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ABSTRACT 

 
A Pd/Anodic alumina membrane (AAM) ensemble was 

formed by using Solid State Reduction. The ensemble 
consisted of Pd thin films on both sides of the AAM with 
connecting nanowires as evidenced by Scanning Electron 
Microscopy. Samples with 2.5%wt, 5%wt and 10% wt Pd 
were studied for applications in hydrogen sensing. X-ray 
diffraction was used to determine the concentration at 
which the  α!β Pd phase transition occurred. All samples 
responded to hydrogen but the sample with 2.5% wt Pd was 
the most sensitive and had the most accurate results with 
minimal baseline drifting. Results show that solid-state 
reduction is a facile and economical alternative for making 
Pd sensor elements.  
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1 INTRODUCTION 
 
Hydrogen is one of the most important of the reducing 

gases and it is used in many chemical processes and various 
industrial applications including aerospace, transportation, 
medical, petrochemical, and energy [1]. The flammability 
limits of hydrogen in air (at 14.7 psia) are 4.0% v/v and 
75.0%v/v, thus a sensor that can detect hydrogen well 
below this limit is necessary for safety issues.  

In macro-scale Pd resistors used for hydrogen sensing, 
exposure to hydrogen causes an increase in the resistance 
by a factor of 1.8 at 25 °C [2]. The Pd resistivity changes 
upon hydrogen adsorption has been studied and explained 
elsewhere [3]–[5]. It is generally accepted that at low H/Pd 
ratios, upon adsorption, hydrogen electrons fill the holes in 
the Pd d-band, which results in the screening of the 
hydrogen ion. This screening causes an increase in the 
resistivity and consequently the resistance. At higher H/Pd 
ratios hydrogen occupies Pd vacancies at octahedral sites 
forming a Pd hydride. This results in a structural change 
from an  α to a β phase during which the resistivity 
increases more rapidly. Reviews on the Pd hydride and 
hydrogen adsorption phenomena in Pd can be found 
elsewhere [6]–[8]. 

Thin films are commonly obtained by sputtering. Using 
this technique, films of different thicknesses can be 
obtained easily. Other techniques include thermal 
evaporation [9], electron beam evaporation [10], chemical 

vapor deposition [11], atomic layer deposition [12], [13],  
and electrodeposition [14], [15]. 

The Pd thin film support can affect its sensitivity and 
response time. Wang et al. [13], [16], [17] showed that 
anodic aluminum oxides (AAO) are great substrates for 
hydrogen sensing devices because, in addition to providing 
a rough surface with large surface area for the formation of 
nanostructures, they are also weakly conductive allowing 
for better electronic measurements.  

In this work a Pd based hydrogen sensor material was 
developed using a solid-state reduction (SSR) method. With 
this method Pd films are formed on both sides of an anodic 
alumina membrane while film-connecting nanowires are 
formed within its pores. This is the first time this synthesis 
method [18], [19] has been used to obtain films and the 
results shown herein show that this material can be used as 
a highly sensitive H2 sensing element.  
 
2 PALLADIUM THIN FILM SYNTHESIS  

 
A mass of 0.0028 g, 0.0054 g and 0.0113 g of 

Pd(NO3)2xH2O (Alfa-Aesar, 99.9% metal basis) were 
deposited in powder form over one side of three 
commercial Anodic Alumina Membranes (Whatman, 
Anodisc 25 with an average pore diameter of 200 nm) to 
obtain metal loadings of 2.5%, 5% and 10% wt Pd, 
respectively. The samples were named s-2.5, s-5, and s-10. 
After deposition, the samples were left standing during 30 
minutes. This results in absorption of sufficient ambient 
water by the hydroscopic Pd(NO3)2xH2O allowing it to 
completely dissolve. Then the wet precursor was carefully 
dispersed through the membrane and then left standing for 
30 more minutes. Afterwards a small pellet of solid sodium 
borohydride (~0.006 g) [NaBH4 98%mm—Alfa Aesar] was 
spread making sure that the entire surface was covered as a 
small amount of water (~2µL) was added to accelerate 
reduction. After reduction, the samples were washed three 
times for 30 minutes in a large bath of cold distilled water. 

