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a b s t r a c t

Hydrogen evolution reaction in 1 M Na2SO4 was investigated using Ni nanowires in

diameter of 250 nm with exposed lengths of 20, 35, and 45 mm, respectively. The Ni

nanowires were fabricated by a direct-current pulse electrodeposition technique using an

anodic aluminum oxide template, followed by selective removal of the supporting pore

walls. Scanning Electron Microscope images revealed structural stabilities and X-ray

diffraction pattern indicated a polycrystalline fcc phase. In current–potential (i–V) polari-

zations, the Ni nanowires with longer exposed lengths demonstrated larger current

responses. Analysis from impedance spectroscopy confirmed increasing double-layer

capacitances with longer Ni nanowires. In galvanostatic lifetime experiments, the free-

standing Ni nanowires exhibited a reduced overpotential over that of supported ones.

Similar procedures were performed for the oxygen evolution reaction in both i–V and

lifetime measurements. For the Ni nanowires of 45 mm length, we estimated the energy

cost for hydrogen production was 5.24� 105 J/mole.

ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction principle, HER occurring in a neutral electrolyte suffers from
Hydrogen is a promising energy carrier because its oxidation

with oxygen in fuel cells provides electricity without harmful

CO2 emissions [1]. Among many hydrogen production

schemes explored, water electrolysis is considered as the

simplest [2–4]. The water electrolysis involves an electro-

chemical reaction to decompose water under sufficient

voltage drive. Unfortunately, large-scale implementation

using the water electrolysis to produce hydrogen is hindered

by severe polarization loss. To reduce overpotentials for the

hydrogen evolution reaction (HER), a variety of electro-

catalysts has been explored [5–8]. However, for low-cost

industrial applications, the Ni and its alloys are recognized as

potential electrode materials [9–11].

Electrolytes in alkaline (KOH) or acidic (H2SO4) solutions are

often used in HER studies [12–14]. On the other hand, the

neutral solution has received less attention [15–17]. In
; fax: þ886 3 5724727.
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slower kinetics as compared to that of alkaline one because of

larger ohmic loss. Nevertheless, selection of neutral electro-

lyte is necessary for systems that are unstable in alkaline or

acidic environments. For example, a possible application is to

construct a miniaturized water electrolyzer for Micro Electro

Mechanical Systems-based (MEMS) devices. It is because

MEMS are typically built upon Si platforms, which are

susceptible to corrosion in alkaline solutions.

Nanostructuredmaterials preparedfromtemplate synthesis

approaches have attracted considerable attention recently for

their prospects in fabricating devices for magnetic, electronic,

and electrochemical applications [18–20]. A popular template to

date is the anodic aluminum oxide (AAO). The AAO consists of

perpendicularly aligned pore channels with adjustable diame-

ters and densities. Earlier work by Li et al. and Sapp et al. con-

cerned growths of nanomaterials within the pore channels for

high-rated lithium batteries and thermoelectrical materials
ydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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[21,22]. It is recognized that electrode structures with excessive

surface areas can be constructed in this way to reduce unde-

sirable polarization loss.

In this work, we fabricated Ni nanowires by a direct-

current (dc) pulse electrodeposition technique using the AAO

as a template. We designed the Ni nanowires with supported

and unsupported AAO pore walls to expose various surface

areas. Electrochemical analysis was conducted to identify the

optimized HER performance.
Fig. 1 – Cross-sectional SEM images for the Ni nanowires in

exposed length of (a) 20 and (b) 45 mm, respectively.
2. Experimental

AAO templates (25 mm in diameter) with an average pore

diameter of 250 nm in thickness of 60 mm were purchased

from Whatman International Ltd. Their pore density and wall

thickness were 8.0� 108/cm2 and 100 nm, respectively. First,

the AAO template was sputtered with a thin metal film of

200 nm (Pt or Au) serving as the conductive substrate. A dc

pulse electrodeposition method with the on–off mode (1:1 in s)

and current density of 28 mA/cm2 was employed to grow Ni

nanowires. The plating electrolyte contained 120 g/L of

NiSO4$6H2O, 60 g/L of NiCl2, 30 g/L of H3BO3, and 2 g/L of

polyethylene glycol (Mw. 2000). The bath temperature was

kept at 25 �C at pH of 4.

