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Abstract
This work presents the results of experiments on synthesis of carbon nanostructures by themethod of
thermal chemical vapor deposition (CVD)using iron nanopowders obtained by themethod of
electrical explosion of wires as catalysts. The process parameters that are optimal for low-temperature
growth of carbon nanotubes (CNTs)have been identified during performed experiments. Results of
Raman spectroscopy and x-ray analysis showed that samples grown at temperatures below the
normally used have the highest crystallinity. Studies by scanning electronmicroscopy using SE2mode
and results of transmission electronmicroscopy indicate that the synthesized structures aremulti-
walledCNTswith themetal clusters inside the channel of the tube. The experimentalmodes of
synthesis of CNTs by low-temperature CVDusing iron nanopowders as catalyst have been found for
thefirst time.

1. Introduction

Historically one of the firstmethods of obtaining carbon nanotubes (CNTs)was electric arc dischargemethod
[1]. However, the existence of CNTswas reported earlier by Soviet scientists LVRadushkevich andVM
Lukyanovich in 1952 [2]. Theseworks have not attractedwide attention of the scientific community related to
their publication only in Russian.

At present, other techniques such as laser ablation, synthesis inflames of hydrocarbons and chemical vapor
deposition (CVD) have been successfully used for the production of carbon nanostructures [3–5]. However, arc
discharge and various types of CVD are themost promisingmethods and are used in large-scale production of
CNTs and carbon nanofibers (CNFs) [6].

Currently, catalytic CVDmethod is considered as the only cost-effective technology for large scale
production of CNTs and their integration in order to be used in different devices [7]. It is known thatmultiwall
CNTs are synthesized under the conditions of low-temperature CVD (600 °C–900 °C), while growth of single-
walled nanotubes predominates at higher temperatures (900 °C–1200 °C) [8]. Typically,metal particles (Ni, Co,
Fe andCu)with the size of a few nanometers are used as catalysts duringCVD.

Despite the fact that thesemethods achieved a high level of quality, they are still far from complete control of
important structural features, such as the length of the nanotubes, their diameter and chirality [9].

At present, severalmethods of preparation ofmetal nanoclusters are used for the synthesis of nanostructures
(CNs). One of the promisingmethods of obtaining nanopowders (NPs) is electric explosion of wire (EEW)—a
nonequilibriumprocess in which a conductor is dispersed under pulsed electric current and products of the
explosion aremixedwith the environment. ElectroexplosiveNPs have several advantages compared toNPs
obtained by otherways: they are resistant to oxidation and sintering at room temperature, characterized by high
chemical and diffusional activity during heating [10].
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The experiments are usually conducted at high temperatures (700 °C–1200 °C) and pressures below
atmospheric pressure in the thermal CVDmethod using iron catalysts. In this case, various precursors of
hydrocarbons (methane, acetylene, benzene, etc) often in combinationwith inert gases as well as hydrogen,
nitrogen, etc are used [11, 12].

In recent years,more andmore attention of researchers attracted to the low-temperaturemodes of obtaining
carbon nanostructures byCVD. The interest caused by several reasons. Firstly, the carbon containing source
gases applied in theCVDgrowth processes (e.g., CH4, C2H2, C2H4) are normally explosive. A process at lower
temperatures ismuch safer. The low-temperature CVDprocess also simplifies remarkably the equipment and
reduces consequently the cost. Secondly, the CVDprocesses are often accompanied by the coking. The process
at lower temperaturesmitigates the harmful deposition from thewall of a reaction chamber as well as gas
channels. Finally and themost importantly, the growth at low temperatures is of great benefit to a lot of
applications when the substratematerial cannotwithstand a high-temperature process. For example, to apply
CNFs in semiconductor industry, the CVDprocess has to be compatible with theCMOS technology. Itmeans
theCVD temperaturesmust remain below 400 °C–450 °C to avoidmechanical deterioration [13].

Synthesis of CNs at low temperature CVDmodes is carried out at different temperatures from195 °C to
450 °C. The low-temperature CVDallows to synthesize various types of CNs, including carbon nanotubes,
amorphous nanofibers, nanocoils, nanohelixs, nanosheets and branchedCNs. A detailed overview ofworks on
low-temperature synthesis of CNs is given in [13]. At present, the determined lowest temperature limit of CNFs
synthesis on Fe nanoparticles is 350 °C [13, 14].

Two and three-component systems (Fe–Co, Fe–Ni and Fe–Co–Ni) are often used as a catalyst for obtaining
multiwall CNTs. The lower limit of the synthesis is shifted to 400 °C in this case [13, 15–18]. However, the results
of x-ray diffraction andRaman spectroscopy showed a very low crystallinity and order of the obtained samples.
This is likely due to the polymeric nature of the synthesized structures that require additional high temperature
thermal annealing for obtaining crystalline CNTs.

