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Abstract. Effect of the support and preparation method of the Ni/CaO and Ni/CaCO, impregnated
catalysts on the morphology, diameters and growth mechanisms of the MWCNTs grown from
ethylene by CCVD synthesis were studied. It was found that the interactions between the support
and Ni nanoparticles in both cases are mainly weak and the growth mechanism of the majority of the
carbon nanotubes is the “tip-growth”. The structure of the nanotubes produced using different
catalysts was, however, significantly different. Use of the Ni/CaO catalyst results in the formation of
two types of the MWCNTSs on the basis of the diameters. At the Ni/CaCO,, the formation of the
MWCNTs and chain-like carbons fibers was observed. The differences in the morphology and
diameters related to the distinct chemical transformation of the support and active phase of the
catalyst during the catalyst preparation and reduction, as well as during synthesis of the nanotubes.
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1 Introduction

Multi-walled carbon nanotubes (MWCNTSs) have unique and superior chemical, physical, and
mechanical properties, which attracted wide attentions of researchers for the last two decades [1, 2].
Among the three main methods for MWCNT synthesis, catalytic chemical vapor deposition (CCVD)
has been widely used to synthesize MWCNTs because of the flexible control of reaction parameters
(carbon source feedstock/concentration, reaction temperature, pressure etc.) [3-5]. The type of the
catalyst, method of preparation and chemical nature of the support are the main factors that affect the
quantity and quality of MWCNTSs produced by CCVD. Nickel, iron, and cobalt deposited on different
supports such as Zeolite [6, 7], Al,O, [8], SiO, [9], MgO [10, 11] by coprecipitation and impregnation
methods are the most common catalysts for MWCNTSs growth by CCVD. However, the CaO [12] and
CaCO, [13] supports are not used often.

It is known that the substrate can interact both physically and chemically with the catalyst particle
and consequently control the size of the metal catalyst particle [14, 15]. The size of the catalyst
nanoparticles, in turn, determines the diameter of the nanotubes [16]. There are two well-known major
mechanisms of MWCNTs growth. Both mechanisms consist of the steps of molecular adsorption and
decomposition of the carbon-containing precursor on the catalytically-active face of the catalyst
nanoparticle and the diffusion of carbon atoms through it (“tip-growth”) or along the nanoparticle
surface (“base-growth”) [16]. In the case of the “base-growth” mechanism, the catalyst remains anchored
to the substrate. On the contrary, the growth follows a “tip-growth” mechanism when the particle lifts
off the substrate and is observed at the top of the MWCNTs. While a weak contact between the
support and metal nanoparticle favors the “tip-growth” mechanism, a strong interaction promotes
“base-growth” [17, 18].

The aim of this work is to study the effect of the chemical nature of the support and their interaction
with the active phase of the Ni/CaO and Ni/CaCO, impregnated catalysts on the morphology,
diameters and growth mechanisms of the MWCNTs grown from the ethylene by the CCVD synthesis.
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2 Experimental

2.1 Catalyst Preparation

The Ni/CaO catalyst was prepared by mixing 0.2 M aqueous solution of Ni(NO,),  6H,0 with 20%
aqueous suspension of CaO. The mixture was stirred and dried at room temperature, then ground to a
fine powder.

The Ni/CaCO, catalyst was prepared by adding 0.94 M aqueous solution of Ni(NO,), - 6H,0 to
CaCO, powder. The resulting mixture was dried and calcinated at 400 °C for 10 hours. The obtained
mass was also ground to a homogeneous powder.

2.2 Carbon Nanotubes Synthesis

0.2 g of the catalyst was placed in a quartz boat which was loaded in the quartz reactor tube with the
diameter of 25 mm and a length of 90 mm. The reactor was heated to 700 °C in a flow of hydrogen
diluted with argon (35% vol. H,, 65% vol. Ar) with a heating rate of 5 °C/min. After reaching the
desired temperature ethylene was fed in the gas mixture (10% vol.). The gas flow rate was equal to 700
ml/min. The synthesis was carried out for 30 minutes, after which the reactor was cooled to room
temperature in a stream of argon. After that, the quartz boat with the resulting carbon material was
removed from the reactor.

Reduction of the catalysts for the analysis of their structure was performed under the same conditions,
but without the addition of the ethylene to the gas mixture.

