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Abstract
In the present work, self-disintegration of the bulk metallic Ni–Cr alloy in the presence of different polymer compounds 
under the conditions of closed volume and elevated temperatures is studied. It was found that in the cases of polymers 
containing in addition to carbon only hydrogen atoms (polyethylene) or only halogen atoms (polytetrafluoroethylene), 
self-disintegration does not proceed noticeably even at temperatures as high as 800 °C. The predominating form of the 
solid product is non-catalytic carbon shaped as microspheres or their sintered agglomerates. On the contrary, for decom-
position of the polymer containing hydrogen and halogen atoms (polyvinylchloride), self-dispersion of the bulk alloy is 
significantly facilitated. This process is accompanied with formation of catalytically derived forms of structured carbon 
within all the studied temperature range (500–800 °C). The most common form of the carbon deposits is nanofibers. 
At the same time, some unusual carbon structures were observed, among which the solid-phase carbon–nickel micro-
crystals of a regular cubic shape with pyramidal cavities on each facet are of special interest. The studied process can be 
considered as an alternative approach for utilization and recycling of the plastic wastes.
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1 Introduction

Nowadays carbon nanofibers (CNF) attract a great atten-
tion due to their enhanced thermal, electric and mechani-
cal properties [1–3]. Most of commercial technologies to 
obtain the CNFs imply chemical vapor deposition in vari-
ous alternatives including the catalytic one. As it is well 
known, the catalytic properties in the catalytic chemi-
cal vapor deposition (CCVD) are performed by metals 
of iron group (Fe, Co, Ni) and their alloys supported on 
the surface of the carrier with developed surface area. 
On the other hand, recently we have demonstrated the 
possibility to use bulk metallic nickel or its alloys in a bulk 
state as a catalyst for the synthesis of CNFs from halogen-
ated hydrocarbons [4–6]. During the interaction of such 
aggressive organic medium with bulk metal items the 

latter undergo self-disintegration with formation of nickel 
particles with uniform size of 200–250 nm. The particles 
formed exhibit excellent activity in CNFs growth. In order 
to obtain possible solid-phase intermediates, we have 
performed experiments on detail studies of the men-
tioned interaction at elevated temperatures in closed vol-
ume (autoclave conditions), when the gaseous products 
withdrawal is practically absent [7, 8]. A similar approach 
is well known in the literature to be successfully applied 
for the synthesis of various carbon and other inorganic 
materials [9–11]. The described process was named as 
reactions under autogenic pressure at elevated tempera-
ture (RAPET). As it was found in our recent studies, the 
interaction of metallic nickel with halogen-substituted 
hydrocarbons (for example, hexafluorobenzene) in closed 
volume leads to appearance of solid phase structures, 

Received: 14 November 2018 / Accepted: 26 December 2018 / Published online: 31 December 2018

 * Aleksey A. Vedyagin, vedyagin@catalysis.ru | 1Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russian Federation 630090. 2Tomsk 
Polytechnic University, Tomsk, Russian Federation 634050.

http://orcid.org/0000-0002-1738-128X
http://orcid.org/0000-0001-6590-7242
http://orcid.org/0000-0002-2705-4901


Vol:.(1234567890)

Short communication SN Applied Sciences (2019) 1:139 | https://doi.org/10.1007/s42452-018-0152-2

hypothetically—microcrystals of nickel halogenides. These 
compounds are metastable and undergo rapid destruction 
at high temperatures. This process is accompanied by for-
mation of carbon nanofibers doped with a small amount 
of halogen, which is very important for their further appli-
cation due to enhanced surface properties (for example, 
better hydrophily). Thereby, the use of halogen-containing 
compounds as a source for CNFs production can be also 
considered as a perspective approach for processing of dif-
ferent organochlorine wastes into valuable carbonaceous 
product.

