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In this study, the hydrogen sensing properties of nanoporous Pd-Ag and Pd-Cu alloy films based on anodic
aluminum oxide (AAO) templates were investigated at various temperatures (25-100°C) and hydrogen
with concentrations in the range between 250 and 5000 ppm in high purity nitrogen to determine the
temperature-sensitivity relationship. A hexagonally shaped AAO template of approximately 50 nm in
diameter and 10 wm in length was fabricated as a substrate for supporting a nanoporous Pd alloy film
with an approximate thickness of 80 nm. The morphologies of the AAO template and the Pd alloy films

ﬁe};v:grgi: sensor were studied by scanning electron microscopy (SEM). The hydrogen sensing properties of the nanoporous
Pg_Agg Pd-Ag and Pd-Cu alloy films were measured using a transient resistance method. The sensor responses of
Pd—Cu the nanoporous Pd-Ag and Pd-Cu films on the AAO template were better than the traditional Pd-Ag and

Pd-Cu thin film sensors; the sensitivities of the sensors were approximately 1.6% and 1.2%, respectively,
for 1000 ppm H;, and the detection limit was 250 ppm at room temperature. The highest sensitivity
was measured at room temperature for all alloy nanoporous sensors, and the sensitivity of the Pd-Ag

AAO template
Palladium alloy
Nanoporous film

nanoporous alloy was higher than that of the Pd-Cu nanoporous alloy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In many industries, such as the chemical industries (refining
crude oil, plastics, and reducing environment in float glass), food
industry (hydrogenation of oils and fats), semiconductor industry
(as processing gas in thin film deposition and in annealing atmo-
sphere) and transportation (as fuel in fuel cells, rockets for space
vehicles) hydrogen is one of the most useful gases. However, there
are a number of problems, that arise from the increasing the usage
of hydrogen. It is not easy to store due to its low mass, high diffusiv-
ity, and extremely low liquefaction point. As the hydrogen molecule
is so small, it is hard to seal against leaks. Hydrogen leaks must be
avoided, as the gas is highly flammable in the concentration range
above 4% by volume in air [1]. To detect the hydrogen leakage gas
at concentrations below the lower explosion limit in air of 4% at
room temperature is extremely important for safety. The various
types of hydrogen sensors that have been explored include metal
oxide semiconductor, thermoelectric, Schottky diode, fiber optic,
electrochemical, surface acoustic wave (SAW), nanomechanical
and resistive palladium (Pd) sensors [2-23]. Among the hydro-
gen sensitive materials, Pd has a unique property of interaction
with hydrogen gas. Partial pressure change of hydrogen gas deter-
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mines Pd’s physical properties like mass, volume and electrical
resistance by forming Pd-H hydride. Pure Pd thin film sensor
has two major problems. ‘Peeling off’ phenomenon limits dura-
bility of the thin film sensor. Too slow response could not allow
real-time monitoring of gas. High sensing limit towards hydro-
gen reduces sensitivity at low partial pressure of hydrogen gas.
Nanostructured Pd and its alloys are applied to hydrogen sen-
sor to overcome these problems. Nanostructured Pd and its alloys
can have the faster response and lower hydrogen detection limit,
due to very high surface-to-volume ratio. Nanosized material has
large surface area and advantages for improvement of sensor per-
formance. Fabrication of nanosized sensor has been a matter of
interest.

Nanostructures are expected to play a key role in sensor tech-
nologies. The occurring surface effects, small-size effects, and even
quantum effects severely affect the physical and chemical prop-
erties of these nanosized materials. Nanostructures have recently
attracted the attention of scientists for their potentiality to over-
come the limitations of current hydrogen sensors due to their small
size.Recently, a nanoscale hydrogen sensor has been proposed, and
the researchers have developed nanostructured sensitive materi-
als for hydrogen gas sensor applications [2-6,9,12,19-23] that have
been used in the widest concentration detection region (0.01 ppm
to 100%) and have a short response time (less than a few min).
Detection of parts per million (ppm) (in units of mol fraction) at low
hydrogen concentrations is necessary for hydrogen sensors, with a
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dynamic range of the sensor range extending up to the explosion
limit.

