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Abstract: The development of effective catalysts for the pyrolysis of light hydrocarbons with the pro-
duction of carbon nanomaterials represents a relevant direction. In the present work, the influence of
copper addition on performance of a self-dispersed Ni-catalyst and structural features of the obtained
carbon nanofibers (CNFs) was studied. The precursors of Ni and Ni-Cu catalysts were prepared by
activation of metal powders in a planetary mill. During contact with the C2H4/H2 reaction mixture,
a rapid disintegration of the catalysts with the formation of active particles catalyzing the growth of
CNFs has occurred. The kinetics of CNF accumulation during ethylene decomposition on Ni- and
Ni-Cu catalysts was studied. The effect of temperature on catalytic performance was explored and
it was shown that introduction of copper promotes 1.5–2-fold increase in CNFs yield in the range
of 525–600 ◦C; the maximum CNFs yield (100 g/gcat and above, for 30-min reaction) is reached on
Ni-Cu-catalyst at 575–600 ◦C. A comparative analysis of the morphology and structure of CNF was
carried out using electron microscopy methods. The growth mechanism of carbon filaments in the
shape of “railway crossties” on large nickel crystals (d > 250 nm) was proposed. It was found that
the addition of copper leads to a decrease in the bulk density of the carbon product from 40–60 to
25–30 g/L (at T = 550–600 ◦C). According to the low-temperature nitrogen adsorption data, specific
surface area (SSA) of CNF samples (at T < 600 ◦C) lies in the range of 110–140 m2/g, regardless of
the catalyst composition; at T = 600 ◦C the introduction of copper contributed to an increase in the
specific surface of CNF by 100 m2/g.

Keywords: nickel-copper alloys; carbon erosion; catalytic pyrolysis; carbon nanofibers;
segmented structure

1. Introduction

The unique properties of carbon nanofibers (CNFs) provide many potential applica-
tions [1,2]. Due to the low cost of CNFs compared to carbon nanotubes, their use in the
modification of building materials considered as a promising application [3–5]. CNFs can
be successfully used to modify polymers [6–9] and lubricants [10,11]. These materials are
also promising for the creation of new types of solid electrolyte batteries (supercapacitors)
that can be charged instantly and store large amounts of energy [12–15]. CNFs function-
alized by ferromagnetic metals possess many potential applications in the microwave
absorption [16]. One of the important applications of CNFs is their ability to be used as a
catalyst carrier [17–19].

Catalysts based on nickel and its alloys are among the most commonly used systems
for the production of CNFs by catalytic chemical vapor deposition (CCVD) [20–23]. The
catalytic ability of nickel in CCVD synthesis can be significantly enhanced by introducing
alloying additives such as Fe, Co, Cu, Pd, etc. [24]. Among other promoters, Cu is the
most popular due to its high efficiency and low cost. The positive effect of using Cu
(up to 15 at.%) has been repeatedly confirmed in the case of supported catalysts for the
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synthesis of CNFs prepared by various methods [24–28]. In studies [29,30] it was shown
that the phenomenon of carbon erosion (CE) can be used for the synthesis of catalytic
particles. Process of CE leads to the destruction of a bulk metallic precursor and subsequent
formation of self-dispersed catalytic particles. This process has been recently demonstrated
to be applicable for decomposition of hydrocarbon to produce CNM [31,32]. In this regard,
such approach was utilized in the present work.

As recent studies have shown, the use of Cu for the preparation of self-dispersed Ni-
Cu catalysts is also promising [33,34]. Mechanochemical alloying (MCA) can be recognized
as one of the options for the Ni-based alloy preparation [35,36]. During MCA procedure
powders closely interact with each other due to intense mechanical action. This results in
plastic deformation, mass transfer and mixing of the components, and, as a consequence,
emergence of various defects and dislocations, which can provide an increase in the activity
of the samples in various processes [37–39]. The proposed method for the synthesis of
microdispersed alloys based on MCA allows one to obtain the required alloy very quickly
(within 5 min at an acceleration of grinding bodies of 80 G) without waste formation and
additional heat treatment [33]. The evolution of the alloy composition during the MCA
procedure has been recently studied, and the early stages of its destruction in reaction
conditions under the action of CE have been investigated [34]. It is shown that dispersed
particles formed as a result of disintegration of the initial alloy are functioning as the active
growth centers of CNF via processing of hydrocarbons (ethylene). Despite the fact that
the efficiency of using self-dispersing Ni-Cu catalysts for the production of CNF is reliably
established, at the same time, a number of important aspects related to the nature of the
influence of Cu remain unexplored. Thus, the main novelty of this work is in establishing
the impact of Cu on the kinetic regularities of CE of bulk Ni, the subsequent growth of
carbon filaments, as well as on the structural and morphological features of the resulting
carbon product.

