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Abstract Carbon—palladium composites have been investigated by the method of
transmission electron microscopy. The composites have been obtained by two differ-
ent processes: physical vapor deposition (PVD) and chemical vapor deposition (CVD).
The relation between the average size of a palladium particle, the time, and tempera-
ture has been carried out. The samples were annealed at different temperatures—from
500 °C to 750 °C but also for three different times, that is, 5 min, 10 min, and 30 min.
Activation energies were calculated from the Arrhenius equation. Obtained values
for PVD and PVD/CVD samples are: 64.6kJ-mol~! and 38.8 kJ-mol ™', respectively.
Determination of the activation energy will be useful in controlling the growth of pal-
ladium grains. Significant differences in values for both series resulted from encapsu-
lation in graphite—palladium particles, which were obtained in the PVD/CVD process.
Those graphite planes are formed at temperatures above 600 °C and significantly slow
down the growth of palladium particles.

Keywords Chemical vapor deposition processes - C—Pd films - Nanomaterials -
Physical vapor deposition processes

1 Introduction

Everything indicates that hydrogen will be probably one of the most important energy
sources after the exhaustion of oil reserves. In addition to the standard chemical meth-
ods [1,2], innovative models and technologies for hydrogen are developing, such as
alternative nuclear energy [3], geothermal energy [4, 5], reactions based on photocatal-
ysis [6], wind energy [7], and even processes with living organisms such as Citrobacter
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freundii [8]. Nowadays hydrogen and its compounds are commonly used in many
fields of science and technology, for example, the Haber—Bosh process—the nitro-
gen fixation [9], and in the food industry—hydrogeneration [10]. Furthermore, sci-
ence requires sensors to monitor the concentrations of hydrogen and hydrocarbons—
ionization chamber with CHy [11], hydrogen-coolant [12], rocket fuel tanks [13], etc.
To sum up, sensitive detectors of hydrogen and its compounds are sought in many
branches of industry and science due to the fact that it became significant to control
and monitor these gases since there is a huge risk to human life and property damage
in case of leaks.

Investigated films can be used as the active layer of hydrogen and hydrocarbon
detectors. The use of palladium, for which the ability to absorb hydrogen has been
known for many years [14], and porous carbon, which is characterized by a large
specific surface area [15], significantly increases the detection ability of hydrogen and
leads to creation of an ideal detector of hydrogen.

Tests showed that palladium nanoparticles also have the ability of trapping hydrogen
[16,17] and changing its electrical conductivity [18]. The main aim of this study was to
determine the accurate activation energy (E,) of the palladium grains’ growth process,
in order to control their size. It is crucial to observe differences in the absorption of
hydrogen, which depend on the size of Pd grains [19], the relation between the size
of grains and the sensor response, the time response, and resistance to CO poisoning
[20,21]. Therefore, knowledge of the E, of palladium grains’ growth helps to control
their size, which is crucial in the active layers of a hydrogen detector.

2 Experimental
2.1 Sample Preparation

In the PVD process, fullerenes and palladium atoms were deposited on AlpO3 or
Si under a dynamic pressure of 107> mbar. Two separate sources were used: one
containing fullerene Cgp powder (99.9 %) and the second with palladium acetate
Pd(C,H30,),.

During the deposition process, the temperature of the substrates was ~100 °C and
the time of growth was a few minutes. Then some of the PVD samples have been
annealed at temperatures of (500, 550, 600, 650, 700, and 750) °C. Other samples
were modified by the CVD method over the same range of temperatures. During the
second process, a decomposition of xylene over the film surface occurred. A structure
containing Pd nanograins embedded in amorphous carbon was obtained. Detailed
information about these processes can be found in [22,23]. In both processes, three
series of samples of PVD and PVD/CVD, which were annealed for three different
times: (5, 10, and 30) min have also been prepared.

