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Synthesis and research of carbon and palladium-based composites
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In the present work, we report the synthesis of nanosized palladium/carbon powder in an alternating current
arc discharge plasma (66kHz) and the production of composite materials based on it through thermal oxidation
in a flow of argon containing 20 wt.% oxygen. Using methods such as transmission electron microscopy, X-ray
photoelectron spectroscopy, X-ray phase analysis, X-ray fluorescence analysis, powder X-ray diffraction, differential
thermal analysis, and Raman scattering, we conducted the identification of substances in the samples. We also
investigated the morphology, elemental, structural and phase composition, chemical and electronic state of atoms
on the surface of the obtained samples, as well as the stoichiometric and structural changes that occurred during
the thermal oxidation process. The results of cyclic voltammetry studies of ethanol oxidation reactions in alkaline
electrolyte on graphite electrodes coated with composite palladium/carbon powders were presented, allowing for
a comparison of their electrochemical behaviour depending on the composition of the composite. The behaviour
of the samples in the electrochemical oxidation reaction of ethanol in an alkaline electrolyte was recorded by
monitoring the current changes in the peak potential region during the experiment. In particular, it was shown that
a multiple increase in the peak current value was demonstrated by a sample containing a mixture of Pd/PdO,.
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Introduction

In high-tech industries, composite materials consisting
of two or more components replace traditional materials.
Composite materials have a set of advantages associated
with a combination of miscellaneous structural components
in a single material offering wide opportunities for varying
the properties of such materials through the rational selec-
tion of components and component ratios and distribution,
dispersion, morphology, etc. [1].

Recent literature data analysis demonstrates wide use of
composite materials in various industries and technologies,
they rank first among innovative engineering materials [2-7].

Due to their considerable physical capabilities, carbon-
based composite materials have promising future in various
practical applications [8]. It is known that carbon may be
used to produce materials featuring high specific surface
area, various pore sizes and high electron conductiv-
ity [9,10]. Carbon in the allotropic modification of graphite
and in the form of glass carbon is widely used as a carrier of
substances accelerating electrochemical reactions, in various
sensors and other power industry applications [11-19].
Significant focus is also made on the study of palladium-

14*

based and palladium-carbon-based materials primarily in the
form of graphite, i.e. sp*-hybridization [20-23]. Palladium
plays an important role in most industrial applications due
to its unique properties, it has a well-pronounced structure,
and outstanding physical and thermal stability. Transition
metal nanoparticles (including palladium) demonstrate high
catalytic activity [24,25], high thermal stability [26], thus,
making them suitable for repeated use [27,28].

Nanomaterials with Pd are used in catalyst produc-
tion [29-31]. There are studies investigating oxidation-
reduction processes with fullerenes and palladium applied
to them [32,33] which show that such powders also have
high catalytic activity.

Particles containing palladium oxides attract special at-
tention due to their interesting properties in terms of
applicability [34-36]. Oxygen-containing groups on carbon
dots play an important role in Pd(II) reduction to Pd(0),
nanoparticle growth control [35].

In [37], a method is proposed for producing electroac-
tive palladium-based materials by means of AC (66 kHz)
electrochemical palladium dispersion. A set of more
probable chemical and electrochemical processes flowing
in AC conditions is discussed. Electrochemical activity of
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Pd—PdO/C materials in ethanol alkaline oxidation reaction
is defined by the presence of oxide phase and palladium
particle size — it is maximum for materials with minor
prevalence of palladium oxides.

Production of composite materials is needed in order
to take advantage of each type of material and minimize
their disadvantages. Composite materials with desired
properties may be achieved by various methods. Chemical
and other methods for nanoscale particle preparation are
known [15,38-41]. For example, a method for preparing
a composite material consisting of a carbon matrix and
metallic component, whose content is 35%, is described
in [42].

Study [43] reports about the fabrication of carbon-based
Pd clusters from metal wire electrodes by a solution
plasma spray technique. The obtained Pd/C nanoclusters
demonstrated a good electrochemical activity, their long-
term electrochemical stability was examined.

A profound experimental experience shows that the use
of traditional plasma techniques and commercial frequency
DC or AC arc discharge generators is not adequately
efficient and easily controllable. This study intends to
develop plasma-chemical techniques for producing powder
nano-composite materials in low-frequency arc discharge
plasma on the basis of carbon, palladium and palladium
oxides that are capable of accelerating electrochemical
reactions.

1. Samples and research methods

Nanocomposite material properties depend considerably
not only on the chemical composition, but also on the
powder particle shape, size and other factors. This is
explained by the interest of researchers in the problem
of producing powders with minimum particle sizes. This
problem may be solved using plasma-chemical synthesis.
In particular, for the purpose of this work, synthesis was
carried out in arc discharge plasma using a nanomaterial
synthesis system [44].

