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Abstract Nanocomposite carbonaceous-palladium (Nc-C-Pd)
films were synthesized by physical vapor deposition method
(PVD). Scanning electron microscopy studies showed that
they were composed of carbonaceous matrix containing Pd
nanograins. Nc-C-Pd films were also characterized by ther-
mogravimetric analysis, X-ray powder diffraction, and
Fourier transform infrared (FTIR) spectral analysis. The
content of Pd in films synthesized at different PVD condi-
tions was determined based on TG measurements. Techno-
logical parameters of PVD process affected C/Pd ratio. FTIR
spectra exhibited characteristic absorption bands for the
precursors of carbonaceous-palladium samples (fullerene
Cgo and palladium acetate). The influence of hydrogen on
electrical properties of the films was tested by measuring
their resistance in the presence of hydrogen (1% H,/N,).

Keywords Carbonaceous-palladium films - Physical
vapor deposition - Thermogravimetric analysis

Introduction

In the near future, hydrogen as an energy carrier could
replace fossil fuels. In contrast to traditional fuels hydrogen
burns to water and does not pollute the environment. Enor-
mous financial resources in the European Union have been
allocated to the specialized Programs associated with
hydrogen technology (CUTE, HYPOGEN, HYCOM) [1-3].

Recently, hydrogen has been used in many industry
branches connected with, e.g., hydrogenation process,
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chemical compounds production (NH;3, HCI, CH;COOH),
cryogenic cooling, metallurgy, and welding process and
also in rocket engines [4]. Thus, continuous monitoring of
the atmosphere composition near the hydrogen emission
sources is necessary to preserve the industrial safety and
protect human life. Sensors for monitoring and detection of
dangerous gases could eliminate risk of explosion. These
devices should be characterized by high sensitivity, fast
response, and short regeneration time. Moreover, they
should be cheap and simple in operation.

Currently available H, sensors have a response time of
several seconds at 2% hydrogen content in atmosphere and
have limitations and drawbacks depending on their con-
structions (e.g., semiconductor sensors show lack of
selectivity, dependence of selectivity and sensitivity on
temperature, and sensitivity change with the time) [5, 6].
Therefore, there is a need to develop a new kind of
detectors that could measure the content of hydrogen and
hydrogen compounds together.

An important factor for the detection sensitivity is well-
developed surface area of active layers because it decides
on the rate of a gas adsorption/desorption process. On the
other hand, in case of hydrogen sensors, palladium is often
applied as an component of the active layers because of its
strongly reactivity toward hydrogen [7-9]. It is known that
Pd creates palladium hydride PdH, as a result of H,
adsorption and next its absorption [10, 11]. The small
activation barrier of the surface adsorption and the exo-
thermal reaction of the inner absorption for palladium are
together responsible for the palladium hydride formation.
Some properties of PdH, are different than pure Pd (e.g.,
conductance) [12] what allows to register the hydrogen
presence in environment. It is worth noticing that Pd
content as well as Pd nanograins size affects the sensitivity
of sensor’s active layers.
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Currently, new technologies and materials to produce
multifunctional hydrogen sensors are searched for. In Tele
and Radio Research Institute a new technology of prepa-
ration an active layer based on nanocomposite carbona-
ceous-palladium films (Nc-C-Pd films) is developed.
Physical vapor deposition (PVD) process is applied to
obtain the final films used as an active hydrogen sensing
element.

In this study, we present the influence of changes of the
distance between sources and substrates in PVD process on
the composition of synthesized films especially on Pd
content in carbonaceous materials.

Experimental
Samples synthesis method

Nc-C-Pd films were deposited on alumina substrates
(Al,0O3) during PVD process under the dynamic pressure of
107> mbar. Palladium(Il) acetate (PdC4H¢O4, Sigma-
Aldrich) was used as a precursor of palladium and fullerite
Cgo powder (99.99%, Sigma-Aldrich) was applied as a
precursor of carbon. Both compounds were evaporated
from two separated sources using electrical heaters.