The aims of the studywere determination of the lower temperature limit of the growth of carbon
nanostructures on EEWFeNPs and search for optimal conditions of low temperature (energetically favorable)
synthesis using themost accessible hydrocarbons without expensive additives of inert and other gases.

2. Experimental

NPswere purchased in Tomsk PolytechnicUniversity to be used as catalysts for the synthesis of carbon
nanostructures. The procedure of obtainingNPs, experimental details and the results of studies on their
morphology and structure are described in detail inworks [19–21].

The joint studies on the structure andmorphology of EEWNPs, their catalytic activity and the possibility of
synthesis of CNs on themby thermal CVDwere carried out at TheDepartment of surface and technology of new
materials at the Institute ofMaterials Engineering of theUniversity of Siegen (Germany) [21, 22].

2.1. Investigation ofmorphology and structure of FeNPs
2.1.1. SEMandTEM studies
Figure 1(a) shows SEM image and energy dispersive spectrum (EDX) of ironNPs. SEM images of Fe powders
show that agglomeration ofmetal particles with a smaller size (from10 to 50 nm) around the clusters with the
size from100 to 200 nm is present. Thus, the formation of chain-like structures from small clusters (10–30 nm)
is observed. The shape of Fe particles is close to spherical. As seen from the EDX spectrum, small amounts of
carbon and oxygen impurities are present in the composition of Fe powder. The presence of carbon impurities is
due to the conditions of passivation procedure of powders.

Figure 1(b) presents the transmission electronmicroscope (TEM) image and histogramof the size
distribution of FeNPs. The results of TEM studies of ironNPs are consistent with SEM. TEM image shows that
particles of ironNPs are spherical. The data of the histogram show that particles with the diameter of 40–70 nm
predominate in the sample, the average diameter of which is equal to 65.5 nm. The analysis of histogram shows
that distribution of iron nanoparticles according to the size is Gaussianwith a standard deviation value
σ=30 nm.

2.1.2. The results of x-ray analysis
Figure 2 shows the x-ray spectrumof EEWFe nanopowders.

X-ray diffraction results show that themain phase in the composition of the studied samples is the
thermodynamically stable crystalmodification (space group symmetry Im3m) characteristic ofmassive state (Fe
—PDF# 060696). However, radiographs detected asymmetry and peak splitting. Splitting of the peakswas
observed in the region of themaxima—(200), (211) and (220). The decrease in the interplanar distances was
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revealed for all three planes (Δ′(200)=0.008 Å,Δ″(200)=0.011 Å,Δ′(211)=0.004 Å,Δ″(211)=0.007 Å,
Δ′(220)=0.002 Å,Δ″(220)=0.003 Å). The obtained results of splitting of the peaks could show itself on
account of size effects. In particular, in [23] it is related to the influence of the oxide layer.

Distortion of the lattice is possible in the course of formation at themetal/oxide interface due to the
orienting influence ofmetal oxide lattice (the energies of crystal lattices differ by several times). However, in [24],
splitting of peaks is attributed to the change in the lattice parameter ofmetal nanoclusters.

2.2. Synthesis of CNs
The growth of CNswas conducted in the volume of quartz reactor with an internal diameter of 90 mmplaced
inside 1150 mm long horizontal three-zone tube furnace (Carbolite Limited). The catalyst was loaded into a
ceramic boat andmechanical pumping is carried out by backing pump for 30 min (up to pressure 10 mbar) after
mounting of the sample to the volume of reactor. The reactorwas heated to the desired temperature at a
controlled rate (rate of heating varied between 5 °Cand 10 °Cmin−1). Theworking gas—acetylenewas fed in
the reactor to the required value of pressure after reaching the desired temperature. Pumping of residual gases
and cooling the reactor to room temperature were carried out at a predetermined speed at the end of the
synthesis (the time of experiments varied from1 to 3 h).

The scheme of technological equipment for synthesis of carbonmaterials bymethod of thermal CVDand
the procedure of conduction of experiments were described in detail inworks [21, 22].

2.3.Methods and apparatus for the study of themorphology and structure of CNs
Thefield emission scanning electronmicroscopewith ultra-high resolution ofmodel GeminiUltra 55 of the
company Zeiss, with a device for x-raymicroanalysis of the company=Thermo Scientific?was used to study

Figure 1. SEM image and EDX spectrum (a), TEM image andhistogramof the size distribution (b) of FeNPs.

Figure 2.XRDpattern of EEWNi nanopowders.
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themorphology of the samples. Two basicmodes of shooting InLens and SE2were selected for the study. InLens
method provides the best resolution of SEM images of the surfacemorphology or cross section of the scanned
sample. Shootingmode SE2 is themost preferred for obtaining accurate characterisctics of the surface
topography of the scanned sample. Investigationswere carried out at the Institute ofMaterials Engineering of
theUniversity of Siegen (Germany).

