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Abstract—We have reported on the comparative characteristics of thermal oxidation of a carbon condensate
prepared by high-frequency arc evaporation of graphite rods and a rod with a hollow center filled with nickel
powder. In the latter case, along with different forms of nanodisperse carbon, nickel particles with nickel
core—carbon shell structures are formed. It has been found that the processes of the thermal oxidation of car-
bon condensates with and without nickel differ significantly. Nickel particles with the carbon shell exhibit cat-
alytic properties with respect to the oxidation of nanosized carbon structures. A noticeable difference between
the temperatures of the end of the oxidation process for various carbon nanoparticles and nickel particles with
the carbon shell has been established. The study is aimed at investigations of the effect of nickel nanoparticles
on the dynamics of carbon condensate oxidation upon heating in the argon—oxygen flow.
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1. INTRODUCTION

It is well known that the processes of the oxidation
of various carbon-based products are accelerated
using metal catalysts. The high catalytic activity is
intrinsic of 3d and platinum-group metals [1]. Pure
metals and metals deposited onto carbon can be used
[2]. During the plasma synthesis of various carbon-
based nanostructures that use metals, metal core—car-
bon shell particles form along with fullerenes, nano-
tubes, graphenes, and amorphous carbon [3].

2. EXPERIMENTAL

Carbon condensate (CC) was synthesized in a
high-frequency arc discharge facility in a helium
atmosphere under normal pressure [4]. In the first
case, annealed ultrahigh-purity graphite rods 6 mm in
diameter were sputtered. In the second case, the sput-
tered rods had a hollow center filled with nickel (19%
of the total sputtered mass). The prepared samples are
referred to as CC1 and CC2, respectively. According to
the X-ray diffraction data, sample CCI1 contained

fullerenes, graphite, and amorphous carbon phases
and sample CC2 contained the same phases and the
metallic nickel phase (Fig. 1).

Nickel—carbon plasma forms during the sputtering
of graphite rods filled with nickel powder. After leaving
the high-temperature discharge area, the plasma cools
down and passes to the state of a homogeneous mix-
ture of superheated nickel and graphite vapors. Nickel
is almost insoluble in carbon; therefore, during the
condensation of nickel and carbon vapors, carbon
exudes on the surfaces of liquid nickel particles. Since
nickel does not exist in the carbide (Ni;C) state below
700°C, nickel core—carbon shell particles form upon
cooling [4, 5].

It can be seen in Fig. 2 that the higher-contrast
areas that correspond to nickel particles with pro-
nounced layers are distributed directly in the amor-
phous carbon matrix. The nickel particle shell has a
contrast that was analogous to that of the matrix, but
is characterized by a noticeable layered structure.
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Fig. 1. X-ray diffraction patterns of (/) CC1 and (2) CC2
samples synthesized by sputtering graphite using high-fre-
quency arc discharge. Patterns were obtained on a Bruker
D8 Advance diffractometer.

3. RESULTS AND DISCUSSION

The oxidation of samples CC1 and CC2 was stud-
ied by differential thermal analysis (DTA) and ther-
mogravimetric analysis (TGA) using an NETZSCH
STA 449 C Jupiter synchronous thermal analysis sys-
tem. The samples were heated at a rate of 10°C/min in
the Ar/O, (80%/20%) gas mixture flow.

The TGA data obtained on sample CC1 are pre-
sented in Fig. 3a. In the temperature range of 250—
690°C, the exothermal reaction occurs. The tempera-
ture dependence of heat release is nonuniform and
contains numerous peaks. The process is accompa-
nied by significant mass loss (about 90%) in the sam-
ple. The most intense loss is observed in the tempera-
ture range of 390—620°C. This process corresponds to
the burning of amorphous carbon and fullerenes, as
well as other nanostructured forms of carbon [6].

The carbon condensate obtained by arc sputtering
in the helium atmosphere has a soluble part presented
by the fullerene mixture [6, 7].

The TGA data for the soluble part of sample CC1
are shown in Fig. 3b. It can be seen from the plot that,
in the temperature range of 390—600°C, a reaction
with the exothermal effect occurs. The sample loses
96% of its mass in the temperature range of 450—
580°C. The temperature dependence of heat release
contains one pronounced broadened peak. This peak
broadens due to the difference between the reaction
temperatures of different forms of fullerene with oxy-
gen [8, 9].

Note that the burning enthalpies of sample CCl1
and its soluble part are 17.4 and 19.3 kJ /g, respectively.
This is indicative of the fact that the fullerene thermal
oxidation reaction significantly contributes to the heat
release during oxidation of the fullerene-containing CC.
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Fig. 2. TEM image of sample CC2 obtained on a Jeol
JEM-2100 microscope at an accelerating voltage of 200 kV.

The TGA data for sample CC2 are presented in
Fig. 3c. The changes in sample CC2 are similar to
those in sample CC1. However, it is worth noting that
the exothermal peak in CC2 became more compact
and less spread. The reaction with the heat release is
observed in the temperature range of 280—536°C.
The process occurs with the highest intensity and a
mass loss of 62% in the range of 390—507°C. The oxi-
dation enthalpy of sample CC2 is 14.9 kJ/g, which is
somewhat lower than for CC1. This is related to the
fact that the mass fraction of the fullerene mixture in
sample CC2 is lower than in sample CC1 due to the
presence of nickel.