To measure the samples’ response to hydrogen, small 
copper wires were adhered to the side of the membrane 
where the solid NaBH4 was dispersed using conductive 
silver paste. This side was selected for the connections 
because it gave better electrical continuity when testing. 
The hydrogen response was measured in a sealed 6,950cm3 

chamber. The electrical measurements were obtained using 
a Keithley 2400 multimeter. Labview 2010 was used to 
monitor and record the changes in the electrical properties 
of the sensor element. MKS gas flow controllers were used 
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to regulate the flow of gas into the chamber. For the 
measurements the sensor element was first exposed to 4000 
sccm of nitrogen until the current was stabilized at 1.00 
VDC. After a stable baseline was obtained the sensor 
element was exposed to alternating cycles of different H2 
/N2 concentrations and pure N2 using a continuous flow. 
 

3 RESULTS AND DISCUSSIONS 
 

3.1 Sample Characterization 

Scanning electron microscopy (SEM) experiments 
revealed that at all Pd loadings and for both sides a Pd film 
covered the surface of the AAM exhibiting two different 
morphologies. Figure 1 shows SEM images of sample s-2.5 
illustrating the two morphologies that result from the SSR 
method. They also show a coarse film was formed on the 
NaBH4 side (figure 1A) and a smoother film was formed on 
the precursor side (figure 1B).  The coarseness of the film 
formed on the NaBH4 side is presumably a result from the 
fast reduction reaction of the metal precursor. Similar 
results were observed at all concentrations. 

 

  
Figure 1 SEM images showing the Pd film surface 

morphologies; NaBH4 side (A) and precursor side (B). 
 

Also, and as previously observed,[18] during the 
process nanowires 300 nm in diameter and 5 µm in length 
were formed inside the membrane pores as shown in Figure 
2. This image was obtained after dissolution of the AAM 
with 10 M NaOH.  
 

 
Figure 2 SEM image of the Pd 

nanowires obtained after 
removal of the AAM support  

 
Figure 3 shows the XRD patterns for sample s-2.5 at 

various H2 concentrations. The peaks observed correspond 
to the typical bulk Pd fcc peaks at 2θ = 40.1° and 46.5° 
corresponding to the (111) and (200) planes. 

It can be seen from the diffractograms that the transition 
from the α to the β phase begins to occur at 1%v/v H2 

(approximately 700 torr H2 partial pressure[10]) as 
evidenced by the appearance of additional peaks at 38.8°. 
This phase transition is approximately complete at 2%v/v. 
For bulk Pd the phase transition occurs in a threshold from 
1 to 2% v/v H2 [20], [21].  
 

 
Figure 3 X-ray diffraction pattern at different hydrogen 

concentrations for sample s-2.5 
  

3.2 Sensor Element Response 

Figure 4 shows that samples s-2.5 (Fig. 4A), and s-5 
(Fig. 4B) exhibit the same sensing mechanism as in the 
bulk, i.e., the current decreases upon hydrogen adsorption. 
This behavior is consistent with previously reported results 
for thin films with thicknesses higher than 10nm [22]. 

There is an initial sudden jump in the current values for 
all the samples when the sensor element is first exposed to 
H2 but it quickly stabilizes. This phenomenon has been 
previously reported [23] and, according to the literature 
[24]–[26], is due to desorption of oxygen initially trapped in 
a physisorbed state on Pd.  

Samples at all Pd loadings were able to sense H2 
between 0.01%v/v and 2%v/v. These results indicate that 
the samples do not need to undergo a phase transition to be 
able to detect H2, making them good candidates for H2 
detection at concentrations below the lower flammability 
limit (4%v/v). This suggests that solid-state reduction yields 
fairly robust Pd nanostructures that will exhibit the same 
hydrogen sensing behavior both below and above the 2% 
v/v H2 limit of the phase transition.  