Thus, the aim of this work is to examine the effect of the Cu introduction in the
composition of a self-dispersed Ni-catalyst used for ethylene pyrolysis with the carbon
nanofibers production. Microdispersed bulk catalysts (Ni and Ni-Cu) were prepared by
mechanochemical alloying of metals in a planetary mill. The kinetic regularities of Ni- and
Ni-Cu-catalysts (induction period, rate, carbon product yield) in the temperature range
425–600 ◦C were studied in detail. The influence of Cu on the catalyst disintegration
character and structural features of the filamentous carbon product was studied by means
of electron microscopy and Raman spectroscopy. A scheme explaining the formation
of carbon filaments with a discrete secondary structure has been proposed. Textural
carbon nanomaterials parameters produced on Ni- and Ni-Cu catalysts were measured
and compared by the low-temperature nitrogen adsorption/desorption method.

2. Materials and Methods
2.1. Materials

For synthesis of Ni and Ni-Cu catalyst precursors nickel powder (RUSREDMET, St.
Petersburg, Russia) and copper powder (SPETSPOSTVKA LLC, Novosibirsk, Russia) were
used. The content of nickel in the powder is not less than 99.9 wt.%, the content of impurities
(mainly C and Fe) does not exceed 0.01 wt.%. In the copper powder, the total content of
impurities does not exceed 0.05 wt.% (Fe, Pb, etc.). During catalytic experiments, high-
purity ethylene (“Nizhnekamskneftekhim”, Nizhnekamsk, Russia) as well as high-purity
argon and hydrogen were used.

2.2. Mechanochemical Preparation of Ni-Cu Composites

A series of Ni-Cu alloys (catalyst precursors) were prepared by mechanochemical
alloying (MCA) using a planetary mill “Activator 2S” (Activator LLC, Novosibirsk, Russia).
Before synthesis, a preliminary mixture (premix) was prepared by mixing nickel and copper
powders in the specified weight ratio (Ni/Cu = 88/12). Then a 10 g weight of premix was
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loaded into a steel jar (V = 250 mL) together with stainless steel milling balls (340 g). The
diameter of the milling balls was 5 mm. The ball-to-powder mass ratio was 34 g/g.

Regulation of rotational frequency of jars and a platform was carried out by means of
the industrial frequency inverter VF-S15 (Toshiba, Kota Batam, Indonesia). The rotational
frequency of the jars was 449 rpm, the central axis—956 rpm. Calculated acceleration of
grinding bodies was equal to 784 m/s2 (~80 G). During activation, water cooling of the jars
was applied to avoid overheating. The activation time of the powders was 5 min. At the
end of the MCA procedure, the jars were unloaded in air; the obtained Ni-Cu alloy samples
were separated from the milling balls and weighed. The comparison sample (Ni without
copper addition) was prepared similarly, using the nickel powder only.

2.3. Catalytic Experiments

The kinetics of carbon product accumulation on the catalyst was studied in real time
using a flow-through quartz reactor equipped with McBain balances. An example of the
experimental setup is illustrated in [34]. A bulk alloy sample of 1.50 ± 0.02 mg was placed
in a basket of foamed quartz, suspended by a quartz spring, and loaded into a flow-through
quartz reactor. The sample was then heated in an argon flow to the reaction temperature
(450–600 ◦C). The heating rate was 10 ◦C/min. Once the target temperature was reached,
the sample was brought in contact with a reaction mixture of the following composition:
ethylene (18 vol.%), hydrogen (59 vol.%), and argon (the rest). The total feed rate of the
reaction mixture was 66 L/h. The change in the sample mass occurring as a result of
carbon product deposition was recorded every 2 min using a cathetometer. The catalytic
experiment time was 120 min (425, 450 ◦C) and 30 min (475–600 ◦C). At the end of the
experiment, the reactor was cooled to room temperature in an argon flow. The obtained
sample of carbon material was unloaded, weighed, and the CNFs yield was calculated in
grams per gram of catalyst (g/gcat). The experimental error was 10%.

