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The utilization of chlorine-containing organic wastes remains an actual problem. In the present research,
sponge-like porous Ni-Mo-W alloys were prepared and used as catalysts for the catalytic chemical vapor
deposition of 1,2-dichloroethane. The synthesis of the alloys was performed via a facile approach of
high-temperature reductive thermolysis of the preliminarily prepared multicomponent precursors. The
formation of alloys of exact composition was proven by precise X-ray diffraction analysis. The catalytic
activity of the alloys in the decomposition of 1,2-dichloroethane was studied in a flow-through reactor at
600 °C for 2 h. The simultaneous presence of Mo and W in the composition of the Ni-based alloys was
shown to have a synergetic effect on the process efficiency. The diameter of these fibers was found to be
comparable with the size of metal particles formed as a result of initial alloys self-disintegration under the

CccvD action of the aggressive reaction medium.

Carbon nanofibers
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1. Introduction

Chlorinated organic compounds represent a class of hazardous
substances strongly affecting living organisms due to their toxic and
carcinogenic properties [1-5]. A lack and complicity of the proces-
sing technologies facilitate their contamination in soil, groundwater,
and industrial wastewater and exhaust gases [6-10]. Therefore, the
development of an efficient approach to the degradation of orga-
nochlorines is of great importance. Among the existing removal and
neutralization techniques, catalytic methods should be specially
mentioned [11-17].

In general, all the catalytic processing approaches can be divided
into three groups: (i) oxidative degradation [18-20]; (ii) hydrode-
chlorination [21-25]; and (iii) hydrogen-assisted decomposition on
carbon and HCI [26-30]. The group (i) quite often can lead to the
formation of secondary pollutants, which, due to the simultaneous
presence of chlorine and oxygen in a molecule, exhibit even higher
toxicity. The second group (ii) allows recovering of olefins and their
cycling into the technological process, but this approach is hardly
applicable for the processing of complex organochlorine mixtures.
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The last group (iii) is more versatile and can be applied for the
conversion of a wide range of chlorinated compounds, including
their complex mixtures. This approach is based on the catalytic
chemical vapor deposition (CCVD) process taking place over the iron
subgroup metals in accordance with the so-called carbide cycle
mechanism [27,28,31-33].

The Ni-containing catalytic systems, including bulk nickel alloys,
were recently shown to be more active and prospective for CCVD of
1,2-dichloroethane, taken as a model organochlorine substance [33].
Pure nickel catalyzes the process but undergoes a rapid deactivation
after few hours of exploitation due to the coking of the active sites.
Alloying of Ni with other metals was found to enhance the stability
and efficiency of the catalyst significantly. For instance, noticeable
positive effects were observed for the nickel catalysts alloyed with
chromium [28], palladium [34], and platinum [35,36]. The addition
of molybdenum instead of the mentioned metals gives an even more
exciting effect [37]. As we have reported recently [37-39], the
content of molybdenum in the Ni-Mo catalysts affects their activity
and efficiency in the CCVD of 1,2-dichloroethane. The comparison
analysis of Mo-containing catalysts with other bimetallic systems
(Ni-Co, Ni-Cr, Ni-Cu, Ni-Fe, and Ni-Pd) revealed that Mo is the
most efficient additive, which allows Ni reaching the superior
activity [40]. These catalysts provide a record high yield of carbon
(up to 15 genr/gearh), and the obtained carbon nanofibers possess a
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developed surface area of 200-400 m?/g and a unique segmented
structure called a feathery-like structure. It was found that the cat-
alytic activity depends non-linearly on the molybdenum con-
centration, and the maximum corresponds to 7-9 wt%. An
introduction of the third component in the composition of Ni-Mo
alloy is expected to open new possibilities for the creation of an even
more active catalyst. In order to choose the third component, an
analysis of the phase diagrams of the binary and triple systems was
performed. It is important to note that the metal-carbon phase
diagrams should be taken into account as well. The process of the
CNF formation over iron subgroup metals (Fe, Co, Ni) proceeds in
accordance with the so-called carbide cycle mechanism when the
formation of intermediate non-stoichiometric carbides on the metal
surface is considered [31]. Therefore, the ability of the doping metal
to form the interstitial solid solution with carbon seems to be one of
the necessary conditions to obtain the active catalyst. The Ni-Mo-W
system meets these requirements.

