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The growth mechanism of electrodeposited Fe, Ni and Co nanowires has been investigated by X-ray 

diffractometry, scanning electron microscopy and electrochemistry. It is found that the current density 

for deposition of Fe nanowires is higher than that of Co and Ni nanowires under the same 

overpotential, pH, concentration of metal ions and temperature. Using the electron tunneling theory, 

this phenomenon has been ascribed to the higher charge transfer coefficient of Fe than that of Co and 

Ni. 
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1. INTRODUCTION 

Understanding various factors that influence the growth of electrodeposited metal nanowires is 

of scientific and technological interests. Deposition potential plays an important role in controlling the 

metal nanowire growth. For example, the nanowires of Au, Ag, and Cu are single crystalline under the 

low deposition potential, and polycrystalline under the high deposition potential [1]. Phase selection 

could also be realized by varying deposition potential: studies of Wang et al [2] and Huang et al [3] 

show that the single crystalline Co nanowires are hcp (hexagonal close packing) phase at the lower 

deposition potential of about -1.5 V, and fcc (face-centered cubic) phase at the higher deposition 

potential of -3.0 V. Darques et al reported that an appropriate pH of electrolytic solution, combined 

with current density, can control the orientation of the hcp c axis in Co nanowires with respect to the 
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wire axis [4]. Details of the effect of deposition parameters on phase transformation are given in our 

previous work [5,6]. S. L. Diaz et al presented the kinetics of Fe electrodeposition as a function of 

solution pH by means of polarization curves in sulphate solution [7], but growth mechanism of metal 

nanowires through electrodeposition is still an enigma. 

The growth of metal nanowires can be pictured as the four steps at the atomic-level scale[8]. 

The dehydration of hydrated metal ions can be the most important among the four steps. The 

dehydration involves valence electrons tunneling to hydrated metal ions[8, 9], leading to neutralization 

of the hydrated metal ions. The neutral metal atoms are adsorbed on the surface and then diffuses to 

surface sites (such as kink site) where they incorporate into the metal lattice, thus leading to the 

growth.[8] Therefore, the growth rate is related by the dehydration[8]. Since the probability of electron 

tunneling is related to the work function of metals, the work function can have a significant effect on 

the growth of metal nanowires. Moreover, the elemental processes of electrodeposition are still not 

well understood. The aim of this work is to study the work function effect of metal nanowire growth 

and to understand the electrode reaction mechanism.  

 

 

2. EXPERIMENTAL DETAILS 

The porous anodic alumina membranes (AAM) templates were prepared using a two-step 

anodization procedure [10,11]. Here we briefly describe the experimental procedure as shown in Fig. 

1.  

 

 

 

Figure 1. Schematic view of the process flow used for AAO template formation (a) Al foil (b) first 

anodization step (c) removal of first AAO layer, (d) second anodization step and AAO 

membranes; before gold sputtering (e), and after gold sputtering (f) 
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 Firstly, high-purity aluminum foils (99.999%) were degreased in acetone and then were 

annealed in a vacuum of 10
-5

 Torr at 500
0
C for 5 h to remove the mechanical stress. Secondly, the 

aluminum foils were anodized in a 0.3 M H2C2O4 solution at 2
0
C for 6 h. After removing the alumina 

layer formed in the anodization in a mixture of phosphoric acid (6 wt %) and chromic acid (1.8 wt %), 

the aluminum foils were anodized again at the same conditions as the first anodization for 12 h. The 

templates that experienced the above two-step anodization were etched in a saturated CuCl2 solution to 

remove the remaining aluminum on the back side. Thirdly, the alumina barrier layer was then 

dissolved in a 5 wt% phosphoric acid solution at 40
0
C. The templates obtained by the above method 

have the cylindrical and hexagonally arranged pores of about 50 nm. Finally, a gold film was sputtered 

onto the back side of the templates to serve as the working electrode. 

 The electrolytes have the same concentration of metal ions. The electrolyte was 0.536M 

OHFeSO 24 7  and 0.72M H3BO3 for deposition of Fe nanowires, 0.536M OHCoSO 24 7 and 0.72M 

H3BO3 for deposition of Co nanowires and 0.536M OHNiSO 24 6 and 0.72M H3BO3 for deposition of 

Ni nanowires. The pH of the two as-prepared solutions was adjusted to 2 by adding 1M H2SO4 

solution. Direct current electrodeposition (shown in Fig. 2) was conducted in a three-electrode cell at 

room temperature.  

 

 

 

Figure 2. Schematic representation of a three electrode electrochemical cell 

 

The area of the working electrode for growth of nanowires was 0.608cm
2
 ( 2)88.0(25.0 cm ) 

and the area of the graphite counter electrode was 14.7cm
2
 (= cmcm 5.32.4  ). The reference electrode 

was the saturated calomel. The Co and Ni nanowires were analyzed by X-ray diffraction (XRD, Y-

2000) with CuKα radiation. Before XRD measurements the sputtered Au film was mechanically 

polished away. The deposited Fe, Co and Ni nanowires were also examined by scanning electron 

microscope (SEM, JEOL JSM-6700F). In order to perform SEM observations, the AAO template was 
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partly dissolved with a 5 wt% NaOH solution, and then carefully rinsed with deionized water for 

several times. 