2.4. Characterization of the Samples

The particle sizes of the alloy samples were measured on a laser particle size analyzer
“Microsize” 201A (VA INSTALT, Saint-Petersburg, Russia) based on laser diffractometry.

X-ray diffraction (XRD) analysis was carried out on a Shimadzu XRD-7000 diffractome-
ter (Shimadzu, Tokyo, Japan) with CuKα radiation (Ni-filter) at a wavelength of 1.54178 Å.
To determine the phase composition, scanning was performed in a 2θ range from 20◦

to 100◦ with a step of 0.05◦. Phase identification was performed using the JCPDS-PDF
database [40]. The accurate calculation of the cell parameters was performed by scanning
in a 2θ range of 140–147◦ with a step of 0.05◦ and the accumulation time in one point of
10 s. The parameters of the crystal cell of solid solutions were determined by the reflection
(331) position using the PowderCell 2.4 program [41].

The secondary structure of bulk alloys and the morphology of the carbon product were
studied by scanning electron microscopy (SEM) on a JSM-6460 electron microscope (“JEOL”,
Tokyo, Japan) at a magnification of 1.000 to 100.000 times. The transmission electron
microscopy (TEM) studies were carried out using a Hitachi HT7700 TEM (acceleration
voltage 100 kV, W source) equipped with a STEM. Before examination by TEM, the CNF
was suspended in ethanol and then deposited over the TEM grid coated with a perforated
carbon film.

The textural characteristics of the obtained samples of carbon nanomaterials were
determined by low-temperature adsorption/desorption of nitrogen. Adsorption isotherms
were measured at 77 K on an automated ASAP-2400 device (Micromeritics, Norcross, GA,
USA). Preliminary degassing of the CNF samples was carried out at 250 ◦C for 6 h.

Raman Spectra Analysis

Raman spectra of samples was collected on a Horiba Jobin Yvon LabRAM HR UV-
VIS-NIR Evolution Raman spectrometer (HORIBA, Kyoto, Japan) equipped with Olympus



C 2023, 9, 77 4 of 17

BX41 microscope and 514.5 nm line of Ar ion laser. The power of light focused in a spot
with a diameter of ~2 µm was less than 0.8 mW to avoid thermal decomposition of sample.

All the spectra exhibit the most intense G band near 1594 cm−1 and disorder induced
D band near 1340 cm−1. The first band is connected to the allowed vibrations E2g of the
graphite hexagonal lattice while the second band corresponds to activated A1g mode due
to the finite crystal size [42–44]. Another first-order band D2 (1620 cm−1) corresponds
to disordered graphitic lattice (surface graphene layers, E2g-symmetry) [45]. Lines D3

(1525 cm−1) and D4 (1215 cm−1) correspond to amorphous carbon and disordered graphitic
lattice (A1g symmetry) or polyenes [46] typical for soot and related carbonaceous materials.

A standard set of 2D, D + D2, 2D2, and G* ~ D4 + D lines was used to describe
second-order lines [44]. In the group of second-order lines, the 2D (2700 cm−1) and D + D2
(2930 cm−1) lines with a characteristic HWHM half-width of ~360 cm−1 have the highest
intensity. For these lines, a second set of 2D* and D + D2* lines with a significantly smaller
HWHM half-width ~120 cm−1 was used, which can correlate both with the heterogeneity
of the carbon fiber and characterize its growth process. The remaining 2D2 and G* ~ D4 + D
lines have a lower intensity.

The dependence 2D*/2Dint characterizes the ratio of integral contributions of addi-
tional 2D* (HWHM ~120 cm−1) to main 2D (HWHM ~360 cm−1) second order
line contributions.

