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A B S T R A C T

Water electrolysis is a promising way to produce hydrogen fuel, but many electrocatalytic systems require
electrodes made of noble metals such as platinum. There is a demand for high-efficiency, low-cost materials to
replace these noble metals. Herein, porous anodic alumina (AAO) templates are prepared by direct current (DC)
constant voltage anodization and the step-down method. Cobalt, nickel and Co–Ni alloy nanowires are then
prepared by alternating current (AC) electrodeposition. This nanoarray system can be employed in fuel cells to
minimize the use of precious metals and reduce the cost of the cathodes. The pores of the AAO template are
uniform with a size range from 35 to 75 nm. Using cyclic voltammetry (CV) and linear sweep voltammetry (LSV),
the Co–Ni nanowire array prepared on AAO by this method is shown to have a low overpotential for hydrogen
evolution and excellent stability.

1. Introduction

Research on proton exchange membrane fuel cells (PEMFCs) has
developed rapidly due to their high specific power, low working tem-
perature and sustainability [1–5]. Noble metals such as Pt [6], Au [7]
and Pd [8] are used as catalysts in PEMFCs because of their high effi-
ciency, good reversibility and catalytic activity. Although Pt/C catalysts
are widely used, they have many disadvantages, such as high cost and
deactivation due to corrosion of the carbon carrier [9]. A large-scale
carbon carrier also increases the thickness of the catalytic layer, influ-
encing the speed of mass transfer and reaction [10]. Other materials
used for hydrogen evolution include binary or multicomponent alloys
formed by transition metals [11], such as Ni–Co and Ni–Mo, which have
high electrocatalytic activity. One-dimensional structural catalysts can
also improve the performance of the catalysts [12]. In this paper, the
electroactive area was increased by optimizing the structure of the
catalysts to improve the utilization rate and catalytic performance of
the materials [13].

The template method is a common way of synthesizing one-di-
mensional nanomaterials [14,15], with ion-etched thin films and
porous anodized aluminum oxide (AAO) thin films being the most
common nanotemplates [16,17]. Porous alumina [18] is a three-layer
structure composed of a porous top layer with a uniform pore diameter
and tightly arranged hexagonal pores, a barrier layer with high

corrosion resistance and electrical insulation, and an unoxidized alu-
minum substrate layer at the bottom. The technique for synthesizing
Co–Ni nanowires is very mature and Co–Ni alloy is known to have good
activity for the hydrogen evolution reaction, but Co–Ni nanowires
supported on porous alumina have rarely been used as electrocatalysts.
In this paper, porous alumina was prepared by DC constant voltage
anodic oxidation [19] in oxalic acid electrolyte, and the step-down
method was used in a secondary oxidation process to reduce the barrier
layer without damage. The electrochemical properties of the Co and Ni
nanowires and their alloys were characterized with a three-electrode
system, using a Pt wire, Ag/AgCl and the AAO template with uniform
pore size as the counter, reference and working electrodes, respectively.

2. Experimental section

2.1. Synthesis of the AAO template

2.1.1. Pretreatment of aluminum sheet
A high purity aluminum sheet (99.999%) was cut into pieces mea-

suring 1 cm by 1 cm. The high purity aluminum sheet was annealed at
500 ℃ for 3 h in a vacuum furnace to eliminate internal stresses and
other defects. The aluminum sheet was then placed in a solution of
acetone and alcohol with a volume ratio of 4:1 for 10 min to remove
surface oil, and then cleaned several times with deionized water. The
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aluminum sheet was polished in 1 mol/L NaOH for 1 min, then rinsed
several times with deionized water, and dried in a vacuum drying oven.
This completed the pretreatment of the aluminum sheet.

2.1.2. Synthesis of AAO
Porous alumina templates were obtained by one- and two-step an-

odizations. The dry aluminum sheet described above was used as the
anode, a platinum sheet as the cathode, and 0.4 mol/L oxalic acid so-
lution as the electrolyte. The first oxidation was carried out for 4 h at a
constant DC voltage of 40 V. Secondary oxidation was then carried out
using the step-down method. The concentration of the electrolyte was
the same as in the first oxidation. The starting voltage was set at 40 V
and the voltage was reduced by 2 V every five minutes; when the
voltage had reached 20 V, the voltage was reduced by 1 V every two
minutes; and the reaction was stopped when the voltage reached 10 V.
After the constant piezoelectric deposition had continued for 10 min,
the piece of aluminum was taken out, rinsed with deionized water, and
vacuum dried.

