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We report on the fabrication of bi-dimensional alumina/palladium nanowire nano-

architectures for hydrogen detection, storage and controlled release. This nanostructured

material was fabricated by growing the palladium nanowires directly in the nanosized

channels of nanoporous alumina membrane followed by atmospheric-plasma jet treat-

ment to fabricate the interconnected surface structure mostly suitable for hydrogen-

related applications such as controlled release and sensing. Several interesting proper-

ties are demonstrated, including high sensitivity levels (up to 0.1% of H2 in air) and short

response times. Large resistance response reaching 100% for 0.5% of H2 in air makes it

possible to use the fabricated sensors without complex and expensive amplifying circuits.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Cheap, reliable structures and materials capable to detect,

store, and controllably release hydrogen are critical elements

for many applications ranging from energy conversion de-

vices [1,2] to biotechnology [3], catalysis [4], medicine [5], and
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hydrogen leak detection [6]. Such materials and structures

should satisfy various and sometimes conflicting requirements.

For the hydrogen alarm sensors, reliable detection of small

leakages and short response times are critical since even very

small hydrogen concentrations in an ambient air can lead to

ignition [7,8] and explosion [9,10]. On the other hand, the

biological and medical applications often require slow
ring Flagship, Commonwealth Scientific and Industrial Research
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controlled release, e.g., to kill cancer cells without damaging

ambient tissues [11]. Release of atomic hydrogen could also be

important for biological, medical, and other applications

[12,13].

Palladium (Pd) is a very promising material for designing

various devices for hydrogen-related applications, since it can

meet diverse requirements. In particular, it can absorb very

large amounts of hydrogen in the form of palladium hydride

PdHx (when x ¼ 0.7, the hydrogen atom density in palladium

hydride exceeds that of liquid hydrogen [14]). Hydrogen is

released from the Pd surface mainly in the dissociated form

[15]. Besides, Pd quickly changes the resistivity in the presence

of hydrogen, and thus, it can serve as a sensing element

[16,17].

However, many above mentioned parameters fail to keep

pace with the rising present-day requirements, and much

more should be done to design and fabricate the structure

with highly-controllable properties in relation to hydrogen

handling. One possible way to enhance the properties of such

materials is to use the compound structures involving palla-

dium in combination with various nanostructures, e.g.,

palladium nanotubes [18], carbon nanotubes covered with

palladium nanocrystals [19], Pd-functionalized graphene

flakes [20,21], Pd/Sn composites [22] and other sophisticated

nanomaterials and nanostructures. One-dimensional palla-

dium nanostructures such as nanowires are among the most

promising structures that show highly-promising character-

istics [23]. Nevertheless, many parameters should be signifi-

cantly enhanced for the Pd nanostructures to be used in real

applications. For example, the sensitivity levels and rate of

response, i.e., the change of the resistance with time still need

to be enhanced. Another problem is the stability of Pd nano-

structures, which could change their volume significantly

during H2 absorption [24] and also crack after desorption.

Moreover, for the efficient applications the Pd nanostructures

should be arranged into ordered arrays.

The use of hierarchical bi-dimensional nano-architectures

involving a dielectric matrix and metal nanostructures could

be a promising way to significantly enhance the characteris-

tics of Pd nanowire e based materials for hydrogen handling.

Nanoporous materials such as anodized aluminium oxide

(AAO) membranes can be used as a base (matrix) for the

functional palladium nanowire-based structures [25]. The

nanowires in AAO matrix are arranged into a regular hexag-

onal structure preventing them from touching each other and

disturbing the shape and position during the hydrogen

absorption-desorption. The channel diameter and length in

AAO membranes, and hence the geometry of Pd nanowires

can be controlled. Furthermore, the electrical contacts can be

fabricated on the surface of AAO membrane. Such structures

are relatively cheap and can be made on reasonably large

surface areas (up to several cm2), but their characteristics still

require improvement. Additional plasma-based post-treat-

ment of the hierarchical compound Pd-based materials could

significantly enhance the characteristics. Indeed, consider-

able improvement was obtained by using low-temperature

plasmas in designing various nanostructures [26e28]. Micro-

wave [29], radio-frequency [30], arc [31] and magnetron [32,33]

discharges are the common systems used for the plasma-

based nanofabrication. Among others, atmospheric-pressure
plasma jets [34e36] are among the most convenient inex-

pensive devices that do not require expensive vacuum

equipment.