3. Results and Discussion
3.1. Study of the CNF Growth Kinetics

At the first stage of the study, the growth patterns of the carbon product on Ni- and
Ni-Cu catalysts were studied in real time. As a rule, the kinetic curve of CNF accumulation
during the decomposition of hydrocarbon is characterized by 3 different phases [47–50]. In
the first phase (commonly referred to as the “induction period, IP”), the carbon dissolution
in the volume of a bulk alloy occurs, which leads to its fragmentation with the dispersed
particles functioning as active CNF growth centers. The second stage of the kinetic curve
is characterized by the intense carbon product accumulation due to the activity of the
dispersed particles. Finally, the third phase of the process is associated with a rapid
decrease in the CNF growth rate owing to the deactivation of active particles.

In this part of research, the effect of temperature and catalyst composition on the
ethylene decomposition process is discussed. The duration of IP reflects the rate of carbon
erosion process, which is sensitive to alloy’s composition, nature of carbon source and
reaction temperature. In some cases, the existence of the IP is quite obvious [51]. At the
same time, when ethylene is used as a carbon source, the IP is hardly noticeable in the
kinetic curves. Therefore, the increment of 500 wt.% carbon was taken as the point at
which the complete destruction of the bulk alloy exactly occurs. The results are shown
in Figure 1. It can be seen that, in both cases (Ni or Ni-Cu), the duration of IP decreases
with the temperature increase (Figure 1). From 425 to 450 ◦C for Ni- catalyst the duration
of IP is reduced almost by 4 times, whereas for Ni-Cu catalyst it is shortened by 2 times.
It also follows from Figure 1 that increasing the reaction temperature to 500 ◦C leads to a
reduction of the delay time for both catalysts. At T > 500 ◦C IP value stabilizes at ~2 min
which is also evident from the kinetic curves of carbon product growth. In the range of
500–600 ◦C curves are characterized by the almost constant slope from the first minutes of
reaction (Figure 2).

It is believed that the IP duration reflects the rate of carbon atoms dissolution in the
bulk catalyst. Generally, the nature and concentration of the metal M in the Ni-M alloy
composition significantly affects IP duration by accelerating or slowing down the process
of carbon saturation of the alloy [51]. According to the data obtained, the introduction of
11 at.% copper has almost no effect on the carbon saturation rate, as evidenced by the close
values of IP duration for Ni- and Ni-Cu-catalyst.
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The kinetic curves of CNF growth for different reaction conditions are shown in
Figure 2. It can be seen that the completion of the induction period of the reaction is
followed by the phase of carbon nanomaterial active growth (Figure 2, 5–15 min). The rate
of carbon product accumulation at this stage is usually characterized by a stable slope of
the kinetic curve. Table 1 summarizes the results of CNF accumulation rate calculation
during catalytic pyrolysis of ethylene on Ni- and Ni-Cu-catalysts.

Comparison of the kinetic curves (Figure 2) and the values presented in Table 1 allows
one to establish how the addition of copper to the Ni-catalyst affects the characteristics
of the process. The duration of experiments carried out at relatively low temperatures
(415–450 ◦C) was 120 min (Figure 2a,b). It can be seen that the catalytic activity of Ni and
Ni-Cu alloy differs markedly within the selected temperature range. In the case of Ni-
catalyst at 425 ◦C, an almost complete absence of catalytic activity is observed (Figure 2a,
425 ◦C). Further, with increasing temperature one can see a significant increase in the
process rate from 9 to 26%/min (Figure 2a, left corner). At the same time, the deactivation
stage is not reflected on the presented kinetic curves. Thus, it can be concluded that nickel
particles are able to remain catalytically active for a longer time (t > 120 min) at T < 450 ◦C.
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Table 1. Accumulation rate of carbon product (W, %/min) during ethylene decomposition, and
carbon yield (YC, g/gcat) depending on catalyst composition and reaction temperature. Reaction
mixture: C2H4/H2/Ar.