Selection of a nanoparticle carrier with chemical reaction
accelerating activity is critical because the carrier plays
an important role in stabilization of an active reaction-
accelerating phase. For carbon-palladium-based nanopow-
der synthesis, graphite (sp?-hybridization of carbon) was
chosen as the most suitable material for noble metal
nanoparticle synthesis [28,45]. Emission spectral analysis
graphite rods 6 mm in diameter and 100mm in length
(TC 3497-001-51046676-2008) were used as electrodes.
Holes 3.5mm in diameter and 85 mm in length were drilled
in the rods and filled with metallic palladium powder
mixed with graphite powder. The amount of palladium
was 28 wt.%. Palladium and graphite rods were annealed
at 0.27kPa and 1400°C. Annealed palladium and graphite
rods were sprayed in arc discharge in helium at 130 kPa.
Arc discharge parameters were as follows: current 240 A,
arc frequency 66 kHz. As a result, carbon and palladium

powder, called the carbon condensate, was prepared and
contained palladium in nanodisperse state (PCC) and
hereinafter referred to as sample 1.

Changes taking place in sample 1 during heating were
examined in an open crucible Scm in height in argon
also containing 20 wt.% oxygen, flow rate — 21/min. The
crucible bottom was heated to 1000°C, and the temperature
of the top of crucible was 700°C (this is the temperature
range that includes the palladium oxide decomposition
temperature — 830°C). Heating was maintained during
20min, as a result sample 1 was visually divided into
two parts with almost equal volume that were collected
into different containers and examined. Lower part of the
powder was black, a typical color for carbon materials,
(sample 2), and the upper part was light-gray (sample 3).

Structures of the samples were studied by powder X-ray
diffraction. Spectra were recorded using the DRON-4-07
diffractometer in monochromatized Cu-Ka radiation in
0.001° steps and with exposition 5s.

Structural and morphological examinations of the samples
were performed by the transmission electron microscopy
(TEM) using the Hitachi TEM HT7700 microscope.

Energy spectra were recorded by X-ray photoelectron
spectroscopy (XPS) using the UNI-SPECS (SPECS) pho-
toelectron spectrometer with PHOIBOS-150-MCD-9 hemi-
spherical analyzer and FOCUS-500 X-ray monochromator
(AlKaradiation, hv = 486.74 eV). High-resolution spectra
were recorded at an analyzer transmission energy of
10eV. Surface contamination was removed by Art 1kV
ions. Binding energy scale was preliminary calibrated by
Au 4f 7/2 (84.00eV) and Cu2p3/2 (932.63 eV) positions.
Aliphatic carbon line with the binding energy of 285 eV was
used for binding energy correction. Spectra were processed
in CasaXPS.

Differential thermal analysis (DTA) was performed using
the NETZSCH STA 449C thermal analyzer with QMS 403C
mass-spectrometer in argon containing 20 wt.% oxygen.

Elemental composition of the samples was measured by
the X-ray fluorescence analysis using the Hitachi SEM S-
5500 scanning electron microscope.

Raman scattering spectroscopy (RSS) analysis was per-
formed using the Horiba Jobin Yvon T64000 Raman-
scattering spectrometer.

Cyclic voltammograms (CVA) were recorded using a
circuit containing of an electrochemical cell with three
electrodes (main electrode, platinum counter electrode and
Ag/AgCl reference electrode) submersed into electrolyte
solution and connected to the PI-50-Pro ,,Elins“ potentiostat-
galvanostat.

As main electrodes, the initial graphite electrode was
coated by drop application of ,,ink™ prepared by ultrasonic
mixing of samples 1—3 and Nafion (Liquiontm Solution
LQ-115 1100EW, 15wt.%, Ion Power, GmbH) polymer
solution in water, hereinafter the electrodes were designated
as: electrodes E1, E2 and E3. CVA were prepared
in 0.IM KOH+0.1IM C,Hs0OH solution in air in the
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Figure 1.
sample 1.

Chromatogram of a soluble portion extracted from

potential range from —100 to 1200 mV at a scanning rate
of 100 mV/s.

The fullerene mixture was extracted from PCC using our
proprietary procedure and a system described in [46,47].
Composition of the fullerene mixture included in PCC was
evaluated using the Agilent 1200 liquid chromatograph with
the Cosmosil Buckyprep (4.6 x 250 mm) column. Toluene
was used as the eluent, exposure time was 40 min, eluent
flow rate was 5ml/min. Relative content of various types of
extracted fullerenes was evaluated by ratio of a peak area,
corresponding to an individual fullerene, to the total area of
all peaks in the chromatogram.

