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Templated fabrication of nanostructured Ni brush for hydrogen

evolution reaction
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We fabricated a nanostructured brush by carrying out Ni deposition on a through-channel
anodic aluminum oxide (AAO) template, followed by removal of the AAO skeleton.
The AAO was prepared by a two-step anodization process resulting in pore diameter and
thickness of 350 nm and 40 mm, respectively. Subsequently, the AAO underwent an
electroless deposition involving sensitization, activation, and Ni plating, in conjunction
with polyethylene glycol used as the inhibitor to prevent premature closing of pore
opening. After deliberate control in relevant parameters, we obtained a conformal Ni
overcoat along every pore channel leading to a reduced average pore diameter of 78 nm.
Afterward, the sample was immersed in a KOH solution to remove the AAO structure,
forming freestanding Ni tubules in a brush configuration. The nanostructured brush
revealed considerable enhancement for hydrogen evolution reaction in both
current-potential polarization and galvanostatic measurements, which were attributed
to the increment in apparent surface area.

I. INTRODUCTION

Preparation of nanostructured materials using an anodic
aluminum oxide (AAO) template has received consider-
able attention recently for possible applications in optics,
electronics, batteries, and biosensing.1–4 For example,
metals, oxides, and polymers in nanowires or nanodots
have been successfully fabricated with impressive
results.5–8 Formed by anodization of Al in an acidic elec-
trolyte, the AAO revealed perpendicular pore channels in
adjustable pore diameters and densities contingent on the
type of acid, temperature, and voltage involved during the
anodization process.9,10 Unfortunately, due to its insulat-
ing nature, templated synthesis using the AAO structure is
limited to electroless approaches such as sol-gel, chemical
conversion, electroless plating, and physical vapor depo-
sition.11–14 Among them, the electroless plating route is
considered to be the most versatile one because it entails
a relatively simple setup to produce a rich variety of
deposits.15,16

Metallization of AAO is a field of few studies but its
successful demonstration is expected to enable the syn-
thesis of new materials for novel applications. To fabri-
cate a conductive AAO, a conformal metal deposition is
necessary on every pore channel without clogging the
pore opening prematurely. This is especially challenging
as the aspect ratio for these pore channels is typically in

the range of 50 to 200. Therefore, a practical solution is
to adopt an electroless formulation in conjunction with
suitable inhibitors. For the past 10 years, extensive
efforts have been devoted to electroplate Cu in sub-
micronmeter trenches for damascence structure.17–19

Among many additives explored, polyethylene glycol
(PEG) is a popular inhibitor to retard Cu deposition
because it easily adsorbs on the active sites of the sub-
strate.20 Since the electroless Cu deposition is often per-
formed in an alkaline electrolyte, which is corrosive for
the AAO template, we selected an alternative Ni depo-
sition to metallize the AAO with the presence of PEG as
the additive. We realize that a freestanding Ni tubular
array can be formed once the metallization is completed
and removal of the AAO skeleton is successful. These
Ni tubules might be useful as a substrate to promote
desirable catalytic reactions because of its excessive
surface area.

Previously, Ni with increased surface area (Raney Ni)
was designed and tested for hydrogen evolution reaction
(HER) in an alkaline electrolyte.21–23 The HER is a crit-
ical reaction to produce hydrogen fuel from water elec-
trolysis, which involves an electrochemical process to
decompose water under a sufficient external voltage. To
expedite the HER, noble metals such as Pt and Mo are
used as the electrocatalysts.24,25 However, for large-
scaled economic production of hydrogen, the Ni and its
alloys are widely used as the electrode materials.

In this work, we demonstrated the fabrication of free-
standing Ni tubules by performing electroless deposition
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on a through-channel AAO template, followed by chem-
ical removal of the AAO skeleton. This nanostructured
Ni array was shown to render a larger catalytic ability for
the HER as opposed to a planar electrode.