In the present research, specially prepared sponge-like porous
nanoscale Ni-W-Mo alloys were used as catalysts for the CCVD
process of 1,2-dichloroethane (DCE). Such alloys attract a growing
interest of researchers since they provide a developed porous
structure along with considerable resistance to sintering at elevated
temperatures that make it possible to use them under high-
temperature reaction conditions [41]. The prepared Ni-W-Mo
samples were studied by scanning electron microscopy and X-ray
diffraction analysis, and their catalytic activity was examined in the
hydrogen-assisted catalytic decomposition of DCE, resulting in the
formation of carbon nanofibers (CNF). The effect of W and Mo
addition on the catalytic activity of the alloys has been elucidated.
The resulting CNF materials were investigated by low-temperature
nitrogen adsorption, Raman spectroscopy, and transmission electron
microscopy.

2. Experimental
2.1. Synthesis of the alloys

The starting reagent used for the preparation of alloys were
NiCl,-6H,0 (Reachem, Russia), H,WO, (Vekton, Russia), and
(NH4)sM07024-4H,0 (Reachem, Russia). [Ni(NHs3)s]Cl, was synthe-
sized in accordance with the procedure described elsewhere [42].
Acetone was used as a precipitating agent. All the reagents were of
chemical purity grade and were used without any preliminary
purification.

In the case of Ni(92)Mo(4)W(4) preparation, H,WO, (0.054 g)
and (NH4)sMo70,4-4H,0 (0.073 g) were dissolved in a concentrated
ammonia solution (50 ml) at heating. Thus obtained solution was
evaporated to a volume of 30 ml. Then, 3.633 g of [Ni(NH3)s]Cl, was
added to the obtained solution at continuous stirring until complete
dissolution. Thus obtained joint solution was added at intensive
stirring to the 15-fold volume of acetone (450 ml) cooled to 0 °C. The
sediment was filtered, dried at room temperature for 5 h, and cal-
cined at 800 °C for 1 h in a hydrogen atmosphere. Similar procedures
were applied for the preparation of all other precursors. The che-
mical composition and purity of the Ni-Mo-W alloys were controlled
by an inductively coupled plasma atomic emission spectroscopy
(ICP-AES) method. The samples were labeled as Ni(x)Mo(y)W(z),
where X, y, and z is content (wt%) of Ni, Mo, and W, correspondingly.

The monometallic sample Ni(100) and bimetallic reference
samples Ni-W(x) and Ni-Mo(x), where x is content (wt%) of W or Mo,
were obtained by similar procedures.
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2.2. Characterization techniques

The elemental analysis of metal content in the alloy samples was
performed by an atomic absorption method using a Thermo
Scientific iCAP-6500 spectrometer. The sample was dissolved in an
aqua regis at heating and then evaporated with hydrochloric acid up
to the complete removal of nitric acid. The relative standard devia-
tion of the Mo and W determination was 0.1.

Simultaneous thermal analysis (STA) involved concurrent ther-
mogravimetry (TG), differential thermal analysis (DTA), and mass
spectral (MS) analysis of the evolved gas (EGA). The STA measure-
ments were performed in an apparatus consisting of an STA 449 F1
Jupiter thermal analyzer and a 403D Aéolos quadrupole mass spec-
trometer (NETZSCH, Germany). The spectrometer was connected
online to a thermal analyzer (STA) instrument by a quartz capillary
heated to 280 °C. The mass spectrometer operated with an electron
impact ionizer with an energy of 70 eV. The ion currents of the se-
lected mass/charge (m/z) numbers were monitored in a multiple
ions detection mode with a collection time of 0.1 s for each channel.
The measurements were made using Al,03 crucible in a hydrogen-
helium mixture (10 vol% H,) in a temperature range of 30-600 °C, a
flow rate of 30 ml/min, and a heating rate of 1-10 °C/min.