It was found that the most favorable site for the hydrogen loca-
tion is the octahedral site in the Pd lattice [24]. The absorption of
molecular hydrogen by palladium to form Pd-H hydride can cause
physical property changes including mass, volume and electric
resistance, all of which can be used to signal the H, partial pres-
sure changes. However, although pure palladium-based hydrogen
sensors have high sensitivity to H, gas, there are some drawbacks
associated with the use of pure palladium metal. The phase transi-
tion from a phase of palladium to 3 phase hydride occurs at low H;
concentrations at room temperature. In addition, the response time
ranging from several to more than 10 min for Pd sensors is too slow.
To overcome these problems, the sensing material has been modi-
fied by adding a second metal to make a Pd alloy for H; detection.
Pd alloys are more suitable for hydrogen detection due to their good
physicomechanical strength, their resistance to poisoning by other
chemical species and their lower consumption of noble metal for
a reduced fabrication cost. Baba et al. [25] studied the interaction
of Pd and Pd alloys with hydrogen gas and found that the electrical
resistance of the Pd and Pd alloys was dependent on the amount of
hydrogen absorbed by the metal phase. Although Pd and Pd alloys
as H, sensing materials were reported by many research groups
[16-23,26-32], further improvement is still required with respect
to selectivity, sensitivity of the sensors. Also, Barlag et al. [33]
demonstrated that the integrated coordination number of hydro-
gen atoms absorbed into the H-Ti alloy system is close to 1. On the
other hand, it was almost 5 for H-Pd. These results suggest that
the majority of hydrogen atoms absorbed into the octahedral sites
consist of at least one Ti atom. Moreover, the integrated coordina-
tion number in H-Cr is almost zero. They have suggested that when
the alloying metals have a higher hydrogen solubility compared to
Pd, they act as ‘traps’ for hydrogen in the Pd crystal. However, fur-
ther investigations for various kinds of Pd alloys are required to
more clearly understand the various complicated phenomena in
the hydrogen absorption behavior in Pd alloys. In this sense, Pd-Ni
is the most studied sensing material for hydrogen sensing. As was
reported by Hughes and Schubert [26], a Pd-Ni based sensor detects
hydrogen gas in the concentration range of 0.1-100% H, at room
temperature. Cheng et al. [27] and Huang et al. [28] deposited a
Pd-Ni thin film on Al,03 substrates to detect hydrogen at room
temperature. The response time of the sensor was typically several
tens of seconds. The hydrogen sensitivity of the sensor decreased
sharply with increasing temperature. Lee et al. studied hydrogen
sensing properties of Pd-Ni alloy films with varying Ni content and
discussed them in light of structural deformations [29]. Kumar and
Malhotra [30] prepared a palladium-capped samarium film hydro-
gen sensor. It showed reasonable sensitivity to about 200 ppm Hj
with a response time varying from 6 to 30s. Furthermore, Pd-Mg
amorphous and Pd-Cu-Si thin films alloys have also been inves-
tigated for hydrogen detection [31,32]. Recently, the Pd-Ag has
drawn renewed attention for hydrogen detection because of its
high hydrogen selectivity and permeability [34-36]. Also, only a
few reports described hydrogen sensing properties of the Pd-Cu
alloy [37]. Such studies are currently in progress.

In this study, the hydrogen sensing properties of nanoporous
Pd-Ag and Pd-Cu films on AAO templates are reported in details
at various temperatures (25-100°C) in a range of 250-5000 ppm
hydrogen concentration. To explain the hydrogen sensing mecha-
nism of the fabricated Pd alloy sensors, we used the results of the
influence of Ag and Cu components on the diffusion behavior.

2. Experimental procedures
The AAO template was fabricated using a two-step anodization of an Al foil.

The anodization was performed in a 0.3 M oxalic acid (H,C;04) solution by using
a voltage of 40V at the temperature of 5°C. Then, the anodically grown aluminum

oxide films were selectively removed by dipping the samples into a dilute phospho-
ric acid (H3PO4) solution. The second anodization was performed under the same
conditions as the first. The details of the fabrication two-step anodization method
were given in our previous articles [38,39]. Then, the nanoporous surface of the AAO
template was used as a substrate for supporting the nanoporous Pd-Ag (15 wt.% Ag)
or Pd-Cu (15 wt.% Cu) alloy film with an approximate thickness of 80 nm, which was
deposited using a Leybold Univex 450 evaporator system.

