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’ INTRODUCTION

The construction of tubular nanostructures is an interesting
topic in nanoscience due to the recognition of nanotubes as the
true heirs to their solid counterparts in a variety of applications by
virtue of their superior physical and chemical properties.1 The
high ratio of surface area to mass and the useful inner space of
nanotubular materials meet the practical requirements of provid-
ing low cost, high efficiency, and versatility for applications.2

Along with the abundance of research on carbon nanotubes,
metallic nanotubes have also gained a share of the contemporary
material science attention.3 In particular, palladium (Pd), a
member of the platinum group metals, has been valuable as a
highly active catalyst in fuel cells,4 organic synthesis,5-7 and
automobile exhaust converters; as a high-capacity absorber in
hydrogen storage;8 and as an extraordinarily sensitive material in
hydrogen gas detection9 for a long time. Until now, there have
been several strategies available for the formation of Pd nano-
tubes including electrodeposition,10,11 electroless deposition,12,13

galvanic replacement,14,15 the Kirkendall effect,1 and molecular
adsorption.8 Yet more efficient methodologies for synthesizing
superior Pd nanotubes are worthy of further exploration. Vertical
nanotubes with thin walls would be ideal for maximizing the
usage of Pd per unit mass, due principally to the large population
of exposed surface atoms on both the inner and outer surfaces of
standing walls and the ready accessibility to active sites at
moderate-diameter open tubes for either gases or liquids. Com-
pared to the commonly used template-directed, one-dimensional
Pd nanowire16-18 synthesis, nanotube structure formation via a
hard-template method remains a challenge on account of the
perceptible difficulty of forming a flimsy Pd film only on the inner
wall without fully filling the void space of the nanochannels in a

template. Herein, relying on the superficial chemical nature and
geometrical configuration of an anodic aluminum oxide (AAO, a
form of alumina with highly ordered nanochannels; Figure S1,
Supporting Information) membrane template,19 we were able to
successfully synthesize a vertical thin-walled Pd nanotube array
by regulating the interfacial double layer and the electric potential
of hydrogen evolution.

’EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma-Aldrich and
used as received if not stated otherwise, and all aqueous solutions were
prepared with triply distilled deionized water (Millipore, >18.2MΩ). Au
plating solution (Orotemp 24 RTU) was purchased from Technic Inc.
Alumina membranes (AAO, diameter ≈13 mm, nanochannel diameter
≈300 nm, thickness ≈60 μm) were purchased from Whatman Inter-
national Ltd. Homemade AAO was synthesized by the method de-
scribed in our previous publication.20

Instruments.We performed all electrochemical experiments on an
Autolab (PGSTAT12) equipped with a three-electrode system
[counterelectrode, Pt mesh; reference electrode, Ag/AgCl (3 M KCl)].
We acquired SEM images on a JEOL JSM-7401F field emission scanning
electron microscope (FE-SEM) and TEM images on a JEOL JEM2100F
high resolution transmission electron microscope (HR-TEM).
Methods. Before AAO was used, an Au nanoparticles immobilized

layer21 on commercial AAO and a thermally evaporated Au film on
homemade AAO were used as conducting layers. For TEM analysis, the
free-standing Pd nanotubes were obtained by selectively dissolving Au
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conducting layer by an aqueous gold etching solution consisting of 0.6M
KI and 0.2 M I2 and following complete removal of alumina membrane
by 3 M NaOH for 20 min and multiple rinse by deionized water. The
solution in cell was degassed with N2 for 20 min to remove O2 before
CO stripping experiments. During CO gas bubbling, the potential was
kept at 0.3 V to avoid H2 evolution.