 

 

 

3. RESULTS AND DISCUSSION 

The deposition current density represents the growth rate of metal nanowires. The higher the 

current density is, the faster the growth rate is. The relationship between the current density ( i ) and the 

overpotential ( ) is given by [12],  

iba log                                   (1) 

( )E I E                                      (2) 

Where a and b are constants, E(I) is the potential applied to the electrode, E is the equilibrium 

potential of the electrode (the potential in the absence of external current). E is identical to the open 

circuit potential since there is no external current at the open circuit potential. In order to study the 

effect of work function on the growth rate of metal nanowires, two experimental conditions are 

satisfied. First, metal nanowires are deposited at the same overpotential, pH, concentration of metal 

ions and temperature, since they have an influence on the current density. Second, the deposition is 

divided into two steps. The reason for this is as follows. The E of eq. (2) is actually the equilibrium 

potential (or the open circuit potential) of the deposited metal. The initial working electrode is not the 

electrodeposited metal but the sputtered Au film. For the first step deposition, Fe, Co and Ni were 

deposited at -0.9V with respect to the reference electrode for 10 min separately. After the first step 

deposition, the open circuit potential of Co and Ni nanowires was determined to be -0.48V (SCE) and -

0.34V (SCE), respectively. Subsequently, the deposition was again conducted at a chosen 

overpotential ( ( )E I E   , where E (I) is the applied potential and E is the open circuit potential). 

 

 

 

Figure 3. SEM image of Fe nanowires deposited at -0.9 V 
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Figure 4. X-ray diffraction (XRD) patterns of Fe, Co and Ni nanowires: (a) Fe at -0.9V, (b) Fe at -

0.6V, (c) Co at -0.9V, (d) Co at -0.6V, (e) Ni at -0.9V and (f) Ni at -0.6V. 

 

Fig. 3 shows the SEM image of Fe nanowires. The diameter of Fe nanowires (~50 nm) is the 

same as that of the pores of AAO template (~50nm), indicating that the cylindrical pores of the AAO 

template were fully filled with Fe metal atoms during electrodeposition. 

Fig. 4 shows the X-ray diffraction (XRD) patterns of Fe, Co and Ni nanowires deposited at 

overpotential of -0.6 and -0.9V, respectively. The XRD data were collected from the top side of 

nanowires. The Fe nanowires deposited at -0.6V and -0.9V have cubic structure and the preferential 

growth is on the (110) plane. The Co nanowires deposited at -0.6 and -0.9V are hcp phase. The 

preferential growth plane is on the )0110( . The Ni nanowires deposited at -0.6 and -0.9V are fcc 

phase. The preferential growth plane is on the (111) and (110) for Ni nanowires deposited at -0.6V and 

-0.9V, respectively. 

Figs. 5 and 6 show the current density against time curves measured in the second-step 

deposition of Fe, Co and Ni nanowires at the overpotential ( ) of -0.9V and -0.6V respectively. The 

averaged current density at -0.9V is 11.47 mA/cm
2 

for Fe, 8.34 mA/cm
2
 for Co, 4.92mA/cm

2 
for Ni, 

and at -0.6V is 5.41 mA/cm
2
 for Fe, 3.33mA/cm

2
 for Co and 1.61mA/cm

2
 for Ni. We can see two 

interesting points from Figs. 5 and 6 that under the same , pH, concentration of metal ions and 
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temperature, the current density of deposition of Fe is higher than that of Co and Ni, indicating that Fe 

nanowires grow faster than Co and Ni nanowires. The explanation for this is as follows.  
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Figure 5. Current density vs time curves measured in the second-step deposition of Fe, Co and Ni 

nanowires at -0.9V  
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Figure 6. Current density vs time curves measured in the second-step deposition of Fe, Co and Ni 

nanowires at -0.6V  
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The relationship between the current density and the overpotential is described by the Bulter–

Volmer equation[12]. For the large negative values of overpotential like -0.6 and -0.9V, the Bulter–

Volmer equation can be approximated by [12]. 

0 exp
zF

i i
RT

  
   

 
                                    (3) 

where i , the current density, 0i , the exchange current density,  , the charge transfer 

coefficient, z , the valence of deposited metal ions, F  , the Faraday constant,   , the overpotential, R  

, the gas constant, and T is the absolute temperature. Exchange current density of Ni is approximately 

the same as that of Co at pH 2.5[13]. The valence of deposited Ni and Co ions, which is 2+, is also the 

same. Consequently, the current density ( i ) depends only on the charge transfer coefficient ( ) and 

increases with increasing . Here we will elucidate using the electron tunneling theory that the charge 

transfer coefficient of Co ( Co ) is higher than that of Ni ( Ni ).  