The morphologies of the AAO template and nanoporous Pd alloy films coated
on the AAO template were studied by scanning electron microscopy (SEM). SEM
investigations were performed on a Jeol JSM 6335-SEM instrument operating at
20kV.

The hydrogen detection apparatus was composed of a flow-type aluminum
chamber, with a heatable sample holder, a temperature controller (Lakeshore 340),
a multimeter (Fluke 8846A), a mass flow control unit (MKS) and gas cylinders. For
the hydrogen detection experiment, the sensors were placed in the temperature-
controlled chamber where various concentrations of H, in high purity nitrogen
(250-5000 ppm with a total flow rate of 200 sccm) were introduced. The volume of
the measurement chamber was 1 L. Two Au pad electrodes were contacted on the top
of the surface of the nanoporous Pd-Ag and Pd-Cu alloy films. Prior to the measure-
ment, we performed several cycles of evacuation and refilling high purity nitrogen
for purging the measurement chamber. For adjusting the desired hydrogen concen-
tration, 5000 ppm hydrogen gas tube that was diluted with high purity nitrogen
(99.999%) was used as a hydrogen gas source. The relative humidity was measured
as lower than 1% during the gas sensing measurements. Using this source and high
purity nitrogen as carrier gas, the concentrations of hydrogen in this work were
adjusted with mass flow controllers between 250 and 5000 ppm. So, gas sensing
properties of the nanoporous Pd-Ag and Pd-Cu alloy films were measured using a
resistance transient method. For determination of the hydrogen sensing properties,
a desired concentration of H; in high purity nitrogen as carrier gas was introduced
into the chamber; resistance-time (R-t) characteristics of the sensor were mea-
sured in situ at various temperatures (25°C, 50°C, 100°C). All measurements data
were recorded using an IEEE 488 data acquisition system incorporated to a personal
computer.

3. Results and discussion

The fabricated AAO template [39] and the nanoporous Pd-Ag
and Pd-Cu films were characterized by SEM. Fig. 1a and b shows
a typical top view and cross-sectional view of the AAO template,
Fig. 1c and d shows the top views of the Pd-Ag and Pd-Cu thin
films coated on the AAO template, respectively.

As shown in Fig. 1, pores in the fabricated AAO template are
approximately 50 nm in diameter with 80 nm interpore distances
(Fig. 1a) and 10 pm lengths (Fig. 1b). Also, as shown in Fig. 1c and
d, the morphology of the coated nanoporous Pd alloy films with
80 nm thickness on the AAO templates are almost the same as that
of the AAO templates. We calculated the AAO nanopore density
approximately 1.2 x 1010 cm~2 (the nanopore density p is given as
2/v3D2 x 10'*cm~2, where Dy is the interpore distance) [40].
As the surface areas of the nanoporous Pd-Ag and Pd-Cu films
coated on the AAO templates are very high, we expected that these
nanoporous Pd alloy films would detect hydrogen gas very fast and
with a high sensitivity to low hydrogen concentrations (as low as
250 ppm).

The hydrogen sensing mechanism of Pd and Pd alloys could be
explained as follows: The first process, adsorption, is often the rate
limiting step in the overall reaction. As the sensing responses of the
Pd-Ag and Pd-Cu films are indeed a process of hydrogen adsorp-
tion/dissociation on the surface and then diffusion into the film,
increasing the quantity of surface adsorption sites or dissociation
areas of the Pd-Ag and Pd-Cu films will result in enhanced absorp-
tion of H in the Pd-Ag and Pd-Cu films. The nanoporous Pd-Ag
and Pd-Cu films provide very large surface areas, which are ben-
eficial for the rapid adsorption/desorption of hydrogen gas and its
diffusion into the nanoporous Pd-Ag and Pd-Cu films. This causes
a change in the electronic properties of the structure, which then
causes aresistance shiftin the resistance-time (R-t) transients. This
shift and change can be readily measured and, with appropriate
calibration, indicate the concentration of hydrogen. Barlag et al.
[33] reported a simple model that was called a “two-state model”
for describing the diffusion behavior of H, in Pd-Ag and Pd-Cu
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Fig. 1. SEM images of the top view of the AAO template (a), cross-sectional view of the AAO template (b), top view of the Pd-Ag thin film coated on the AAO template (c),

and top view of the Pd-Cu thin film coated on the AAO template (d).