II. EXPERIMENTAL

The nanostructured Ni array was fabricated via a
templated synthetic route on a through-channel AAO sub-
strate. To prepare the through-channel AAO template, an
Al foil (99.5% purity) in a radius of 14 and 0.2 mm
thickness was used. First, the as-received Al foil under-
went pretreatments including Ar annealing and electro-
polishing. Next, the sample was subjected to a two-step
anodization process to produce well-aligned pore chan-
nels. During the first anodization, irregular pores were
formed on the Al surface. Those random pores were sub-
sequently removed to leave a surface vestige. Afterward,
the second anodization was performed to develop vertical
pore channels. Next, the unreacted Al on the backside was
chemically removed to expose the Al2O3 barrier layer at
the channel bottom. Finally, the Al2O3 barrier layer was
etched open, producing the through-channel AAO tem-
plate in a radius of 11 mm.

To metallize the through-channel AAO template, an
electroless plating of Ni was carried out in which mul-
tiple steps of sensitization and activation were used,

followed by Ni deposition. Because the AAO template
was unstable in an alkaline solution, we chose an acidic
bath instead. The sample was first immersed in a sensi-
tizing solution to allow adequate adsorption of Sn2þ.
After rinsing with deionized water, the AAO template
was dipped into an activation solution to initiate sponta-
neous oxidation of Sn2þ into Sn4þ, and reduction of Pd2þ

to form nanocrystalline Pd. These Pd nanocrystallites
would act as the catalytic centers for subsequent Ni2þ

reduction and growth. This process of sensitization and
activation was repeated five times to reach a desirable Pd
coverage. For Ni formulation, NiSO4�6H2O was used as
the metal source and NaH2PO2 was used as the reducing
agent. NaOH was used to adjust the pH value of the
plating formulation. In addition, chemicals including
PEG (Mw ¼ 2000) and Pb2þ were added as the inhibitor.
Finally, the sample was immersed in a KOH solution to
remove the embedded AAO skeleton, leading to the for-
mation of freestanding Ni tubules in a brush configura-
tion. A schematic for the fabrication steps involved is
presented in Fig. 1. Relevant processing parameters and
formulation in each step are listed in Table I.
In electrochemical analysis, a three-electrode arrange-

ment was adopted where the reference and counter elec-
trodes were Ag/AgCl and Pt foil (5.7 cm2), respectively.
The nanostructured Ni brush (1 cm2) was fastened by a
Teflon (DuPont, Wilmington, DE) holder serving as the

FIG. 1. Schematic diagrams for the processing steps involved in the fabrication of the nanostructured Ni brush; (a) annealing, (b) electropolishing,

(c) first anodization, (d) removal of surface oxide, (e) second anodization, (f) removal of backside Al, (g) removal of barrier layer, (h) Ni

deposition, (i) nanostructured brush in top view, and (j) nanostructured brush in bottom view.

TABLE I. Processing parameters and formulation used in the fabrication of nanostructured Ni brush.

Electropolishing HClO4, C4H9OCH2CH2OH, and C2H5OH (15:15:70 vol%) at 10 �C and 35 V for 10 min

First anodization 0.3 M H3PO4 at 170 V and 0 �C for 30 min

Surface oxide removal 1.8 wt% CrO3 and 6 wt% H3PO4 at 60
�C for 40 min

Second anodization 0.3 M H3PO4 at 170 V and 0 �C for 13 h

Backside Al removal 100 mL HCl, 100 mL H2O, and 3.4 g CuCl2 at 26
�C for 5 min

Barrier layer removal 5 wt% H3PO4 at 40
�C for 2 h

Sensitization 0.3 wt% SnCl2 and 2.5 wt% HCl at 26 �C for 1 min

Activation 0.1 wt% PdCl2 and 1 wt% HCl at 26 �C for 1 min

Electroless deposition 20 g/L NiSO4, 25 g/L NaH2PO2, 2 ppm Pb(NO3)2, and 500 ppm PEG (Mw. 2000) in pH 5 and 70 �C for 1 h