The dc pulse electrodeposition lasted 60 min to obtain Ni

nanowires of 45 mm embedded within the 60 mm-deep AAO

pore channels. This corresponded to an aspect ratio of 180 for

the as-prepared Ni nanowires. Subsequently, the sample was

immersed in a 0.5 M KOH solution, followed by washing in

deionized water. The purpose for the KOH treatment was to

remove the AAO pore walls, leaving Ni nanowires with

exposed lengths between 20 and 45 mm. Accordingly, the

height of the supporting AAO wall at the base of the Ni

nanowires became 25–0 mm. The exposed length of 45 mm was

essentially the height for the free-standing Ni nanowires. In

this way, we were able to explore the distinction of supported

and unsupported Ni nanowires in HER behaviors.

In electrochemical analysis, an aqueous solution of 1 M

Na2SO4 was used. A three-electrode configuration was adop-

ted where the reference electrode was a Ag/AgCl electrode

with saturated KCl, and the counter electrode was a Pt foil

(6.25 cm2). The Ni nanowires with a geometric area of 1 cm2

were fastened by a Teflon holder serving as the working

electrode. Electrochemical measurements in current–poten-

tial polarizations (i–V) were conducted by a Solartron SI 1287

with a scan rate of 5 mV/s for �0.2 to �1.6 V. In addition,

a planar Ni plate (99.9 wt%) was evaluated for comparison

purpose. We also performed the i–V measurements for�0.2 to

1.8 V for the oxygen evolution reaction (OER). Galvanostatic

responses were recorded at 30 mA/cm2 to determine lifetime

performance for both HER and OER in order to estimate the

energy cost for hydrogen production. Impedance spectra were

obtained at open circuit voltage with a stimulus of 10 mV for

the frequency range of 1–10 kHz using a Solartron SI 1255B.

Approximation fitting to the impedance curves was con-

ducted by ZView software for the entire frequency range. All

the electrochemical analysis was carried out at 25 �C.

Field-emission Scanning Electron Microscope (FE-SEM;

JEOL-JSM-6700F) was used to observe the morphologies for the
Ni nanowires. X-ray diffraction (XRD) was conducted by

Siemens D5000 with a Ka of 1.54 Å to identify relevant phase

present. Energy dispersive X-ray (EDX) analysis was adopted

to analyze the composition for the Ni nanowires.
3. Results and discussion

3.1. Characterization of Ni nanowires

The dc pulse electrodeposition is recognized as an effective

method to deposit materials into pores of high aspect ratios. It

is because the off-time in the depositing sequence allows

redistribution of working ions to facilitate growths during

subsequent on-time. After extensive tries, we were able to

obtain the Ni nanowires without undesirable overplating at

pore openings. After deposition for 60 min, the Ni nanowires

with an average height of 45 mm were formed within the pore

channels of the AAO template.

Fig. 1(a) and (b) present the cross-sectional SEM images of

the Ni nanowires with the exposed lengths of 20 and 45 mm,

respectively. As clearly shown, the Ni nanowires were aligned

perpendicularly with impressive mechanical strengths. In



Fig. 2 – SEM images for the 45 mm Ni nanowires in top view

for (a) low and (b) high magnification, respectively.
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Fig. 3 – XRD pattern for the 45 mm Ni nanowires.

Fig. 4 – HER current–potential profiles for the Ni nanowires

in exposed lengths of 20, 35, and 45 mm, as well as planar

Ni plate.
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addition, their height was rather consistent, indicating the

growth of Ni nanowires was taking place uniformly among

individual pore channels. The diameter for the nanowires was

estimated at 250 nm, which agreed with the pore diameter of

the AAO template. It can be seen that partial removal of the

AAO pore walls produced a negligible effect on the Ni nano-

wires, leaving them essentially intact. Furthermore, complete

removal of the AAO template produced free-standing Ni

nanowires without noticeable structural collapse. Analysis

from EDX on the top portion of Fig. 1(a) confirmed the pres-

ence of Ni while mixtures of Ni and Al were identified at the

bottom part.

Fig. 2(a) and (b) provide the SEM images in top view for the

Ni nanowires without AAO supports in low and high magni-

fications, respectively. As shown, the Ni nanowires appeared

in clusters with domain-like morphologies. In the high

magnification image, the top portions of the Ni nanowires

were touching each other slightly. At this stage, these free-

standing Ni nanowires were anchored by the conducting layer

at the bottom. We suspect that static charges among them are

responsible for the observed bundle formations. The KOH

etching rate in our case was estimated at 900 nm/min. This
value is in line with what was reported earlier by Song et al. in

a similar 3 M NaOH etching solution [23].