alloys, and in this paper we used this model to explain the hydro-
gen sensing mechanism of the fabricated Pd alloy sensors. When
H, molecule sticks on the Pd alloy surface, physisorption occurs.
The molecule is held to the surface by Van der Waals force with
10-20Kk]J/mol bonding energy. Then H, molecule dissociates with
the interaction of sp or d wavefunction of the atom of the Pd with
the 1s wave function of the hydrogen atom. The energy associated
with the interaction is sufficient to break H-H bond. After disso-
ciation, the H atom diffuses into the Pd alloy and tends to occupy
interstitial sites. In this study, according to the literature, above
50K, in Pd alloys with fcc (face centered cubic) lattice, hydrogen
atoms tend to occupy the octahedral interstitial sites by jumping
over the potential barrier separating the interstitial sites. In Pd alloy
crystal; there are two types of octahedrals, Pd octahedrals and octa-
hedrals of the adding metal (Ag, Cu). Thus, the result of the reaction
of the H and Pd alloy, the Pd-Ag-H system and Pd-Cu-H system are
formed. In Pd-Ag-H and Pd-Fe-H systems, for the jumping of the
H atom, as it is hydrogen diffusion coefficient is higher than adding
metals’, the octahedral interstitial sites of the Pd are more favorable
for hydrogen occupation. Accordingly, different activation energies
exist for jumps from one site into a neighboring one in the alloy. The
activation energies for jumping between the octahedrals of the Ag,
Cu and Pd are different. Since the hydrogen diffusion coefficient

of the Pd atoms is higher than Ag or Cu atoms, in Pd-Ag-H sys-
tem hydrogen atom wants to move between Pd-Pd octahedrals or
Ag-Ag octahedrals, in Pd-Cu-H system hydrogen atom wants to
move between Pd-Pd octahedrals or Cu-Cu octahedrals. Thus, Ag
or Cu octahedrals play trap role in the Pd alloy lattice, H atoms jump
over the adding metals. Also, as a result of the hydrogen gas sens-
ing, while H atoms occupying the Pd octahedrals by jumping Ag
or Cu octahedrals, the lattice constant of Pd alloy crystal is expand
compare to Pd alloy that in nitrogen ambient. Also, for Pd alloys,
the lattice expansion is higher than the lattice expansion of the
pure Pd as the Pd alloy consists of adding metal traps. As a result of
all these explanations, when hydrogen atoms diffuse in Pd-Ag and
Pd-Cu alloy films, the resistance of the films much more increase
than Pd films. Therefore, resistance variation of the nanoporous
Pd-Ag and Pd-Cu films upon absorption of hydrogen is higher than
nanoporous Pd films. The resistances of the nanoporous Pd alloy
films were measured in situ at various temperatures with exposure
to different concentrations of H.

Fig. 2a shows the resistances versus time for the Pd-Ag and
Pd-Cu nanoporous film sensors on AAO templates during expo-
sure to 250-5000 ppm H, at room temperature. After 250 ppm H,
was exposed to the nanoporous Pd-Cu alloy sensor, the resistance
of the sensor increased rapidly from 82.7 2 to a maximum value of
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Fig. 2. Resistance versus time for nanoporous Pd-Cu and Pd-Ag alloy film sensors
exposed to 250-5000 ppm H; in high purity N, at room temperature (a), and the
typical behavior of the sensor response upon exposure to 250-5000 ppm H; in high
purity N3 as a function of time for the nanoporous Pd-Ag alloy sensor at different
temperatures (b).