PVD process proceeds in three stages: (1) formation of
atomic/molecular vapor stream, (2) flow of atoms (mole-
cules) from the vapor sources to substrates, and (3) con-
densation of vapor on substrates’ surface and formation of
films. In PVD deposition method parameters such as cur-
rent flowing through both sources (Ic,, Ipg), duration (7)
and the sources—substrates distance (d,) affects a structure
quality and thickness of obtained films.

In our experiments only the distance dy; was changed.
The other technological parameters Ic,,, Ipq, t) Were the
same in all processes (Table 1). Nanocomposite films
containing carbonaceous grains and palladium nanoparti-
cles with a diameter of 1-10 nm were formed as a result of
PVD process. Transmission electron microscopy (TEM)
results for such films were described in detail in our pre-
vious articles [13-15].

Table 1 Technological parameters of PVD samples synthesis
method

No. samples Ic, /A Ipg/A t/min dy/mm
Sample 1 2.1 1.2 8 54
Sample 2 2.1 1.2 8 60
Sample 3 2.1 1.2 8 69
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Characterization methods

The morphology and topography of Nc-C-P films were
examined by scanning electron microscopy (SEM) with the
JEOL JSM-7600F field emission scanning microscope,
operating at 5 keV incident energy.

Thermogravimetric (TG) analysis was performed using
SDT Q600 TA instruments in the temperature range
50-1,000 °C at the heating rate of 10 °C min~', both in
argon atmosphere and in air. TG measurements were car-
ried out at the gas flow rate of 100 cm® min~" in alumina
sample crucibles. Before each measurement the SDT sys-
tem was equilibrated for 20 min at 50 °C.

Measurements in argon bring an information on a con-
tent of precursors (Cgg and PAC4HgO,) resting in Nc-C-Pd
films after PVD process. Results obtained in the air
atmosphere allow for calculating Pd content in these films
assuming that all carbon in carbonaceous matrix was oxi-
dized to CO, (x = 1 or 2).

X-ray powder diffraction (XRD) technique using Sie-
mens D500 diffractometer was applied to confirm the
presence of Pd” in the samples after SDT measurements in
air. XRD data were collected at room temperature in the 6/
20 scanning mode with Cu K, radiation and Si:Li semi-
conductor detector.

FTIR spectra were obtained with Thermo-Scientific
Nicolet iS10 spectrometer using attenuated total reflectance
(ATR) technique in the spectral range 650—4,000 cm ™" at the
spectral resolution of 4 cm™'. Spectra were 64 scanned and
averaged to reduce the noise. Measurements were performed
with Nc-C-Pd films deposited directly on alumina substrates.

Resistance of Nc-C-Pd samples was studied in hydrogen
and the air atmosphere in an experimental set-up con-
structed in our laboratory. Measurements in hydrogen were
performed at the room temperature and under atmospheric
pressure using 1% hydrogen in nitrogen.

Results and discussion
Structure and morphology

In Figs. 1,2, and 3 SEM images are presented for samples 1,
2, and 3, respectively. One can see that all samples despite of
different distance dg, in PVD method have similar structures.
They consist of carbonaceous grains of size 100-150 nm
distributed densely. The density of packing of C grains as
well as their size seems to be the smallest in sample 3.

Thermal studies

TG/DTG curves of all samples obtained in argon atmo-
sphere are shown in Fig. 4 whereas the same curves in the
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Fig. 1 SEM images of sample 1
(dgs = 54 mm) with different
magnifications: a x5,000,

b x50,000

Fig. 2 SEM images of sample 2
(d¢s = 60 mm) with different
magnifications: a x5,000,

b x50,000

Fig. 3 SEM images of sample 3
(dgs = 69 mm) with different
magnifications: a x5,000,

b x50,000

air are presented in Fig. 5. In Table 2, mass losses per
temperature interval obtained by TG in argon atmosphere
(columns 2, 3, and 4) and percent of samples’ residue in
argon (column 6) and in the air (column 7) are summa-
rized. In addition, mass losses of films’ precursors (Cgo and
PdC4HeO,) are also given. In the last column (8), the mass
ratio of Cgo/Pd(Il) acetate in samples obtained by PVD
method is also presented.