Electron tunneling is used to describe electronic processes arising near metal surface. When 

positively charged ions approach a metal surface, these ions can be neutralize by metal valence 

electrons via electron tunneling. In case of  low-energy ion scattering experiments, low energy ions 

which are incident on a metal surface are neutralized through electron tunneling[14]. In 

electrodeposition process, metal valence electrons can also tunnel to dehydrated metal ions, leading to 

neutralization[8, 9]. This is because the wave function of valence electrons in metals does not drop to 

zero abruptly at the surface but prolong above the surface with an exponentially decaying tail[15]. 

When the wave function tail of the valence electron overlaps with the orbital wave function of 

hydrated metal ions, the valence electron can tunnel to vacant orbital of hydrated metal ions. As a first 

approximation, the tunneling probability is mostly resolute by the overlap of the wave functions. The 

larger the overlap between the orbital wave function and the valence electron wave function is, the 

larger the tunneling probability is. This overlapping depends very perceptively on the extension of 

decaying tail and the distance of hydrated metal ions from surface. 

The wavefunction of electrons above the surface decays exponentially according to [16] 
d

e



 51.0

                                         (4) 

Where d is the distance from metal surface in Å and the workfunction Ф in eV. Since the work 

function of polycrystalline Fe (4.67eV) is smaller than that of polycrystalline Co (5.0eV) and 

polycrystalline Ni (5.15eV) [17] the valence electron wavefunction of Fe decays less abruptly and 

prolongs more beyond the surface than that of Co and Ni. It is well understood that the structure of 

hydrated Co and Ni ions is octahedron[18]. When hydrated Co and Ni ions approach to and arrive at 

metal surface, the structure of hydrated metal ions is distorted by electron gas at metal surface. In this 

case, the distance of hydrated Co and Ni ions from surface should be same. Consequently, the wave 

function overlap depends strongly on the extension of metal wave function. Because the wave function 

of Co extends more above the surface than that of Ni, the overlap of Co metal wave function with the 

orbital wave function of hydrated Co ions is larger than the overlap of Ni metal wave function with 

hydrated Ni ions. Therefore the probability of Co metal valence electron transferring to hydrated Co 

ions will be higher than that of Ni metal valence electron transferring to hydrated Ni ions. This leads to 
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a higher charge transfer coefficient of Co. As a result, the current density for deposition of Co is higher 

than that of Ni and the current density of Fe is higher than that of Co. 

The potential energy E of electrons outside of the metal differs with the field strength  simply 

as xeE   , as shown in the right side of Fig.7a.  

 

 
 

Figure 7. Schematic diagram of field emission barrier. The height of the potential barrier is determined 

by the workfunction of the metal ø and slope below the vacuum level shows the applied electric 

field ɛ and the electron tunneling will occur at or near the Fermi level (a), dependence of the 

barrier width on applied electric field (b), width of potential barrier for different work functions 

(c). 

 

It is well-known that the applied potential is directly related to the current density, increasing 

the applied potential increases the current density. This leads to the more quick variation of the 

potential of electrons outside the metal, as shown in Fig.7b. In this case, the slope of electron potential 

with a higher electric field is steeper than that of a small electric field. The barrier width becomes 

thinner and electron tunneling occurs with no trouble. Hence, the current density increases with 

increasing the applied potential. The work function of metal can have an influence on the width of 

barrier through which electron tunnel. Fig. 7c shows that under the same applied potential (meaning 

that there is the same electric field strength in the double layer) the barrier width for the metal with 

small work function becomes thinner and electron tunneling takes place more easily. That’s why, 

under the same applied potential, there is a higher current density for electrodeposition of nanowires of 

the metal with a smaller work function. 

Our findings of current study are in good agreement of previous work of electrodepositing Ag 

and Cu nanowires [19]. The reasons why the current density for electrodeposition of Ag nanowires is 

considerably higher than that of Cu nanowires have two facts. Firstly, hydrated Ag ions are nearer to 

surface than hydrated Cu ions. This can meaningfully raise the current for the reason that the tunneling 
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current increases exponentially with the decreasing distance of hydrated metal ions from surface. 

Secondly, the workfunction of Ag (4.26eV) is smaller than that of Cu (4.65eV). The smaller 

workfunction makes the wavefunction of Ag metal have a larger overlap with orbital wavefunction of 

Ag+ ions, consequently increasing the tunneling current. 

 

4. CONCLUSIONS 

The current density of depositing Fe nanowires is higher than that of depositing Co as well as 

Ni nanowires under the same overpotential, pH, concentration of metal ions and temperature. This can 

be attributed to the smaller work function of Fe metal, compared to that of Co and Ni. For the surface 

with a smaller work function, the wave function of valence electron extends more above the surface. 

This causes a larger probability of electron transferring from Fe surface to hydrated Fe ions, leading to 

a higher charge transfer coefficient and so a higher current density.  
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