2.2. Preparation of Co, Ni and Co–Ni alloy nanowires

The porous alumina template was removed from the vacuum and an
electrochemical workstation (CHI 760E, Shanghai Chenhua Instrument
Company, China) was used for alternating current (AC) deposition in a
three-electrode system. The solution used to electrodeposit co-
balt–nickel alloy nanowires was composed of CoSO4·7H2O (150 g/L),
NiSO4·6H2O (150 g/L), H3BO3 (30 g/L) and NaCl (6 g/L), while cobalt
nanowires and nickel nanowires were electrodeposited from solutions
of CoSO4·7H2O (150 g/L), H3BO3 (30 g/L), NaCl (6 g/L) and
NiSO4·6H2O (150 g/L), H3BO3 (30 g/L), NaCl (6 g/L), respectively. The
pH values of the three solutions outlined above ranged from 5.5 to 6.5
and could be adjusted by adding ascorbic acid. In the three electro-
deposition systems studied, the AAO template was used as the working
electrode, while the counter electrode and the reference electrode were
a platinum wire and Ag/AgCl, respectively. Cyclic voltammetry (CV)
was used to electrodeposit the metal and alloy nanowires, with a scan
speed of 50 mV/s and a voltage range of 0.6 to 1.6 V. Cyclic voltam-
mograms of the first cycle, the 500th cycle and 1000th cycle were re-
corded for each material.

2.3. Composition and structure characterization

X-ray diffraction (XRD, 7000S/L type, Rigaku Co, Japan) was used
to analyze the phase and structure of the materials. The light source was
Cu target Kα (λ = 1.5418 Å), the tube voltage 40 kV, the tube current
30 mA, and the scanning speed 5°/min. The step size was 0.02°, and the
2θ values ranged from 20° to 90°. The morphology of the materials was
characterized by tungsten filament scanning electron microscopy (SEM,
JSM-6610).

2.4. Electrochemical measurements

Electrochemical tests were carried out in a three-electrode system at
room temperature. The AAO template was used as the working elec-
trode, while the counter electrode and reference electrode were a pla-
tinum wire and Ag/AgCl, respectively. CV images for Co, Ni and Co–Ni
after 500 cycles were compared with images for the blank AAO control
group. In the blank control group, CV scanning was carried out on the
AAO template in an electrolyte consisting of 30 g/L H3BO3 and 6 g/L
NaCl without Co or Ni ions (500 cycles). The nanoarrays containing
deposits of Co, Ni and Co–Ni alloys were then placed in H2SO4

(0.025 mol/L) for linear scanning voltammetry (LSV) and study of their
Tafel curves. The dynamic parameters of the Tafel curves were calcu-
lated by an iterative method.

3. Results and discussion

3.1. Physical characterization

It can be seen from the XRD diagram in Fig. 1a that multiple dif-
fraction peaks corresponding to Co, Ni and Co–Ni alloy appeared when
AC deposition is carried out on the AAO template without removing the
barrier layer or aluminum substrate. All the diffraction peaks are sharp,
indicating that the synthesized sample is highly crystalline, probably
composed of a variety of intermetallic compounds with Al instead of
pure metal or alloy nanowires. From the SEM diagram of Fig. 1b, it can
be seen that the size of the AAO pores is uniform, with a pore size of
about 60 nm, and a high degree of order. It can be clearly seen from a
large corrosion pit on the surface of the material that the channels are
deep, neatly arranged and perpendicular to the base, while the inner
walls of the channels are smooth, and the diameters of the upper and
lower channels are basically the same. This shows that a sample of AAO
with an orderly arrangement, uniform pore size and adjustable pore
depth can be prepared by DC electrolysis under appropriate conditions.

3.2. Electrochemical characterization

Fig. 2a shows CV curves for the samples containing electrodeposited
Co, Ni or Co–Ni (no blank). Comparing the CV curves we can see that
the area is almost zero for Ni, while after one cycle the area corre-
sponding to Co–Ni is the largest. There is no oxidation peak or reduc-
tion peak, which shows that the AAO template has no electrochemical
activity at the beginning of AC deposition. As the number of scanning
cycles increases, the length of the deposited nanowires gradually in-
creases. The cobalt, nickel and alloy nanowires show oxidation peaks,
and the peak values increase continuously, indicating that the electro-
catalytic activity of the nanoarrays is also increasing. However, there
are almost no reduction peaks in the curves, indicating that the elec-
trochemical reaction in the three nanoarray systems studied is an ir-
reversible process.