InFig. 4, we can see that mass loss of the samples in argon
proceeds in three steps. The first step takes place at the
temperature in range of 50-300 °C (Table 2, column 2).
Accordingly to Gallagher publication [16] it is connected
with decomposition of palladium acetate, which remained in
Nc-C-Pd samples after PVD process. Observed mass loss in
sample 1 is the smallest (11%wt) whereas in samples 2 and 3
it is similar (19-20%wt). Pd acetate content calculated from
these mass losses indicates that sample 1 has 21% of

palladium precursor while samples 2 and 3 contain from 35
to 38%wt of this compound (Table 2, column 5).

The second step occurs at the temperature in range of
300-500 °C and it can be related to mass loss of uniden-
tified carbon fraction which may originate from Cgo deg-
radation during PVD synthesis. These mass losses are
similar for all samples and they are 5.6-7.2%wt (Table 2
column 3).

The last mass loss is observed in a temperature region
from 500 to 880 °C (Table 2, column 4) and it is attributed
to Cgo sublimation in an inert atmosphere [17]. Fullerene
Ceo (99.99% Sigma-Aldrich) used in our experiments had
sublimation onset temperature at 727 °C whereas the
temperature of the maximum rate of mass loss (peak
DTG.x) was 792 °C. It could be observed that peak
DTG,,,.x ascribed to sublimation moves to higher temper-
atures for samples containing larger amount of fullerene.
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Fig. 4 aTG and b DTG curves of samples (1-3) in argon atmosphere
with heating rate 10 °C min~!

100 4

(a)
o 80 1 Sample 1
N 60 -eee Sample 2
§ S Sample 3
= 401 )
201 B R — _ -
0
4
- (b)
Q 2
G}
= 14
o 2
04 A
-1
200 400 600 800 1000
Temperature/°C

Fig.5 a TG and b DTG curves of samples (1-3) in the air
atmosphere with heating rate 10 °C min~!

For example in sample 1 (34.1%wt of Cqp—Table 2, col-
umn 4) peak DTG,,.x was found at 755 °C whereas in
sample 3 (5.6%wt of Cg) it occurred at 631 °C. It is known
that both the sublimation onset temperature as well as the
temperature at maximum of DTG peak is different and they
are dependent on fullerene quality (purity). In article [17],
the Cgo sublimation onset temperature in argon atmosphere
with heating rate 10 °C min~' was about 670 °C. Lower
temperature of starting sublimation in comparison with our
Ceo sample is caused by the mixture of fullerenes (85%
Ceo + 15% Cp) used in TG analysis.

It results from TG measurements performed in argon
(Fig. 5) that the distance sources—substrate in PVD method
affects composition and also thermal stability of deposited
films. The content of Cg( in Nc-C-Pd samples decreases with
the increase of dy. Sample 1 deposited at di, = 54 mm has
the largest Cgo content while in sample 3 deposited at
d,, = 69 mm the smallest amount of fullerene was found
(Table 2, column 4). This effect is probably caused by higher
molecular weight of fullerene (720 gmol ") comparing to
the molecular weight of PAC4HgO, (224.5 gmol™ 1. Thus, it
is probable that fewer Cg molecules will reach the substrate
placed in the larger distance from sources. Therefore, the
mass ratio of Cg, to Pd acetate decreases with the distance
increase (Table 2, column 8).

The shape of TG/DTG plots in the air atmosphere (Fig. 5)
is different and more complicated in comparison with pro-
files in argon. Peak DTG, attributed to decomposition of
Pd acetate, occurs at higher temperatures especially in
samples 1 and 2. In these measurements, there are difficulties
in the separation of effects ascribed to Cg oxidation. TG/
DTG plots registered in the air for fullerene sample used here
(Sigma-Aldrich) were also carried out for comparison.
Oxidation onset temperature was found at 484 °C while
DTG,,.x connected with Cgy, combustion was observed at
537 °C. C. Sekar in article [18] showed that a temperature of
Ceo oxidation was 515 °C but in this case fullerene with a
lower purity (92.8%) than here used Cg, was studied.