Besides the processing of organochlorine wastes, uti-
lization of spent polymeric items (solid domestic wastes, 
plastics, etc.) is of great importance, since the world 
production of such items grows year by year. As a rule, 
industrial synthetic polymers are quite stable chemical 
compounds. Most of them (for instance, polyethylene) are 
resistant towards action of sun light and air oxygen, and 
do not undergo self-destruction for a long period of time. 
Among polymeric compounds, the halogen-containing 
ones (like polyvinylchloride, fluoroplastic) are the most 
dangerous. Their combustion in air leads to formation of 
variety of gaseous toxic compounds. One of the perspec-
tive approaches of polymers utilization known in the litera-
ture is their processing into various carbon materials (for 
example, carbon nanotubes) [12–15]. As a rule, the catalyst 
is represented by transition metal or by salt of such metal. 
In some cases, the catalyst can be added into reactor in a 
gas phase [for example, Fe(CO)5] [16].

In the present research, an approach for processing of 
polymeric wastes (polyethylene, polyvinylchloride, Teflon) 
in the presence of bulk NiCr alloy self-disintegrated under 
the action of aggressive reaction medium with formation 
of uniform nickel particles catalyzing the growth of CNFs 
is suggested. The possibility to perform such a process in 
closed volume at elevated temperature was studied. The 
attractive advantages of this approach are that it goes 
via one stage and looks very simple in terms of technical 
realization.

2  Experimental

Commercial Ni–Cr alloy (nichrome; 80 wt% Ni, 20 wt% Cr) 
in the shape of wire of 0.1 mm in diameter was used as a 
bulk metal item. The polymer samples to be decomposed 
were polyethylene of low pressure (household plastic bag), 
polyvinylchloride (insulating braid), and polytetrafluoreth-
ylene (Teflon tape).

Experiments on polymer decomposition in a close vol-
ume were performed using quartz ampoules (d = 4–5 mm, 
V ~ 0.2 ml) as a reactor [7, 8]. A piece of nichrome wire of 
about 0.2–0.3 mg was placed in an ampoule together with 

2–3 mg of polymer (polyethylene, Teflon or polyvinylchlo-
ride). The ampoule with reaction mixture was sealed and 
brought to thermal treatment at certain temperature 
for 2 h. The accuracy of temperature measurements was 
± 2 °C.

After the reaction procedure, the ampoule was carefully 
opened for microscopic investigation. The obtained car-
bon material was studied by scanning electron microscopy 
(SEM) on a JSM-6460 (Jeol, Japan) electron microscope 
with a resolution of 4 nm in the range of magnifications 
from 5 × to 300,000 ×. The local energy-dispersion X-ray 
(EDX) microanalysis was carried out using EDAX spectrom-
eter with energy resolution 127 eV.

HRTEM images were obtained using a JEM-2010 elec-
tron microscope (Jeol, Japan) with a lattice-fringe reso-
lution of 0.14 nm at accelerating voltage of 200 kV. The 
samples for HRTEM were prepared on a perforated carbon 
film mounted on a copper grid.

3  Results and discussion

As it was reported earlier, self-disintegration of bulk 
metallic nickel and its alloys can be significantly facili-
tated when the reaction mixture contains both hydrogen 
and halogen sources [7, 8]. In the case of organic com-
pounds containing hydrogen or halogen only (for exam-
ple, hexamethylbenzene or hexafluorobenzene) used as 
a carbon source, this process is rather complicated. Poly-
ethylene, the most popular domestic polymer material 
and, therefore, the most common plastic waste, contains 
only carbon and hydrogen atoms. Thereby, taking into 
account the results of previous studies, it was expected 
that its catalytic decomposition accompanied with self-
disintegration of the bulk NiCr alloy in closed volume at 
elevated temperature will be hindered. In order to exam-
ine this expectation, the ampules with reagents (piece of 
NiCr wire and polyethylene) were consecutively calcined 
at temperature from 400 to 800 °C with a step of 100 °C. 
For the resulted contents we have tried to apply ferromag-
netic resonance (FMR) method as described in [5–8]. This 
method was shown to be an efficient tool for investigation 
of nickel-containing samples. The most convenient case 
of its application is the study of nichrome, since this alloy 
does not have FMR signal in the initial state but appear-
ance of particles of metallic nickel even in a small amount 
is well detectable. In the present study, it was found that 
FMR signal indicating the beginning of NiCr self-disinte-
gration did not appear even for samples treated at 700 °C. 
Note that for the samples heated at higher tempera-
ture, the applicability of FMR method is restricted due to 
strong microwave absorption by carbon products result-
ing from thermal decomposition of the organic precursor. 
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Moreover, at reaction temperatures of 500 °C and above 
the appearance of an intensive singlet g = 2.003 typical for 
various carbon materials becomes noticeable [7, 8].