Sample 1 turned out to contain a soluble fraction that
was 10.4wt.% of the extracted portion of sample 1 after
extraction and re-dissolution. ~Chromatogram is shown
in Figure 1. It can be seen that the sample is a fullerene
mixture that is usually formed even without palladium
introduction [44].

The procedure as described above was used to establish
the following fullerene mixture composition (rel.%): Cgp —
57.13; C70 — 29.72; C76 — 3.01; C78 — 1.92; Cgo — 1.66;
Csq — 2.99; higher fullerenes — 3.57.

2. Findings and discussion

X-ray fluorescence analysis identified the elemental com-
position of sample 1 (C — 79.7; Pd — 18.4; balance —
1.9 wt.%).

Figure 2 shows the X-ray diffraction pattern of sample
1. X-ray diffraction analysis established that all reflexes
corresponded to the lattice of palladium (20 39.45°; 46.16°;
67.29°; 82.08°; 86.08°) and graphite (26.27°).

Figure 3,a shows the microscopic image of sample 1
recorded by the TEM method. It was found that sample 1
consisted of rounded palladium particles 4nm to 20nm in
diameter distributed in carbon (Pd/C).

Technical Physics, 2025, Vol. 70, No. 2

DTA analysis of sample 1 is shown in Figure 3,5. DTA
identified typical endothermic and exothermic reactions
taking place in the test sample. Gas release in the
mass-spectrometer was observed at three temperatures: at
210°C — organic impurity were burned (simultaneous
release of H,O+ CO,); at 515°C — CO, was released,
which corresponded to exothermic effected with loss of
weight. Endothermic effect with loss of weight (oxygen
release during expected decomposition of palladium oxide
at 820—831°C) didn’t appear in the mass spectrum against
the background of high oxygen concentration in the mixture.
As a result of such heating, the weight of sample decreased
by 54.8 wt.% as early as at 750°C. The loss of weight is
caused by the oxidation of amorphous carbon, graphite and
fullerene. Then, at 830°C, endothermic reaction with loss of
weight is observed. This effect is well known and associated
with palladium reduction [48].

The order and layout of thermal effects (i.e. upward or
downward deviation of the curve) on the DTA indicate that
transformation of the studied substance was moderate, but
quite fast, because the line of the major peak, that can be
seen at 450°C, is asymmetric and decreases sharply and,
thus, quite rapidly already at ~ 500°C.

XPS spectra analysis showed that metallic Pd and
PdO; [49,50] were present in samples 1 and 3 (Figure 4, a, b,
respectively). Carbon binding energy corresponds to sp?-
hybridization and carbon as part of functional groups with
C—0O and C=O bonds (Figure 5,q, b, respectively) [51].
Line Cls spectrum of samples 1 and 3 shows that carbon
is mainly in sp?-hybridization, C—O and C=O functional
groups are also present. Sample 3 contains a small amount
of palladium (less than 1%).

X-ray fluorescence analysis identified the elemental com-
position of sample 2 (C — 91.1; Pd — 7.7; balance —
1.2 wt.%) and of sample 3 (C — 1.1; Pd — 95.7; balance —
3.2 wt%). As can be seen, sample 3 has a sponge-like
texture (Figure 6, b), i.e. the substance has a large developed
surface compared with sample 2 (Figure 6, a).

Figure 7 shows electron microscope images of sam-
ple 3 obtained by the TEM method with different scale
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Figure 2. X-ray pattern for sample 1. Cu-Karadiation.
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Figure 3. Sample 1: ¢ — microscopic image; b — thermogram.

4000 | a 300 F b
PdO, 3d 5/2
Pd3d3/2

3000
= Pd 3d 5/2 s L
S gl P023432 5 20
§ Pd3d 32 g
3 3
< 1000 £ 100

0 A
0 h

L 1 L 1 L 1 L 1 L 1 1 L
346 344 342 340 338 336 334
Binding energy, eV

Binding energy, eV

Figure 4. XPS spectrum of Pd3d line: ¢ — sample I, b — sample 3.
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Figure 5. XPS spectrum of Cls line: @ — sample /, b — sample 3.

of magnification.  Figure 7,a shows dense palladium 0.45 nm, which corresponds to d(100) phase of PdO, (space
particles with a mean size of 30 £ 10nm. Figure 7,b group P4,/mnm, lattice parameters: a = b = 0.4483 nm;

shows high resolution electron microscope image containing ¢ =0.3101 nm).
nanoparticles with a mean size of 15+ 5nm. Atomic Analysis of diffraction reflexes observed in the electron

interplanar spacings observed in Figure 7,b are equal to diffraction pattern of sample 3 (Figure 8) shows that