XRD pattern for the Ni nanowires after complete removal

of the AAO template is exhibited in Fig. 3. The diffraction

pattern revealed signals from those of Pt and Ni. The strongest

one from the Ni nanowires was recorded at 44.74�, which was

identified as the (111) plane. This agreed with a typical bulk

polycrystalline fcc Ni where the highest peak is expected to

appear at 44.50� for the identical plane (JCPDS 7440-02-0). In

addition, relative intensities for those Ni diffraction peaks

were in correct order as expected.
3.2. Electrochemical analysis

Fig. 4 demonstrates the i–V curves for the Ni nanowires with

exposed lengths of 20, 35, and 45 mm, respectively. The planar

Ni plate is also provided as the reference. In the neutral elec-

trolyte, the equilibrium potential for the Ni nanowires was

�0.2 V (vs. Ag/AgCl). Once cathodic overpotential was



Table 1 – Values for apparent and effective current
densities for the Ni nanowires and planar Ni plate at
selective potentials.

Sample Surface
area

(cm2)a

�1.20 V �1.60 V

Apparent
current

(mA/
cm2)

Effective
current

(mA/cm2)

Apparent
current

(mA/
cm2)

Effective
current

(mA/cm2)

Planar

Ni

plate

1 4.16 4.160 39.39 39.390

20 mm

nano-

wires

126.1 16.44 0.130 78.94 0.626

35 mm

nano-

wires

220.3 27.00 0.123 186.28 0.846

45 mm

nano-

wires

283.1 30.20 0.108 282.23 0.997

a Based on geometric calculation from equation (1).
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Fig. 5 – Impedance spectra in (a) Bode plot for the entire

frequency range and (b) Nyquist plot for the high frequency

regime for samples of planar Ni plate (3), and Ni nanowires

in 20 (;), 35 (B), and 45 (5) mm, respectively.
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imposed, we started to record current responses. The current

showed obvious increments when the potential reached

�1.2 V. It can be seen that the Ni nanowires with longer

exposed lengths exhibited larger current responses. This is

likely since a longer exposed length for the Ni nanowires is

equivalent to a larger surface area for the HER. In contrast, the

planar Ni plate exhibited substantially reduced current values.

Table 1 lists the apparent current densities at selected

potentials of �1.2 and �1.6 V for the samples involved.

Since the i–V curves indicated that the Ni nanowires with

longer exposed lengths exhibited improved electrocatalytic

performances, a further discussion on the effective current

densities for the HER is necessary. The actual surface area for

the Ni nanowires could be estimated by the equation below;

A ¼ r�
�
p� g2 þ 2pg� t

�
(1)

where A is the actual surface area, r is the number of the Ni

nanowires in 1 cm2 geometrical footprint, g is the radius of the

Ni nanowires, and t is the exposed length of the Ni nanowires.

Careful SEM observations have determined the g to be 125 nm.

The r equaled to the pore density of the AAO template, which

was 8.0� 108/cm2. This value agreed with earlier reports using

identical AAO templates [24,25]. The values for actual surface

area of the Ni nanowires, and their corresponding effective

current densities are also provided in Table 1. Unexpectedly,

the effective current densities for the Ni nanowires were

substantially smaller than that of planar Ni plate. This

suggests areas responsible for the HER in the Ni nanowires are

rather limited. Due to the cluster formation in the Ni nano-

wires and an aspect ratio of 180, we believe that electrolyte

transport to the bottom of the nanowires is hindered. It is

because during HER, large amount of hydrogen bubbles were

released and they would interfere with the electrolyte inflow.

This behavior is expected to be particularly pronounced since

the nanowire structures only allow vertical bubble escapes.

Moreover, as pointed out by Kiuchi et al. and Cheng et al., the

trapped gas bubbles contributed considerable ohmic
resistance in the electrolyte that often resulted in loss of

catalytic ability [26,27]. Therefore, we realize that the effective

surface area for the HER was confined primarily at the top

portion of the Ni nanowires. Similar results were recently

reported by Kim et al. in their study of Ru nanorods for water

electrolysis [28].

