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The results of studying palladium-carbon (Pd-C) nanocomposites using Raman spectroscopy are pre-
sented. This method has been used for studying samples having various palladium content, prepared
by a one-step Physical Vapour Deposition (PVD) process and a Chemical Vapour Deposition (two-step
PVD/CVD) process using different process parameters. For samples obtained by PVD, the vibration bands
characteristic of Cgq fullerene molecules were observed in the spectra, whereas for layers obtained by
PVD/CVD, the Raman spectra displayed mainly D and G bands characteristic solely of the prescence of
graphite-like layers’ vibrations. The analysis of the obtained Raman spectra reveals that its shape is af-
fected by many parameters including type of substrate, temperature, and the percentage content of Pd
in the studied layer. The quantitative analysis of spectra for layers obtained using the PVD/CVD process
shows a difference in the relative intensity of bands D and G, reflecting the different degrees of amorphi-
sation in the investigated nanocomposites.
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1.

Introduction

sensors have an active component in the form of a thin
palladium film with optical and electrical properties that
depend on the amount of hydrogen molecules adsorbed.
Another group of materials characterised with hydrogen

The necessity to quarantee safety of the systems using hy-
drogen fuel leads to the increased interest in the detectors
of hydrogen in its gaseous form. The research is aimed at
developing efficient, fast, safe, and relatively cheap sen-
sors which would be able to detect small changes in the
intensity of hydrogen and associated compounds. One
of the best known hydrogen sensor (H-sensors) groups
are based on palladium sorption properties [1, 2]. Such
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sorption abilities are the carbonaceous structures such as
nanofoams or nanoporous structures [3]. The carbonaceous
nanomaterials can be characterised with variable molec-
ular systems which in certain circumstances may lead to
creating nanopores which are able to store hydrogen. The
properties of such material types are discussed in litera-
ture with respect to hydrogen storage rather than to sen-
sors [4, 5].

In recent years research on palladium-carbon (Pd-C)
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nanocomposites has also been carried out; where pal-
ladium nanocrystallites are placed in the carbonaceous
matrix [6-9]. Such structures enable to use new design
concepts of H-sensors based on the resistance change of
the nanocomposites as a result of a hydrogen gas pres-
ence. A successful Pd-C sensor is presented in [10] where
it is shown that the electrical conductivity of the carbona-
ceous - Pd film increases in contact with hydrogen as a
result of creating conductive paths between single palla-
dium nanoparticles. Hydrogen detection takes place ow-
ing to the change of the electrical conductivity in the film.
The study of the Pd-C nanocomposite properties for use in
H-sensors is important for both the scientific and practical
point of view.

One of the basic research methods applied for carbona-
ceous structures is Raman spectroscopy. It allows the
analysis of structural changes in carbon via observation of
G and D bands behaviour, which are the main features in
the Raman spectra of disordered graphite and amorphous
carbons [11-13]. However, the research of carbonaceous
structures with palladium inclusions are still an open is-
sue. At present there is no unequivocal answer to the
question of how the presence of palladium nanocrystals

can influence the shape of Raman spectra.

This article presents the Raman spectroscopy results of
Pd-C nanostructure obtained using physical vapour depo-
sition (PVD) and chemical vapour deposition (CVD) meth-
ods. The primary aim of this investigation is to charac-
terise the carbonaceous structure in the presence of pal-
ladium. This paper presents the work performed to assess
the influence of palladium content and different parame-
ters of deposition process (e.g. temperature, type of sub-
strate) on the carbonaceous molecular structure in such
types of nanocomposites.

2. Experimental setup

The investigated Pd-C nanocomposites were prepared at
Tele & Radioresearch Institute (Warsaw, Poland) using a
two-step PVD/CVD method [6-9]. Figure 1 illustrates the
PVD/CVD experimental setup. In the PVD process, films
were evaporated from two separate sources - the first
containing fullerene (Cgp), and the second containing pal-
ladium acetate (Pd(CH5COO);). Depending on the fabri-
cation process parameters (i.e. temperature of the source,
distance between the source and substrate, and substrate
temperature) it is possible to obtain films with various Pd
content (from 1 up to 22 wt. %). Nanocomposite films built
of Pd nanocrystals embedded in a carbonaceous matrix
were obtained. These films were modified using a CVD
process with xylene pyrolysis (temperature - 650°C, du-

ration time - 30 min, xylene flow - 0.1 ml/min). The PVD
and PVD/CVD samples, 300 - 400 nm in thickness, were
prepared on four different substrates: fused silica, silicon,
molybdenum and alumina.