In this paper we report on the fabrication of AAO

membrane-based hierarchical Pd nanowire-based bi-dimen-

sional nano-architecture with unusual combination of prop-

erties important for the materials for hydrogen-related

applications. In particular, these architectures demonstrate

high sensitivity (up to 0.1% of H2 in air can be reliably detected)

with a short response time not exceeding 1 s for 1% of H2 in air,

and large resistance change response reaching 100% for 0.5%

of H2 in air. The array of Pd nanowires was grown directly on

the AAO template and then treated by the atmospheric-

plasma jet to fabricate the surface structure potentially suit-

able for hydrogen-related applications such as controlled

release and sensing. Our method is cheap, simple, and the

fabricated sensors can be used without complex and expen-

sive amplifying circuits.
Experimental details

A schematic of the fabrication process is shown in Fig. 1. To

produce the nanoporous free-standing alumina membranes

(to be used as a base matrix for the hierarchical structure), we

have used a two-step anodization in an electrochemical

anodization cell. A standard voltage-reductional sequence

process at a potential of 24 V DC in sulphuric acid (0.3 M) so-

lution as electrolyte was used [37] (Fig. 1(b)). A thin (250 mm)

high-purity (99.999%) aluminium foil was used as a precursor

material. The final thickness of the fabricated membrane was

20 mm. More details on the anodization process can be found

elsewhere [38].

The nanoporous membranes with an average pore diam-

eter of about 30 nm and external diameter of about 10 mm

(Fig. 1(c)) were then immersed in 0.4e0.5 wt% PdCl2 solution

for 24 h at 0 �C temperature (Fig. 1(d)). Afterwards, the mem-

branes with Pd nanowires grown in the channels and Pd

nanoparticles on the membrane surface (Fig. 1(e)) were dried

and mounted on the electrode and treated with the

atmospheric-plasma jet for 10 min at a helium flow rate of

about 15 cm3/s (Fig. 1(f)). The aim of this process is to remove

the excessive nanoparticles from the membrane surface,

redistribute the remaining nanoparticles and ensure in-

terconnections between the palladium nanowires formed in

the membrane channels (Fig. 1(g)). The plasma jet was oper-

ated at a frequency of 325e375 kHz and discharge power not

exceeding 38 W. More details on the atmospheric-pressure jet

treatment and setup can be found elsewhere [35]. SEM image

of typical Pd nanowires on the surface of AAO membrane

partially dissolved in phosphoric acid (0.4 M H3PO4) acid is

shown on Fig. 1(h).
Results and discussion

The ready samples were then examined by scanning electron

microscopy (SEM) using field-emission scanning electron mi-

croscopy (FE-SEM, type Zeiss Auriga) operated at electron

beam energy of 1e5 keV with an InLens secondary electron

http://dx.doi.org/10.1016/j.ijhydene.2015.02.134
http://dx.doi.org/10.1016/j.ijhydene.2015.02.134


Fig. 1 e Schematic of the process. (a) Aluminium foil (250 mm thick) is anodized in sulphuric acid (b) to produce AAO

membrane (c). Pd nanowires are grown on the ready nanoporous membranes immersed in PdCl2 solution for 24 h at 0 �C
temperature (d). The membranes with Pd nanowires (e) are subject to plasma pre-treatment (f) to fabricate interconnected

surface structure (g). SEM image (h) shows the Pd nanowires after dissolution of the AAO membrane in phosphoric acid.

