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Influence of palladium chemical structure
on hydrogen sensing properties
of carbonaceous—palladium thin films
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In this work we investigate nanocomposite carbonaceous—palladium (C—Pd) films prepared by
physical vapor deposition. Such films are promising materials for hydrogen sensor applications.
This is related to the highly selective hydrogen absorption by palladium nanocrystallites.
The C—Pd films obtained in various technological conditions differ in structure and electrical
properties. These films were characterized by SEM, EDS and FTIR spectroscopy. FTIR spec-
troscopy was used to determine the amount of palladium acetate and fullerene, incompletely
decomposed during the deposition process. FTIR spectra enabled us to explain the differences in
C—Pd films resistance based on palladium chemical structure. The possibility of the application of
C-Pd films as active layers in hydrogen sensors was also studied. The results showed that
synthesized C—Pd films containing palladium nanograins could be used for hydrogen sensing.
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1. Introduction

The development and more widespread use of hydrogen gas as an energy carrier has
led to the increasing demand for fast and reliable hydrogen sensors. Palladium-based
hydrogen sensors have been thoroughly explored because of their highly selective
interaction with hydrogen [1]. The interaction between hydrogen and palladium begins
with H, adsorption on the palladium surface following the homolytic dissociation of
H, molecules to H atoms. These hydrogen atoms diffuse into the Pd lattice and occupy
its interstitial sites, forming solid solution [2]. At higher hydrogen pressure, further
incorporation of hydrogen atoms induces phase transition from the o~ to B-phase and
formation of palladium hydride [3]. The Pd—H system is characterized by larger
volume, different optical properties, lower work function and higher resistance
compared to pure Pd [4]. Hydrogen sensing is based on changes in these properties.
The palladium-based sensors include palladium thin films [5, 6], Pd nanowires [2, 7],
Pd nanoparticle layers [8, 9] and C—Pd composites [10, 11].
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The sensing mechanism of C-Pd films is based on Pd resistance changes in
the presence of hydrogen which can be related to hydrogen concentration. Such sensors
may be in the form of multi-walled carbon nanotubes (MWCNTs) decorated with
palladium nanoparticles [10] or palladium nanoparticles embedded in a carbonaceous
matrix. Systems based on MWCNTs can be prepared by the reduction of palladium in
solution and the subsequent filtering of the aqueous suspension of decorated nano-
tubes [10]. Such sensors have low sensitivity (2.15% with 200 s response time at
0.21% H,) and very slow recovery.

Therefore, C—Pd films containing palladium nanograins incorporated in a carbon
matrix seem to be promising materials for hydrogen sensing applications. Such mate-
rials are investigated in this paper. In our work we studied the influence of the palla-
dium chemical form on hydrogen sensing properties of C—Pd films obtained using
the physical vapor deposition (PVD) method in H, sensors. We found that films only
in which palladium acetate decomposed during preparation into metallic palladium
could be used in hydrogen sensing. The sensitivity of our C—Pd films increases
with H, concentration and exceeds 11% at 1% H,.

2. Experiment

The nanocomposite C—Pd films were obtained using the PVD method [11]. In the PVD
process, fullerene Cy (Sigma-Aldrich, 99.9%) and palladium acetate (Sigma-Aldrich,
99.98%) were used as film precursors. In the PVD process, various technological
parameters were used to prepare samples with different structures and composition.
Parameters of PVD process (intensity of current through sources (/¢4 and /p4) and
substrate temperature 7') are shown in Tab. 1. The films were deposited on an alundum
substrate. Conductive silver paint (SPI Supplies) was used to make electrical contacts
to C—Pd films for resistance measurements.

Table 1. Parameters of PVD process.

Sample Icgo [A] Ipg [A] T[°C]
S1 1.9 1.3 66
S2 2.1 1.2 45
S3 1.9 1.3 70
S4 1.9 1.2 69

The structure and morphology of obtained films were characterized by scanning
electron microscopy (SEM). SEM investigations were carried out with a JEOL
JSM-7600F field emission scanning electron microscope operating at 2 keV and 5 keV
incident energy. The quantitative analysis of the composition of the C—Pd films was
performed by energy dispersive spectroscopy (EDS). EDS measurements were per-
formed with INCA ENERGY 250. The molecular structure of the C—Pd films was
studied using Fourier transform infrared (FTIR) spectroscopy. FTIR measurements
were performed with a ThermoScientific Nicolet iS10 FTIR spectrometer, using
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the attenuated total reflectance (ATR) technique in a spectral range of 650—4000 cm™!
at a spectral resolution of 4 cm™.