C-Pd sample (PVD)

palladium acetate

Ce0fullerene

T1000

" 3000

2000
Raman shift cm )

Figure 1. PVD (left) and CVD experimental setup.

The samples were studied using Raman spectroscopy us-
ing a Almega XR (Nicolet - Thermofisher) spectrome-
ter. The measurements were made in ‘micro mode’, with
an excitation of 532 nm (provided from an Nd:YAG laser
source) at a power of 0.25 mW. The obtained spectra were
analysed by decomposition using the Voigt-profiled bands
(Nicolet Omnic 8 software).

3. Results

3.1. PVD samples

The Raman spectrum of the Pd-C nanocomposite obtained
in the single-step PVD process (PVD samples), as well
as spectra of Cgg fullerene and palladium acetate are pre-
sented in Figure 2. The PVD sample was obtained at
temperature of 58°C, with a deposition rate 0.5 nm/s. The
spectra were recorded under identical measurement con-
ditions (wavelength, laser power, lens type and acquisition
time).

In the spectrum of the Pd-C nanocomposite, the charac-
teristic bands of Cgo fullerene are clearly predominant.
No bands deriving from palladium acetate were observed.
Palladium atoms created during palladium acetate decay
probably become embedded into the carbon matrix, cre-
ating nanocrystallites, which were identified by the stud-
tes using SEM and TEM [6, 9]. The absence of intense
bands characteristic of the carbon-hydrogen bonding in
the range of 2900 - 3000cm ™" indicates the absence of
hydrocarbon groups being the acetate disintegration prod-
ucts.

In the spectra of PVD samples, all 10 modes characteris-
tic of Cep fullerene were extracted, though there were no
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Figure 2. Raman spectra of the palladium-carbon nanocomposite
obtained in the PVD process, and of its precursors (Cg
fullerene and palladium acetate).

bands deriving from graphite-like phases. The Cgy bands
identification (e.g. Hg(8), Ag(2)) refers to irreducible rep-
resentations of the icosahedral symmetry group () [16].
The intense band detected in 1570cm ™" range should be
identified with Hg(8) fullerene mode rather than with G
band of graphite. However, the intensity and shape of par-
ticular bands differ from the fullerene bandwidth shape.
This refers in particular to the so-called 'fully symmet-
rical’ modes, the intensity of which is significantly de-
creased when compared to Hg modes. The decrease in
the Ag(2) mode intensity was detected when compared to

the Hg(8) mode located at 1570 cm~".
1

Moreover, in the
range of 1375cm™" a clear additional band appears which
is not found in spectrum of pristine fullerene.

The spectra of PVD samples grown on various substrate
types are presented in Figure 3. All of the samples where
prepared using the same technological parameters (tem-
perature of substrate - 58°C, deposition rate - 0.5nm/s).
The newly-appeared band at 1375cm™" is labelled. It
can be seen that there are clear differences in spectrum
shapes, primarily in the variable intensity and location of
the Ag(2) mode in the region of 1460-70 cm~".
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Figure 3. Spectra of PVD samples grown on different substrates.

It can be seen that the spectra distortion degree is con-

nected with the coefficient of thermal conductivity of the
substrates. The samples grown on the molybdenum and
silicon (substrates characterised with high thermal con-
ductivity) have the spectra more resembling the pure
fullerene spectrum than in the case of layers created on
silica substrates (low thermal conductivity). The influence
of the substrate on morphology and structure of the Pd-
C samples was reported in [11]. The suspected cause of
this effect is the presence of diversified thermodynamic
conditions on the layer-substrate boundary during the
deposition process. As a result, this may influence the
arrangement of molecules deposited and the degree of
metal-fullerene intercalaction.