Figure 1a shows the micrographs of the nichrome sam-
ple after its interaction with polyethylene at temperature 
of 800 °C. As seen, the surface of nichrome wire is covered 

Fig. 1  SEM image of Ni–Cr wire after interaction with polyethylene at 800 °C under the RAPET conditions (a) and carbon product obtained 
under the same conditions via pyrolysis of polyethylene without a catalyst (b)

Fig. 2  SEM images of Ni–Cr wire after interaction with Teflon at 800 °C under the RAPET conditions (a, b), and obtained carbon deposits (c, 
d)
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with non-catalytic spherical carbon deposits, which are 
believed to be similar to the carbon reported in [8]. It is 
worth noting that analogous spherical carbon was also 
found on the ampule walls after pyrolysis of the organic 
substrate at a high temperature (Fig. 1b). Appearance of 
similar structures in the absence of a catalyst was recently 
reported by Pol [12]. Thereby, it was confirmed for the plas-
tic source that self-disintegration of bulk NiCr alloy with 
the formation of carbon nanofibers does not take place 
even at temperatures as high as 800 °C. This observation 
is in good agreement with previously made assumption 
about the necessity of the presence of both the hydrogen 
and halogen source in the reaction medium [7, 8].

At the next stage, the opposite case was considered 
when the plastic source contains halogen only. The men-
tioned condition is suited by polytetrafluoroethylene 
(Teflon), which is also of a quite wide usage, in particular, 
for domestic applications. In the present case, similarly to 
the previous one, appearance of FMR signal at tempera-
tures up to 500 °C was not observed. Registration of FMR 
spectra at higher temperatures does not make sense, 
since the microwave adsorption by the sample becomes 
too strong. However, contrary to polyethylene, which is 

characterized by the presence of an intensive narrow sin-
glet with g = 2.003 typical for variety of carbon materials 
[7, 8], formation on non-catalytic carbon from Teflon takes 
place at significantly higher temperatures. Micrographs 
of nichrome interaction with polytetrafluoroethylene at 
temperature of 800 °C are presented in Fig. 2. As it is well 
seen from Fig. 2a, all the surface of nichrome wire is cov-
ered with a thick layer of nanostructured carbon material. 
At least two types of carbon deposits can be recognized 
from the images. First of all, it is dense layer of compacted 
carbon structures, which is well seen in Fig. 2a, b. Figure 2c 
demonstrates the morphology of this layer with higher 
magnification. The layer is constructed from dense carbon 
deposits of 0.1 µm in diameter, and a developed porous 
structure. These carbon deposits seem to be of non-
catalytic origin. The second type of structured carbon is 
prolonged carbon fibers with a catalytic particle at the 
tip (Fig. 2b, d). In general, these fibers are of 10–50 nm in 
diameter and of 30–50 µm in length. Some of the parti-
cles are connected with several (from 3 to 6) carbon fibers 
twisted into a bunch (Fig. 2d). Among these two types of 
carbon, the dense non-catalytic deposits predominate in 
terms of weight.