# Catalyst t, min T, ◦C W, %/min YC, g/gcat

1 Ni 30 (120) 425 9 2.0 (7.4) *
2 Ni 30 (120) 450 26 8.8 (44.4) *
3 Ni 30 475 60 28.9
4 Ni 30 500 170 50.6
5 Ni 30 525 150 41.3
6 Ni 30 550 180 53.4
7 Ni 30 575 240 76.6
8 Ni 30 600 150 50.7
9 Ni-Cu 30 (120) 425 8 2.4 (7.3) *
10 Ni-Cu 30 (120) 450 24 7.3 (16.5) *
11 Ni-Cu 30 475 46 16.4
12 Ni-Cu 30 500 96 37.6
13 Ni-Cu 30 525 230 68.7
14 Ni-Cu 30 550 330 88.5
15 Ni-Cu 30 575 450 104.8
16 Ni-Cu 30 600 680 127.5

# experiment number; * In brackets are the CNF yield for 120 min, outside the brackets—for 30 min of reaction.

The kinetic curves for CNF growth presented in Figure 3b demonstrate the catalytic
ability of Ni-Cu alloy. It is seen that the maximum mass gain for of Ni-Cu alloy at
T = 450 ◦C is 1650% (Figure 2b, left corner), while the similar value for pure nickel was
2.5 times higher—4440% (Figure 2a, left corner). It is also worth noting that, for curves
recorded at T = 425 and 450 ◦C (Figure 2b, left corner), there is a deactivation stage at a time
interval of 110–120 min: curves of CNF accumulation come to a plateau, thus indicating the
termination of active particles. In this case, the cause of deactivation might be related to sec-
ondary disintegration of active particles and their subsequent rapid encapsulation [48,52].
This assumption is confirmed by the TEM data presented below.
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Let us consider the range of higher temperatures (475–525 ◦C). It can be noted that
the curves for this temperature range (Figure 2a,b) have a similar form: at the beginning of
the process the slope of the curve is inclined, but it gradually increases towards the end
of the considered time period. At the same time, the stage of catalyst deactivation is not
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observed. Further increase in reaction temperature (550–575 ◦C) leads to enhancement in
CNF accumulation rate. However, a further rise of pyrolysis temperature up to 600 ◦C
leads to a drop in the rate of carbon product accumulation.

Thus, it can be concluded that the optimal temperature for the operation of the Ni-
catalyst is in the range from 475 to 550 ◦C, since after 30 min of reaction the nickel only
begins to “accelerate”.

For the Ni-Cu alloy, the dependence of the kinetic curves on temperature looks some-
what simpler: the slope of the curve increases with temperature rise and, accordingly, the
CNF accumulation rate increases (Figure 2b). Regardless of the temperature, all experimen-
tal curves of CNF growth have a similar shape. The curves slope decreases at the 18th, 15th,
and 12th minute of the reaction, respectively (Figure 2b, 550, 575, 600 ◦C). At the same time,
it should be noted that the observed changes can be related to the fact of the carbon sample
being stuck in the reactor rather than to the catalyst deactivation itself.

Thus, we can conclude that the growth character of CNF depends on both the compo-
sition of the catalyst and the temperature of the process.

Analysis of the results permits one to divide the obtained diagram into three fundamen-
tally different areas (Figure 3). The first low-temperature region (Region I) is characterized
by a very low carbon product yield (under 10 g/gcat). In fact, both catalysts in this temper-
ature range are almost inactive which does not allow one to recommend these conditions
for the synthesis of CNF. Increasing the reaction temperature to 475–500 ◦C (Region II)
promotes the fast growth of the Ni-catalyst performance, whereas the Ni-Cu alloy activity
at the same conditions is 25–50% lower. At the same time, it should be emphasized that
the CNF yield (per 30 min of reaction) in this temperature range does not exceed the value
of 50 g/gcat. Finally, when the reaction temperature reaches 525 ◦C and higher (region
III), the situation changes substantially. The activity of Ni grows more slowly and even
decreases at 600 ◦C, whereas the Ni-Cu alloy, on the contrary, shows a stable growth of
carbon yield. It can be seen that the carbon yield for Ni-Cu catalyst at T = 575–600 ◦C
exceeds the value of 100 g/gcat, which wich is superior to that of pure Ni by 1.5–2.5 times.
Thus, in a temperature range of T = 525–600 ◦C (Region III), the Ni-Cu catalyst exhibits
highest effectiveness in CNF production.

It can be concluded that the addition of Cu to the composition of the Ni catalyst leads to
an enhancement of its productivity at T > 525 ◦C in the decomposition of hydrocarbons with
the production of CNF. It was also shown in [53–55] that the Ni-Cu-catalyst performs more
efficiently at high temperatures (500–800 ◦C) in decomposition of various hydrocarbons.