Although palladium presence is of crucial importance on
the Raman spectrum shape, the percentage weight content
(wt. %) of Pd, measured using the atomic absorption spec-
troscopy (AAS) method is of lesser importance. Figure 4
presents the spectra of PVD samples deposited on a silica
substrate for which the weight content of palladium was
known. A sample created using the PVD method with-
out palladium acetate shows similarities to the fullerene
spectrum, although the silica substrate has been used. An
influence of % wt. of Pd on the shape of Raman spectra
is not observed. This result can be seen as Pd is mostly
clustered in the nanocrystallite form and has only a weak
influence on the structure of fullerene.
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Figure 4. Influence of Pd content on Raman spectra of PYD samples
grown on silica substrates.

3.2. CVD samples

Pd-C nanocomposites modified using a PVD/CVD process
are characterised with a different structure which is typical
of graphite-like carbon (Fig. 5). This is related to the high
temperature of CVD process (typically 650°C) which leads
to disintegration (graphitisation) of any fullerenes in the
samples.

The location, shape, and intensity of the G and D bands
in the Raman spectrum of CVD nanocomposites are char-
acteristic for the graphite-like amorphous carbon (char-

coal) [13, 14]. Nevertheless, presence of clear and ir-
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Figure 5. Raman spectra of Pd-C nanocomposites prepared in two-
step PVD/CVD method on various substrates
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reqular bands with a peak around 1450 - 1455 cm™
719cm™" is a feature not observed in spectra of typical
carbon. Those bands according to their position corre-
spond to Cep characteristic vibrations which may indicate
the remains of the fullerene-like phase (product of degra-
dation of Cgyp molecules) in the samples. In the range of
2500 - 3500 cm ™" 3 overlaid bands can be observed which
are identified as having 2"9-order modes (2G band around
3180 cm~" and 2D at about 2700 cm~") and the band re-
lated to the presence of C-H bonds typical of amorphous
graphite. In the case of CVD samples no correlation be-
tween the spectrum shape and the substrate type was de-
tected, which is in contrary to PVD samples.

An important factor influencing the Raman spectra shape
is, however, the CVD process temperature. Figure 6 shows
the Raman spectra of samples deposited at a temperature
range of between 550 - 750°C on alumina substrates.

Figure 6. Raman spectraof GVD samples deposited at different pro-
cess temperatures.

In the Raman spectra of CVD samples prepared at lower
temperatures (550 - 600°C) the characteristic bands of Cgg
fullerene is observed. When the temperature increases,
the intensive growth of D and G bands is also visible.
This observation could be connected with the presence of
different forms of carbon in the matrix. As the process tem-
perature is further increased, it is accompanied with the
dominance of the graphite-like structure in the layer and
the band in the 1450 cm™" range begins to disappear. Si-
multaneously, the Cgo bands observed in the range below

1000 cm~" begin also to disappear.

4. Discussion

In Raman spectrum of the fullerene the presence of 10
characteristic bands is observed. There are 2 fully sym-
metrical vibrational Ag modes and 8 Hg modes, corre-
sponding to molecular vibrations according to the selec-
tion rules for the I, symmetry group [16]. The bands in
the spectrum range below 1000 cm ™" (low-energy Hg(1-4)
and Ag(1) modes) correspond to radial bending vibrations,
while the bands in the range 1000 - 1800 cm~" correspond
to tangential stretching vibrations. The measured values
of intensity and the locations of Ce fullerene bands cor-
respond to those described in reference papers [15-17].
The spectrum is dominated by intense bands deriving from
fully symmetrical Ag(1) modes (Breathing Mode - BM)
and Ag(2) (Pentagonal Pinch Mode - PPM) located at
495cm~" and 1465cm ™", respectively. The intensity ra-
tio of Ag(2)/Hg(8) mode was determined to be 12 while
Ag(1)/Hg(8) - 2.35.