Fig. 3  SEM (a, b) and TEM (c, d) images of the carbon product resulting from Teflon decomposition at 800 °C under RAPET conditions with-
out adding a catalyst (nichrome)



Vol.:(0123456789)

SN Applied Sciences (2019) 1:139 | https://doi.org/10.1007/s42452-018-0152-2 Short communication

Thereby, in the case of completely halogenated poly-
mer (when all hydrogen atoms are substituted with halo-
gen), self-disintegration of bulk nickel alloy is also com-
plicated. Carbon nanofibers formed via catalytic route are 
present in a minor amount, while non-catalytic dense car-
bon deposits are found to be the predominating product.

On the other hand, it is worth noting that similar experi-
ments performed in closed volume with Teflon at 800 °C 
without using the catalyst (nichrome wire) led to the 
formation of non-catalytic carbon product of a fibrous 
shape (Fig. 3a, b). According to the TEM data (Fig. 3c, d), 
morphological structure of these deposits corresponds to 
multiwall nanotube. The diameter of these nanotubes is in 
the range of 20–40 nm. The number of the carbon layers 
within the wall seems to be about 10. The length of nano- 
tubes is quite great, reaching 50–100 µm.

The last example of the studied polymeric substrates is 
polyvinylchloride. This representative of the plastics also 
has a great contribution into the national economy. Since 
it contains both the hydrogen and the halogen sources, 
its decomposition in close volume completes the per-
formed study. Examination of this system by means of 
electron paramagnetic resonance revealed that contrary 

to polyethylene and polytetrafluoroethylene, formation of 
condensed carbonaceous structures takes place at rela-
tively lower temperatures—already at 400 °C. At the same 
time, the bulk metal self-disintegration was not observed 
until temperatures above 600 °C (FMR signal is absent). 
Similarly to the previous cases, no FMR signal was regis-
tered at higher temperatures due to strong microwave 
adsorption. On the other hand, since the formation of 
carbon deposits took place at lower temperatures, the 
product obtained was studied by SEM technique. Figure 4 
demonstrates carbon structures observed after the inter-
action of nichrome with polyvinylchloride at 500 °C. The 
thick and fluffy carbon layer formed over the surface of 
Ni–Cr wire is represented by two types of carbon struc-
tures. The chaotically agglomerated dense microdiscs of 
1–2 µm in size are shown in Fig. 4a, b. These structures are 
believed to have non-catalytic nature. The second type is 
a catalytically derived fibrous carbon presented in Fig. 4c, 
d. Very similar interlaced carbon nanofibers were reported 
recently to be formed during the catalytic decomposition 
of 1,2-dichloroethane over the same nichrome wire in a 
flow regime (an open reactor system) [4–6]. The currently 
obtained nanofibers are of tens nm in diameter and of 

Fig. 4  SEM images of the carbon product obtained after interaction of Ni–Cr wire with polyvinylchloride at 500 °C under RAPET conditions
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hundreds nm in length. It should be emphasized that all 
the formed carbon deposits are significantly functional-
ized with surface oxygen groups. According to the data 
of electron dispersive X-ray (EDX) analysis, they consist of 

about 80 at.% of carbon and 10–20 at.% of oxygen. The 
residual components are chlorine, nickel (small particles 
catalyzing the carbon nanofibers growth), and chromium. 
Appearance of such a great amount of oxygen groups is 

Fig. 5  SEM images of the carbon product obtained after interaction of Ni–Cr wire with polyvinylchloride at 800 °C under RAPET conditions

Fig. 6  SEM images of the carbon product resulting from polyvinylchloride decomposition at 800 °C under RAPET conditions without adding 
a catalyst (nichrome)
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connected with the presence of air in the experimental 
ampule-reactor.

