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Abstract— Arrays of freestanding upright palladium nanotubes
have been fabricated wusing a bottom-up method of
electrodepositing into anodised alumina pores. Optical
transmission measurements carried out with a range of post-
fabrication treatment methods suggest that hydrogen diffuses
into both the inner and outer surface areas of the tube structure.
Furthermore, scanning electron microscopy of the same sample
before and after cycling hydrogen exposure show that the
structures appear undamaged by the repeated lattice expansion.
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L INTRODUCTION

The present interest in hydrogen sensing materials has been
driven by the increasing requirement for detection in emerging
fuel and energy storage technologies. With an explosive limit
of 4% in air, there is a necessity to produce faster and more
sensitive sensors. Hydrogen sensors in their simplest form
detect optical [1-2] or resistance [3] changes in a palladium
thin film upon absorption and diffusion of H atoms: optical
methods are favoured for safety applications due to the risk of
ignition from electrical connections [4].

At a sufficiently close distance to palladium, a hydrogen
molecule undergoes physisorption to the surface. If it has
adequate energy, the molecule will become dissociated and
chemically bind to the surface, from where it can then diffuse
further into the face centre cubic (fcc) palladium lattice[5].

The thin film sensing element construction has a number of
drawbacks [6]. Firstly, a compromise exists between
sensitivity and reaction time dependent upon the thickness of
the film. Diffusion through thicker films is slower, but offers a
greater signal change, whereas the hydrogen atoms diffuse
quickly though a thin film offering a more rapid signal change
of smaller magnitude. Secondly, long-term stability is reduced
by degradation of the film through expansion and contraction
upon repeated hydrogen diffusion, manifesting in blistering
and buckling [7-8]. In order to overcome these difficulties and
to improve overall sensor performance, the current interest
focuses on nanostructured materials to achieve simultaneous
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Figure 1. Cross-sectional schematic of the nanotube fabrication process.
The completed nanostructures are shown (F) in their template, with the
intermediate stages of the process given by (A)-(E). The process begins

with sputtering a multi-layer film consisting of Ta,0s, Au and Al on a
glass substrate (A), followed by anodisation to produce an array of
nanopores (B). A NaOH chemical etch removes the alumina remaining at

the base of the pore (C), allowing a polymer to be electro-deposited (D).

A further chemical etch widens the pore around the polymer (E), into
which the palladium can be electro-deposited (F).
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speed and sensitivity through both individual structures [9-10]
as well as larger, scalable arrays of structures [11-12].

II.  FABRICATION

A. Fabricating arrays of nanotubes

A schematic of the nanotube fabrication process is
presented in Fig. 1. A glass substrate was prepared via
magnetron sputtering of a Ta,Os adhesion layer and a gold
electrodeposition seed layer, followed by a layer of aluminium
(A). Anodising, this formed an array of uniform pores in
alumina (B) and a NaOH chemical etch used to remove the
remaining alumina at the base of the pores and reveal the gold
layer (C). This acts as a seed layer, onto which a sacrificial
polymer nanorods were electrodeposited from monomer in an
electrolyte (D) [13]. The pores were widened with a further
chemical etch (E), leaving a template into which palladium was
electrodeposited to form the nanotube structures (F). The
samples used in this investigation had an average outer
diameter of 60nm and height of 200nm. The nature of the
fabrication process allowed good control over the aspect ratio,



wall thickness and spacing of the structures through
electrodeposition time, duration of chemical etching and
anodisation voltage respectively.

B. Post fabrication techniques

Post-fabrication treatments allow removal of both the alumina
template and the polymer core through chemical and plasma
etches respectively. This produces a selection of samples (Fig.
2) that selectively expose the inner and outer surfaces of the
nanotube.
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Figure 2. Cross-sectional schematic of a range of samples that have
been treated post-fabrication to selectively expose the inner and outer
surfaces of the nanotube: No Treatment (A), Core removed (B), Template
removed (C), Template and Core removed (D) and 3D view with the
Template and Core removed (E).

III. CHARACTERISATION SYSTEM

The home-built test system (Fig. 3) offers fully automated
exposure to various cycle profiles of hydrogen with
simultaneous acquisition of transmission data through the test
sample. Two Mass-Flo Controllers (MFC1 and MFC2)
flowing nitrogen and hydrogen are used to allow a wide range
of hydrogen concentrations, monitored within the control
program. Pressure and flow meters (PRC1 and MFMI)
maintain a pressure at the inlet of a third controller, MFC3,
providing a steady flow rate through to the specially designed
exposure chamber with the sample held inside. Glass viewing
ports allow for optics to be mounted outside the chamber; a
617nm LED is incident on the sample inside and a signal
proportional to transmission is acquired via a photodiodes. At
the inlet of MFCI1, a three-way valve allows selection between
pure nitrogen and a pre-mixture of 2% hydrogen in nitrogen.
Another procedure of the control program compares the
sample response between the system mix and pre-mix gas to
verify functionality.
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Figure 3.  Schematic of the characterisation system showing Mass-Flo
Controllers (MFC), Pressure Controllers (PRC) and a Mass-Flo Meter
(MFM) arranged to produce a steady gas flow and pressure of a controlled
concentration of hydrogen in nitrogen, though a test chamber.