Electrical measurements were performed using the indirect method on the basis of
the voltage drop across a reference resistor connected in series with the investigated
film. The films resistance was determined from the following formula:

_ Usup - Uref

R = —_— 1
- Uref/Rref ( )

where R¢_pg— C-Pd film resistance, Uy, — supply voltage, U, ¢— the reference resistor
voltage, R,.¢ — resistance of the reference resistor.

Hydrogen sensing measurements were performed in a special chamber, having
an electrical feedthrough, gas flow inlet and outlet. Mass flow controllers were used
to dilute hydrogen with N, to the chosen concentrations, with a total gas flow rate of
1 L/min. Measurements were carried out at room temperature and under atmospheric
pressure. The electrical resistance of the C—Pd films was measured during their inter-
action with hydrogen. After stabilization of sample resistance, the flow of the H,/N,

mixture was cut off and air was introduced to the chamber to regenerate the films.

3. Results and discussion
3.1. SEM and EDS characterization

The topography and structure of the prepared C—Pd films was investigated by SEM
(Fig. 1). SEM images show that the films are composed of grains with different shapes
and diameters arranged layer by layer on the substrate. C—Pd films were deposited on
the surface of ceramics, which has large surface area and roughness of the grains.

Fig. 1. SEM surface images of samples S1 (a), S2 (b), S3 (¢) and S4 (d).
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Table 2. Palladium content and resistance of C—Pd films.

Sample Pd [wt%)] R [kQ]

S1 9.1 4.56

S2 9.3 unmeasurable”
S3 17.1 3.47

S4 17.4 unmeasurable”

* — R higher than 30 MQ.

Depending on the PVD process parameters, the surface of C—Pd films has diverse
morphology, shape and roughness of the grains. Figure 1 shows the differences in
the roughness of the individual layers within a single grain of ceramics. On the surface
of sample S1, densely packed tetrahedral carbonaceous grains with diameters between
100 and 250 nm are formed. Carbonaceous grains with gently rounded surfaces are
visible. Bright objects visible on the surface of sample S3 are new C—Pd grains with
a diameter larger than 200 nm being formed on a previously filled layer of the film.

The thickness of the studied films was measured by SEM method using sample
fractures. All determined thicknesses of the films were about 300 nm. The content of
palladium in the C-Pd films was determined by EDS. Due to the small thickness
of the films, EDS analysis was performed using an accelerating voltage of 7 kV to
minimize X-ray excitation volume. The results are shown in Table 2. It is clear
that the Pd content in films S3 and S4 is similar and it is almost twice as high as in
the other two samples.

3.2. FTIR spectroscopy

In Figure 2, FTIR spectra of palladium acetate and fullerene Cg, (precursors of
C—Pd films) are presented. In the spectrum of palladium acetate, three dominating
absorption bands are found: a broadband in a wave number range of 1640 cm™' and
1570 cm™" associated with the asymmetric stretching vibrations of the C—O bond of
the carboxylate groups, a band at 1430 cm™ attributed to the symmetric stretching
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Fig. 2. FTIR spectra of palladium acetate (a) and fullerene (b).
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Fig. 3. FTIR spectra of films S1 (a), S2 (b), S3 (¢) and S4 (d).

vibrations of the same C-O bond and a band at 1350 cm™! from CH; bending
vibrations [12]. The spectrum of fullerene exhibits two characteristics, very narrow
bands at wave numbers of 1428 cm™! and 1183 cm™! assigned to Cy, pentagon pinch
and Cg, pentagon asymmetric deformation, respectively [13].

In Figure 3, FTIR spectra of samples obtained in the PVD process are shown. In
the spectra of samples S2 and S4, three bands corresponding to palladium acetate
(1608-1540 cm™', 1422 cm™' and 1349 cm™') are observed. The lack of bands
originating from Pd(OAc), in the spectra of films S1 and S3 indicates its complete
decomposition to metallic palladium in the PVD process. The decomposition of
palladium acetate is probably connected with the use of higher intensity of current
through palladium source (see Table 1). The formation of fcc Pd nanocrystallites
from palladium acetate during C—Pd film preparation was shown in our previous
studies using the TEM method [14]. However, all samples contain fullerene Cg,. In
the spectra of samples S2 and S4, only one fullerene band (1183 cm™) is observed,
because the second one (1428 cm™') overlaps with the band associated with the sym-
metric stretching vibrations of the C—O bond of Pd(OAc), molecules. The highest
intensity of the fullerene band in the spectrum of sample S4 means the largest
Cgp content in this film. All characteristic bands are indicated by arrows in Fig. 3.