The study on the structure of CNs is carried out by themethod of x-ray analysis using diffractometers Philips
X’Pert PROMRD (Institute ofMaterials Engineering of theUniversity of Siegen, Germany) andRigakuD/max/
2400XRD (ShenyangNational Laboratory ofMaterials Science, Chinese Academy of Sciences). Radiographs of
samples were obtained using copper radiation (λ=1.5406 Å) in digital form. Processing of x-ray spectra to
determine the angular position and intensity of the reflectionwas performed in programOriginPro 8.1.
PCPDFWINprogramwith the base of diffractometric data PDF-2was used for the phase analysis.

The samples were investigated by Raman spectroscopy using spectrometer NT-MDTNTegra Spectra (laser
wavelengthλ=473 nm) at TheNationalNanotechnology Laboratory of open type (Almaty, Kazakhstan).

The analysis of samples by TEMwas performed at the Institute ofNuclear Physics (Almaty, Kazakhstan)
with a TEM JEOL JEM-2100F.

3. Results and discussion

3.1. SEM studies
The experiments were performed at different temperatures (200 °C–700 °C) and pressures (100–400 mbar) to
determine the optimal conditions for CNs synthesis and lower temperature limit. Studies have shown that the
lower temperature limit is 400 °C. It is evident that catalytic decomposition of acetylene does not occur at lower
temperatures. Thus, the results of experimentsmade it possible to allocate the optimum range for the low-
temperature synthesis: temperature is 400 °C–450 °C, pressure is 100–300 mbar [25–27].

Further,more detailed studies were carried out in these experimental ranges. Figures 3–5 show SEM images
(with different shootingmodes—InLens and SE2) of CNs obtained at temperatures of 400 °C–450 °Cand
pressures of 100–300 mbar.

As seen fromSEM images, themassive growth of CNs starts at 400 °Cduring the entire investigated range of
pressures. The steady growth of CNswith a fairly large dispersion of diameter from40 to 100 nmand a different
morphology (from spiral to straight) is observed in certain experiments in the temperature range of 400 °C–
450 °C. SE2 shootingmode allowed us to determine that iron clusters are inside of CNs.

3.2. X-ray analysis of CNs
Figure 6 shows the x-ray spectra of CNs obtained at different temperatures (400 °C–450 °C) and pressures
(100–300 mbar).

The diffraction patterns of all samples present reflection fromplane (002) (2θ≈26.38°, PDF#41-1487)
which is themost characteristic of graphite. It should be emphasized that the intensity of the graphite peak

Figure 3. SEM images of CNs (pressure is 100 mbar): (a), (b)−400 °C, (c), (d)−425 °C, (e), ( f )−450 °C.
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Figure 4. SEM images of CNs (pressure is 200 mbar): (a), (b)−400 °C, (c), (d)−425 °C, (e), ( f )−450 °C.

Figure 5. SEM images of CNs onEEWFeNPs (pressure is 300 mbar): (a), (b)−400 °C, (c), (d)−425 °C, (e), ( f )−450 °C.

Figure 6.X-ray spectra of CNs obtained at different temperatures and pressures.
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increases with the decrease in temperature. Also, x-ray qualitative analysis of the phase composition of the
sample indicates thatα-Fe, Fe3C andC are contained in the composition of the sample. The presence of a
considerable number of reflections Fe3C suggests that growth of CNs occurs by vapor–liquid–solidmechanism
with catalytic decomposition of acetylene on carbide cycle [28, 29].

3.3. Investigation of CNs byRaman scattering
Figure 7 presents the Raman spectra of CNs synthesized in the investigated range of temperature and pressure.

All Raman spectra of CNs grown at 100 mbar predominantly show two groups offirst orderD andG. These
groups are located in the region of 1323.5 cm−1 and 1576.8 cm−1 for the samples obtained at 400 °C, their full
width at halfmaximum (FWHM) are 66 cm−1 and 77 cm−1, respectively. But intensity ofD peak is higher
compared to theG peak, which is a sign of high degree of crystalline disorder of the sample. GroupG appears due
to interplanar fluctuations of C–Cbonds. Also, there is a second order group 2D at 2648.1 cm−1, which is an
overtone of groupD [30]. This group is an indicator of the presence of long-range order in the sample and
appears due to two-phonon secondary scattering, leading to the formation of inelastic phonon [31]. Itmay be
associatedwith a level of crystallinity of the carbon nanotubes [32]. The intensity of these peaks depends on the
metal properties of nanotubes [33].