However, for all the samples, a slight increase in the 
current plateau value is observed after the initial exposure 
to 2%v/v H2.  At this H2 concentration, Pd transitions to the 
β phase and presumably the volume expansion associated 
with it closes void spaces or imperfections that may exist in 
the sample improving electrical continuity and causing this 
increase in current. 

Afterwards, the sample exhibits a decrease in the 
nitrogen electrical current baseline value. This agrees with 
previously reported hysteric behavior where the resistance 
is increased upon hydrogen desorption after being subjected 
to the β-phase transformation [5], [27]. 

On the other hand, sample s-10 (not shown) shows a 
gradual and steady increase in the current value upon 
hydrogen exposure that does not reach a plateau. This is 
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presumably due to the incomplete reduction of the Pd 
precursor. 

Sample s-2.5 had the highest sensitivity determined 
using the following equation: 

 

! = ! !! − ! !!!!
!×!100!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1) 

  
where  I0 is the electrical current baseline value (at 100% 
N2) and Is is the plateau electrical current value when 
exposed to H2. Table 1 shows the sensitivity values for all 
samples.  

  
 

 
Figure 4 Electrical current response to 

hydrogen exposure at different concentrations 
for samples s-2.5 (A), s-5 (B) 

 
Atomic Force Microscopy (AFM) results showed that 

the thickness of the films in sample s-2-5 is ~ 1.02 µm on 
the smooth side and ~1.1 µm on the coarse side. The latter 
has an average root mean square roughness of 232 nm.   

The sensitivities ranged between 9.2% and 0.6% 
depending on the concentration (Table 1). They in general, 
exhibit a proportionality to the concentration and are higher 
than those reported in the literature for similar samples. 
Ramanathan et al.[22] observed sensitivities of ~6% at 
3%v/v H2 on 8 nm Pd thin films sputtered over Si3N4 
substrates, and our s-2.5 sample had an average sensitivity 
of 9.2% at 2% v/v H2. In addition the Pd materials studied 
by Lu et al.[16] supported on AAO showed  sensitivities 
24% lower at 1% v/v H2 than sample s-2.5. Therefore it has 
been shown that a simple synthesis method can yield highly 
sensitive H2 sensing elements. The relatively large surface 
area of the rough film might promote a large hydrogen 
adsorption thus yielding highly hydrogen sensitive 
materials.  

 

Table 1 Sensitivities and Response Times for All Samples 

 
 
The response times included in Table 1 are reported at 

90% of the maximum current change (t90). These response 
times are higher than those reported for similar samples in 
the literature [9], [16] However, in practice the response 
times are largely dependent on the chamber dimensions and 
gas flow conditions [28]. For comparison, sample s-2.5 was 
also tested on a 43,000cm3 chamber and the t90 was ~10 
minutes at 0.5%v/v H2, vs. ~3 minutes in our test chamber  
with the same total gas flow. The sensitivities, nevertheless, 
had a similar value at the same concentration. Therefore in 
order to comply with the scientific community goal of less 
than a second for 1%v/v H2 [29], the sensor chamber needs 
to be engineered so that the volume of the enclosed sensor 
element is minimized to increase the H2-Pd film contact 
time.  

 
4 CONCLUSIONS 

 
We have demonstrated that a combination of nanowires 

and thin films are formed when alumina membranes are 
used as a support using solid-state reduction and that these 
ensembles exhibit a similar behavior to that observed in the 
bulk Pd when exposed to hydrogen with a mild baseline 
shift when the phase transition occurs. The ensembles are 
highly sensitive to hydrogen at a wide range of 
concentrations (0.01%v/v- 2% v/v). Compared to other Pd 
thin film based sensors, these ensembles show higher 
sensitivities at the same H2 concentrations. Response times 
are on the range of minutes but it was demonstrated that 
changing the chamber volume greatly affects them while 
leaving the sensitivity practically unchanged.  
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