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This paper presents the results of research of C—Pd composite films obtained by the physical vapor deposition
and chemical vapor deposition method. These films will be applied as hydrogen sensors. It has been examined
whether the substrate has an impact on morphology and topologies of the C—Pd composite and whether the
thermal conductivity of the substrate has an impact on the average size of the Pd nanoparticles. Substrates such
as Al Os, SiOq, Si, and Mo were used, and in the physical vapor deposition process fullerene (Cgo) and palladium
acetate were deposited. Some of the samples were examined microscopically, while another part was modified
in the chemical vapor deposition process in the presence of xylene. It was found that the average size of the
Pd nanoparticles prepared in the physical vapor deposition process is independent of the substrate for all of the
substrates used in the present experiment. During the chemical vapor deposition process an increase of the size of
the Pd nanoparticles was observed — as expected. What is more, we noticed a weak relation between the size of
the Pd nanoparticles and the type of substrate on which the C—Pd composite was deposited.
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1. Introduction

Hydrogen gas is considered to be one of the most
promising clean energy carriers that can be used in fuel
cells because of its efficiency and environmental friend-
liness [1]. However, Hy is a highly explosive gas; hence,
technological solutions are needed in the construction of
sensors that are rapid and sensitive in the detection of
this gas. The main components of the studied films are a
combination of Pd and porous C. However, such a solu-
tion has not yet been applied and was usually limited to
Pd and some other compound [2, 3]. Pd is known for its
ability to absorb Hs [4] and porous C has high specific
surface area [5], which suggests that the combination of
these characteristics will significantly increase the possi-
bilities of the detection of hydrogen and will make these
films ideal sensors of hydrogen. The nanocrystalline Pd
also absorbs Hy [6]; hence nanocrystalline Pd films will
be used as active layers in hydrogen and hydrocarbons
detectors. The C-Pd films were prepared by using two
methods: physical vapor deposition (PVD) and chemical
vapor deposition (CVD). The structure and properties of
the films prepared by using these processes might depend
on parameters such as temperature, time, and substrates.
Substrate has a significant effect on the adhesion of the
C—Pd film and its morphology. The main aim of this
study was to elucidate the influence of the substrate on
the average size of the palladium nanocrystallites in the
final product of the C—Pd composite.
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2. Sample preparation and measurements

The C-Pd films were prepared by using PVD process
and were modified by using CVD process. In the PVD
process, fullerenes and palladium atoms were deposited
on Al,O3, Mo, Si, and SiO» under a pressure of 1073 Pa.
Two separate sources were used: one containing fullerene
Ceo in the form of powder (99.9%) and the other with
palladium acetate Pd(CoH3042)s. During the deposition
process, the temperature of the substrates was at 60 °C
and the time of growth was 10 min. Next, a part of the
films were studied by transmission electron microscopy
(TEM) and the remaining were modified by using the
CVD process. During the second process, the xylene was
decomposed over the film surface. The temperature of
the substrate was 650°C and the deposition time was
30 min. Thus, a structure containing Pd nanoparticles
(NPs) embedded in the amorphous carbon was obtained.
Detailed information about these processes can be found
in our previous works [7, 8]. Specimens for planar view
electron microscopy observation of the samples were pre-
pared by mechanical stripping of the layer on grid with
carbon holey films. The specimen films were studied by
using TEM JEOL JEM2000EX, and SEM investigation
was performed with a JEOL JSM-7600F.

3. Results

Figure 1 presents the appearance an morphology of the
typical film obtained after PVD process. Films contained
crystalline Pd and Cgp.

Figure 2 presents the film modified through the CVD
process. The film also contained Pd crystalline parti-
cles but the presence of graphite was noted. Pd NPs
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Fig. 1. (a) TEM image of a film prepared in PVD pro-
cess. (b) The corresponding electron diffraction pattern,
in which fullerene Cgo and the Pd having the fcc struc-
ture are identified. In the micrograph (c) enlarged image
of the box indicated in (a). (d) High resolution (HR)
TEM image of the circle indicated in (c). A single Pd
crystallite particle exhibiting the (111) fringes with a
lattice spacing of 0.23 nm is presented.
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Fig. 2. (a) TEM image of a film obtained after the
PVD/CVD processes. (b) The corresponding elec-
tron diffraction pattern, where the diffraction rings of
graphite and crystalline Pd appear. (c¢) Enlarged image
of the box indicated in (a). A single Pd crystallite is
encapsulated with a graphite layer whose lattice fringes
are seen in the inset HRTEM image. (d) The corre-
sponding electron diffraction pattern derived from the
area of (c).

were encapsulated with graphite layer, as seen in Fig. 2c.
More information regarding the structure and morphol-
ogy of the examined films can be found in our previous
papers [9-11]. The high specific surface area of the sen-
sory film will play an important role in adsorption pro-
cess and provides good sensitivity. Therefore, the type

Fig. 3. SEM images of the surface of C-Pd films de-
posited on different substrates by PVD. The substrate:
(a) SiOg, (b) Si, (c) Mo, and (d) AlyOs.