It can be seen from Fig. 2b that for a given deposition time, the
oxidation peak of the Co–Ni alloy nanoarray is the highest and the area

Fig. 1. (a) XRD of Ni, Co and Co–Ni alloy deposited on AAO and blank AAO; (b) SEM of the anodized aluminum template.
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of the CV image is the largest, which indicates that the electrochemical
activity of the Co–Ni alloy nanoarray is the greatest. In other words, the
electrochemical activity of the Co–Ni alloy nanoarray is greater than
that of either the Co nanoarray or the Ni nanoarray for the same AC
deposition time. In the blank control group without Co or Ni ions, the
area of the CV image was almost zero, which means that no catalytic
activity was shown.

Fig. 3a shows the LSV curves of AAO, Co, Ni and Co–Ni alloy.
Compared with the blank AAO, the initial potentials of Co, Ni and
Co–Ni alloy are shifted towards the positive direction by 0.325 V,
0.587 V and 0.694 V, respectively. The working electrodes with a Co–Ni
alloy deposit show a more obvious hydrogen evolution phenomenon
than an AAO template with simple metallic cobalt or nickel deposits.
The results show that, compared with blank AAO, the hydrogen evo-
lution performance of the electrode is improved when Co and Ni are
deposited simultaneously.

Fig. 3b shows the Tafel curves of AAO, Co, Ni and Co–Ni alloy na-
noarrays. Using the Butler-Volmer equation [20], the Tafel polarization
curve was fitted to obtain the Tafel curve, and the longitudinal intercept
a, the slope b and the exchange current density were calculated; the
corresponding parameters are shown in Table 1. Table 1 shows that
AAO with Co–Ni deposits has the largest exchange current density,
which indicates the highest electrochemical activity of the electrode for
hydrogen evolution. The Tafel slope for the Co–Ni alloy is found to be
the highest among the electrodes studied, indicating that the trans-
mission coefficient factor is more important [21].

Butler-Volmer equation: =j j e e( )F RT F RT
0

(1 ) / / .

4. Conclusions

In this paper, porous alumina templates with uniform pore sizes
ranging from 35 nm to 75 nm were prepared by direct current elec-
trolysis and the step-down method. Cobalt, nickel and cobalt–nickel
alloy nanowires were deposited in the channels of AAO by cyclic vol-
tammetry. The electrochemical measurements show that as the AC
deposition time increases, the amount of metal deposited increases, and
the electrochemical activity of the nanoarrays increases. However,
there are no reduction peaks in the CV images, so the deposition process
is irreversible. For a fixed number of scanning cycles, the hydrogen
evolution performance of AAO loaded with Co–Ni alloy nanowire ar-
rays is better than that of the single metal nanowire arrays. The results
show that one-dimensional nanomaterials can be prepared by alter-
nating current deposition using AAO as the template without removing
the barrier layer and aluminium substrate. The metal nanoarrays also
have good electrocatalytic hydrogen evolution performance and could
be used in fuel cells to reduce the use of noble metals.

Fig. 2. (a) CV curves of the 1st, 500th and 1000th cycles of Ni, Co and Co–Ni alloys deposited on AAO (sweep rate 50 mV/s); (b) CV curves (500th cycle) of Ni, Co
and Co–Ni alloy deposited on AAO and blank AAO.

Fig. 3. (a) LSV curves of Ni, Co and Co–Ni alloys deposited on AAO compared with that of blank AAO (sweep rate 5 mV/s); (b) Tafel curves of different electrodes in
0.025 mol/L H2SO4 solution.

Table 1
Tafel kinetic parameters of different electrodes in 0.025 mol/L H2SO4 solution.

Electrode Tafel slope b (mV/dec) a (V) Exchange current density (A/cm2)

AAO 134 0.96 1.14 × 10−10

Co 174 0.76 1.20 × 10−5

Ni 201 0.71 4.73 × 10−4

Co–Ni 192 0.69 1.91 × 10−3
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