Scale bar is 100 nm.
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detector. The structure of the nanowires was studied by the

transmission electron microscopy (TEM) using the trans-

mission electron microscope JEOL 2100 operated at electron

beam energy of 200 keV. Micro-Raman spectroscopy was

performed using a Renishaw inVia spectrometer with laser
Fig. 2 e Growth of Pd nanowires in the channels of AAOmembra

membrane after anodization. (b, c) Low- and high-resolution SE

alumina membrane in phosphoric acid. Scale bars are 200 nm.

polycrystalline structure. (f) The reversed FFT image of the local

corresponds to (200) crystalline face of Pd.
excitations of 514 and 633 nm at a spot size of ~1 mm2. Raman

spectra from multiple spots were collected to obtain the

average statistical characteristics of the samples.

Fig. 2(a) shows the SEM image of the upper surface of the

as-prepared nanoporous AAO membrane after anodization.
ne. (a) SEM image of the upper surface (top view) of alumina

M images of the palladium nanowires after dissolving the

(d, e) HR-TEM images of the Pd nanowire showing its

area showing the lattice spacing of around 0.196 nm which

http://dx.doi.org/10.1016/j.ijhydene.2015.02.134
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Fig. 3 e XPS spectrum of the grown structure with the two

typical Pd peaks.
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The 30-nm nanopores are well-organized, the porosity is

close to 50%. Further examination shows that the channels

piercing the membrane are straight through the whole

membrane length. XPS examination (not shown here) of the

membrane shows that it is composed of oxygen and

aluminium only, i.e., of aluminium oxide Al2O3. The sizes of

nanopores are uniform over the whole surface of sample, i.e.,

about 1 cm2.

To study the shape, morphology and crystalline structure

of the palladium nanowires, we have dissolved the AAO

membrane in phosphoric acid. Fig. 2(b) and (c) are the SEM

images of the palladium nanowires extracted from the

membrane by dissolving. From these images one can see that

the nanowires have a length from 500 nm and sometimes

reaching several mm, and a diameter of about 20e30 nm, i.e.,

closely corresponding to an average diameter of the channels

in the AAO membrane.

The nanowires are quite straight, not branched and not

interconnected. Besides, Pd nanoparticles with the size of

20e30 nm can be noticed on the surface of partially dissolved

AAO membrane (highlighted by red circle on Fig. 2(b)). These

nanoparticles were partially melted and evaporated during

the plasma treatment, so they are roundish in shape and are

uniformly distributed over the surface [39]. More SEM images

can be found in the Supplementary Information, Fig. S1.

Fig. 2(d) and (e) are the TEM and high-resolution TEM (HR-

TEM) images of the nanowire picked up after membrane

dissolution. As it follows from the images, the nanowire has a

polycrystalline structure which is the most advantageous for

sensing application, since this structure ensures an abrupt

resistance change due to hydrogen penetration between

crystals [40]. An average single crystal size is 5e10 nm. More

TEM images can be found in the Supplementary Information,

Fig. S2. Fig. 2(f) is the reversed fast Fourier transform (FFT)

image of the local area showing the lattice spacing of around

0.196 nm,which corresponds to the (200) crystalline face of Pd.

Fig. 3 is the XPS spectra of the grown structure with the two

typical Pd peaks.

Let us now examine in detail the effect of the atmospheric-

jet plasma treatment on the structure and morphology of the
fabricated structure. As it was stated above, the as-grown

samples (nanoporous membrane with the Pd nanowires and

some amount of the Pd nanoparticles on the membrane top)

were treated by atmospheric plasma jet, as shown in Fig. 4(a).

The jet is rather thin (not exceeding 1 mm in diameter, see

photo of the discharge in Fig. 4(b)), and thus we have scanned

the sample surface by moving the sample during the treat-

ment (Fig. 4(a)). An average sample temperature did not

noticeably change, but the metal nanoparticles were subject

to very high temperature spikes due to their small sizes. As a

result, the nanoparticles were partially melted and removed

from the surface. Note also that the melting temperature of

nanoparticles is significantly lower that of the bulk materials

[41].