3.2. Morphology and Structure of the Carbon Product

Figure 4 demonstrates SEM micrographs indicating the secondary structure evolution
of the Ni-Cu alloy during its contact with the reaction mixture. It should be noted that the
comparison sample (pure Ni) showed the similar behavior. The initial alloy sample is a
cluster of flattened, plate-like particles ranging in size from 10 to 100 of microns (Table S1).
Figure 4a shows an example of such a particle. This morphology of the original sample is
determined by the conditions of its preparation by mechanochemical alloying of Ni and Cu
powders [56]. According to XRD analysis data, the phase composition of the initial sample
is represented by a solid solution based on the fcc lattice of Ni (Figure S2, Table S2).

As can be seen from Figure 4b, carbon nanostructured material is formed as a result of
short contact with the reaction mixture C2H4/H2/Ar. In this case, in the composition of
the carbon product it is possible to observe the dispersed metallic alloy fragments formed
as a result of large agglomerates disintegration, since it has been shown in our previous
studies [34,56]. A further role for the dispersed alloy particles is associated with the
catalytic growth of carbon filaments as a result of ethylene pyrolysis. We can see (Figure 4c)
that after 30 min of interaction with ethylene, the sample is represented by number of
carbon filaments.
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Analysis of TEM data for two series of experiments with Ni and Ni-Cu catalysts re-
vealed that in all cases the predominant product is graphite-like carbon nanofibers. Figure 5
shows images of CNF samples produced on pure Ni catalyst at different
reaction temperatures.
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Figure 5. TEM data for CNF samples obtained on the Ni-catalyst at different
temperatures: (a–c)—T = 450 ◦C; (d–f)—T = 500 ◦C; (g–i)—T = 550 ◦C; (j–l)—T = 600 ◦C. Reaction
conditions: C2H4/H2/Ar; t = 30 min.
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In spite of insignificant carbon yield at 450 ◦C (Figure 3), the obtained material consists
exclusively of carbon filaments up to 200 nm in diameter (Figure 5a–c). The catalytic
particles can have a symmetric shape with a clear faceting (Figure 5c); they carry out the
growth of filaments in 2–4 directions (Figure 5b,c). The scattering of carbon filaments by
thickness increases with the synthesis temperature (Figure 5d,g). At the same time the
fraction of filaments with submicron diameter d > 250 nm. For these CNFs the tendency to
form an unusual discrete structure (Figure 5e,h) is obviously expressed, while the filaments
with diameter of 100 nm and less are characterized by a continuous packing (Figure 5c,f,k).
At 550–600 ◦C the contribution of thick filaments with a discrete structure to the overall
morphology of the product becomes decisive (Figure 5g); the thickness of carbon filaments
can reach 1 µm (Figure 5i).

Let’s take a closer look at the secondary structure of segmented carbon filaments resem-
bling “railway crossties” (Figure 5g). The very weak connectivity of individual “segments”
that make up the structure of discrete carbon filaments attracts attention (Figure 5j). It
should be particularly noted that the detection and subsequent study of such fragile carbon
structures becomes possible due to the soft regime of sample preparation for TEM. The
stage of destructive ultrasonic treatment of the sample was excluded [57]. As can be seen
from the image in Figure 5i, the thickness of the individual weakly bound graphene pack-
ages is approximately 100–150 nm. In Figure 6 a scheme explaining a possible mechanism
of such filaments formation is proposed.
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The mechanism of such a secondary CNF structure formation can be explained by a
change in the bulk alloy disintegration character. Indeed, with the temperature increase,
there is a significant growth of the average size of the active particles on which C2H4
decomposition and filament growth occur simultaneously. The rise of the particle size to
0.5–1 µm causes a significant lengthening of the carbon atoms diffusion path in the particle
from its “front” faces to the “back” ones [20]. This probably leads to reconstruction of the
mechanism: same facet of a large crystal begins to decompose ethylene molecules and form
carbon filaments from carbon atoms dissolved in the near-surface layer simultaneously
(functioning in so-called “sponge” mode). Thus, the functions of the active particle surface
regularly alternate, which ultimately leads to the formation of the CNF with the observed
segmented structure.