AAO removal 1 M KOH at 26 �C for 10 min
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working electrode. Current-potential polarizations (i–V)
were conducted by EG&G 263A (Oak Ridge, TN) in 1 M
KOH solution at a scan rate of 5 mV/s for�0.2 to�1.5 V.
Galvanostatic profiles were also obtained at 30 mA/cm2 to
determine the lifetime performance for HER. For compar-
ison purposes, we followed identical steps to deposit
Ni electrolessly on a Cu-coated Si substrate and evaluated
its i–V and life time characteristics. We selected the Cu-
coated Si substrate to prepare the planar Ni plate because
it provided a relatively smooth surface for Ni–P depo-
sition. In addition, to minimize possible interferences
from the Si substrate in electrochemical measurements,
the contact was made through the Ni–P layer directly.

Morphologies for the nanostructured Ni brush were
observed via a field-emission scanning electron mi-
croscopy (FE-SEM; JEOL-JSM-6500F, Tokyo, Japan).
Chemical composition and phase of the Ni deposit were
determined by energy-dispersive x-ray analysis (EDX)
and x-ray diffraction (XRD; MAC MXP18, Tokyo,
Japan), respectively. Capillary flow porometer was used
to validate the through-channel pores in the AAO tem-
plate and their size distribution before and after Ni depo-
sition. The electrical resistance for the metallized AAO
was obtained by a four-point measurement (Keithley
2000, Cleveland, OH) in the through-channel direction.

III. RESULTS AND DISCUSSION

We fabricated the through-channel AAO template
with a radius of 11 mm and 40 mm thickness. Its pore
opening was 350 nm, resulting in an aspect ratio of 114.
Since the template was open at both sides, its effective
aspect ratio became 57. Therefore, our objective of con-
formal Ni deposition within every pore channel without
closing their pore openings was rather formidable. Previ-
ously, we demonstrated the conformal deposition of Ni
on an AAO substrate of 10 mm thickness with an aspect
ratio of 20.26 Because of its reduced thickness, the sam-
ple became extremely brittle. Mechanical properties can
be improved simply by increasing the thickness, which
amounts to a larger aspect ratio. Notably, current Cu
damascence process entails the preparation of Cu seed
layers conformally in trenches with aspect ratios of 3 to
�5 but the deposition at pores with higher aspect ratios
is still lacking.27,28

Since the AAO template was not conductive, electro-
less Ni deposition required the proper seeding of Pd to
provide adequate nucleation sites. It is understood that
the formation of Ni initiates at the Pd nuclei that grows
into larger nodules. At a later stage, these nodules are
sufficiently large to contact each other and form a con-
tinuous film. Therefore, to obtain conformal Ni depo-
sition, a desirable Pd seeding is necessary. Figure 2
provides the SEM images for the Ni nodules formed on
the Pd nuclei in sensitization and activation of one, three,

and five times, respectively. As shown in Figs. 2(a) and
2(b), sensitization and activation for single and three
times lead to Pd nuclei densities of 5.8 � 1010/cm2 and
7.1 � 1010/cm2, respectively. The Pd density was in-
creased to 8.6 � 1010/cm2 after five repeated steps of
sensitization and activation, as shown in Fig. 2(c). This
corresponded to a Pd–Pd distance of 34.1 nm. Assuming
a three-dimensional Ni growth, a conformal Ni film
could be realized at a minimum thickness of 17 nm.

Figure 3 provides the top and cross-sectional SEM
images for the AAO after conformal Ni deposition. As
shown in Fig. 3(a), there was Ni deposit within every pore
channel but its amount at the pore opening was relatively
subdued. Apparently, the diameter for the pore opening on
surface was reduced to 250 nm from 350 nm. Formation
of Ni tubule inside the AAO pore channel was clearly
visible from Figs. 3(b) and 3(c) in cross-sectional views.
Individual pore channel was covered by a conformal Ni
deposit and its thickness was estimated to be 60–80 nm.