’RESULTS AND DISCUSSION

When an acidic solution is cast onto an AAO membrane,
hydrogen ions (Hþ) are adsorbed specifically onto the surface of
the alumina, leading to the formation of interfacial double layers.
It is well-known that the surfaces of most substances are
electrically charged when contacted with a polar (e.g., aqueous)
medium. A monolayer of Peri-modeled22,23 hydroxyl groups
(-OH) on the alumina surface has been characterized previously
by observing the -OH bond stretching frequencies from infra-
red spectroscopic analysis. At a solution pH below the point of
zero charge (PZC,∼8-9), those-OHs on the alumina surface
are ionized to produce a monolayer of positively charged -
OH2

þ groups24,25 whose quantity mainly depends on the pH of
the solution. Accordingly, the positively charged surface leads to
the formation of an interfacial double layer at the solid-liquid
interface by electrostatic interactions between -OH2

þ on the
alumina surface and negative ions present in bulk solution. The
interfacial double layer exhibits significant features that deter-
mine the distribution of a nanometer-scale thin layer of either
anions or cations near the solid surface. When the classical
Gouy-Chapman-Stern’s double layer model is taken into
consideration, a plane distribution of ions at a solid-liquid
interface is shaped on a flat surface. However, the distribution
of a double layer along a porous surface differs from that at a flat
surface and heavily relies on the ionic strength. The reciprocal
relationship between double layer thickness and ionic strength of
a solution has been extensively studied by electrochemists.26

In this original investigation, we used an aqueous solution
containing 0.05 M PdCl2 and 0.1 M HCl as a plating solution.
Under the experimental conditions, Hþ ions do not coordinate
with Pd ions because Pd(II) is a d-transition metal ion with
vacant d orbitals that is apt to accept electron pairs from electron-
donating ligands (Lewis base), such as Cl- ions. The solubility of
PdCl2 (insoluble in water but particularly soluble in coordinating
solvents) has been investigated by theoretical coordination
considerations.27 In addition, an experimental investigation of
Droll et al.28 has shown that Pd exists only as PdCl2, PdCl3

-, and
PdCl4

2- in solution when the ratio of [Cl]/[Pd] is between 4.0
and 4.8. The resulting exclusive presence of cation and simple
ionic components [Hþ, Cl- (excess), PdCln

(n-2)- (2e ne 4)]
in the system facilitates the formation of a thick double layer. In
this context, the double layer thickness in the alumina nano-
channel can be flexibly tailored through control of the concen-
tration of HCl (Hþ) and the ratio of [Cl]/[Pd], although the
exact measurement of double layer thickness is technically
unavailable on such insulating and porous material.

In a nanochannel, Pd(II)-Cl complexes and a portion of free
Cl- ions reside in the negatively charged region, composed of a
compact layer and a diffuse layer, whose magnitude of negative
charge is equivalent to that of the opposite charge in the Stern
layer29 to maintain electroneutrality (Figure 1). Large numbers
of Hþ from the acidic solution at low pH (e.g., pH = 1) far from
the PZC of alumina are stabilized at the solid surface due to the
high density of electronegative hydroxyl groups on the alumina

surface (5-20 -OH/nm2).22 The content of adsorbed Hþ on
the inner wall of the nanochannel and the concentration of
Pd(II)-Cl complexes in the compact layer are distinctly higher
than in the bulk region, if it is supposed that the Donnan
exclusion effect does not occur.30,31 Upon application of a proper
electric reduction potential, Hþ ions and Pd(II)-Cl complexes
can be reduced simultaneously at the smooth Au bottom
substrate (Figure 2A) in the initial stage, generating a thin layer
of Pd aggregates with a rough morphology (Figure 2B). It occurs
because Hþ ions and Pd(II)-Cl complexes are physically
adsorbed on and diffuse to the Au substrate during solution
filling and electric potential. As Pd atoms start to grow on the Au
substrate, the hydrogen evolution reaction (HER), a widely
investigated electrode reaction in electrochemistry, occurs on
the surface of the cathodic Pd according to the well-accepted
Volmer-Heyrovsky-Tafel reaction mechanism32 in acidic con-
ditions as follows.

MþHþ þ e h MH ðVolmerÞ

MHþHþ þ e h MþH2 ðHeyrovskyÞ

2MH h 2MþH2ð TafelÞ
where M denotes most transition metals.