An alternative method to identify the electrochemical

active surface area for the HER is determination of double-

layer capacitance, which is typically acquired by impedance

analysis at the open circuit voltage. It is because free from

external overpotentials, the double-layer capacitance can be

extracted without possible interference from redox pseudo-

capacitance. Fig. 5(a) displays the Bode plots, and the associ-

ated simulation fitting from the entire frequency range for the

supported and unsupported Ni nanowires, as well as planar Ni

plate. The corresponding Nyquist plots in high frequency

regime are also presented in Fig. 5(b). As shown, the imped-

ance spectra revealed typical responses consisting of a dis-

torted semicircle at high frequencies and Warburg impedance

at low frequencies. Our impedance profiles appeared similar

to what was reported recently by Michishita et al. in which the

La0.6Sr0.4CoO3 perovskite was studied in an alkaline electrol-

ysis cell [29]. An equivalent circuit including constant phase

element (CPE), electrolyte resistance (Re), and charge transfer



Table 2 – Parameters from fitting impedance spectra
obtained at the open circuit voltage for the Ni nanowires
and planar Ni plate.

Sample Re

(Ucm2)
Rct (U/
cm2)

CPE-T
(mF/
cm2)

CPE-
P

Capacitance
(mF/cm2)

Planar Ni plate 2.40 307.00 249 0.81 42

20 mm

nanowires

2.18 31.58 7950 0.88 2763

35 mm

nanowires

2.07 88.57 9260 0.82 3925

45 mm

nanowires

3.43 121.40 12290 0.68 4550

Fig. 7 – OER current–potential profiles for the Ni nanowires

in exposed lengths of 20, 35, and 45 mm, as well as planar

Ni plate.
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resistance (Rct) was used to approximate the impedance

profiles (shown in Fig. 5(b)). According to Vázquez-Gómez

et al., at the open circuit voltage [30],

ZCPE ¼
1

QðjuÞa (2)

where the values for a and Q could be estimated by a graphic

approach proposed by Orazem et al. [31] as

a ¼ d log½�lmðZÞ�
d logðfÞ (3)

Q ¼ sin
�pa

2

� �1

lmðZÞ ð2pfÞa (4)

The double-layer capacitance for the electrode can be

derived by the following equation [32],

Q ¼ Ca
�
R�1

s þ R�1
ct

�1�a
(5)

Relevant parameters from the simulation fitting are listed in

Table 2. It can be seen that the double-layer capacitance for

planar Ni plate, and Ni nanowires of 20, 35, and 45 mm were 42,

2763, 3925, and 4550 mF/cm2, respectively. Their ratio, taking

the planar nickel plate as 1, turns out to be 1:66:93:108. This

value is below 50% of what is listed in Table 1 from geometric

estimations. Hence, we realize that substantial areas of the Ni
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Fig. 6 – Galvanostatic HER profiles for the Ni nanowires in

20 (;) and 45 (5) mm, respectively.
nanowires are inaccessible to electrolyte contact. This effect is

likely to become more pronounced when the HER is taking

place. It is because once polarizations are imposed, the freshly

produced gas bubbles would severely compromise electrolyte

transport within the Ni nanowires. As a result, further

reduction in the active surface area responsible for the HER is

expected, and this explains the significant reduction in the

effective current density for the Ni nanowires as opposed to

that of planar Ni plate. Contributions from the Pt to the HER

activity are negligible because the area of exposed Pt at the Ni

nanowires bottom is finite. Besides, the limitation on elec-

trolyte transport to the bottom further reduces possible Pt

activity.

After confirming enhancements in the HER for the Ni

nanowires in transient measurements, it would be necessary

to evaluate their galvanostatic behaviors for lifetime deter-

mination. Fig. 6 exhibits the voltage profiles for the supported

(20 mm in exposed length) and unsupported (45 mm in exposed

length) Ni nanowires. The supported and unsupported Ni

nanowires revealed voltage plateau of �1.329 and �1.224 V,

respectively. Accordingly, the overpotentials for the HER were

1.129 and 1.024 V. These values agreed well with earlier i–V

curves, where longer exposed Ni nanowires resulted in better

HER performances. Interestingly, the voltage profiles were

reasonably flat, indicating that the electrode structures were

not damaged after release of gas bubbles. Moreover, SEM

images confirmed the samples were still in reasonable shape

after 22 h. It is to be noted that during HER in neutral elec-

trolyte, local formation of NaOH, and its accompanying pH

change, is unlikely to affect the chemical stability of Ni.