In PVD samples, palladium atoms can be found not only in
nanocrystalline clusters but they can also be observed be-
ing embedded in the immediate surroundings of fullerene
molecules. A review of literature data shows the possibil-
ity of the existence of direct Pd-Cgy bonds in the fullerene
framework [18, 19]. This is a result of the alkene character
of the Csp molecule which makes it a potential ligand of
olefin type in metal-ligand complexes. Metal atoms are
usually coordinated in the C-C double bond (6 - 6 bond)
located between two hexagons on the surface of the Cg
molecule. Some of [(PR3)2Pd (172-Ceo) complexes (where R
= H, ethylene or phenyl group) were synthesised and the-
oretically and experimentally analysed and presented in
the literature [18-21]. In addition, organometal polymers
with a transition element Pd,Cg, by reaction of fullerene
Ceo with a dibenzylideneacetone (DBA) complex of Pd,
were prepared as well [22, 23]. Metal - fullerene complex-
ation leads to the deformation of the fullerene molecule
(prolongation and weakening of the 6 - 6 bonds).

In such circumstances the existence of immediate Pd-Cs
interactions and breaking the fullerene molecules symme-
try cannot be excluded in PVD samples. Disintegration
and graphitisation in the most extreme situation is also
possible. The absence of characteristic carbon D and G
bands in the Raman spectra of PVD samples provides evi-
dence against the hypothesis concerning fullerene graphi-
tisation catalysed with palladium. The increase of dis-
ordering resulting from metal atoms present provides a
hypothesis which is still feasible given the results pre-
sented in this paper. As it has already been mentioned,
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in PVD samples spectra significant decrease in the Ag/Hg
intensity ratio were observed. For samples deposited on
molybdenum and silicon substrates, the value of this pa-
rameter is about 2.2 - 2.5, while for silica-based layers it
is about 1 - 1.2. The decrease in the Ag/Hg ratio is ac-
companied by the growth of the 1375 cm™" band intensity.

The analysis carried out using computational methods of
quantum chemistry reveals that the Pd-Csy intercalac-
tion can be responsible for spectrum shape modification
in PVD samples. The calculations were carried out us-
ing the ‘Hyperchem’ software (Hypercube Inc.) using
the semi-empirical computing method PM3 (Parametric
Model 3 [24]). In the process of optimising the arrange-
ment geometry the palladium atom takes the central po-
sition above the double fullerene bonding. The fullerene
molecule is slightly deformed in this process which takes
the form of clear elongation of this double C=C bond
from 138 pm to about 150 pm and the resulting weakening,
which was also observed in Pd-fullerene complexes pre-
sented in [18, 19]. The symmetry break can lead to a de-
crease in the full symmetrical mode intensity. Simultane-
ously, the weakening of C=C bonds, as mentioned before,
can be responsible for the appearance of the 1375cm™"
band in the PVD sample spectrum; resulting from the
stretching vibration of Pd-coordinated C - C double bonds,
since it is known that complexation between the transition
metal and the alkene decreases the vibration frequency of
the bonds [18, 19] .

The presented model shows that the differences in the Ra-
man spectra of PVD samples are related to the presence of
Pd atoms in the immediate vicinity of fullerene molecules.
From the measurements presented in this paper, it can be
seen that the Pd atoms in the nanocrystallites have no
significant impact on the fullerene structure and its spec-
trum shapes. It is concluded that the metal content in
the nanocomposite is less important than dispersion and
agglomeration of Pd nanoparticles.

Both the temperature and duration of technological pro-
cesses described in this paper have an influence on the
structure of the CVD samples. Measurements of the
samples prepared in a temperature below 600°C show a
presence of fullerene with a small amount of carbon in
the graphite-like phase. In higher temperatures (about
650°C) fullerene disintegrates and we observed so-called
fullerene-like structures, which is indicative of carbon
clusters with hybridisation typical for Csp molecules. This
is confirmed by the presence of bands in the range of
1450 cm~" and 710 cm™". In the case of samples produced
in temperatures >700°C these bands disappear. It has
also been observed that the intensity of those bands de-
creases, corresponding to the increase in the process du-
ration.
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Figure 7. Decomposition of Raman spectrum of CVD sample in
range of 800 - 2000cm~".