The powder X-ray diffraction (XRD) analysis of the samples was
performed at room temperature on a Shimadzu XRD-7000
diffractometer (CuKa radiation, nickel filter in reflected beam, scin-
tillation detector with amplitude discrimination). The data were
collected step-by-step in 20 ranges of 20-100° with a step of 0.1°
(for the phase identification) and 140-148° with a step of 0.05°
(for the precise determination of lattice parameter). The lattice
parameters of the alloys were refined by an angular position of the
(331) reflection using the PowderCell 2.4 software Kraus [43].

Porous structure was characterized by means of the adsorption
porosimetry using N, as adsorbate at 77.4 K on an ASAP-2400
(Micromeritics, USA) instrument. Before the adsorption experi-
ments, the samples were stepwise degassed under fore-vacuum at
90 °C for 4 h and at 350 °C overnight.

The scanning electron microscopy (SEM) study of the initial al-
loys and produced carbon nanomaterials was carried out using a
JSM-6460 scanning electron microscope (JEOL, Japan). The magnifi-
cation factors were in a range of 8-300,000. The elemental mapping
of the samples was performed by means of energy-dispersive X-ray
(EDX) analysis.

The transmission electron microscopy (TEM) images were ob-
tained using a Hitachi HT7700 microscope equipped with an EDX
detector Bruker X-flash 6 T/60. The accelerating voltage was 100 kV.

Raman spectra of the samples were collected on a Horiba Jobin
Yvon LabRAM HR UV-VIS-NIR Evolution Raman spectrometer
equipped with an Olympus BX41 microscope and 514.5 nm line of
Ar-ion laser. The power of light focused in a spot with a diameter of
~2 pm was less than 0.8 mW to avoid the thermal decomposition
of the sample.

2.3. Catalytic performance measurements

The catalytic chemical vapor deposition (CCVD) of 1,2-
dichloroethane (DCE) over the prepared triple Ni-W-Mo alloys was
performed in a flow-bed quartz reactor equipped with MacBain
balances. Therefore, the mass changes during the carbon product
deposition were controlled in a real-time regime. The specimen of
the alloy (2.0 = 0.03 mg) was loaded in a quartz basket and heated
in argon flow up to 600 °C. The next stage was reductive pretreat-
ment in a hydrogen stream for 15 min, which allowed us to eliminate
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Fig. 1. Data of the thermal and mass spectral analyses for the decomposition of the
Ni(92)Mo(4)W(4) catalyst's precursor in a hydrogen-helium mixture.

the residual oxygen from the sample’s surface. The reduced sample
was brought to contact with a reaction mixture containing 7 vol%
DCE, 37 vol% hydrogen, and 56 vol% argon. The reaction gas feed rate
was 15 1/h. The gaseous mixture from the reactor outlet was passed
through the alkali trap (concentrated NaOH solution) to capture the
HCl vapors resulted from the DCE decomposition. After 2 h of ex-
periment, the reactor was cooled down in an argon flow to room
temperature. The deposited carbon product was weighed, and the
productivity of the alloy was calculated as grams of CNM produced
per 1 g of the alloy sample.

3. Results and discussions
The synthesis of the sponge-like porous Ni-W-Mo alloys was

performed via a facile approach of high-temperature reductive
thermolysis of the preliminarily prepared precursors. The
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simplicity of the multicomponent precursor synthesis is in the
precipitation of a micro-heterogeneous mixture of the initial
components from an aqueous solution by mixing with an organic
solvent. Thus, a high-concentrated joint solution of [Ni(NH3)s]Cls,
(NH4)6Mo050,4, and (NH4),WO, taken in the appropriate ratio was
poured at intensive stirring into a large volume of acetone cooled to
0 °C. Due to the low solubility of the components in acetone, the
formation of an oversaturated solution occurs, leading to the in-
stantaneous precipitation of the multicomponent precursor. The
further procedures of drying and calcination in a reductive medium
result in the appearance of the metallic alloys of the desired
composition. Thermal decomposition of the catalyst's precursors
with various metal ratios proceeds through similar stages. The re-
sults of the thermal and mass spectral analyses are shown in Fig. 1.
As seen, the precursor decomposes via three stages accompanied
by endothermic effects. The first and second stages appear in
temperature ranges of 80-220 °C and 250-330 °C, correspondingly.
The main gaseous product here is ammonia registered as ion cur-
rents with the m/z values of 15, 16, and 17. Besides it, small amounts
of nitrogen and NO are also observed. All these correspond to the
decomposition of the initial precursor with the formation of a
roentgen-amorphous mixture of nickel chloride and oxides of
molybdenum and tungsten. The third stage appeared in a range of
350-480 °C results in a complete reduction of the intermediate
product. Here, the main gaseous product is water.