The i–V polarizations for the OER are provided in Fig. 7. As

shown, these samples revealed notable current outputs when

the applied potentials became more anodic. For voltage below

0.8 V, the increases in the current densities were relatively

subdued. At voltage above 0.8 V, they demonstrated signifi-

cant current responses. In particular, the Ni nanowires with

longer exposed lengths revealed larger current values, a fact

consistent with that of HER. In contrast, the planar Ni plate



Fig. 8 – Galvanostatic OER profiles for the Ni nanowires in

20 (;) and 45 (5) mm, respectively.
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exhibited substantially lower current densities even at anodic

voltage above 1.5 V. It is noted that the recorded current

responses during OER also include inevitable Ni oxidation.

Hence, the exact OER currents were expected to be moderately

reduced.

Fig. 8 exhibits the OER galvanostatic measurements for the

Ni nanowires of exposed length of 20 (supported) and 45

(unsupported) mm. As shown, both samples demonstrated

step-wise increases in the output voltages as time progressed.

This phenomenon is due to the inherent Ni oxidation under

anodic condition that results in higher OER overpotential [33].

In the first 10–15 min, the supported and unsupported Ni

nanowires displayed voltage plateaus at 1.304 and 1.094 V,

respectively. These values were close to what were measured

in earlier OER i–V polarizations. However, the unsupported Ni

nanowires suffered from substantial performance degrada-

tions with steady voltage increments. At 40 min, the unsup-

ported sample failed and detached from the sample holder,

resulting in a sharp rise in the voltage. In contrast, the sup-

ported Ni nanowires revealed a relatively slower degradation

behavior despite its initial voltage was slightly higher than

that of the unsupported one. The supported Ni nanowires

sustained until 70 min before the breakdown took place. We

understand that during OER, H2SO4 was formed locally.

Therefore, stability of Ni nanowires was possibly affected by

acidic attack. Since the supported Ni nanowires not only

revealed less exposed area but also were surrounded by AAO

pore walls, their improved mechanical robustness and better

lifetime were not unexpected.

Our results so far establish that the Ni nanowires can be

used for HER but not applicable to OER. Nevertheless,

a preliminary determination on the hydrogen production

energy cost using the Ni nanowires for both electrodes is still

necessary. Basing on voltage reading from the galvanostatic

HER and OER data, and assuming a 100% coulombic efficiency,

we estimated the energy cost for hydrogen production as

5.65� 105 J/mole and 5.24� 105 J/mole for Ni nanowires in 20

and 45 mm length, respectively. In comparison, the thermo-

dynamic value for hydrogen production from liquid water at
298 K is 2.86� 105 J/mole. Unfortunately, the energy cost for

hydrogen production using the Ni nanowires in a neutral

electrolyte is significantly larger than what was reported

recently by Merriall and Dougherty using metal oxides in an

alkaline system [34]. However, we realize the hydrogen

production energy cost for the Ni nanowires could be further

reduced once an alkaline electrolyte in conjunction with

elevated operation temperature is adopted. Because the

overpotential from the OER during water electrolysis is

recognized as the principal contributor for energy loss,

considerable performance improvements are certainly likely

when nanoparticles of known electrocatalysts (NiCo2O4, IrO2)

are impregnated on the Ni nanostructures to further reduce

the OER overpotential [35,36].
4. Conclusions

Using a dc pulse electrodeposition technique, we prepared the

Ni nanowires in lengths of 45 mm within the pore channels of

AAO template. The diameter for the Ni nanowires was

250 nm, resulting in an aspect ratio of 180. After selective

etching to remove the supporting pore walls, we fabricated

free-standing, as well as supported Ni nanowires with

exposed lengths of 35 and 20 mm. For HER in 1 M Na2SO4, both

the i–V and galvanostatic measurements indicated that Ni

nanowires with longer exposed lengths delivered better

performances. However, the effective current density for the

Ni nanowires was smaller than that of planar Ni plate. Values

in double-layer capacitance from impedance spectra sug-

gested electrolyte mass transport within the nanowires elec-

trode might be accountable for the reduction in

electrochemical active surface area. In i–V polarizations for

OER, the Ni nanowires with longer exposed lengths revealed

larger current outputs. However, in galvanostatic lifetime

determinations, the supported Ni nanowires demonstrated

a better lifetime. Estimation on the hydrogen production

energy cost was also provided.
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