2.2 Research Methods

TEM investigations: high-resolution TEM (HRTEM), dark field (DF), and selected
area electron diffraction (SAED) were carried out using a JEOL JEM2000EX at 200 kV
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and Titan Cubed 80-300 at 300kV. The specimens were prepared by mechanical strip-
ping of the layer on a 1000 mesh grid. The lamellas from both samples were prepared
using the focus ion beam (FIB) from Helios NanoLab 600i. First, the film surface has
been protected by the platinum layer. Then the protected layer was cut out by using
a gallium ion beam. This method was not destructive for the platinum protected part
of the samples. Finally, the lamella was soldered to the standard Omniprobe Lift-Out
grids.

3 Theoretical Introduction

The palladium grain-growth mechanism of the physical vapor deposition method is
extensively investigated with regard to both experimental and theoretical methods. For
the theoretical simulation, two methods are used most commonly: molecular dynamics
[24] and Monte Carlo [25]. It is assumed that the dominant process in the formation
of Pd grains is carried out via diffusion and aggregation [26]. However, it is related
to the silicon substrate without the presence of carbon. Unfortunately, the analysis of
the growth of the palladium particles in a carbonaceous matrix is so far a process too
complex for theoretical considerations due to the diversity of the carbon that is formed
in such a layer. In the investigated films, in addition to the porous carbon, graphite [37],
fullerenes, [27] and fullerite [28] are observed. In the initial stage of growth of the Pd
particles, clusters are formed from the gas phase [29]. The critical size of these clusters
is not well defined in the literature. However, magic numbers are often mentioned and
they correspond to the most common number of atoms that create these clusters. Such
palladium may take the form of a great number of geometric forms such as octahedrons,
hexahedrons, hexoctahedrons, decahedrons, and square dipyramid form [30]. Studies
that have been carried out with TEM and X-ray diffraction [31] on layers of our PVD
showed the existence of Pd,, Csp metallofullerenes. These structures were predicted by
Loboda et al. [32] and were described as exohedral metallofullerenes. A quite strong
argument for the diffusive nature of the palladium particle growth is the fact that after
annealing, the sample series obtained after the CVD process at different temperatures
showed no changes in the nature of the curve in the graph of temperature versus size
(more about this in the results). This excludes Ostwald ripening type processes [33]
since it is known that a graphite shell is created at temperatures of ~650 °C. Also, the
merging of smaller grains and their recrystallization are observed and, in the end, it
results in the formation of polycrystalline grains—however, this applies only to grains
after the CVD process and it dominates at long annealing times.

To determine the activation energy for palladium crystallites, the Arrhenius formula
was used [34]:

K = Aexp(—E,/(RT)). D

Here E denotes the activation energy, R is the universal gas constant, K is the rate
constant, and A denotes a reaction constant called the Arrhenius prefactor.
And with the relation [35],
D" — DY = Kt 2)

which can be represented as
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In(D)=1/mIn(K)+ 1/mlIn (1), 3)

where D is the average grain size, D,, is the average size at t = 0, is neglected, and
1/m =n.
We obtain [36]

D = Kt"exp(—E,/RT) = Agexp(—E,/(RT)) 4)
which can be represented as

In (D) = InAg — E,/(RT). 5)

4 Results

The first micrograph (Fig. 1) shows focused ion beam (FIB) cross sections of the
films that were obtained in the PVD and PVD/CVD processes with thicknesses and
descriptions of each layer. Further information can be found in Sobczak et al. [37].
Micrographs for PVD samples annealed for three different times are shown in Fig. 2.
A histogram (Fig. 3) that was created on the basis of the micrograph in Fig. 2, presents
the size of nanoparticles from the investigated samples. Additionally, in the histogram
in Fig. 3, the fitted log-normal distributions are plotted and, as aresult, an average grain
size was determined. The same procedure was carried out for PVD/CVD films. Fig-
ure 4 shows the investigated films (images taken with dark field technique), and Fig. 5
presents histograms that correspond to them. The temperature-dependent size curve is
similar to the one for the PVD process, just as was observed for other metals annealed in
the carbonaceous matrix at various temperatures—for example, Pt nanoparticles [38].