2.3  Characterization of Mwcnts Grown On Ni/Cao Catalyst

The structure of synthesized carbon nanotubes and catalysts before and after reduction were
characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM) and X-
ray diffraction (XRD). TEM analysis was carried out on PEM-125K to study the microstructure of the
samples. The analysis of MWCNTs by SEM microscopy was performed at the FEl NOVA NANOSEM-
200. For TEM analysis the samples were frayed in a mortar with alcohol obtained powder was applied
to a copper mesh coated carbon film, which is placed under a microscope. For each sample, 10 TEM-
micrographs were taken and the MWOCNTSs distributions of external and internal diameters were
determined.

Information on the crystal structure of the catalysts was ascertained by XRD performed using a
Bruker D8 Advance with Cu Ko at A = 1.54 A. XRD patterns were recorded over a range of 26 angles
from 10° to 70°. The X-ray data were analyzed using the EVA software.

3 Results and Discussion

3.1 Ni/CaO Catalyst

Characterization of the Catalyst

Fig. 1 shows the diffraction pattern of the catalyst Ni/CaO before and after reduction. By using the
EVA software, the representative peaks for different crystal phases were identified in the XRD spectra.
It was found that the catalyst Ni/CaO before reduction (curve 1) contains a phase of Ca(OH), (26 = 18,
29, 34, 47, 51, 54, 63°) and CaCO; (26 = 23, 29, 36 39, 43 and 49°) that probably were formed due to
CaO in the air and in aqueous solution. The diffraction peaks at 26 = 32, 37, 54 and 65° (curve 2) are
related to the CaO obtained by decomposition of the calcium hydroxide and calcium carbonate during
the reduction of the catalyst. From the x-ray diffraction pattern of the reduced catalyst, the presence of
the traces of Ca(OH), (26 = 18, 34, 51, 54 and 55°) was also observed indicating the surface hydration
of CaO after reduction [122].
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Figure 1. XRD patterns of Ni/CaO catalyst before (1) and after (2) reduction.

The peaks at angles 26= 31, 35, 38, 45-47° on the curve 1 correspond to the nickel nitrate. The nickel
nitrate decomposes and reduces to the metallic nickel under the reducing conditions. The presence of
metallic Ni is indicated by the peaks at 26= 44° and 52° (curve 2). Thus, the reduction of the Ni/CaO
catalyst results in the conversion of the nickel nitrate to the metallic nickel and removal of the calcium
carbonate and calcium hydroxide from the surface of CaO. The crystallite sizes of the phases in the
Ni/CaO catalyst obtained from the EVA software curve fitting were summarized in Table 1. It was
found that the size of the support particles decreased after reduction. The size of the Ni crystallites was
identified as 20 nm.

Table 1. Crystallite sizes of phases obtained by the EVA software for Ni/CaO catalyst before and after reduction.

Before reduction After reduction
Phase Size (nm) Phase Size (nm)
Ni(NO,), - Ni 20
CaCO,

Ca(OH), 31-43 Cao 23-36

The morphology of the Ni/CaO catalyst nanoparticles before and after reduction were characterized
using TEM and the results were shown in Fig. 2a, c¢. The histograms of the size distribution of the
catalyst nanoparticles were drawn and presented in Fig. 2b, d. To determine the size distributions, more
than 200 nanoparticles per sample were selected and their sizes were measured from their respective
TEM images.

Fig. 2a displays the mixture of nanoparticles as spots of the different sizes and brightness. Their shape
is close to the spherical and most of them are agglomerated. The dark spherical spots correspond to the
nanoparticles and their agglomerates which were classified as nanoparticles of nickel nitrate because
their electron density is large [19]. The bright spots were attributed to the nanoparticles of support
respectively.
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Figure 2. TEM images of Ni/CaO catalyst nanoparticles: before (a) and after (¢) reduction and the histogram of

these nanoparticles size distribution before (b) and after (d) reduction of the catalyst.

Fig. 2b shows the distribution of the nanoparticles of Ni/CaO catalyst before reduction. It was
indicated that it is a distribution of the mixture of nanoparticles of the active phase and the support. In
accordance with the data presented in the table 1, it was divided into 3 regions. The region 1 (to 30 nm)
corresponds to the support nanoparticles distribution and the region 2 (30-40 nm) is related to the
crystallites of the nickel nitrate. Region 3 (40-180 nm) probably is the distribution of the nickel nitrate
nanoparticles agglomerates. It should also be noted that the region 3 may overlap with region 2.