The SEM images of thus obtained samples are shown in Fig. 2.
According to the electron microscopy data, the alloys possess a
micro-domain structure, consisting of the connected fragments. The
average size of these fragments is affected by the ratio of the alloying
metals. For instance, the binary Ni(92)Mo(8) and Ni(92)W(8) alloys
have a very close structure with an average domain size of about
2um (Fig. 2a, f). The addition of W to the Ni-Mo alloy decreases the
domain size. Thus, for the Ni(92)Mo(7)W(1) system (Fig. 2b), this
size is estimated to be of ~1.5 pm. Further increase in the W content
diminishes the size to the values of ~1 and ~0.5um for the
samples Ni(92)Mo(4)W(4) and Ni(92)Mo(1)W(7), correspondingly
(Fig. 2c-e). In principle, a decrease in the domain size and the de-
veloped porous structure should enhance the active sites' accessi-
bility for the reagents.

In the next stages of the study, Mo:W ratio was 1:1, while the Ni:
[Mo-W] ratio was varied. The results of the precise XRD analysis of
the alloy samples are presented in Fig. 3 and Table 1. The XRD pat-
terns of the alloys contain a set of reflexes attributed to a single fcc
phase (sp.gr. Fm3m). A shift of reflexes with respect to their position
for pure nickel is well seen in a far-angle area (Fig. 3b). This indicates
the formation of solid solutions based on nickel lattice. The atomic
radii of Mo and W are larger than the atomic radius of Ni. Therefore,
the entry of these metals into Ni lattice regularly leads to an increase
in the lattice parameter of the alloy. The analysis of the reflex po-
sition in the far-angle area testifies to this fact. As seen, an increase
in the content of Mo and W shifts the reflex position to the small-
angle area, thus giving evidence for an increase in the lattice para-
meter. The lattice parameters for the Ni-Mo, Ni-W, and Ni-Mo-W
alloys calculated from the position of (311) reflex depending on the
content of the alloying metal are given in Table 1.

The obtained dependencies are plotted in Fig. 4. As follows from
the plots, the values of the lattice parameters for ternary Ni-Mo-W
alloys are linearly fitted and located on equal distances from the
corresponding fitting plots for the Ni-Mo and Ni-W alloys. Thereby, it
can be concluded that the composition of the synthesized ternary
alloys corresponds to the calculated composition predefined during
the preparation procedures.
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Fig. 2. SEM images of the prepared alloys: a — Ni(92)Mo(8); b - Ni(92)Mo(7)W(1); ¢, d - Ni(92)Mo(4)W(4); e - Ni(92)Mo(1)W(7); and f - Ni(92)W(8).

Fig. 5 presents the kinetic curves for the CCVD process of DCE
over the studied alloys at 600 °C. All the samples exhibit the pre-
sence of an induction period (IP) when the weight of the specimen is
not changed. After the IP stage, the process proceeds to the second
stage of the intensive accumulation of the carbonaceous product
(Fig. 5a). The kinetic curves for this stage are characterized by a
practically linear function for all the samples. This allows one to
calculate a specific rate of carbon deposition (SRCD). The obtained
values are summarized in Table 2. As seen, the lowest value of the
CNF growth rate (22.4 wt%/min) corresponds to the reference sample

Ni(100). The highest SRCD values (43.6-43.8 wt%/min) were demon-
strated by three samples: Ni(96)Mo(2)W(2), Ni(94)Mo(3)W(3), and
Ni(92)Mo(4)W(4). At the same time, the values of the carbon yield
after 2 h of CCVD for these samples are slightly different due to the
different duration of the IP stage.