In addition, samples CC1 and CC2 in the tempera-
ture ranges of 700—920°C and 620—850°C, respec-
tively, exhibit another exothermal effect, which is also
accompanied by mass loss. The mass loss is 8% and
5% for CC1 and CC2, respectively.

It is well known that the highly dispersed graphite
reacts with oxygen at a temperature of about 700°C
and carbon-based nanostructured products burn
down at temperatures of 200—600°C [8, 9]. Taking this
into account and relating the X-ray diffraction (XRD)
and differential scanning calorimetry (DSC) data for
samples CC1 and CC2, we may conclude that these
samples contain graphite. This is confirmed by the
fact that, upon the oxidation of the soluble part of CC1
without the graphite phase, the exothermal effect is
the range of 650—1000°C is absent.

Sample CC2 was heated in a derivatograph under
the same conditions. The heating was stopped at a
temperature of 550°C and the sample was taken for
investigations with X-ray photoelectron spectroscopy
(XPS) and transmission electron microscopy (TEM).
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Fig. 3. Dependence of heat flow on temperature of heating
in argon—oxygen gas mixture flow for (a) sample CCl,
(b) soluble part of sample CC1, and (c) sample CC2.

The shape of nickel peaks (Fig. 4a) is almost iden-
tical to the shape characteristic of the NiO compounds
[10—12] due to the large number of defects in the
structure and the formation of insignificant amount of
surface nickel hydroxide. In the O?~ peak oxygen spec-
tra, there is the highest-intensity line with a binding
energy of 529.3 eV, which corresponds to the NiO lat-
tice. The line with a binding energy of about 531 eV
corresponds to defect oxygen Og,s (OXygen atom adja-
cent to Ni vacancies) and arises due to the large num-
ber of defects in the NiO structure [11]. In addition,
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Fig. 4. XPS data for sample CC2 after heating to a tem-
perature of 550°C in the argon—oxygen flow. (a) Ni 2p line
in the range of 850—870 eV, (b) O 1s line in the range of
527—-536 eV, and (c) line C 1s in the range of 281—293 ¢V.

upon the decomposition of the O 1s spectra, one can
distinguish weaker lines with binding energies of 533.3
and 532.1 eV, which belong to the adsorbed water and
oxygen-containing organic compounds on the surface.
The main broad band, which has a binding energy in the
carbon spectra, consists of contributions of graphite-
like carbon with sp? hybridization (284.5 €V) and car-
bon with sp® hybridization (285.3 eV) (Fig. 4b).
In addition, we can distinguish lines 286.3 and 288.6 €V,
which can be attributed to the alcohol and carboxyl
groups, respectively. Ion etching leads to a certain
increase in the sp? hybridization fraction due to the
disordering of graphite-like layers.
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Fig. 5. TEM image of CC2 sample after heating obtained
on a JEOL JEM-2100 microscope at an accelerating volt-
age of 200 kV.

According to the TEM data, CC2 sample after
heating in the argon-oxygen mixture flow under the

above-described conditions contains particles coated
with the carbon shell (Fig. 5).

Based on the XPS and electron microscopy data,
we may conclude that the CC obtained in the high-
frequency plasma contains nickel-based core—shell
particles. The particle core is polycrystalline nickel
and the shell is carbon with the sp® hybridization near
the nickel core, which transforms to carbon with the
sp? hybridization on the outer particle shell boundary.
Upon heating in the presence of oxygen, the nickel
core is oxidized; the carbon shell is retained up to a
temperature of 600°C. As the temperature further
increases, the carbon shell burns out and retains a
core that consists of polycrystalline nickel oxide
nanoparticles.

4. CONCLUSIONS

It has been shown that all of the phases contained
in CC1 formed by the arc sputtering of graphite rods,
i.e., by fullerene synthesis in the oxygen—argon gas
mixture flow, burn down, but at different temperatures
of the burning maxima. The processes of burning dif-
ferent phases are superimposed, which allows us to
conclude the impossibility of extracting any carbon
phase by thermal oxidation in the oxygen flow.
The introduction of nickel during sputtering leads to
the occurrence of particles with the carbon shell—
nickel core structure. Sample CC2, which contains
these particles interacts more intensively with oxygen,
and the highest-intensity process of burning all the
phases shifts towards lower temperatures. The nickel
particle cores were oxidized by heating sample CC2 to
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a temperature of 550°C in the presence of oxygen, yet
the carbon shell remains stable. The carbon shell of
nickel particles only burns down in the oxygen—argon
mixture flow in the temperature range of 660—920°C.
Specifically, there is the temperature region where
stopping the oxygen supply can cause the carbon shell
of particles burning down. Thus, thermal oxidation
allows the nickel oxide core—carbon shell particles to
be extracted from the CC synthesized with introduc-
tion of nickel.
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