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Carbon nanotubes (CNTs) were synthesized by thermal decomposition of methane at 900 °C using  

Co–Mo/MgO, Fe–Mo/MgO, and Ni–Mo/MgO catalysts. To obtain metallic nanoparticles, 

polyoxomolybdate clusters of Co, Ni, and Fe deposited on MgO were thermally decomposed at 700 °С, and 

the obtained oxides were heated in a carbon-containing atmosphere. The method of transmission electron 

microscopy (TEM) testified formation of one to ten walled CNTs with the average outer diameter 

depending on the catalyst used. Raman spectroscopy data confirmed the presence of single-walled CNTs in 

the samples obtained with Co–Mo/MgO and Fe–Mo/MgO catalysts. The electrochemical properties 

demonstrated by the obtained materials in supercapacitors are shown to be functions of their structural and 

compositional features. 
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INTRODUCTION 

As a multiparameter process, the method of catalytic chemical vapor deposition (CCVD) is widely used to grow 

carbon nanotubes (CNTs) of various structures. The decomposition of carbon-containing molecules and the growth of CNTs 

imply catalysts, which play the key role in this method [1]. Commonly used catalysts are iron-subgroup metals such as Fe [2, 

3], Ni [4], and Co [5]. The diameter of CNTs is affected by the size of catalytic particles, therefore, the catalysts are deposited 

on the oxides possessing high surface areas to stabilize small particles. Magnesium oxide (MgO) is one such popular catalyst 

support which can be easily removed from the product of the synthesis by dilute hydrochloric acid. In particular, the Co/MgO 

catalyst allows obtaining thin (including single-walled) CNTs, depending on the temperature of carbonation in the 

atmosphere of methane [6]. 

Adding refractory metals such as Mo and W is another way to limit the size and preserve the structure of catalytic 

particles under high-temperature CCVD conditions [7-9]. It was shown that combining Fe or Co with Mo affects the number  
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of CNTs walls, their degree of graphitization, outer diameter, and the yield [10, 11]. A cluster compound containing Co and 

W was used as a source of catalytic nanoparticles to grow single-walled CNTs of certain chirality [12]. The structure of 

CNTs depends not only on the composition of the catalyst [13-15], but also on the method of its activation. Harutyunyan et 

al. studied the synthesis of CNTs from methane using Fe and FeMo particles and demonstrated the necessity of reducing Fe 

particles to activate the catalyst [16]. 

In this work, we present a method of CNT synthesis as a result of thermal decomposition of methane in the 

conditions of non-constant temperature profile using the catalysts formed by Co, Ni, and Fe polyoxomolybdates deposited on 

MgO. Using such a profile, Flahaut et al. could selectively grow double-walled CNTs on a Co–Mo/MgO catalyst prepared by 

the method of flash combustion [17]. The aim of our study is to establish how the nature of the active metal affects the CNT 

structure and to determine the relationship between structural parameters of the material and its electrochemical behavior in 

supercapacitors. Carbon nanomaterials are high in demand in the field of energy storage, and their effectiveness depends on 

their structure [18]. The obtained samples were characterized by the methods of scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), near edge X-ray absorption fine structure spectroscopy (NEXAFS), and Raman 

spectroscopy. The electrochemical properties were studied with the method of cyclic voltammetry (CV) using an aqueous 1M 

H2SO4 solution. 

EXPERIMENTAL 

Synthesis. Polyoxomolybdates Mo12O28(μ2-OH)12{Ni(H2O)3}4, Mo12O28(μ2-OH)12{Со(H2O)3}4, and 

[Н4Мо72Fе30O254(СН3СОО)10{Мо2O7(Н2O)}{Н2Мо2O8(Н2O)}3(Н2O)87] were synthesized according to customary techniques 

[19, 20]. An aqueous suspension of MgO and a polyoxomolybdate was stirred at 60 °С until the water was totally evaporated. 

The precipitate was dried at 80 °С for 24 h to obtain beige, peach-orange, and light orange powders for {Ni4Mo12}, 

{Co4Mo12}, and {Fe30Mo72} clusters, respectively. According to the atomic emission spectroscopy data (iCAP- 6500 

spectrometer), the content of Ni, Co, and Fe metals was about 1 wt.%. 