In the presence of oxygen (Fig. 5), decomposition of
PdC4HcO, (before 300 °C) may be connected with

Table 2 Mass losses per temperature interval obtained by TG in argon atmosphere (columns 2, 3, and 4), amount of samples’ residue in argon
(column 6) and in air (column 7), and calculated mass ratio of Cgy to PAC4H¢O4 (column 8)

Sample No. Mass loss in argon/% Calculated content Final residue/% Ratio Cep:

of PdC4H604/% A PdC4H604
50-300 °C 300-500 °C 500-880 °C Argon Air

1 2 3 4 5 6 7 8

Sample 1 11 5.6 34.1 21 47.4 14 1.7

Sample 2 19.9 6.2 14.8 38.5 56.6 16 0.4

Sample 3 18.6 72 5.6 35.6 67.3 29 0.15

Coo - - 96.7 - 2.8 0.06 -

PdC4HsO4 52.5 - - - 46 42 -
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simultaneous oxidation of carbonaceous matrix. Only in
sample 3, the first mass loss is ~52%wt with DTG, at
198 °C and it is consistent with the release of organic parts
(C4HgO4 ~ 52.5%wt) in Pd acetate. In samples 1 and 2,
containing higher amount of Cg, than in sample 3, the first
mass loss is greater than expected and is ~ 69%wt (DTG«
at ~331 °C) and ~66%wt (DTG,,x at ~210 °C), respec-
tively. Thus, we can conclude that decomposition of Pd
acetate can occur simultaneously with Cgo and carbon matrix
combustion. The second mass loss about 12-15%wt with
DTG peak at 351 °C (sample 1), 259 °C (sample 2), and
255 °C (sample 3) is probably connected with oxidation of
Ceo residue and unidentified carbon fraction. Above 400 °C,
the interpretation of TG/DTG plots is difficult due to oxidi-
zation of Pd to PdO. Near 800 °C palladium oxide decom-
posed what was observed by Gallagher [16].

From TG data, we calculated that 11%wt of Pd in sample 3
was slowly oxidized for temperature higher than 400 °C. In
the temperature above 800 °C, we observed little decrease in
weight comparing with palladium mass at ~300 °C (after
PdC4HO, decomposition). This small mass loss (~ 10% of
Pd mass) may occur due to a spontaneous reduction of PdO to
Pd and simultaneous sublimation process of part of Pd [16].
The similar effect was also observed when only Pd acetate
was heated in the air. In this case, mass of Pd at temperatures
higher than 800 °C is smaller (about 7%wt) than mass at
temperature of 300 °C.

The final samples’ residue in the air at temperature of
1,000 °C (after TG measurements) contained pure palla-
dium grains with fcc structure what was determined by
powder XRD analysis (Fig. 6). The highest mass of the
residue was found in sample 3 (29%wt —Table 2, column
7) whereas sample 1 had the smallest amount of the residue
(14%wt). Thus, palladium content in sample 3 deposited at
d¢s = 69 mm was the highest. It is probably caused by the
lowest Cg, content in this sample, what was confirmed by
TG analysis in argon.

FTIR analysis

FTIR spectra of all samples (1-3) and of films’ precursors
(Ceo and PAC4HgO,) are presented in Fig. 7. The spectrum
of Cg( (Fig. 7d) shows sharp, very narrow bands at wave-
numbers of 1,183 and 1,428 cm”! assigned to the Ty,
vibrational mode [19]. The other Cg, characteristic bands
placed at 525 and 577 cm™' are out of measuring range
using ATR method. Spectrum corresponding to Pd acetate
(Fig. 7e) exhibits three dominating absorption bands: (1)
broad band placed between wavenumbers of 1,640 and
1,570 cm™"' associated with the asymmetric stretching
vibrations of C=0 bond in the ionized carboxylate groups
(CH5COQO™); (2) band placed at 1,430 cm™ ! attributed to
the symmetric stretching vibrations of the same bond
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Fig. 6 X-ray diffraction pattern of the residues from TG analysis

performed in the air atmosphere: a sample 1, b sample 2, and
¢ sample 3
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Fig. 7 FTIR/ATR spectra of samples and films’ precursors: a sample
1, b sample 2, ¢ sample 3, d fullerene Cgp, and e PAC4HsO4

(C=0), and (3) band found at 1,335 cm™ ! connected to the
CHj; bending vibration [20].