Several types of the nanoparticles are also present in the TEM image of reduced Ni/CaO catalyst (Fig.
2¢). The dark spherical spots with light borders were attributed to the nickel nanoparticles [19] and the
bright border around each nanoparticle to our opinion was nickel oxide layer formed in the air. The
brighter spots apparently correspond to the nanoparticles of the support. The dispersion pattern was
enhanced after reduction probably due to the disappearance of large agglomerates of nanoparticles of the
active phase (Fig. 2c,d, Table 1). The distribution of the reduced Ni/CaO catalyst nanoparticles (Fig.
2d) may be divided into 3 regions in compliance with data presented in Table 1. Region 1 covers the
distribution of single crystals of metallic nickel with the size close to 20 nm. Region 2 is the distribution
of nanoparticle of the support (CaO nanoparticles) and covers 25-40 nm region. Region 3(>40 nm) is
formed by the polycrystals of metallic nickel and their agglomerates, respectively.

Characterization of MWCNTs Growth over the Ni/CaO Catalysts

The TEM and SEM images of carbon nanotubes grown at the Ni/CaO catalyst were shown in Fig. 3a,
b. These MWCNTSs can be classified into two types on the basis of the structures. One is multi-walled
CNTs with relative small outer diameters (~to 20 nm) and twisted shape, indicating their high defect
structure. Another type is the multi-walled CNTs with the bigger outer diameters and the smaller
quantity of defects. At the ends of some MWCNTSs, the metal nanoparticles were encapsulated. This
indicates "tip-growth" mechanism of their growth [16]. From Fig. 2b, we can also observe that the
amount of amorphous carbon impurities in the sample is small.
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Figure 3. TEM (a) and SEM (b) images of MWCNTSs grown on the Ni/CaO catalyst.

Relationship between the Catalyst Sizes and Carbon Nanotubes Diameters

Fig. 4a shows the Gaussian curves of size distribution of catalyst Ni/CaO before and after reduction
and of the external and internal diameters distribution of the MWCNTSs grown at this catalyst. From
the data presented we can observe that the distributions 3 (catalyst after reduction) and 4 (catalyst
before reduction) overlap in the range 10-120 nm. It is seen, that during the reduction, the dispersion of
the active phase is slightly increased. Agglomerates of crystallites of nickel nitrate are fragmented into
smaller nanoparticles that the later are converted to the metallic nickel.

The size distribution of the reduced catalyst nanoparticles (curve 3) is overlapped with the external
diameter distribution of the MWCNTSs (curve 2 overlapping range 15-80 nm). However, it was not
overlapped completely with the internal diameter distribution of the MWCNTSs (curve 1, overlapping
range 15-25 nm). Thus, the size of catalyst nanoparticles determines the outer diameters of carbon
nanotubes and in only some cases it defines internal diameters of the MWCNTSs. In our previous study,
we proposed the theory where the size of the metal nanoparticle determines the inner MWCNTSs
diameter proving the strong metal-support interaction that results in the “tip-growth” mechanism of
their growth. The formation of MWCNTSs by “base-growth” mechanism occurs in the case of a weak
interaction between the support and active phase metal [20]. Thus, the MWCNTs shown in Fig. 3 in our
opinion are grown mostly by “tip-growth” mechanism. It is confirmed by the TEM image (Fig. 3a)
where the metal nanoparticles were found at the end of the nanotubes. According to Ratkovic et al., the
“tip-growth” mechanism of the MWCNTs indicates the week metal-support interaction [21].
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Figure 4. The Gaussian fits of the distributions (a) of: 1 - internal diameters of MWCNTSs grown on the Ni/CaO
catalyst; 2 - external diameters of MWCNTs grown on the Ni/CaO catalyst; 3 - Ni/CaO catalyst nanoparticles
after reduction; 4 - Ni/CaO catalyst nanoparticles before reduction; and (b) the histogram distribution of the
external diameters of the MWCNTs grown on the Ni/CaO catalyst.
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Fig. 4b shows the external diameters distribution of MWCNTSs grown on the Ni/CaO catalyst. Here
the region 1 is the distribution of the first type of carbon nanotubes with diameters in the range of 5-25
nm (Fig. 3). Apparently, they were grown on the single-crystalline nickel nanoparticles of this size (Fig.
2d, region 1). Region 2 includes the distribution of MWCNTs with the diameters in range 25-95 nm. We
suppose that they are formed on polycrystalline agglomerated nanoparticles of metallic nickel, which
corresponds to the distribution region 3 in Fig. 2d.