A significant difference in the average crystallite size of palladium in the samples
of PVD/CVD results from the existence of a graphite shell. The shell is formed around

Fig. 1 Cross sections (lamella) of the films obtained in (a) PVD and (b) PVD/CVD processes
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Fig. 2 Views of PVD films for samples annealed for (a) 5min, (b) 10 min, and (c) 30 min at 650 °C
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Fig. 3 Histograms for samples of PVD films annealed for (a) 5 min, (b) 10 min, and (c) 30 min
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Fig. 5 Histograms for samples of PVD/CVD films annealed for (a) 5min, (b) 10 min, and (¢) 30 min

palladium at temperatures above 600 °C as a result of the decomposition of the organic
fraction (e.g., xylene), which is clearly visible in the separation of the curves in Fig. 6
at a temperature around 600 °C. The authors [39] reported that the surfaces of graphite
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Fig. 6 Plot of D versus T for both types of samples of PVD and PVD/CVD
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Fig. 7 Palladium nanocrystallite together with a graphite shell and electron diffraction with identification
rings

can be created from a wide range of organic materials in the CVD process. Palladium
with the graphite shell also reveals optical activity in the visible range [40].

Figure 7 shows the graphite shell together with the diffraction, which confirms the
existence of graphite.

Using the formula (Eq. 3), the grain-growth exponents for both types of samples
obtained for the PVD value of npyp = 1.6 £0.4 and the PVD/CVD value of ncyp =
2.5 £ 0.3 were determined.
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Fig. 9 Plot of In(D) versus 1/T; slope gives information about the activation energy for grain growth
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Figure 8 shows a graph obtained from the formula (Eq. 3). For samples obtained in
the PVD process, the calculated value was close to 2, which is only observed in high-
purity elements such as Cd, Fe, and Sn [41]. In the case of PVD/CVD, a deviation from
2 was observed, which was not surprising due to the presence of the graphite shell.

Then the dependence of the growth of an average palladium particle size as a
function of temperature was examined. For both types of samples, a relation described
by an exponential function (Fig.6) was obtained. The graph in Fig.9 presents the
results of using Eq. 5. The obtained activation energy values are: E,pyp: (64.6 £
1.1) kJ-mol~! and E,cvp: (38.8£0.9KkJ -mol~!. For pure palladium similar values
of 36 kJ-mol~! [42] or 34.8 kJ-mol~! [43] were measured. An increase in the activation
energy was observed for palladium, which is poisoned or contains a dopant —(35.3 £
3)kJ-mol ! (pure Pd) to (55 = 11)kJ .mol~! (sulfur-saturated palladium) [44]. In
our investigation, we had two types of Pd grains: in porous and amorphous carbon
(samples after the PVD process) and the grains of palladium with the graphite shell,
which were also embedded in porous carbon (sample after PVD/CVD process).

5 Conclusions

The grains’ growth exponent in Pd nanocrystalline materials has been determined. A
difference was noted between the size of palladium in the samples after the PVD and
CVD processes, which explained the existence of a graphite shell.

Due to the fact that the graphite—palladium structure is a conductor of electricity,
it can serve as a detector of hydrogen. In addition, a graphite shell can prevent the
palladium compounds from poisoning by CO or other chemical compounds, and also
can help to react properly to the presence of hydrogen.

The activation energy from the Arrhenius formula was determined. The obtained
activation energy values were: Eapyp : (64.6 &+ 1.1) kJ-mol~! and E,cvp : (38.8 +
0.9) kJ-mol~!. Determined values will be helpful to control the average size of the
palladium, because we have determined the relationship between an average size of
the Pd grain and the resistance of the film [45]. It is very important for obtaining a
valuable sensor of hydrogen molecules.
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