The bands connected to Cgo (1,183 cm ™) and Pd ace-
tate (1,590 and 1,420 Cmfl) molecules vibrations were
found in spectra of studied samples (Fig. 7a—c) obtained by
PVD process using various distances dg. Only narrow band
at wavenumber 1,428 cm™! characteristic for fullerene
vibration is not visible due to overlaps with band associated
with the symmetric stretching vibrations of C=0O bond in
the CH3COO™ anion (Pd acetate).

FTIR analysis confirms that films’ precursors are present
in samples deposited on substrates by PVD method what is
consistent with TG measurements.
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On the basis of FTIR spectral analysis, we can not
estimate the concentration of Cgy and Pd acetate in the
samples because the intensity of bands depends not only on
the content of the specific component of the sample but
also on the sample’s thickness and absorption coefficients.
It is possible that with the distance dgs increase the thick-
ness of samples decreases because less and less molecules
reach substrates. Therefore, we can only calculate the ratio
of intensity bands attributed to fullerene (1,183 cm_l) and
palladium acetate (1,420 cm_l) (Table 3) and check Cgo
concentration in relation to Pd acetate content. Calculated
intensity ratio (Inc,,/Inpacanscos) decreases with increasing
d,s because of the decrease of Cgy content in the samples.
This observation confirms results obtained from TG anal-
ysis (Table 2, column 8).

Electrical properties

The sample 3 due to the highest Pd concentration (29%wt)
was chosen to study the changes of its resistance under the
influence of hydrogen (Fig. 8). We expected that the high
Pd content allows for easier observation of the film
response to the hydrogen presence.

Relative resistance AR was calculated by the following
formula:

Table 3 The ratio of intensity bands ascribed to Cgo (1,183 cm_l)
and PdC4H¢O4 (1,420 cm™")

Sample No. Incy, /Inpacancos
Sample 1 0.47
Sample 2 0.14
Sample 3 0.13
8 H, adsorption
--------- H, desorption
6 -

T T
1500 2000

Fig. 8 Changes of sample 3 resistance under 1% H, in nitrogen
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_ R(#) - R(n)

R(l‘())

where R(¢) is the sample resistance exposed to gas for time
t, R(1y) is the sample initial resistance in hydrogen absence.

From Fig. 8, results that the resistance of sample 3
increases under hydrogen atmosphere and next decreases as
the result of H, desorption while the air is introduced into
the measuring chamber. The changes of AR at hydrogen
presence were approximately 6%. The observed increase of
the film resistance could be caused by adsorption of H, and
creation of palladium hydride PdH,. As it was shown in
article [12], PdH, exhibited higher resistance in compari-
son with metallic palladium. It is worth to note that the
sample resistance after each adsorption—desorption cycle
returns to its initial value. Thus, we can conclude about
total H, desorption from the sample. These results show
that studied films can find wide applications as an active
layer in hydrogen sensors.

AR [%] - 100%

Conclusions

We develop the technology for obtaining thin films (based
on carbonaceous materials and Pd nanograins) that can be
applied as active layers in hydrogen sensors. Therefore,
diagnostic methods to correct technological parameters of
PVD process are searched for. TG analysis performed in
argon is a suitable method to determine the concentration
of films’ precursors (Cgy and PAC4HgO,) in studied sam-
ples whereas TG measurements in the air allow for deter-
mining Pd content in them.

We noticed that Pd concentration in Nc-C-Pd samples
increases with increasing the distance between sources and
substrates in PVD chamber. This result is caused not only
by decreasing Cgo content in these samples but also by
decreasing mass ratio of Cg, to Pd acetate with the increase
of dy;. We suggest that differences in molecular weight of
both precursors are responsible for observed changes in the
samples’ composition. The sample with the highest Pd
content was tested for use it as an active layer in hydrogen
sensor. As a result of reaction with hydrogen electrical
properties of this sample was changed. Thus, sample con-
taining the highest Pd content can be applied as active layer
in hydrogen sensors.
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