Fig. 4(c) and (d) show the upper surface of the AAO mem-

brane after Pd nanowire growth and after the plasma treat-

ment, respectively. Small nanoparticles were removed and

partially melted, and the interconnections between nano-

wires sitting in the membrane channels were created by

forming a nearly continuous thin Pd film on the AAO surface

(and possibly, by partial penetration of palladium into the

channels). These interconnections have integrated all nano-

wires into a single circuit and significantly enhanced the

sensitivity of response to ultra-small concentrations of

hydrogen, as it was demonstrated by the further

measurements.

Fig. 4(e) and (f) show the side views of the block of nano-

wires extracted from the membrane after the plasma treat-

ment. In this case, the AAO membrane was also dissolved in

phosphoric acid. These images also clearly show the in-

terconnections between the nanowire tops. The nanowires

are combined into a single block, but do not touch each other

by the side surfaces, when they are in the channels of the AAO

membrane (which is a dielectric material with a very high

specific resistivity). The sample resistance before the plasma

treatment was 200 MU and then dropped to only 20 MU after

the treatment.

The fabricated Pd nanowire/AAO membrane hierarchical

nano-hybrid material was mounted in the test chamber and

connected to the measurement circuit. During the measure-

ments of interaction with the hydrogen gas flow, the mixture

of air and analyte (H2) was passed through the chamber at

room temperature (Fig. 5(a)). The sensitivity measurements

demonstrate that the fabricated Pd nanowire/AAOmembrane

nano-hybrid material is very sensitive to hydrogen concen-

tration. Indeed, as one can see in Fig. 5(b), a short (30 s) pulse of

hydrogen with the concentration of 0.01% can be detected. In

this case, the resistance change was 20%, i.e. sufficient for the

reliable measurement. When the H2 concentration was

increased to only 0.05%, the resistance change reached 30%.

Importantly, the response time was short in this case, not

exceeding 10 s. Finally, detection of higher concentrations of

H2 in air (0.5%) results in a very short response times not

exceeding 1e2 s.

One more important feature is a very high change of

resistance when detecting relatively high hydrogen concen-

trations. Indeed, when detecting 1% of hydrogen in air, the

resistance change was 120% (Fig. 5(b)). Such a strong response

makes it possible to additionally control signalling circuits,

i.e., without any additional signal amplifying devices.

http://dx.doi.org/10.1016/j.ijhydene.2015.02.134
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Fig. 4 e Growth of Pd nanowires in the channels of AAO membrane. (a) Photograph of the atmospheric-pressure plasma jet

setup with mounted sample and (b) photograph of the atmospheric-pressure plasma jet operated at frequency 325e375 kHz

and power 50W. Upper surface of the AAOmembrane after Pd nanowire growth (c) and after the plasma treatment (d). Small

nanoparticles were removed and partially melted, and the interconnections between nanowires sitting in the membrane

channels were created. Side view of the block of nanowires extracted from the membrane after the plasma treatment (e, f)

show interconnections between the nanowire tops.

Fig. 5 e Schematic of sensitivity measurements (a) and the

response to different percentage of hydrogen in air flow (b).

30% resistivity change is observed for the ultra-small

(0.01%) percentage of hydrogen in air.
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On the other hand, the recovery time of the fabricated

material is quite long. Apparently, this is an intrinsic property

of the structure based on the nanoporousmembrane, which is

based on the quite thick nanoporous membrane, potentially

capable of absorbing a very large amount of hydrogen (being a

function of alumina thickness which is not limited by the

proposed process) and then slowly release it. This feature

could be useful for the applications requiring large amounts of

hydrogen gradually released over a long time (e.g., for catalytic

hydrogen conversion to electricity [42,43]). The release of the

gas absorbed in nanopores requires considerable time at a

room temperature, as it is seen in Fig. 5 (We did not use

heating between gas pulses.). This feature limits the use of the

structure for the fast detection of changing hydrogen con-

centrations, but makes it suitable for the application in alarm

devices which do not need to be reset immediately after the

analyte is detected. Besides, the release time can be effectively

controlled by external parameters such as humidity and

temperature [44].