An analysis of the results presented in Table 2 and Fig. 5b allows us
to conclude that an introduction of any concentration of molybdenum
and tungsten in the composition of the catalyst facilitates the short-
ening of the IP duration on 3-10 min. Thus, the addition of 4 wt% W
and 4wt% Mo shortens the IP on 3 and 7 min, respectively. The
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Table 1
Lattice parameters of Ni-Mo, Ni-Mo-W, and Ni-W alloys.

Total content
of alloying
metal (x), %

Lattice parameters of the alloy

Ni (100-x)Mo (x) Ni (100-x)W (x) Ni (100-x)Mo (X/2)W (x/2)

0 3.523
2 - 3.526 3.526
4 3.534 3.529 3.531
6 3.538 3.532 3.534
8 3.542 3.535 3.539
10 3.548 - 3.542
12 - 3.538 3.544

3.555 - -

Ni-Mo
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Fig. 4. Dependence of the lattice parameter on the content of alloying metals in
Ni-Mo, Ni-W, and Ni-Mo-W alloys.

shortest IP of 11 min was observed in the case of Ni(92)Mo(4)W(4)
sample (Table 2).

Besides the IP duration, Table 2 also presents the experimental
data on SRCD, carbon yield after 2 h of the CCVD process, and values
of the bulk density. Taking into consideration all the presented re-
sults, it can be summarized that the highest catalytic activity in

CCVD of DCE is demonstrated by triple alloys containing Mo and W
in a concentration range from 2 to 4 wt% of each metal. All these
samples are characterized by quite similar rates of carbon deposition
but differ in the duration of IP. The average value of the carbon yield
for the most active sample after 2 h of the reaction was found to
exceed 48.2 gcnp/gcar, Which is 1.5-2 times higher than the pro-
ductivity of pure nickel and reference bimetallic Ni-Mo and Ni-W
catalysts. Thereby, the joint introduction of W and Mo into Ni lattice
in a total concentration of 4-8 wt% facilitates the appearance of a
synergetic effect consisted of a sharp increase of the catalytic activity
of ternary Ni-Mo-W alloys.

According to the SEM images shown in Fig. 6, the carbon product
formed as a result of the CCVD process is represented by the totality
of segmented carbon nanofibers with a high degree of defectiveness
of fibers' structure and packing. Due to such a disordered structure,
the specific surface area, measured by the low-temperature nitrogen
adsorption, can exceed 300 m?/g. The catalytic particles of the alloys
are incorporated into the structure of the fibers and can catalyze the
simultaneous formation of 2-4 fibers in different directions (Fig. 6a,
d, f). The segmented structure of the fibers is well seen in the pre-
sented images. Such a secondary structure is typical for the carbon
nanofibers resulting from the decomposition of chlorine-substituted
hydrocarbons over nickel alloys [36,37]. The average diameter of CNF
lies in a range of 0.3-1 um, which is comparable with the domain
size of the initial alloys (see Fig. 2c, d).

The structure of the carbon product obtained over the triple
Ni-Mo-W alloys via the CCVD of DCE resembles that for the
sample grown over the binary Ni-W system. The disintegration of
the Ni-Mo-W alloys as a result of their interaction with the
aggressive reaction mixture leads to the formation of dispersed
particles functioning as sites of the carbon nanofibers growth. These
metal particles are well seen in the SEM images as bright light spots.
The morphology of the formed CNF can be divided into two cate-
gories: submicron fibers of a segmented structure and thin carbon
fibers of about 50 nm in diameter (Fig. 6¢). It is assumed that the
formation of thin fibers occurs due to the second stage of carbon
erosion. The primary metal particles of submicron size catalyzing the
growth of thick segmented structures undergo the metal dusting
process [44]. The secondary structure of the segmented fibers
reflects a discrete character of the graphite-like phase deposition,
which is defined by the participation of chlorine in the chemical
transformations over the surface of metal particles [34].
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Fig. 5. Kinetics of the CCVD of 1,2-dichloroethane over triple Ni-Mo-W alloys and reference samples at 600 °C: a - the 2-h curves; b - starting area of the curves.