As will be shown below, the addition of Cu to the composition of the Ni-catalyst results
in significant change in the disintegration character of bulk particles and the subsequent
growth of CNF. Figure 7 shows TEM data for CNF patterns obtained as a result of ethylene
decomposition on Ni-Cu alloy in the temperature range of 450–600 ◦C.
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Figure 7. TEM data for CNF samples obtained on Ni-Cu-catalyst at different temperatures: (a–c)—
T = 450 ◦C; (d–f)—T = 500 ◦C; (g–i)—T = 550 ◦C; (j–l)—T = 600 ◦C. Reaction conditions: C2H4/H2/Ar;
t = 30 min.

As in the case of the Ni-catalyst, the carbon product obtained on Ni-Cu alloy is
represented exclusively by graphite-like filaments; at the same time, the variation in
filament diameter is noticeably wider (Figure 7c,d,j,k). Regardless of thickness, the packing
structure of CNF produced on Ni-Cu catalyst is dense, without characteristic segmentation.
The large active particles (d > 100 nm) are predominantly symmetrical and catalyze the
growth of carbon filaments in two opposite directions (Figure 7c,f,i,k).

It should also be noted that the presence of fine nanofibers with a diameter of 10–50 nm
in the composition of the carbon product can probably be attributed to the secondary
disintegration of submicron particles formed as a result of the bulk alloy fragmentation.
This phenomenon is illustrated in Figure 7k, which shows how a ~200 nm thick carbon
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filament splits into many thin nanofibers. This morphological feature can be explained by
the sudden “explosive” disintegration of the submicron active particle.

Thus, the comparative analysis allows us to conclude that the addition of copper
to the nickel-based alloy leads to a noticeable change in the growth pattern of CNF. The
presence of copper stabilizes the catalytic activity of nickel in the temperature range of
500–600 ◦C, not allowing it to undergo rapid deactivation. The growth of carbon product on
catalytic particles of Ni-Cu alloy is characterized by the formation of carbon filaments with a
denser structure.

3.3. Raman Spectroscopy Data for CNF Samples

The comparison of the Raman spectra for two series of experiment (Ni and Ni-Cu) are
presented in Figure 8a,b. A detailed description of the processing of spectra is given in the
methodical part 2.4. The principal parameters calculated from spectra are listed below:

• ID/IG
• Amorphous carbon fraction (D3/Gint)
• 2D*/2Dint
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The impact of synthesis temperature and metal precursor (Ni and Ni-Cu) on each
parameter is presented in Figure 9.

The dimensions of the La in-plane [44] for Ni (Figure 9a) monotonically increase with
the temperature increase and lie in the La ~ 15–18 Å range. Thus, the appearance of CNF
with discrete structure (Figure 9a, TEM image) is shown in fraction reduction of amorphous
carbon (D3/Gint) and growth of integral contribution of line 2D* (HWHM ~ 120 cm−1) of
the second order at temperatures above 550 ◦C.

In contrast, the behavior of CNF produced on Ni-Cu samples is different (Figure 9b).
The La in-plane cluster size range for them is smaller than La ~ 13–15 Å. The decrease of
the amorphous carbon fraction (D3/Gint) with the temperature increase occurs smoothly.
The contribution of the 2D* second order line (HWHM ~ 120 cm−1) practically does not
change; it is significantly less than for Ni samples. The observed change in parameters is
associated with an increase in temperature and preservation of the CNF packing structure.
Thus, the Raman data are consistent with the TEM results.
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Next, the textural and macroscopic parameters of the carbon nanomaterials obtained
will be discussed in detail.

3.4. Textural and Macroscopic Properties of CNF Samples

One of the important macroscopic characteristics of carbon nanomaterials is the bulk
density. It should be emphasized that the carbon product formed on self-dispersing Ni-
catalysts is usually characterized by a very low bulk density (ρ < 100 g/L). It is thought
to be determined by the growth of carbon filaments occurring in the regime of CE of
alloys [33,58–60].

Figure 10 shows a comparison of the bulk density values for CNF obtained at different
temperatures on Ni and Ni-Cu. It can be seen that the bulk density of the carbon product
produced in a wide temperature range T = 475–600 ◦C does not exceed 60 g/L. In all cases,
the values of ρ for Ni-catalyst are higher than values corresponding to Ni-Cu-catalyst.
Thus, introduction of Cu into the alloy composition contributes to reduction of CNF bulk
density (in the temperature range of 525–600 ◦C) approximately by 2 times. Following
from Figure 10 are the samples obtained with the Ni-Cu alloy. They are characterized by
approximately the same bulk density (~25 g/L) when changing the reaction temperature in
the range of 525–600 ◦C.