FIG. 2. SEM images of Ni nodules after sensitization and activation

for (a) one, (b) three, and (c) five times, and followed by 5 min Ni

electroless plating.
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Notably, the Ni deposit appeared uniform without defects
and uncovered area. It can be seen that the deposit on the
pore opening was considerably less as opposed to that
within the pore channels. This unique character was attrib-
uted to the PEG inhibitor that preferentially adsorbed on
the surface but slow in diffusion into the pore channels.

After Ni deposition, the transparent AAO template
darkened considerably. The result from XRD for the
metallized AAO is presented in Fig. 4. Due to the inter-
ference of amorphous AAO signals; there were substan-
tial noises in the diffraction pattern. Nevertheless, we
observed a broad Ni (111) peak at 44.5�. This confirmed
that the Ni deposit was nanocrystalline in nature. Analy-
sis from EDX indicated that the Ni deposit contained
15.34 wt% of phosphorus. This amount of phosphorus
was not unexpected because earlier literature has es-
tablished that electroless Ni deposition in an acidic elec-
trolyte always includes the phosphorus as a codeposit
and its amount is inversely proportional to the deposition
rate.29 Previous work has demonstrated that the amount

of P in Ni–P would affect the HER catalytic ability. For
example, there appears to be an optimized composition
range of P that leads to HER enhancement over samples
of pure Ni.30,31 In electroless Ni–P deposition, the
amount of P is determined by variables such as additives,
pH, and deposition temperature. The effect of substrate
on the resulting Ni–P composition is considered neg-
ligible. Accordingly, the Ni–P composition on the planar
Ni plate was 15.66 wt%. This minor difference was not
likely to produce noticeable difference in HER ability.
Hence, the HER measurements we obtained were pri-
marily attributed to the effect of surface area.
Direct validation of through-channel characteristics

for the Ni-plated AAO can be obtained by porometer
measurements. Figure 5 presents the relevant pore size
and distribution for the AAO template before and after
Ni deposition. In general, results from the porometer
measurements represented the most constricted regime
within the pore channels and hence their reading was
typically much smaller than direct SEM observations.
From Fig. 3(a), the majority of the through-channel pores
on the AAO template revealed an average diameter of
202 nm. After Ni deposition, their values were signifi-
cantly reduced to 78 nm. Obviously, the Ni deposition
helped in reducing pore channel inhomogeneity.
A direct electrical conductivity measurement was used

to confirm uniform coverage of Ni on every AAO pore
channel. We applied two Cu pads on both surfaces of the
metallized AAO and recorded the resulting resistance
value. Prior to Ni deposition, the resistance for the AAO
template was above 106 O. After Ni deposition, its value
was reduced to 0.18 O. This outcome validated the con-
ductive nature of the metallized AAO.
Since there existed a slight difference in the AAO

pore size from both sides, more Ni plating was observed
on the top surface. As a result, after KOH etching the
additional Ni would act as a substrate anchoring individ-
ual tubules. Figure 6 provides the SEM images for the
nanostructured Ni brush. As shown in Fig. 6(a), without

FIG. 4. XRD pattern for the AAO after conformal Ni deposition.

FIG. 3. SEM images of AAO after conformal Ni deposition in (a) top

view, (b) cross-sectional view in low magnification, and (c) cross-

sectional view in large magnification.
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AAO supports individual Ni tubules were clearly distin-
guishable. Figures 6(b) and 6(c) present the SEM images
from bottom and top views. Apparently, these freestand-
ing Ni tubules revealed a considerable structural stability
and their size uniformity was relatively consistent. At
this stage, these samples demonstrated moderate flexibil-
ity unlike that of AAO and metallized AAO, which were
rigid and brittle. These freestanding Ni tubular arrays are
expected to introduce many applications because of their
excessive surface area and conductive nature.