The carbon samples were characterized by low-temperature
nitrogen adsorption. The isotherm for Ni(96)Mo(4) sample, as an
example, is shown in Fig. 7. Note that the adsorption isotherms for
all the other samples are quantitatively similar and have the same
shape, which corresponds to Type II, according to the IUPAC classi-
fication [45]. As seen from Fig. 7, there is no significant micropore
step under the low pressures. An infinite increase of adsorption
occurs at P/P° aspiring 1.0. The hysteresis loop is very narrow (see
the right-bottom inset in Fig. 7) and can be attributed to type H3.
Type H3 character with small but noticeable cavitation step around
P/P° ca 0.45 does not allow considering the desorption branch as
equilibrium. Thus, all further considerations are made for the ad-
sorption branch. The isotherms of the observed kind are typical to
snarly-packed carbon filaments and characterize the samples as
meso- and macroporous. The specific surface area values calculated
by means of MA-BET technique [46] along with the equivalent
amount of liquid nitrogen adsorbed under P/P° =0.98, which can be
attributed to the pore volume if there would be no macroporosity,
are presented in Table 3. Additionally, we considered the t-graphs
[47] of the isotherms applying the reference t-curve for the Cabot BP
280 non-graphitized carbon black, which was used to parameterize
the modern DFT-based methods of characterization of porous car-
bons [48]. The typical t-graph (sample Ni(96)Mo(4)) is shown in a
left-top inset in Fig. 7. One can consider two linear-like regions on
the t-graph. The linear regression of the left region gives the line that
comes through the origin, indicating the absence of a considerable
amount of micropores. The corresponding slopes recalculated to the
specific surface area values (Ajs; 1ayer» Table 3) are surprisingly close

to the BET surface area values. The regression line of the right region
on the t-graph corresponds to the polymolecular adsorption. In this
case, the intercept is positive. At the same time, in our opinion, it
cannot be attributed to the micropores' action due to the absence of
adsorption points above the regression lines characteristic to
micropores [49], and accounting relatively low values of Cggr. The
slope of the right region regression line can be attributed to the
surface area accessible after the first adsorption layer formation
since adsorption is very similar to the macroporous reference. The
observed difference between the Aggr and As 1ayer Values, from one
hand, and the A; values, from another one, allow assuming the
considerable molecular roughness of the investigated samples sur-
face. This roughness does not affect the formation of the adsorption
layers above the first layer, as shown in the inset in Fig. 7.

Fig. 8 demonstrates the Raman spectra in a band area of the first
and second orders for the CNF formed on the Ni(96)Mo(2)W(2) and
Ni(88)Mo(6)W(6) samples. These spectra are typical for all the samples
of the studied series. For the samples under consideration, the com-
bination scattering spectra of the first order are represented by the
G band at ~1595 cm™!, corresponding to the allowed vibrations E,g of a
hexagonal lattice of graphite [50], and the disorder-induced D band of
activated A;; mode due to the finite crystal size [51,52] at ~1345 cm™L
The band D, at ~1618 cm™ is attributed to a disordered graphitic lattice
(surface graphene layers, E,e-symmetry) [53]. The bands D; at
~1500cm™ and D, at ~1200 cm™ assigned to an amorphous carbon
and a disordered graphitic lattice (A;g-symmetry) or polyenes [54] are
typical for soot and related carbonaceous materials. Their relative in-
tensities Ips)g and Ipg/c are ~0.21 and ~0.15, respectively. The second-

Table 2

Experimental data for the CCVD of 1,2-dichloroethane over triple Ni-Mo-W alloys and reference samples at 600 °C for 2 h.
# Sample P100*, min SRCD**, wt%/min Carbon yield, g/g (alloy) Bulk density of CNM, g/ml
1 Ni(98)Mo(1)W(1) 14.0 305 30.2 0.046
2 Ni(96)Mo(2)W(2) 14.8 438 46.3 0.136
3 Ni(94)Mo(3)W(3) 14.5 43.7 46.8 0.176
4 Ni(92)Mo(4)W(4) 11.0 43.6 48.2 0.154
5 Ni(90)Mo(5)W(5) 15.2 372 39.2 0.124
6 Ni(88)Mo(6)W(6) 16.6 319 336 0.100
7 Ni(100) 21.0 224 21.2 0.031
8 Ni(96)W(4) 17.9 25.4 26.1 0.069
9 Ni(96)Mo(4) 13.9 414 337 0.107