IV. RESULTS

To better understand the absorption kinetics of the nanotubes,
a range of identical structures with different post-fabrication
treatments were exposed to a fixed amount of hydrogen and
the change in transmission compared, with sensitivity defined
as

Sensitivity (%) = " x 100 ()
N

where Ty and Ty are the transmission photodiode voltages
during nitrogen and hydrogen exposure.
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Figure 4. Normalised sensor response for a range of identical

Palladium nanotube arrays with different post-fabrication treatments.

Combinations of chemical and plasma etch
treatments produced samples of nanotubes with the core and
template removed, only the core removed and only the
template removed. The sensitivity in transmission of each, as
defined in Eq. 1, is shown in Fig. 4, normalised to hydrogen
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Figure 5. SEM images of palladium nanotubes (top) and similar

areas on a single Palladium nanotube sample before (bottom left) and
after (bottom right) 80 cycles of 1-2% hydrogen in nitrogen. Regions
that are not fully formed are present before cycling and are artifacts
of the fabrication process.



exposure at 100s, along with an untreated sample for
comparison. There are two features of this figure that should
be compared between samples; the maximum amplitude,
indicative of sensitivity and the gradient of the slope,
indicative of the reaction time to achieve this signal change.
By removing only the template, the maximum amplitude
increases with little change in the gradient; whereas removing
only the core, the maximum amplitude and gradient increase
significantly. The greatest improvement on the untreated
samples is apparent when both the template and core are
removed, suggesting that new adsorption sites are opened up
by this treatment as well as absorption into a greater amount of
palladium.

The structures offer an additional advantage over thin
films in their ability to expand and contract into the gaps
between the nanotubes, leading to a reduction in blistering. By
examining SEM images of similar areas on a single sample
before and after 80 cycles of 1-2% hydrogen, we observed no
significant change in the structures. Regions of the sample that
are not fully formed are present before cycling with hydrogen
and are artifacts of the fabrication process.
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Figure 6. Photodiode response of nanotubes transmission (primary
axis) for a stepped exposure profile (secondary axis).

Having discussed the absorption kinetics and advantages of
using nanostructures, we now present a further
characterisation of the structures. By exposing the structures to
a stepped exposure profile as in Fig. 6, we can easily extract
the sensitivity response from a range of hydrogen
concentrations by using the baseline voltage at the beginning
of the sequence as Ty and the maximum voltage at each step
as Ty. Plotting this sensitivity against the hydrogen
concentration in Fig. 7, the locations of the alpha and beta
phase regimes become apparent. The region examined below
1% concentration exhibits linearity as the palladium hydride
exists purely in the alpha regime. Similarly, above 2%
concentration, the hydride exists purely in the beta regime.
The region between these regimes, the miscibility gap, is a
coexisting mixture of both alpha and beta phases. Associated

with the beta regime is an increase in the lattice parameter,
affecting a more pronounced change in the optical properties.

Focusing on the low hydrogen concentration, beta region,
we present in Fig. 8 the sensitivity response of our best
performing nanotube sample. A linear trend-line displays a
good fit, confirming we are operating in the alpha regime. The
response of a 20nm sputtered thin film of palladium has been
added for comparison, with a second linear trend-line. The
interception of the trend-lines with the axis offers a suggestion
as to the performance at very low concentrations. At the
current state of development, the technology offers a three-
fold increase in the sensitivity in this regime.
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Figure 7. Sensitivity of palladium nanotubes extracted from Fig. 6.
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Figure 8. Sensitivity of nanotubes, compared to a sputtered 20nm
palladium film, at concentrations less than 1% hydrogen in nitrogen.



V. FUTURE WORK

The next stage of this study will be to further characterise the
nanostructures in a variety of ways. We plan to use finite
element modeling and the available parameters in the
fabrication process to investigate the optimal structural
dimensions for sensitivity and reaction time. Through further
optimisation of the fabrication process, we hope to improve
the consistency of performance across all samples.

All experiments to this stage have been performed in a
nitrogen carrier gas at ambient temperatures, however in real
applications the sensor environment often contains known
palladium contaminants such as hydrocarbons or sulphurs at
elevated temperatures [14]. There is therefore a necessity to
develop ways to enhance the selectivity and lifetime of
structures exposed to poisoning gases.

VI.  CONCLUSIONS

Freestanding upright palladium nanotubes have been
fabricated and a range of post-fabrication techniques used to
examine the absorption kinetics of the structure. The results
suggest that nanotubes are advantageous to hydrogen sensing
through massively increased absorption sites at both the inner
and outer surface areas of the nanotube.

The nanotubes were characterised using stepped exposure
profiles of hydrogen to find the alpha and beta regimes. In
comparison with a 20nm palladium film, the best performing
nanotube sample displayed sensitivities with a three-fold
increase over the film.
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