3.3. Electrical measurements

The results of measurements of film electrical resistance are listed in Table 2. It is
noted that two of the films (S1 and S3) have a resistance of about 3.5-4.5 kQ, while
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the other two samples have a non-conductive nature. The reason is the chemical struc-
ture of palladium in the investigated samples. No decomposition of palladium acetate
to metallic Pd in the PVD process (see Fig. 3) results in the very high resistance of
films S2 and S4, independently of the palladium content. This suggests that the nature
of the carbon matrix is also non-conductive. The low resistance of films S1 and S3
is related to the presence of a metallic form of palladium. In the case of samples S1
and S3, an influence of the palladium content on film resistance was found. The in-
crease in the amount of palladium in C—Pd films leads to their lower resistance.

3.4. Hydrogen sensing measurements

Hydrogen sensing characterization was performed for two samples: S1 and S3.
The non-conductive character of samples S2 and S4 prevented sensing measurements.
To investigate the reproducibility of sensing and to compare sample sensitivity and
response time, the films were tested in four response-recovery cycles. The results for
an atmosphere containing 1% H, are shown in Fig. 4 as a relationship between film
sensitivity and time. Sensitivity (AR/R) was calculated from the following equation:

R-R
AR _ 0 % 100% )
RO RO

where R is sample resistance in a test gas and R, is sample resistance in air.
The introduction of hydrogen to the measurement chamber led to an increase in film
resistance, while the introduction of air resulted in the resistance reaching its initial
value again. The increased resistance in the presence of hydrogen is caused by the for-
mation of Pd-H solid solution whose resistance is higher than that of metallic
palladium [2, 4, 7]. The introduction of air leads to the decomposition of the Pd—H
system resulting in lower film resistance. The sensing characteristics for both C—Pd
films are fully repeatable. The sensitivity of film S1 is slightly higher, while the re-
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Fig. 4. C-Pd film sensitivity vs. time of exposure to 1% H,.
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sponse is 3.5 times slower than that of S3. The higher response rate of sample S3 is
probably connected with higher palladium concentration. This can be explained by
higher number of adsorption centers on the surface of palladium nanograins in the sam-
ple with higher Pd content. Higher number of active centers results in an increase of
hydrogen adsorption rate and therefore leads to an increase of film response rate.

To investigate the influence of hydrogen concentration on the sensitivity and
response time, sensing measurements for different [H,] from 0.05% to 1% were carried
out. The results are shown in Fig. 5. Response time #y, is defined as time necessary
to reach 90% of the maximum resistance change at a given hydrogen concentration.
As can be seen in Fig. 5a, the sensitivity of both films increases with the hydrogen
content in the atmosphere. Therefore, we can correlate the changes in sensor resistance
with hydrogen concentration. The sensitivity of S1 is on average 10% higher than that
of sample S3.
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Fig. 5. C-Pd film sensitivity (a) and response time (b) vs. H, concentration.

With reference to Fig. Sh, it is noted that the response time becomes shorter with
increasing H, concentration. The response time at 1% H, is 167 s and 46 s for films
S1 and S3, respectively. The response of film S3 is about 3 times as fast as that of
sample S3 throughout the range of tested hydrogen concentrations. The differences
in the response rate can be explained by our EDS analysis. The faster response of
film S3 results from the higher palladium content.

4. Conclusions

In this paper we investigated the hydrogen sensing properties of the C—Pd films
obtained in the PVD process. The influence of the palladium chemical form on
the application potential of these films in H, sensors was studied. The results showed
that the decomposition of palladium acetate to metallic palladium was necessary for
such an application. The sensitivity of the prepared C—Pd films increases with hydro-
gen concentration, allowing us to correlate sensor resistance changes with H, concen-
tration in the surrounding atmosphere. The sensitivity of our C—Pd films exceeds 11%
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and response time is less than 50 s at 1% H,. It is concluded that the obtained films
containing palladium nanograins placed in a carbonaceous matrix can be used as active
layers in hydrogen sensors.
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