“ P100 is a period required to reach 100% weight gain.
" SRCD is a specific rate of carbon deposition.
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Fig. 6. SEM images of the carbon nanofibers grown over the alloyed catalysts: a, b - Ni(96)W(4); ¢, d - Ni(96)Mo(4); e, f - Ni(92)Mo(4)W(4).

order bands (2D, D +D,, and 2D,) are well-marked and have a half-
width HWNM of ~120 cm™. A standard set of the 2D, D + D5, 2D,, and
G*~Dy4 +D bands is enough for the second-order bands' curve fitting.

As follows from Fig. 9a, a L, in-plane cluster diameter, calculated
as Ip/lc =C’ (A)-L% according to Ferrari and Robertson [52],
diminishes with a decrease in the Ni content in the samples from
96% to 88%. A characteristic average value of L, was found to be
17.7 A. Along with this, the HWHM G values changed from 44 to
50 cm™!, which corresponds to a transition area between two types
of approximation curves. The average values of the L, in-plane

cluster diameter obtained using Ip/Ig = C(x)-ﬂLa, according to Tuinstra
and Koenig [51], can be as high as 25.5A. A decrease in the Ni
content more significantly increases the relative intensities of the
D3/G and D4/G bands (Fig. 9b), which are characteristic for soot and
related amorphous materials.

The XRD patterns in a 20 range of 20-60° for the initial Ni(92)Mo
(4)W(4) alloy and carbon products obtained after 1 and 2 h of CCVD
process are compared in Fig. 10. In the case of initial alloy, the in-
tense reflexes 111 and 200 only are observed. These reflexes corre-
spond to the face-centered cubic (fcc) structure of the alloy. For the
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Table 3
Textural characteristics according to the nitrogen porosimetry at 77.4 K.
# Sample Ager, m2/g Coer  Aist layers M2/g A, m%[g Right regression line intercepts on t-graphs, lignz, cm®/g  V jign2 at pjpi-098, CM>[g
1 Ni(96)Mo(2W(2) 310 205 309 222 0.039 057
2 Ni(94)Mo(3)W(3) 303 212 302 207 0.042 0.53
3 Ni(92)Mo(4)W(4) 298 216 297 202 0.043 051
4 Ni(90Mo(5)W(5) 301 203 299 223 0.036 051
5 Ni(88)Mo(6)W(6) 260 228 259 188 0.029 051
6  Ni(96)W(4) 307 194 304 207 0.044 054
7 Ni(96)Mo(4) 311 177 307 218 0.039 056
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Fig. 8. Raman spectra in a band area of the first and second orders for the carbon nanofibers grown on the alloy catalysts: a - Ni(96)Mo(2)W(2); b - Ni(88)Mo(6)W(6).
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Fig. 10. XRD patterns for the Ni(92)Mo(4)W(4) catalyst and the carbon products re-
sulted from the CCVD process of DCE over this catalyst at 600 °C for 1 and 2 h.

samples after the CCVD process, broad reflexes 002 at 25.8° and 100
at 43.1° of the graphite-like carbon phase have appeared. An increase
in the CCVD process duration regularly leads to the enlarged relative
intensity of the carbon phase reflexes with regard to the alloy re-
flexes. It should be noted that deep interaction of the dispersed
particles of the alloy with atmospheric oxygen results in the for-
mation of NiO phase and appearance of the corresponding reflex.
The selected TEM micrographs of the CNF samples produced on
the studied Ni-based catalysts are shown in Figs. 11 and 12. As seen

from Fig. 11, the secondary structure of the carbon nanofibers pro-
duced on the reference sample Ni(100) is composed of rather well-
expressed segments. Such a kind of carbon fibers was named ‘seg-
mented’ filaments [26,33]. The segmental structure is characterized
by the periodic fluctuations in the density of the graphite-like phase.
The submicron-sized Ni crystal in Fig. 11b is seen to be capable of
catalyzing the simultaneous growth of four separate carbon fila-
ments. The same can be said about the Ni-Mo particle presented in
Fig. 11c. The addition of Mo or W was found to have no noticeable
effect on the segmental character of produced CNF.