3.1 Ni/CaCO; Catalyst

Characterization of the Ni/CaCO, Catalyst

Fig. 5 displays the diffraction pattern of the catalyst Ni/CaCO, before and after reduction. Two
crystallographic phases appeared at the diffraction pattern of a catalyst before reduction (curve 1). The
diffraction peaks at 26 = 23, 29, 36, 43, 47 and 49 ° can be attributed to the CaCO, and the peaks at
206=37 and 43° were assigned to the crystal planes of NiO. During reduction of the catalyst in a
hydrogen environment at 700°C the phase of CaCO, decomposes to the CO, and CaO (26 = 32, 37, 54,
64 and 67 °, curve 2). NiO at these conditions reduced to the metallic Ni (26 = 44 and 52 °, curve 2).
Decomposition of the CaCO, at relatively low temperature can be explained by the presence of metallic
component [22]. It is known that calcium carbonate may begin to decompose at a temperature of 600 °C.
Accordingly, the presence of metallic nickel in the catalyst can result in complete conversion of CaCO,
to CaO already at 700 °C.
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Figure 5. XRD patterns of Ni/CaCO, catalyst before (1) and after (2) reduction.

From the data presented in the table 2 we can see that the sizes of the single-crystalline nanoparticles
of the active catalyst phase and support during the reduction of the Ni/CaCO, catalyst are decreasing.
Thus, the dispersion of the Ni/CaCO; nanoparticles after reduction increases as in the case of the
Ni/CaO catalyst.

Table 2. Crystallite sizes of phases obtained by the EVA software for Ni/CaCO, catalyst before and after

reduction.

Before reduction After reduction
Phase Size (nm) Phase Size (nm)
NiO 41 Ni 12-23
CaCo, 39-43 Ca0 33-39

Fig. 6a displays the TEM-image of the Ni/CaCO, catalyst before reduction. It is seen that the size of
the particles formed during the preparation of the catalyst was exceeding 200 nm. From Fig. 6b we can
observe the nanoparticles of the Ni/CaCOj; catalyst obtained after reduction. Some of these particles are
spherical and have the bright borders. These particles were attributed to the Ni-nanoparticles. The
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brighter spots were assigned to the nanoparticles of CaQ. It can also be seen from the Fig. 6b that some
of the nanoparticles form agglomerates. The distribution of the nanoparticles of reduced Ni/CaCO,
catalyst is shown in Fig. 6¢c. According to the data presented in Table 2, the single crystals of nickel and
their agglomerates distributions belong to Region 1 and Region 2 respectively. The distribution of the
CaO crystallites was attributed to the Region 3 that overlaps with Region 2.
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Figure 6. TEM images of Ni/CaCO, catalyst nanoparticles before (a) and after (b) reduction and the histogram of
Ni/CaCO, catalyst nanoparticles size distribution after reduction (c).

Characterization of Deposited Carbon Material

Fig. 7a presents the TEM image of the MWCNTSs grown on the Ni/CaCO, catalyst. From TEM
observation, it is noticeable that carbons grown on this catalyst are heterogeneous in morphology and
contain impurities of the amorphous carbon. This carbons can be classified into multi-walled carbon
nanotubes and filamentous carbons with a chain-like structure [23, 24]. The walls of the chain-like
carbon fibers (CCF) are of uneven structures and the hollows of these carbon fibers are divided into
many cells. Chain-like carbons fibers contain some cells filled with the metallic particle. The metal
particles were found also at the tips of the carbon nanotubes. The presence of the carbons of the
mentioned structure was confirmed by the SEM image shown in Fig. 7b.
The Relationship between the Catalyst Sizes and Carbon Nanotubes Diameters

The Gaussian curves of diameter distribution of the carbons (MWCNTs and CCF) grown on the
Ni/CaCOj, catalyst and size distribution of Ni/CaCO, catalyst nanoparticles were shown in Fig. 8. It is
observed that the curve of the nanoparticles catalyst distribution (curve 2) partially cover both the
curve of the internal (curve 1) and the external (curve 3) carbons diameters.