The nanotubes grown at a temperature of 425 °C showed the best ratio of the intensities ID/IG (0.39).D and
G peaks are observed at 1323.5 cm−1 and 1570.2 cm−1, respectively. One can speak about high crystallinity of the
sample judging from thewidth and intensity of the peaks and the presence of second order in the area of
2653.7 cm−1. In addition, it can be seen that the intensity ofD peak is quite small, which is also indicative of good
quality of nanotubes. FWHMof samples are 77 and 34.6 cm−1, respectively. The sample synthesized at 450 °C
shows a rather blurred spectrum, indicating a defect structure. The shift of groupD is also observed in the range
of 1340.7 cm−1, and groupG is located in the range of 1575.2 cm−1. FWHMof groupD ismuch greater than
that of the first two samples, indicating the presence of large number of defects and low crystallinity [34].

It can be said thatmultiwall nanotubes of good quality were obtained at a pressure of 100 mbar and
temperature of 425 °Cbased on the RS results.

The spectra of CNs obtained at 200 mbar show that the intensity ofD peak is higher than that ofG peak. This
suggests that the nanotubes have a defective structure. GroupG is in the range of 1580.4 in the first sample and
1583.5 cm−1 in the last two samples (425 °Cand 450 °C), indicating a significant graphitization of sample [31].
Also, thismay be indicated by the absence of 2D peak.

The samples obtained at a pressure of 300 mbar and temperatures of 400 °C and 425 °C showhigh
crystallinity judging from the intensity of 2D peak. It can be assumed that they are quite ordered according to the
intensity ofD peak. It is located at 1320.8 and 1327 cm−1, respectively. GroupG is observed at 1574.2 and
1580.2 cm−1. The third sample shows not smooth spectrum as previous.D peak intensity is higher than that ofG
peak, the latter is shifted to 1588.5 cm−1. There is no long-range order in this sample due to the absence of
2D peak.

The lowest value of the ratio of the intensities ofD andG peaks corresponds to nanotubes obtained under the
conditions of 100 mbar and 425 °C.These are themost crystalline nanotubes. Also good results were obtained
for nanotube grown at 300 mbar and 400 °C, 425 °C. It can be seen thatmore ordered nanotubes are synthesized
with increase of temperature for 200 mbar, whereas their quality goes down at 300 mbar. The samples obtained
under the conditions of 100 mbar and 400 °C, 200 mbar and 400 °C show the lowest quality. It can be concluded
that themost optimal conditions for obtaining nanotubes are 100 mbar and 425 °C after analyzing the Raman
spectra.

Figure 7.RS spectra of CNs obtained at different temperatures and pressures.
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3.4. TEMstudies of CNs
The samples synthesized at a pressure of 100 mbar and a temperature of 425 °Cwere further studied by TEM
based on analysis of SEM images, Raman spectra and diffraction patterns. Figure 8 shows TEM images of these
samples.

As seen, the obtainedCNs aremulti-walledCNTs. This agrees well with the results of x-ray diffraction and
Raman spectroscopy.Metal clusters are arranged inside the channel of tube, which correlates with the SEM
images taken inmode SE2.

4. Conclusion

The conducted experiments demonstrated the possibility of using FeNPs obtained by the EEWas catalysts for
growth of CNs. Stable growth of CNs is carried out at temperatures significantly lower than commonly used by
thermal CVDon iron catalysts. The studies have shown that the lower temperature limit is 400 °C. Themassive
growth of CNs is observed in the entire investigated range of pressures at the same temperature. SEM studies in
SE2mode andTEMresults allowed to determine that the iron clusters are located inside theCNT.

Raman spectroscopy showed that nanostructures grown onNPs at 100 mbar and 425 °Chave the highest
crystallinity according to the intensities of theD andG peaks and presence of 2D group. Thesefindings are
consistent with the results of x-ray analysis. TEM results confirmed that the obtainedCNs aremultiwall
nanotubes withmetal clusters inside the channel. Thus, experimentalmodes of synthesis of carbon nanotubes
by low-temperature CVDusing iron nanopowders as catalyst have been found for thefirst time. In the course of
the studies carried out by us it have shown that Fe nanoscale particles obtained under nonequilibrium
conditions of electric explosion of conductors have a crystalline structurewith a lattice parameter different from
the standard.We suppose that the reduction of the lower temperature boundary is associatedwith increased
catalytic activity of EEWnanopowders, which in turn depends on the changes in the crystal structure parameters
of Fe nanoclusters.

The results obtained in the course of research have a high potential for the development of efficient, low-
energy, low-cost technology for obtainingCNTs andCNFs, without the use of expensive gas and the ability to
control the structure and properties ofmacroscopic parameters of CNs. The synthesizedCNTs do not have high
crystallographic properties (degree of crystallinity, the geometric orientation, etc). However, the use of suchCNs
is promising in thefields of industry, which do not require structural perfection (such as reinforcing component
in the concrete, polymers, plastics, ceramics and othermaterials; the basis for active sorbents; composite
materials in themanufacture ofmedical prostheses).
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