The TEM images shown in Fig. 12 make it possible to compare the
structural features of the carbon products deposited on a series of
the triple Ni-W-Mo catalysts with varied content of introduced Mo
and W. As seen, the simultaneous presence of Mo and W in the
composition of the alloy does not affect the morphology of the
produced CNF significantly. The secondary structure of the fibers
remains preserved. They are composed of quite regular alternating
segments of graphite ‘scales’ of different density (Fig. 12b, f). Inter-
estingly, the fluctuations in the graphite density can be discerned in
two different directions, which are perpendicular to each other
(Fig. 12f). At the same time, all the observed active particles were
found to be connected with two carbon filaments growing in op-
posite directions (Fig. 12a, d, e). The carbon filaments are char-
acterized by the submicron size, which is mostly determined by the
diameter of the metal crystals that appeared due to the disintegra-
tion of the initial triple alloy. In rare cases, the diameter of the
carbon filament was close to 0.5-1um (Fig. 12c).

In the case of the alloys with the highest content of Mo and W
(sample Ni(88)Mo(6)W(6)), the individual metallic particles were
found to be surrounded by a graphitic shell of about 50 nm
in thickness (Fig. 12e). The formation of such a graphitic shell is
associated with either possible deactivation of the CNF growth sites
or with the escape of the amorphous carbon from the oversaturated
solution of carbon in the Ni(88)Mo(6)W(6) alloy after its cooling to
room temperature. The probable interpretation of this fact can be
related to an increase in Ni capacity towards carbon, which is
resulted from the addition of 12 wt% Mo and W in total [55,56].
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Fig. 11. TEM images of the CNF samples produced on the reference catalysts: a,b - Ni(100); c - Ni(96)Mo(4); d - Ni(96)W(4) via CCVD of DCE at 600 °C for 2 h.

Both scanning and transmission microscopies revealed that the
produced carbon nanomaterial is predominantly represented by the
assembly of carbon nanofibers. The process of the CNF growth is
carried out by the dispersed metallic particles playing the role of the
catalytic growth sites. The formation of carbon nanofibers occurs in
accordance with the carbide cycle mechanism established by
Buyanov [31,57] and comprises several successive stages. The first
stage is related to the adsorption and catalytic decomposition of the
carbon-containing precursor at the most active faces of the metal
crystal. Carbon atoms transfer into the metallic particle, resulting in
the formation of the metastable nickel carbide Ni3C phase. Sub-
sequent decomposition of the nickel carbide phase at the second
stage causes the diffusion flux of carbon atoms towards the crystal's
faces. These faces are the most complementary to the graphite
hexagons. During the third stage, the nucleation of the graphite-like
phase and the continuous growth of carbon filaments take place.

4. Conclusions

A facile method for the synthesis of the triple Ni-Mo-W alloys has
been developed. The proposed method allows obtaining the single-
phase alloys possessing a sponge-like porous structure, which is
thought to facilitate greatly the process of their self-disintegration
resulting in the spontaneous formation of the catalytically active
particles. The simultaneous presence of Mo and W in the composi-
tion of the Ni-based alloys was shown to have a synergetic effect in

10

terms of catalytic activity in the CCVD process of 1,2-dichloroethane,
used as a representative of the hazardous chlorine-containing
organic compound. The carbon nanofibers resulting from this pro-
cess possess the morphology and secondary structure similar to the
carbon deposits observed in the case of reference Ni, Ni-Mo, and
Ni-W catalysts. Along with this, the yield of carbon was noticeably
higher for the triple Ni-Mo-W alloys. Therefore, the long-term
performance and high efficiency of the triple Ni-based alloys with a
sponge-like porous structure are reported for the first time.
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Fig.12. TEM images of the CNF samples produced on the triple Ni-W-Mo alloys: a,b - Ni(96)Mo(2)W(2); ¢,d - Ni(92)Mo(4)W(4); e,f - Ni(88)Mo(6)W(6) via CCVD of DCE at 600 °C
for 2 h.
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