Another attractive finding related to the formation of 
structured carbon deposits at decomposition of polyvi-
nylchloride was observed when the reaction temperature 
was increased up to 800 °C. There are still two types of 
deposited carbon, but the morphology is quite different. 
The first morphological type can be seen in Fig. 5a, d. It 
looks like dense “sintered” nanofibers of hundreds nm is 
diameter, and reminds the carbon product resulted from 
the decomposition of polytetrafluorethylene (Fig. 2c). The 
second type is the structured carbon of unique regular 
shape of microcubes with pyramidal cavities (Fig. 5b, c). 
The length of the cube edges is 4–5 µm, and the base of 
pyramidal cavity is 2 × 2 µm. Besides the whole cubes, 
some incomplete (“broken”) fragments are presented. EDX  
analysis of the cubes has revealed that they contain domi-
nantly carbon (70–85 at.%) and residual nickel (15–30 at.%) 
with traces of chlorine. The origin of observed microcubes, 
their structural features and the mechanism of their forma-
tion remain unclear. All this will be the subject of further 
detailed studies.

Analogously to other studied substrates, polyvinylchlo-
ride was also decomposed under the RAPET conditions 
without adding the catalyst. The product obtained is rep-
resented by “sintered” carbon microspheres of 2–3 µm in 
size (Fig. 6). These spheres are very close morphologically 
to the carbon product of polyethylene decomposition at 
the same temperature (800 °C). Appearance of the micro-
spheres as a product of polyvinylchloride decomposi-
tion indicates that formation of nanocubes found in the 
presence of the bulk nichrome catalyst is not connected 
directly with the nature of the substrate-precursor. All the 
carbon structures shown in Fig. 4 thus seem to have the 
catalytic path involved.

4  Conclusions

In the present work, catalytic and non-catalytic decom-
position of widely used plastic substrates (polyethylene, 
polytetrafluoroethylene, and polyvinylchloride) was 
studied under the RAPET conditions (closed volume 
and elevated temperatures). Self-disintegration of the 
bulk Ni-based metallic alloy (Ni–Cr wire) was shown to 
take place with significant intensity only when polyvi-
nylchloride was used as a substrate. This plastic contains 
simultaneously hydrogen and halogen atoms required 
to initiate metal dusting of nichrome. Experiments with 
polyethylene and polytetrafluoroethylene do not lead to 
noticeable exposure of the self-disintegration process, 
even at temperatures as high as 800 °C. Dense carbon 

deposits was the predominant form of the carbon prod-
uct resulting from decomposition of these hydrogen-
only and halogen-only containing substrates similar to 
ones described in [12]. At the same time, it should be 
noted that small amounts of catalytically derived nanofi-
brous carbon were observed while decomposing the 
polytetrafluoroethylene at 800 °C.

Decomposition of polyvinylchloride in the presence 
of nichrome wire is accompanied with intensive self-
disintegration of the latter with subsequent formation 
of carbon nanofiber in all the studied temperature range 
(500–800 °C). This result agrees well with the previously 
made assumption that the self-disintegration process is 
significantly facilitated if the reaction mixture contains 
both the hydrogen and the halogen sources [7, 8]. The 
mechanism of the observed phenomenon is considered 
to be schematically described below.

where X is halogen present in the composition of the 
substrate-precursor.

Due to these reactions, the surface of the bulk metal 
is loosened, thus facilitating self-dispersion of the alloy 
with the formation of nickel particles catalyzing the 
growth of carbon nanofibers.

Besides the mentioned above, formation of unusual 
solid-phase microcrystals of regular cubic shape with 
pyramidal cavities on each crystal facet was observed 
during the catalytic decomposition of polyvinylchloride. 
While these cubes consist of carbon (70–85 at.%) and 
nickel (15–30 at.%), nichrome self-dispersion is believed 
to take place under the studied conditions (RAPET at 
800 °C). The carbon–nickel microcubes obtained are of 
great attractiveness, and thus will be studied in detail in 
the nearest future.

In order to conclude, the results of the present 
research are quite perspective for processing of plastic 
wastes. The proposed approach is attractive due to its 
simplicity, single-staging, absence of the catalyst prep-
aration procedures, and, finally, formation of valuable 
carbon product with unique structure.
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