Reduced hydrogen is readily adsorbed on atomic Pd through
an exothermic process.31,32 The generated hydrogen (either
Volmer hydrogen atoms or Heyrovsky and Tafel hydrogen
molecules) is a moderate reductant33,34 with a standard reduc-
tion potential of 0 V (vs standard hydrogen electrode, SHE)
which can reduce many high-valent metallic compounds, such as
Pd(II)35 with a standard reduction potential of 0.83 V14 (vs
SHE). We performed an additional experiment to show that
gaseous hydrogen could reduce the Pd(II)-Cl complex in acidic
solution, which was confirmed by the observation of a quick and
noticeable color transition from bright yellow to dark black when
hydrogen gas was introduced into the solution (Figure 3 panels A
and B, before and after H2 gas bubbling). Therefore, it is
reasonable to conclude that chemically adsorbed hydrogen
atoms on the electrochemically reduced Pd metal surface can
more easily reduce Pd-Cl complex ions because they are more
reactive than gaseous hydrogen molecules.

Figure 1. Schematic representation of the Gouy-Chapman-Stern
modeled distribution of ions in a cross-sectional nanochannel and initial
formation mechanism of vertical Pd nanotubes array (notice the
compositions at the corners). a, b, and c correspond to compact layer,
diffuse layer, and bulk solution regions in a nanochannel, respectively.
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The key to forming a tubular structure in a nanochannel is to
induce a higher growth rate of the target material at peripheral
positions rather than elsewhere. In this respect, it is essential to
point out the particular role of the interfacial double layer and

hydrogen evolution in leading to the formation of Pd nanotubes.
The inner wall of the nanochannel is responsible for a higher local
content of Hþ ions. Thus, more hydrogen should be generated at
peripheral positions upon application of an appropriate electric
potential. This induced difference of hydrogen concentration
along the transverse section of the nanochannel leads to a large
disparity of Pd growth rates between the peripheral positions and
other places and therefore efficiently establishes the formation of
a tubular structure after a very small amount of Pd deposition
(Figure 2C). When the height of Pd at a peripheral position is
somewhat higher than elsewhere, a depleted region on the Pd
cathode is formed that leads to Pd(II)-Cl complexes diffusing to
the elevated positions (tube wall) and not to other places. This
process is reminiscent of the well-studied diffusion-controlled
growth.3 As indicated by Figure 2D, longer nanotubes with 6 nm
thick walls were regularly synthesized by continuously increasing
the passed amount of charge. The hollow interior and poly-
crystallinity characteristics of the nanotubes can be observed in
the TEM images in Figure 2, panels G and H, respectively. With
respect to larger nanochannel sizes, we were also successful in
preparing Pd nanotube structures using AAO membranes with
pore d ∼ 300 nm (Figure 2E).

In order to better understand the requisite roles of hydrogen
and the double layer on nanotube formation, we performed a
series of control experiments. First, hydrogen evolution was
suppressed by tuning the electric potential out of the region
where hydrogen evolution occurs. As expected, solid Pd nano-
rods, rather than nanotubes, were formed at electric potentials
from 0.1 to 0.3 V (Figure 2F for AAO with pore d∼ 300 nm and
Figure S2, Supporting Information, for AAO with pore d ∼
80 nm). The current levels at-0.1 and 0.3 V, for instance, are on
the same order of magnitude (Figure S3, Supporting In-
formation). This feature rules out the current level induced
nanotube formation mechanism reported by Yoo and Lee,11 who
manipulated the current density by more than 2 orders of
magnitude to transform nanorods at 0.1-1 mA/cm2 to nano-
tubes at 200 mA/cm2. In another experiment to probe Hþ ion
involvement, the nanotube structure did not form under basic
conditions where ammonia-water was used instead of acid. On
the other hand, the double layer thickness decreased as the ionic
strength of the solution was increased. At higher concentrations
of HCl (e.g., 400 mM), the generation of solid nanorod
structures arises from a double layer in the nanochannel that is
too thin and indiscriminate concentrations of Hþ ions across the
transverse section (Figure S4, Supporting Information). In
contrast, Pd nanotubes formed well with lower concentrations
of HCl ranging from 10 to 150 mM (the concentration of PdCl2
was fixed at 10 mM).