The results show that the CNF synthesized in the Ni-Cu alloy CE regime is very
light, even despite the high CNF yield > 100 g/gcat. This fact indicates a minor tendency
of the growing carbon filaments to entanglement and formation of agglomerate clumps.
The low degree of carbon filaments agglomeration and the light CNF bulk density make
it a promising component for introduction into the composite materials as a modifying
additive.

Table 2 presents the results of measuring the textural characteristics of the CNF
obtained: specific surface area (SSA, m2/g), pore volume (Vp, cm3/g) and average pore
diameter (Dav, nm). These values were determined from the analysis of isotherms of
nitrogen adsorption/desorption (BET method).
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Table 2. Textural characteristics of CNF samples (BET data).

# Catalyst T, ◦C
Textural Properties

SSA, m2/g Vp, cm3/g Dav, nm

1 Ni 500 130 0.24 7.4
2 Ni 550 140 0.22 6.4
3 Ni 600 110 0.24 8.6
4 Ni-Cu 500 110 0.21 7.3
5 Ni-Cu 550 140 0.15 4.4
6 Ni-Cu 600 240 0.18 3.5

# experiment number.

It is seen that the SSA of CNF samples produced at T < 600 ◦C varies in the range
110–140 m2/g, regardless of the catalyst composition. At increase in pyrolysis temperature
up to 600 ◦C, introduction of Cu promotes the increase in SSA to 210 m2/g. In contrast,
the SSA of the comparison sample (Ni- catalyst) practically does not change (Table 2).
The result obtained agrees well with the previously published data for CNF synthesized
from applied Ni-Cu/Al2O3 catalysts. A certain jump of SSA values was also observed
in the range of 600–700 ◦C due to CNF structure loosening (so called “feather” filament
structure) [60]. Thus, the addition of Cu to the Ni catalyst composition contributes to a
significant increase in the specific surface area of the carbon material (by 100 m2/g) at
T = 600 ◦C.

Such a fluffy material with a developed specific surface area can be promising as a
modifying additive in various composite materials. For example, the addition of a small
amount of CNF to the composition of cement stone can lead to its hardening, increase in
crack resistance, etc. [4,5,61–63]. CNF have also demonstrated their effectiveness when
added to polymeric materials [6,7,64–66]. The low bulk density of CNF can facilitate the
obtaining of lubricant-based suspensions. Lubricants modified by CNF can subsequently
provide less wear of fraction pairs due to the occurrence of carbon-containing protecting
film [10,11,67]. Also, high SSA makes it possible to use this material as a carrier for catalysts
and sorbents [12–19,68–72].

4. Conclusions

It was revealed that the addition of Cu to the self-dispersing Ni catalyst promotes an
increase in its performance in CNF production by 1.5–2.5 times in the temperature range of
525–600 ◦C. After 30 min of reaction the CNF yield for Ni-Cu-catalyst reaches 100 g/gcat
and higher. Despite the high values of the CNF yield, the obtained carbon product is
characterized by a very low bulk density (not more than 60 g/L), which further decreases
with the addition of Cu to 25–30 g/L. Introduction of Cu also contributes to the increase in
the specific surface area of CNF at T = 600 ◦C from 110 to 210 m2/g.
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According to TEM data, for the CNF samples obtained on Ni, the structure is presented
mainly as “railway crossties” segmented filaments with a thickness of d > 250 nm. In
accordance with the data obtained, a scheme representing the growth mechanism of such
filaments with a discrete structure has been proposed. The growth of carbon filaments with
the densely packed structure of the graphene layers is characteristic for the CNF samples
produced on Ni-Cu alloy. The Raman data are consistent with the TEM results.

Thus, the microdispersed self-dispersing Ni-Cu alloy can be recommended as an
effective catalyst for the process of catalytic pyrolysis of light hydrocarbons and targeted
production of CNF.
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Table S2: Phase compositions and the lattice parameters for the Ni and Ni-Cu samples. XRD data.
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