Figure 7 exhibits the HER i–V profiles for the nano-
structured Ni brush and planar Ni plate. In an alkaline
solution, the open circuit potential for both samples was
�0.2 V (versus Ag/AgCl). Once a reducing overpotential
was imposed, we started to record current responses
when the potential reached �0.9 V. Apparently, the
nanostructured Ni brush demonstrated a larger HER cur-
rent as opposed to that of planar Ni plate. Since the
electrochemical reaction is known to be proportional to
the electrode surface area, and samples here possessed a
notable difference in the apparent surface area, further
deliberation on the effective current densities becomes
warranted. The actual surface area for the nanostructured
Ni brush could be estimated by the following equation:

A ¼ r� t� 2pRþ 2prð Þ ; ð1Þ
where A is the actual surface area, r is the number of the
Ni tubules in 1 cm2 geometrical footprint, t is the tubular

height, and R and r are the outer and inner radius of
the Ni tubules. The values for r, t, R, and r were 6.3 �
108/cm2, 4 � 104 nm, 101 nm, and 39 nm, respectively.
Table II provides the comparison for the actual surface
area and effective current densities at selective potentials

FIG. 6. SEM images for the nanostructured Ni brush in (a) middle

view, (b) bottom view, and (c) top view.

FIG. 7. HER current-potential profiles for the nanostructured Ni brush

and planar Ni plate, respectively.

FIG. 5. Size and distribution of the pore channels for the AAO

template (a) before, and (b) after conformal Ni deposition.
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for the nanostructured Ni brush and planar Ni plate.
Unfortunately, the effective current densities for the
nanostructured Ni brush were substantially smaller than
those of planar Ni plate. This suggested that the area
responsible for the HER in the nanostructured Ni brush
was relatively subdued. This reduction in useful area was
caused by the limitation of mass transport within individ-
ual Ni tubule and between them. It is realized that during
HER, the freshly produced hydrogen might be entrapped
and interrupted with electrolyte inflow. This behavior
was likely to be particularly pronounced since the nano-
tubular structure only allowed vertical bubble escapes.
Moreover, according to the literature the trapped gas bub-
bles were expected to engender substantial ohmic resis-
tance in the electrolyte that often resulted in loss of
catalytic ability.32,33 Therefore, we understood that the
effective surface area for the HER was confined primarily
within the top portion of the Ni tubules. Similar results
were recently reported on the compromised performance
in nanostructured electrodes for water electrolysis.34,35

The HER i–V measurement provides transient char-
acteristics for quick catalytic evaluations. To further
confirm the applicability of nanostructured Ni brush, it
is necessary to explore its galvanostatic behavior for
lifetime determination. Figure 8 presents the voltage pro-
files for the nanostructured Ni brush and planar Ni plate,
respectively. Both profiles revealed rather flat response
with voltage plateaus of�1.34 and�1.86 V, respectively.
These values were slightly lower than what we expected
from earlier i–V curves. However, both voltage profiles

indicated the electrode structures were not severely dam-
aged after release of gas bubbles.
So far, we demonstrated the fabrication of nanostruc-

tured Ni tubules at a high aspect ratio and evaluated their
applicability for HER activities. Since both nanostruc-
tured Ni and planar Ni demonstrated similar composition
and phase, the distinction in HER ability was attributed
entirely to their surface area difference. We realized that
further improvements in current characteristics require
the optimization of size and crystal structure of the NI
nanostructured brush.

IV. CONCLUSIONS

A through-channel AAO substrate with an average pore
diameter of 350 nm and 40 mm thickness was used as the
template to fabricate a nanostructured Ni tubular array.
This was achieved via an electroless Ni conformal depo-
sition on every pore channel with PEG as the inhibitor,
followed by chemical removal of the AAO skeleton. The
Ni tubular array exhibited impressive structural integrity
with a pore opening of 78 nm, and one side was anchored
on the Ni in a brush configuration. In comparison with a
planar Ni plate, the nanostructured Ni brush demonstrated
a larger current response for the HER in both i–V polari-
zations and galvanostatic measurements. This improve-
ment in current characteristics was due to the increment
in surface area in the nanostructured electrode.
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