We conducted a CO oxidation experiment to demonstrate the
superiority of Pd nanotubes over nanorods with respect to
electrocatalytic activity, relative effective surface area, and hydro-
gen storage capacity. The total area of hydrogen desorption
peaks was about 2 times larger from Pd nanotubes than from
nanorods (Figure 4A). The hydrogen storage capacity also
improved with the nanoscale tubular structure. With the most
important practical issue on the usage of these materials, we
found that a 10-fold enhanced effective surface area per unit mass
was achieved with Pd nanotubes as compared to nanorods of the
same diameter.

Carbon monoxide (CO) is produced as an intermediate in the
oxidation of many small organic molecules and is easily chemi-
sorbed on the electrocatalytically active surface of metals such as

Figure 3. (A) Color of 10 mM PdCl2 in 100 mM HCl. (B) Color of
solution described in panel A after hydrogen gas bubbling for 2 min
under 0.1 MPa pressure with silicone oil buffering.

Figure 2. FE-SEM images of each step for Pd nanotube formation in
AAO templates (pore d∼ 80 nm): (A) smooth top of Au nanorod; (B)
roughened top of nanorod after deposition of a small amount of Pd, 10
mC/cm2; (C) wall height grows faster than central positions observed
after deposition of a little more Pd, 20 mC/cm2; and (D) longer Pd
nanotube obtained from more deposition of Pd, 0.2 C/cm2. (E) Pd
nanotubes at -0.1 V with commercial AAO (pore d ∼ 300 nm). (F)
SEM image of solid Pd nanorods formed at 0.3 V as compared to
nanotubes shown in panel E. (G) TEM image of freestanding Pd
nanotubes dissociated from sample in panel D. (Inset) EDAX, confirm-
ing pure Pd. (H) High-resolution TEM image showing multicrystalline
Pd nanotubes. Scale bars in all images, 100 nm.
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Pd. A monolayer of chemisorbed CO molecules was artificially
formed on the effective surface of our Pd nanostructures by
bubbling CO gas into the solution (details shown in Supporting
Information). The CO monolayer coverage prevented the Pd
surface from adsorbing hydrogen, as was revealed by anodic
scanning where the hydrogen desorption peak around -0.15 to
0 V was not observed in the first cycle and appeared in the
second cycle after oxidation of CO (Figure 4B; only the first scan
is shown for clarity). The onset potentials of anodic
CO on Pd nanotubes and nanorods were similar at 0.7 V.
The small peak delay and peak tailing of anodic stripping of
CO from Pd nanotubes in Figure 4B demonstrate the slow
kinetics of the oxidation reaction as compared to Pd nanorods.
A shift of Pd oxide reduction peak from 0.30 V for nanorods
to 0.23 V (vs Ag/AgCl) for nanotubes correlates to the forma-
tion of a stronger oxide bond (Pd-O and Pd-OH).36 From
mathematical integration, the peak area of CO oxidation on
Pd nanotubes was approximately twice that of a similar length
of Pd nanorods, indicating the nanotube has two exposed
surfaces (an outer and an inner surface). Moreover, the peaks
near 0 V suggest the weaker (left) and stronger (right) adsorption
of hydrogen.

’CONCLUSIONS

In conclusion, vertical thin-walled Pd nanotube arrays were
readily fabricated with the assistance of alumina membranes by
use of the synergistic effects of interfacial double layer formation
and hydrogen evolution. As described in themain text, the key for
direct formation of nanotubes is related to the appropriate
reduction potential. The total length of nanotubes is limited by
the AAO nanochannel length. We could not observe the transi-
tion of nanotubes to nanorods at a certain point. The longest
length we have tried is 5 μm. This synthetic methodology
significantly highlighted the usefulness of template substance
surfaces on constructing superior nanostructures without intri-
cate treatments. The Pd nanotube arrays may be considered a
general secondary template to direct the formation of other
nanotube structures. More importantly, the fundamental princi-
ples of Pd nanotube formation discerned from this study can be
used to explore versatile extensions of Pd nanotube structures
with alumina scaffolds.
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