83.27 Q2 in a few minutes, as seen in the left scale of Fig. 2a. Sim-
ilarly, when 250 ppm H, was exposed to the nanoporous Pd-Ag
alloy sensor, the resistance of the sensor increased rapidly from
49.66 2 to a maximum value of 50.02 €2 in a few minutes, as seen
in the right scale of Fig. 2a. When 250 ppm H; was exposed to
the sensors, the resistance changes of the sensors were 0.54 2
and 0.36 2 for the nanoporous Pd-Cu and Pd-Ag alloy sensors,
respectively. The baseline resistance and the resistance change of
the nanoporous Pd-Cu alloy sensor were higher than those of the
nanoporous Pd-Ag alloy sensor for the indicated H, concentra-
tions. For both the nanoporous Pd-Cu and Pd-Ag alloy sensors, after
reaching saturation the sensors were purged with 200 sccm high
purity N,. After purging with N, the resistance of both alloy sensors
decreased sharply in 10 min, reaching a steady state value as seen in
Fig. 2a. A similar behavior was obtained for other H, concentrations.
The resistance changes increased with increasing concentration for
both nanoporous Pd-Cu and Pd-Ag alloy sensors at room temper-
ature, as given in Fig. 2a. The nanoporous Pd-Cu and Pd-Ag alloy
sensors were totally reversible, and the limit of detection (LOD)
of the sensors was 250 ppm at room temperature. The increase in
the resistance of Pd alloy sensors with exposure to H, gas could be
explained as follows: adsorption of molecular Hy on the Pd alloy
films, dissociation of the molecule leading to formation of H atoms,
migration of H atoms into the Pd alloy film, and reaction between H
and Pd or (Ag and Cu) atoms leading to formation of a hydride [41].
In addition, it has been known that the resistance of this hydride
increases.

The sensing properties of a nanoporous alloy sensor can be
assessed by determining the sensor response, which is defined as:

5(%):—0“00 (1)
where AR is the change in resistance and Rg is the reference
value (baseline) of the sensor. In order to obtain the tempera-
ture dependence of the sensor response, the sensing properties
were measured at 25°C, 50°C, and 100°C. Fig. 2b shows the sen-
sor response versus time for the nanoporous Pd-Ag film sensor
on the AAO template upon exposure to 250-5000 ppm H, at dif-
ferent temperatures. At the indicated temperatures, the response
rapidly increased to a maximum after the 250 ppm H, exposure
to the sensor. Then, after purging with 200 sccm high purity N,
the response decreased sharply to the baseline. A similar behav-
ior was obtained for other H, concentrations (500-5000 ppm).
The sensor response decreased with increasing temperature for all
desired H, concentrations, as seen in Fig. 2b. For instance, the sen-
sor response decreased from 1.68 to 0.6 for 1000 ppm H; exposure
to the nanoporous Pd-Ag sensor with increasing temperature from
25°C to 100°C, respectively. The decrease in the sensor response
with increasing temperature is explained with Sieverts’ law, which
states that the logarithm of hydrogen solubility increases linearly
with inverse temperature [26,33,34]. It is well known that the
absorbtion of hydrogen on Pd follows the Sieverts’ law, according
to which the amount of hydrogen absorbed is a function of the
hydrogen partial pressure;

(%)at=Ks~ PH, (2)

where (H/Pd),; is the atom ratio of H and Pd components, Ks the
Sieverts constant, and py, is the hydrogen partial pressure in Pa.
The temperature dependence of the Sieverts constant is described
by an Arrhenius-type equation:
AsS  AgsH

InKs = < "R (3)
where AgS and AgH are the entropy and the enthalpy of solution,
respectively, T the temperature, and R the molar gas constant. On
the other hand, sensor response increased with increasing concen-
tration at a desired temperature, as seen in Fig. 2b. Similarly to that
for the nanoporous Pd-Ag sensor, temperature-dependent sensing
behavior was observed for the nanoporous Pd-Cu sensor. Sensor
responses of the nanoporous Pd-Cu sensor were 1.19, 1.05 and 0.55
for 1000 ppm H, exposure at the temperatures of 25°C, 50 °C, and
100°C, respectively. It was observed that the sensor response of
the nanoporous Pd-Cu sensor is lower than the response of the
nanoporous Pd-Ag sensor at all indicated temperatures and for all
H, concentrations. This result can be confirmed according to the
diffusivity calculations of the previous study [33].

