~5 mA/cm2, 10~30 min) and 

subsequent cathodic pulse deposition (pulse current: 10~20 mA/cm2; ton: 0.1~1 

ms; toff: 1~10 ms). Finally, all the samples were immersed in 1 M NaOH for 8 

hours to remove the AAO template.  

Characterization.— The microstructure of metal nanomaterials was 

characterized by field emission scanning electron microscopy (FESEM, 

JSM7001F, JEOL), transmission electron microscope (TEM, JEOL-2100) and 

X-ray diffraction (XRD, PW3040/60, PANalytical). 

Electrochemical tests.—The electro-catalytic performances of Ni nanotube and 

nanowire arrays for the oxidation of ethanol and urea were investigated by cyclic 

voltammogram and chronoamperometry. The electrochemical cell consisted of a 

saturated calomel reference electrode (SCE), a platinum wire counter electrode, 

and Ni (nanotube array, nanowire array and plate) working electrode. 
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Electrochemical tests were carried out in the solution of 1 mol/L KOH with 1 

mol/L CH3CH3OH (or 0.2 mol/L CO(NH2)2), which were deoxygenated by 

bubbling high-purity nitrogen for 20 min and maintained under nitrogen 

atmosphere during the measurements. The scan rate of CV tests was 50 mV/s, 

and the chronoamperometry curves of ethanol and urea electro-oxidation were 

performed at constant potential of -0.38 V and 0.31 V (the peak potential of the 

corresponding CV curves) respectively. 

Results and Discussion 

The growth of Ni nanomaterials in AAO.— To investigate the growth of metal 

nanomaterials in the pores of AAO, we first performed nickel electrodeposition 

at different cathodic current density. The morphology of Ni nanostructures 

produced at 1, 5, and 10 mA/cm2 after different deposition time are shown in 

Figure 1. At low current density (1 mA/cm2) well-distributed Ni nanotubes can 

be obtained after 30 min (Figure 1a), however, these short (~400 nm) and thin-

walled (~25 nm) nanotubes are quite fragile, therefore inhibiting its potentials for 

further application, as shown in Figure 2a. It is interesting that the inner diameter 

of these nanotubes became smaller after longer deposition time (Figure 1b), and 

the hollow nanotubes were filled eventually by reduced Ni atoms to form uniform 

nanowire array after 2 hours (Figure 1c). In other words, nanowires are formed 

finally with the time prolonging at low current density.  

Similarly, Ni nanostructures synthesized at 5 mA/cm2 also formed nanotubes 

at initial stage, see Figure 1d, which is the same as the results at low current 
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density. By contrast, the nanotubes produced at 5 mA/cm2 possessed extended 

length (~750 nm) and thicker wall (~55 nm) (Figure 2b) compared to the ones 

synthesized at 1 mA/cm2. After 1 hour, an array of randomly mixed nanowires 

and nanotubes was obtained (Figure 1e) and the difference with respect to Figure 

1b can be ascribed to higher deposition rate. If the deposition was extended to 2 

hours, all the nanotubes also transformed into nanowires, see Figure 1f. As 

expected, further increasing the applied current density, for example 10 mA/cm2, 

would result in unregular nanostructures (Figure 1g-i) with some Ni atoms 

deposited on the other side of AAO (Figure 2c), which is consistent with the 

previous report and could be ascribed to the fast reaction rate at high current 

density.45 

 

 

Two aspects can be concluded from the growth of Ni nanomaterials in the 

nanopores of AAO at different current density. First, at the beginning Ni atoms 

grow along the inner wall of AAO to form nanotubular structures, the structural 

parameters of which largely depend on the applied current density. In addition, 

high current is beneficial to the growth of nanotubes due to “tip effect”.45 For 

example, the nanotubes produced at 5 mA/cm2 are more thick-walled and longer 

than the ones synthesized at 1 mA/cm2; Second, no matter how high the applied 

current is, continuous Ni deposition at constant current would fill the pre-formed 

nanotubes after longer deposition time, leading to the formation of nanowires 
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eventually. This is the reason why metal nanotubes produced by direct 

electrodeposition (no surface modification of AAO) in AAO exhibit limited 

dimensions, at least limited length. 

In other word, at constant applied current the growth of Ni nanomaterials in 

the nanopores of AAO consists of two stages. Nanotubes produced at initial stage 

will be filled by nanowires with the time prolonging. Nanowires synthesized at 

low current density can clearly illustrate the filling process. As exhibited in 

Figure 3a and 3b, a small piece of hollow structure with a cone can be observed 

at the bottom of nanowires. This unique cone-like structure further implies that 

nanotube was formed at the beginning of deposition, followed by filling the 

cavity of the nanotube. As the geometry of the pre-formed nanotubes is highly 

dependent on the applied current, nanotubes produced at low current density are 

thin-walled and fragile. Hence, the nanotubular part is easily destroyed during 

the membrane removing process and the bottom of the nanowires are cone-

shaped (Figure 3c). In previous reports about metal nanowires, to avoid this cone-

shaped or nail-head structure another metal (Ag or Ni) is electrodeposited in the 

bottom of AAO to be used as sacrificial membrane.47  

 