Technical Physics, 2025, Vol. 70, No. 2



JNanocarbon and Diamond* International Conference (N&D’2024) 375

Figure 7. Electron microscope images of sample 3: ¢ — scale 200 nm, b — scale 20 nm.
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Figure 8. Electron diffraction pattern of sample 3.
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palladium with the face-centered cubic lattice (space group
Fm-3m, lattice parameter: @ = 0.389 nm) is the main phase
in the sample. There are also diffraction reflexes that
have low intensity and correspond to PdO, phase (space
group P4,/mnm, lattice parameters: a = b = 0.4483 nm;
¢ = 0.3101 nm).

RS spectroscopy analysis identified carbon and palladium
oxide in sample 3. Figure 9,q, b shows the RS analysis of
samples 2 and 3, respectively.

RS spectrum (Figure 9) of sample 2 has bands D and G
of nanodispersive carbon, disordered and ordered forms
of carbon, respectively, and a low-intensity peak that is
assigned to oxidized palladium [52]. RS spectrum of
sample 3 has an intense peak corresponding to molecular
vibrations of palladium oxide. Results obtained by the RS
method confirmed that carbon and palladium oxide were
present in sample 2 (carbon with minor palladium oxide
impurities) and sample 3 (carbon with considerable content
of palladium oxide).

Figure 10 shows ethanol oxidation CVA on electrodes
El (Figure 10,a), E2 (Figure 10,b), E3 (Figure 10,c).
The dashed line in Figure 10,a shows CVA for the initial
graphite electrode, and it can be seen that it has no any
peak currents.
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Figure 10. Ethanol oxidation CVA in 0.1M KOH + 0.1M C,HsOH mixture on electrodes: a — El; b — E2; ¢ — E3, potential scan
rate — 100 V/s. Dashed line corresponds to CVA of the initial graphite electrode.

oxidation. On electrode E2, potential at 200mV, but

In the voltammograms of ethanol oxidation on elec-
trodes E1 and E2, a region from —100 to ~ 100mV
in anode and cathode potential scanning is assigned to
hydrogen sorption/desorption. It is known that palladium
nanoparticles are able to sorb hydrogen atoms in their bulk
structure at low potentials [53]. In CVA of sample E3, this
is a region from —100 to ~ 200 mV, which corresponds to
higher activity in hydrogen oxidation reduction [54].

With anode scanning, potential ~ 400mV with peak
current 120uA on electrode El1 corresponds to ethanol

with the minimum peak current, corresponds to alcohol
oxidation. On electrode E3, ethanol oxidation takes place
at 630mV with current peak ~ 5000uA, which exceeds
considerably the readings on electrodes E1 and E2.

Conclusion

According to the study, the fitted parameters of kHz
arc discharge plasma made it possible to synthesize a

Technical Physics, 2025, Vol. 70, No. 2
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composite nanomaterial in the form of powder with pal-
ladium particles distributed in carbon particles with various
hybridization (graphite, fullerenes). Palladium particle sizes
were from 4nm to 20 nm.

According to the X-ray fluorescence analysis, the com-
posite nanomaterial (sample 1) contained: C — 79.7; Pd —
18.4; balance — 1.9wt.%. After nanomaterial treatment
(sample 1) by thermal oxidation in argon containing 20 wt.%
oxygen in the gradient temperature field, visual separation
of the nanomaterial into two parts was observed. The
lower part was black and contained: C — 91.1; Pd —
7.7, balance — 1.2wt% (sample 2), and the upper part
was gray and contained: C — 1.1; Pd — 95.7; balance —
3.2wt.% (sample 3).

Cyclic voltammetry of the behavior of obtained com-
posite nanomaterials in electrochemical oxidation reaction
of ethanol in alkaline electrolyte showed that high electro-
chemical activity of sample 1 was caused by the presence
of fullerene (10.4wt.%),and in sample 3 — by the high
concentration of metallic palladium and palladium oxide
mixture. Sample 2, where the palladium content in the
carbon composite material was 7.7 wt.%, had low activity in
the electrochemical oxidation reaction of ethanol compared
with samples 1 and 3.

Multiple increase in peak current corresponding to
ethanol oxidation on electrode containing sample 3
(5000 #A, 630mV) compared with readings on the elec-
trode containing sample 1 (120uA, 200mV) is indicative
of much higher activity in the ethanol oxidation reaction of
sample 3 that contained palladium and palladium oxides
(Pd/PdO,). Thus, composite nanomaterials (samples 1
and 3) may be successfully used for the development of
electrode materials.
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