Fig. 4. Bright-field (left) and dark-field TEM images
(right) of C—Pd films embedded on different substrates
(indicated in the figures) by PVD. Each dark-field image
was taken using a diffraction spot from Pd crystallities.
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Fig. 5. SEM images of C-Pd surfaces obtained in
PVD/CVD process deposited on different substrates:
(a) SiOg, (b) Si, (c) Mo, and (d) AlyOs.

Fig. 6. Bright-field (left) and dark-field TEM images
(right) of C-Pd films embedded on different substrates
(indicated in the figures) by PVD and modified in CVD
process.
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Fig. 7. Relation between the coefficient of thermal con-
ductivity of the substrate and the average nanoparticle
size of Pd for both process.

of the substrate impacts the properties of the film in the
macroscale. Macroscopically, the PVD films showed no
homogeneity.

Figure 3 presents the SEM images of the morphologies
of films prepared on different substrates by using PVD
process. Figure 3a presents the largest homogeneity in
the macroscopic size that was observed on the film de-
posited on SiO3. In case of other substrates such as Si,
Mo, and Al;Og, differences in surface morphology were
observed. The films obtained through the PVD method
were characterized by relatively homogeneous distribu-
tion of Pd in the C matrix, in the range of hundreds of
nanometers.

The homogeneity of the films after the PVD process is
well visible in the dark-field images (Fig. 4, right images).
In all the four cases, the adhesion of the C—Pd film to
the substrate was good. The morphology is different in
microscale and nanoscale between the films prepared on
different substrates and those modified by the CVD.

Figure 5 presents the SEM images of the macroscopic
areas. In the PVD/CVD films, heterogeneous distribu-
tion of Pd in C matrix was observed in the range of hun-
dreds of nm.

Figure 6 presents the bright-field and dark-field images
of C-Pd films that are modified by using the CVD pro-
cess. For the quantitative estimation of the size of Pd
NPs in the films, size histograms were derived for all the
investigated samples. The average size of the Pd NPs was
determined by fitting to the log—normal distribution. In
order to improve the coverage of surface substrate with
the C—Pd film, a heating lamp was used with a tempera-
ture of 60°C during the PVD process and 650 °C during
the CVD process.

The average size of Pd in carbon matrix was compared
with the coefficients of thermal conductivity of the sub-
strate, and the results are presented graphically in Fig. 7.
For PVD processes, the independence of the average size
of Pd nanoparticle of the substrate was observed, which
is because the substrate was in the thermodynamic equi-
librium with the heating element when the PVD process
began. A correlation between the coefficient of thermal
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conductivity and the average size of the nanoparticles was
observed in films obtained in the CVD process. The C—
Pd films obtained by the CVD process are the modified
form of films that were obtained through a PVD process.
After the PVD process, films are moved to another sys-
tem where the CVD process begins. In this process, the
substrate is heated to a temperature of 650°C. Process
takes 30 min for all the samples on various substrates,
however, the thermal conductivity of the substrate is dif-
ferent. In this case, thermodynamic equilibrium was not
obtained between the C-Pd film and heater lamp during
the first few min of the process. The higher the ther-
mal conductivity of the substrate, the faster the C—Pd
layer reaches the desired temperature. The grain growth
is highly dependent on temperature and the annealed
time. Therefore, a weak correlation is observed as shown
in Fig. 7. The growth of Pd nanoparticle is mainly carried
out through diffusion and aggregation [13]. As a result,
it is possible to change the annealing time or tempera-
ture and obtain the necessary size of the crystallite for
all substrates during the CVD process. Thus, as the rela-
tionship is so weak, we can control the average size of Pd
nanoparticles as well. This information allows for a rela-
tively good control of the average size Pd nanoparticles,
and the exercise of sensitive sensory layers for hydrogen
PVD film (with average size of Pd &~ 3 nm), [14, 15] and
ammonia with PVD/CVD film (with average size of Pd
~ 150 nm) [16].

4. Conclusions

The effect of the substrates such as Si, SiOs, Al;O3,
and Mo on the average size of the Pd nanoparticles in
the carbonaceous matrix, prepared by using PVD and
modified in the following CVD process, was investigated.
The independence of the average size of the Pd NPs, of
the substrate used in the present experiment was found
between the C—Pd films prepared by using PVD method.
A correlation between the average size of the Pd NPs and
thermal conductivity of the substrate was observed in the
C-Pd films modified using CVD method, but it is weak
and can be neglected.
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