Notably, longer nickel nanotube arrays (≥ 800 nm) prepared at constant current 

cannot obtained when the porous diameter of AAO is 200 nm. However, if the 

growth is intervened after the formation of nanotubes, for example, the 

electrodeposited Ni atoms are guided to grow along the inner surface, the pre-
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formed nanotubes can be lengthened. To obtain nanotubes of controllable length, 

cathodic pulse galvanostatic was applied on the Ni nanotubes pre-synthesized at 

5 mA/cm2 for half an hour, which are more thick-walled than that produced at 

lower current density. When the applied current density and total charge amount 

of pulsed deposition are 10 mA/cm2 and 1.2 C/cm2, the length of the nanotubes 

significantly increased to 3 μm without thickening obviously the wall, as 

illustrated in Figure 4a and 4b. If the total charge amount is 2.4 C/cm2, the length 

of nanotubes further increases to about 5μm (Figure 4d and 4e). Compared with 

Figure 3c, the TEM image of Ni nanotubes shows obviously hollow structure 

(Figure 4c) and the lattice fringes with d-spacing of 0.203 nm on the surface of 

the nanotube correspond to the [111] plane of Ni. Moreover, the XRD pattern 

(Figure 4f) of the as-prepared nanotubes consists of diffraction peaks attributed 

to [111], [200] and [220] planes of nickel (JCPDS no. 04-0850) and no peaks due 

to by-product are observed in the pattern, which is almost the same as that of Ni 

nanowires. 

 

Growth modes of metal electrodeposition in AAO.— According to the growth 

of Ni nanomaterials, two different growth modes, aiming to nanowires and 

nanotubes, respectively, can be proposed for comprehensive understanding of 

metal deposition in AAO. An illustration about the formation of nanowires and 

nanotubes during electrodeposition is presented in Figure 5. Firstly, Au 

nanoparticles are formed at the vent of the pore by sputtering, as shown in Figure 
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6. The sputtering time is very important because continuous film will be formed 

after long time and nanotube cannot be fabricated. Then reduced metal atoms 

will be deposited on the inner wall of the pore to form nanotubular structure at 

initial stage. When a constant current density was further applied, nanowire fills 

in the centre of the nanotube subsequently and the growth follows centre growth 

mode.  

 

 

To enhance the length of metal nanotubes formed at initial stage, the reduced 

atoms are expected to grow along the inner surface of the pore (lateral growth 

mode). Based on above discussion of Ni nanostructure, brief time and high 

reaction rate are favourable for the formation of nanotubes. So, pulse deposition 

can be performed on the pre-formed nanotubes, which can provide high current 

instantaneously and keeps the lateral growth mode of metal atoms. By this way 

metal nanotubes with adjustable length can be prepared facilely. Figure 7 shows 

FESME images of Ni nanowires and nanotubes at low magnification, the length 

of which are 5.8μm and 5.0μm. It can prove that large scale metal nanowire and 

nanotube arrays can also be prepared conveniently based on our strategy by 

changing current density or corresponding reaction rate.  

 

Electro-catalytic performance of Ni nanomaterials.— Theoretically, metal 

nanotubes have larger specific surface area than nanowires owing to their special 
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nanostructure, and therefore better catalytic performance of them has been 

expected. To test this hypothesis, we performed electro-oxidation of ethanol and 

urea on the various electrodes, including nickel nanotube arrays, nanowire arrays 

and Ni plate, respectively. The results of electrochemical tests, of which the 

current densities have been normalized by the weight of corresponding electrodes, 

show that nickel nanotube array electrode exhibits better electro-catalytic 

performance than the other two. From the CV curves (Figure 7a and 7b), the 

value of the peak current on Ni nanotube electrode is 1.4 times for ethanol 

oxidization and 1.6 times for urea oxidization as high as those on Ni nanowire 

electrode. Figure 7c and 7d show the chronoamperometric curves of these Ni 

electrodes in electrolytes containing ethanol or urea. The select potential is the 

peak potential of the above corresponding CV curves. Ni nanotube array 

electrode produced a higher steady state current density than that of the other two, 

which was consistent with the results of CV tests. Moreover, according to the 

method reported previously48, the electrochemically active surface areas (EASAs) 

of Ni nanowire and nanotube-based electrodes were also estimated by measuring 

their double layer capacitance. The values are 9.32 cm2/mg and 13.80 cm2/mg. 

Larger active area and superior catalytic property of Ni nanotube array makes it 

to be a promising choice of electro-catalyst for small molecule. 