Fig. 3 shows the sensor responses of the nanoporous Pd-Ag and
Pd-Cu film sensors as a function of concentration at various tem-
peratures. The maximum sensor responses were obtained at room
temperature for both nanoporous Pd-Ag and Pd-Cu sensors. The
sensor responses increased with increasing concentration of H, in
the range from 250 to 5000 ppm at desired temperatures for both
nanoporous Pd-Ag and Pd-Cu sensors, as seen in Fig. 3. Except at
room temperature for the nanoporous Pd-Ag sensor, a nonlinear
relationship between the sensor response and concentration was
obtained at 25°C, 50°C, and 100 °C for the two sensors.

Similarly, at room temperature for the nanoporous Pd-Ag
sensor, the sensor response appeared to saturate for high con-
centrations of Hy; on the other hand, the sensor response of the
nanoporous Pd-Ag sensor was higher than the sensor response of
the nanoporous Pd-Cu sensor at the indicated temperatures. For
instance, the sensor responses of the nanoporous Pd-Ag and Pd-Cu
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Fig. 3. The sensor responses of the nanoporous Pd-Cu alloy film sensor (a) and the
nanoporous Pd-Ag alloy film sensor (b) as a function of H, concentration at different
temperatures.

sensors were 1.68 and 1.19, respectively, for 1000 ppm H, expo-
sure at room temperature. Previously, we found that nanoporous
Pd films (55 nm) based on an AAO sensor have high and reversible
responses due to their enhanced absorption and desorption of
hydrogen [22]. The response of the nanoporous Pd film was approx-
imately 1.8 towards 1000 ppm H, at room temperature, and the
response was decreased to 0.5 with an increased temperature of
100 °C. We expected to obtain a high response to H, for nanoporous
Pd alloy films, but instead we observed lower sensor responses for
nanoporous Pd-Ag and Pd-Cu sensors due to the high film thick-
ness of the alloys.

Fig. 4 shows the sensor response versus square root of hydrogen
partial pressure for the nanoporous Pd alloy sensors at different
temperatures. A linear relationship between the sensor response
and square root of hydrogen partial pressure was obtained at 25 °C,
50°C, and 100°C for the two sensors. The sensor response was
decreased with increasing temperature at these partial pressure
ranges for two sensors. The temperature and hydrogen partial pres-
sure dependence of the sensor response could be explained with
Sieverts’ law.

4. Summary

In this study, the hydrogen sensing of nanoporous Pd-Ag and
Pd-Cu films on AAO templates have been investigated at various
temperatures and hydrogen gas concentrations to yield infor-
mation about the temperature-sensitivity relationship. For this
purpose, hexagonally ordered AAO templates were fabricated with

a 25

—e—25°C .
—o—50"C B
100°C

N / Rl

2.0+

<
T L »
] ] S
1.0 ) /
0.5-
0.01— : : . 1
4 8 12 16 20 24
(P,,)" (in Pa)
b 4.0
—e—25°C .
3.5 50 °C ./
0
3.04 100 °C
./
2.5- / I

S (%)

2.0- / = 1
L o

0.5+ &

0-0 T T L] L) L]
4 8 12 16 20 24

(P,)" (in Pa)

Fig. 4. The sensor response versus square root of hydrogen partial pressure at dif-
ferent temperatures for the nanoporous Pd-Cu (a) and Pd-Ag (b) alloy sensors.

pores of 50 nm diameters, 10 wm lengths and 80 nm interpore dis-
tances, and then a nanoporous Pd alloy films with a thickness
of 80 nm was evaporated onto these templates. The temperature
dependence of responses in a range of 25-100 °C was investigated
for 250-5000 ppm H, concentrations. It was found that the sen-
sors showed better sensitivity compared to traditional Pd alloy
thin film sensors, with responses of the sensors of 1.68% and 1.19%
towards 1000 ppm H, at room temperature for the nanoporous
Pd-Ag and Pd-Cu film sensors, respectively, and the detection
limit was 250 ppm for both nanoporous alloy sensors. The sensor
response of the nanoporous alloy sensors decreased with increasing
temperature. The advantages of the nanoporous Pd alloy sensors
reported here are the fast response and small recovery time, their
good mechanical strength and simple fabrication process.
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