Fig. 6(a) shows the dependence of relative change of the

resistance on time in the test with several gas pulses and

hydrogen concentration 0.1%. After shutting off the gas sup-

ply, the resistance of the material starts slow recovery by

releasing accumulated gas. Interestingly, it remains ready for

the detection of the next gas pulse. The next pulse increases

the structure resistivity even more, and the number of pulses

can be counted on the resistance/time dependence. Similar

measurements conducted for the hydrogen concentration 1%

show comparable results, with the resistance change up to

http://dx.doi.org/10.1016/j.ijhydene.2015.02.134
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Fig. 6 e (a) Dependence of a relative change of the

resistance on time in the test with several gas pulses and

hydrogen concentration 0.1%. Due to the very short

response time and long recovery time, the structure could

perform the function of a pulse counter with memory. (b)

Dependence of structure resistance on time in the test with

several gas pulses and hydrogen concentration 1%.

Fig. 8 e (a) Cycling test.
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300% (the change from 2.8 MU to almost 12 MU after the

saturation signal is achieved, see Fig. 6(b)).

To directly compare the obtained results with other nano

structures, we have designed, fabricated and tested the

similar structure on the same platform, i.e. on the nanoporous

membrane, butwithout the palladiumnanowires in the pores.

Specifically, we have fabricated the nanoporous alumina

template and covered it with the palladium layer (by the
Fig. 7 e Alternative nano-architecture used for an additional se

covered with a thin Pd layer non-blocking the pore openings. (b)

membrane. (c) Results of sensitivity test (resistivity change) of t

lower, as compared with Pd-nanowire nano-architecture (comp
thermal sputtering) on the top, without filling the pores and

without blocking the pore openings. Fig. 7 illustrates the

fabricated structure and the results of the sensing measure-

ments. The sensitivity and the range of response to hydrogen

exposure of this structure are much lower compared to the

nano-architecture incorporating the Pd-nanowires (compare

with Fig. 5).

To further characterize the fabricated nano-architecture

with Pd nanowires, we have made additional tests to

demonstrate the system response to the cycling test (Fig. 8).

This test has demonstrated that the fabricated platform is

capable to the cycling operation, and hence, can be promising

for the controlled hydrogen storage/release function.

Long recovery, in combination with very short response

times, make it possible to use thismaterial as a device capable

to detect and simultaneously accumulate and then slowly

release hydrogen, i.e., in medical applications where the low

concentrations of H2 should be maintained. It is evident that

the plasma-fabricated interconnections between nanowires

on the surface of membrane can be a tool for controlling the

rate of hydrogen release. The density and morphology of the

interconnections can be changed by varying the plasma

power and time of the plasma expose. Consequently, the ki-

netics of hydrogen release can be adjusted.
nsing test. (a) Sample consisting of nanoporous alumina

SEM images (top view) of the Pd layer on the top of alumina

he alternative nano-architecture. The sensitivity is much

are with Fig. 5).
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Conclusion

We report on the fabrication and testing of the alumina

membrane-based palladium nanowire hierarchical bi-

dimensional nanomaterial which demonstrates properties

potentially useful for the hydrogen-handling devices. The

structure was enhanced by the atmospheric-plasma jet post-

treatment, which made it possible to fabricate the inter-

connected surface structure on the surface of alumina mem-

brane with the palladium nanowires in the membrane

channels. High sensitivity levels reaching 0.01% of H2 in air

and short response times were demonstrated, together with

the capability to store hydrogen and release it slowly. Large

resistance response reaching 100% for 0.5% of H2 in air and

300% for 1.0% of H2 makes it possible to use this structure

directly in the control devices without complex and expensive

amplifying circuits. Further studies on the use of plasma

techniques for the fabrication and enhancing complex hier-

archical nanomaterials could lead to high-performance

hydrogen handling devices.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.ijhydene.2015.02.134.
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