 

Electrodeposition of metal nanomaterials.— Of particular interest, this 

strategy is also confirmed applicable to other metal electrodeposition in the 
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nanopores of AAO, such as Cu and Ag. No nanotube arrays of Cu or Ag have 

been reported so far by direct electrodeposition in AAO.46 The FESEM images 

of Cu nanowire and nanotube arrays are shown in Figure 8a and 8b, which 

indicate that both Cu nanowire and nanotube arrays can also be obtained by using 

our method. It is notable that as-prepared Cu nanowires and nanotubes are 

actually Cu2O@Cu nanostructures based on corresponding XRD patterns (Figure 

8c) due to its easy oxidization performance. The surface of Cu nanostructure 

might have been oxidized to Cu2O in the process of membrane removing.24 On 

the other hand, although they are not as regular and longer as other metals, both 

Ag nanowire arrays and nanotubes have been successfully prepared, as shown in 

Figure 8d-f. The versatility of our strategy provides new opportunities to design 

metal nanotube arrays of various metal precursors. It can also prove that the 

growth modes of metal electrodeposition and method to prepare metal nanotube 

arrays which we proposed is correct and universal. 

 

Conclusions 

In summary, we have presented novel insights into the growth mode of metal 

electrodeposition in AAO according to the growth of Ni nanostructures at 

different current density, which is proved to be applicable to other metal electro-

plating in AAO, such as Cu and Ag. Based on our result, two different 

electrodeposition modes are proposed, namely, centre growth mode and lateral 

growth mode. Taking advantage of this mechanism, a facile method has been 
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developed to prepare high-quality metal nanotube arrays successfully and the 

resultant metal nanotube arrays give rise to improved electro-catalytic activity to 

small molecule oxidation due to the larger surface areas. This research will 

extend the application of metal template-assisted electrodeposition and suggest a 

new way to prepare novel metal nanomaterials. 
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Captions 

Figure 1. FESEM images (top view) of Ni nanostructures produced at constant current density of 1 

mA/cm2 (a-c), 5 mA/cm2 (d-f) and 10 mA/cm2 (g-i) for 30 min (a, d and g), 1 h (b, e and h) and 2 h (c, f 

and i). 

Figure 2. FESEM images (side view) of Ni nanostructures produced at constant current density 1 

mA/cm2 for 30 min (a), 5 mA/cm2 for 30 min (b) and 10 mA/cm2 for 1 h (c). 

Figure 3. FESEM (a, b) and TEM (c) images of Ni nanowires produced at constant density of 1 mA/cm2 

for 2 h. 
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Figure 4. FESEM (a, b, d, e), TEM (c) images and XRD (f) patterns of Ni nanotubes synthesized by pulse 

deposition (pulse current density: 10 mA/cm2, ton: 0.1ms, toff: 2ms) after constant density of 5 

mA/cm2 for half an hour. (a-c) The charge amount of pulse deposition is 1.2 C/cm2; (d-f) The charge 

amount is 2.4 C/cm2; (f) XRD patterns of Ni nanowire and nanotube arrays. The inset in (c) highlights 

the HRTEM image of Ni nanotube. 

Figure 5. Schematic illustration of growth process of Ni nanowire and nanotube arrays during 

electrodeposition. 

Figure 6. FESEM images of AAO before (a) and after (b) Au sputtering. 

Figure 7. FESME images (low magnification) of Ni nanowires (a) and nanotubes (b). Ni nanowires 

are produced at 1 mA/cm2 for 2 h. Ni nanotubes are produced by pulse deposition (pulse current density: 

10mA/cm2, ton: 0.1ms, toff: 2ms, total charge amount: 2.4 C/cm2) after constant density of 5 mA/cm2 

for half an hour. 

Figure 8. CV (a, b) and chronoamperometry (c, d) curves of Ni nanotube array, nanowire array and Ni 

plate electrodes in 1 mol/L KOH with 1 mol/L CH3CH3OH (a, c) and 1 mol/L KOH with 0.2 mol/L 

CO(NH2)2 (b, d). Ni nanowires are produced at 1 mA/cm2 for 2 h. Ni nanotubes are produced by pulse 

deposition (pulse current density: 10mA/cm2, ton: 0.1ms, toff: 2ms, total charge amount: 2.4 C/cm2) 

after constant density of 5 mA/cm2 for half an hour. 

Figure 9. FESEM images of Cu nanowires (a) and nanotubes (b), Ag nanowires (d) and nanotubes (e), 

and XRD patterns of above nanomaterials (c, f). Cu and Ag nanowires are all produced at 1 mA/cm2 

for 2 h. Cu nanotubes are produced by pulse deposition (pulse current density: 12mA/cm2, ton: 0.2ms, 

toff: 5ms, total charge amount: 2.4 C/cm2) after constant density of 5 mA/cm2 for 30mins. Ag nanotubes 

are produced by pulse deposition (pulse current density: 10mA/cm2, ton: 0.1ms, toff: 5ms, total charge 
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amount: 1.2 C/cm2) after constant density of 3 mA/cm2 for 30mins. 
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