Copyright © 2017 Isaac Scientific Publishing JAN



176 Journal of Advances in Nanomaterials, Vol. 2, No. 3, September 2017

Figure 7. TEM (a) and SEM (b) images of MWCNTs grown on the Ni/CaCO, catalyst.
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Figure 8. The Gaussian fits of the distributions of 1 — inner diameters of the MWCNTSs, 2 — nanoparticles of the

reduced catalyst; 3 — outer diameters of the MWCNTs.

In this case, the size of the metal nanoparticle determines the outer MWCNTSs diameters. Thus, the
one-half of the carbons presented in Fig 7 grow by the "tip-growth', the other by the "base-growth'
mechanism [20]. Distributions area at the Fig. 8 was divided into two regions, based on the data
presented in Fig. 6¢ and Table 2. Region A corresponds to the diameters distribution of carbons growing
on single crystals of nickel. The Region B corresponds to the diameters distribution of mix of MWCNTs
and CCF grown on the agglomerated nanoparticles of nickel. The size of single crystals of nickel defines
inner and outer diameters of carbons (Region A) and size of the agglomerated nickel nanoparticles
determines generally the outer diameters of the nanotubes (Region B). Therefore, carbon nanotubes
formed on the nickel single crystals were grown both by "tip-growth" and by "base-growth" mechanism.
The carbons formed on polycrystalline metal nanoparticles were grown predominately by the "tip-
growth" mechanism. It can be explained by predominantly weak metal-support interaction [21].

The diameters distribution of the carbons covers a wider range than the size distribution of particles
of reduced Ni/CaCOj; catalyst. It can be explained by aggregation of nanoparticles of nickel during the
synthesis of carbon nanotubes.

The statistical data obtained from all distributions were summarized in Table 3. The MWCNTs
obtained on the Ni/CaO and Ni/CaCO; catalysts demonstrated the inner and outer diameters of
9.243.4, 24.1+15.4 and 15.945.3, 56.24+23.0 nm (average diametertstandard deviation), respectively.
This result shows that using the CaO support decreases the inner and outer diameters of the MWCNTs.
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Table 3. The statistical data obtained from the MWCNTSs diameters distributions and total size distributions of
the catalysts.

Mean size or diameter

Parameter Standard deviation (nm)
(nm)

Ni/CaO catalyst nanoparticles before reduction (total) 56.6 32.9

Ni/CaO catalyst nanoparticles after reduction (total) 41.7 20.9

internal diameters of MWCNTs grown on Ni/CaO catalyst 9.2 3.4

external diameters of MWCNTSs grown on Ni/CaO catalyst 241 15.4

Ni/CaCO, catalyst nanoparticles after reduction (total) 32.2 13.7

internal diameters of MWCNTs grown on Ni/CaCO, catalyst  15.9 5.3

external diameters of MWCNTSs grown on Ni/CaCO, catalyst  56.2 23.0

4  Conclusions

The role of support in the Ni-containing catalysts prepared by impregnation method for the formation of
MWCNTs from the CCVD of ethylene was investigated. The experimental results suggested that using
the Ni/CaO catalyst resulted in the formation of the two structural types of the MWCNTs with the
total mean diameter + standard deviation of the 24+15 nm. One type is MWCNTs with outer
diameters lying in the range of 5-25 nm. It was found that these MWCNTSs are formed on the single-
crystalline nickel nanoparticles of the same size. The MWCNTSs with outer diameters of 25-95 nm were
attributed to another structural type. It was determined that they are formed on the polycrystalline
nanoparticles of metallic nickel with the corresponding size. Using the Ni/CaCO; catalyst results in the
formation of the combination of the MWCNTs and CCF with the total mean diameter 4+ standard
deviation of the 56423 nm. The main factors that determine the diameters distribution and the
morphology of the MWCNTSs are the chemical transformation during preparing, reduction of the
catalyst and carbon nanotubes synthesis. The chemical transformation during the reduction of the
Ni/CaCOj; results in the formation of the agglomerated nanoparticles on which the different types of
carbons form.

The carbons obtained at the both catalysts are grown preferentially by the “tip-growth” mechanism.
It was shown that “tip-growth” mechanism takes place when the MWOCNTs are grown on the
polycrystalline Ni nanoparticles. At the single-crystalline nickel nanoparticles, the formation of the
MWCNTs is possible either by the “tip-growth” or “base-growth” mechanism.
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