Decomposed Raman spectra in the D and G band re-
gions using the Voigt profile are presented in Figure 7.
Bands 1 and 4 are defined as bands G and D respec-
tively. These plots are both characteristic of amorphous
carbon and defective graphite structures (sp? bonds). G
band observed in the range 1588 - 1595 cm~' was active
primarily in monocrystal graphite which is occurs from the
spatial chain configuration of carbon bonds with sp? hy-
bridisation. This results from the appearance of a ring
spatial configuration of carbon bonds with sp? hybridisa-
tion [13] where the bonds also with sp’ and sp® are formed.
The increased intensity of D peak in relation to G peak
indicates the growth of the existing aromatic rings, or for-
mation of new ones, where the presence of graphite clus-
ters with sp? bonds is closely related to the amount of sp>
carbon. Other bands (2 and 5) with peaks at 1520 cm ™"
and 1200cm~" also appear during decomposition of the
typical spectrum of graphite-like amorphous carbon which
indicates that they are not a characteristic feature for CVD
samples. The band 3 spectra at 1450 cm ™'
presence of a fullerene-like phase. The intensity of this
band decreases with an increase of the CVD process tem-
perature.

The degree of amorphisation of the graphite-like carbon

confirms the

structure is determined by value of the D/G intensity ratio
according to the Tuinstra-Koening relationship [12]. The
spectrum shape of the studied CVD samples indicates a
relatively high level of disorder and consequently it is
more appropriate to use the relationship presented in [13].

Ip/lg = C(A) % L2, (1)

where C(A) is a coefficient depending on the excitation
wavelength, evaluated in [13] to be about 0.55 for A =
514 nm, while L, is the average size of a carbon nan-
ocluster (in nm).

The Ip/lg ratio for CVD samples calculated from the pre-
sented work is equal to 0.7 - 0.82, depeding on the pro-
cess parameters used during fabrication. A decrease of
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this value indicates an increase in the degree of amor-
phisation in the layer [13]. The average size of carbon
nanoclusters is estimated in this work to be between 1.2 -
1.25nm. The layers where the fullerene-like bands exist
are characterised with a lower Ip/l; ratio (between 0.7 -
0.72) and also by the lower intensity of the 2D band.
The absence of the fullerene-like phase can be connected
with a higher value of the Ip//l; ratio (about 0.8). In this
case the 2D band is more intense and has a more definite
shape. This leads to the conclusion that there is a higher
level of amorphisation for structures containing degrada-
tion product of Cgy molecules. The SEM studies of such
sample types, performed in [6, 9] reveal the existence of
nanoporous structure in CVD layers. From this work there
is the indication of a relationship between the presence
of fullerene-like structures and porous nature of the CVD
Pd-C nanocomposites.

5. Conclusion

The Raman spectroscopy method has been used first to
determine the structure of the Pd-C nanocomposites. The
Raman spectra analysis reveals that Pd-C structures pre-
pared using PVD method show presence of Cq fullerene.
Some interesting information concerning the nature of di-
rect Pd-Cgo interaction was obtained. A clear influence of
the substrate type (its thermal properties) on the struc-
ture of Pd-C nanocomposites prepared by PVD method
was observed. This conclusion complies with results pub-
lished in [11] where an influence of the substrate type on
structure of Pd-C films was studied using AFM (atomic
force microscopy), SEM (scanning electron microscopy)
and AAS (atomic absorption spectroscopy) methods. The
proposed model of Pd-Cgy interactions incorporates the
understanding of the influence of the metal content on the
modifications of the carbonaceous nanostructure.

The CVD process leads to the amorphisation of the car-
bonaceous structure which is evidenced both in the in-
creased Ip/l; ratio, decreased carbon nanocluster size,
and in the appearance of a band in the range 2300 -
3500 cm™' . Additionally, the presence of bands in the
range 1450 cm~" and 710cm™" facilitates the conclusion
that the nanoporous carbon obtained in PVD/CVD method
consists of the mixed form of a-C:H (hydrogenated amor-
phous carbons) and fullerene-like structure.
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