Activation of the catalyst and CCVD synthesis of CNTs were carried out in a horizontal tubular reactor having the 

diameter of 7 cm, the length of 1.6 m, and a 15 cm zone of constant temperature. {Ni4Mo12}/MgO, {Co4Mo12}/MgO, and 

{Fe30Mo72}/MgO powders were precalcined in a muffle at 700 °С for 10 min. The resulting gray products were uniformly 

distributed in a ceramic boat in the central zone of the CCVD reactor. The gas mixture of CH4 (67.5 ml/min) and H2 

(307.5 ml/min) was supplied to the reactor throughout the synthesis starting from the ambient temperature, then heated to the 

required temperature, and finally cooled in the reactor to 120 °C. Fig. 1 shows the temperature profile of the synthesis. The 

heating rate was 5 deg/min. After reaching 900 °C, the temperature was kept constant for 6 min, and then the heating was 

switched off to make the reactor cool down naturally. After cooling to 120 °C, the reactor was blown by N2 for one hour. 

MgO and the metals were removed from the products of CCVD synthesis using dilute hydrochloric acid. 

Instrumental methods. SEM and TEM images of the samples were obtained on JEOL JSM-6700F and JEOL-2010 

microscopes, respectively. Raman spectra were recorded on a HORIBA “LabRAM HR Evolution” spectrometer with  

a 633 nm Ar+ laser. The specific surface of the samples was measured on a “Sorbtometr-3.1” system. Nitrogen was used as 

the working gas environment, the measurement error was ±0.06. NEXAFS С K-edge spectra were recorded by measuring the  

 

 

Fig. 1. Temperature profile of 

CCVD synthesis of CNTs. 
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total quantum yield of the electrons at the BESSY II synchrotron radiation source (Berlin) using the equipment of the 

Russian-German beamline. The energy resolution of the monochromator was ~80 meV. The normalizing spectrum of the 

incident emission was measured using the electrical signal from a gold grid placed in front of the sample. The intensities of 

NEXAFS spectra were normalized to the peak of the σ*-resonance. 

Electrochemical properties of obtained materials were studied in a three-electrode cell. The working electrodes were 

prepared by mixing ~5 mg of the sample and 1 μl of a 62% “Teflon F-4D” solution to obtain a homogeneous mass which was 

further rolled into thin films. An Ag/AgCl electrode was used as a reference electrode. Platinum foil was used as a counter 

electrode and a current collector. The working electrode and the counter electrode were separated by a nonwoven 

polypropylene fiber impregnated by an aqueous 1М H2SO4 solution. The CV curves were recorded on the Elins P-30s 

potentiostat at 0-1 V with the scan rate of 2-1000 mV/s. The specific capacitance (C) of the electrode was determined as 

C = A/(Vs ⋅ m), where A is the square of the positive curve, Vs is the scan rate, and m is the mass of the carbon nanomaterial. 

RESULTS AND DISCUSSION 

Structure of materials. According to X-ray diffraction (XRD) data, the polyoxomolybdates decompose in air to 

form NiMoO4, CoMoO4, and Fe2(MoO4)3 compounds which are reduced at 900 °С in the atmosphere of H2 to the phases 

isostructural with Co3Mo3N, Ni3Mo3N [21], and Fe3Mo [22]. According to the energy-dispersive X-ray spectroscopy data, the 

metal alloys of CoMo and NiMo are approximately in a 1:1 ratio inside the cavities of multi-walled CNTs (МWNTs) 

synthesized with Co–Mo/MgO and Ni–Mo/MgO catalysts. 

Fig. 2a, b, c shows representative SEM images of carbon materials obtained with Fe–Mo/MgO, Ni–Mo/MgO, and 

Co–Mo/MgO catalysts. Individual CNTs are clearly seen against the loose felt-like material (Fig. 2a). The obtained TEM 

data indicate that this material is composed of intertwined CNTs (Fig. 3a). High-resolution TEM images testify CNTs with 

different number of walls (Fig. 3b-d). Besides МWNTs, the samples obtained with Co–Mo/MgO and Fe–Mo/MgO catalysts 

demonstrate also bundles of single-walled CNTs (SWNTs) (Fig. 3b) and individual double-walled and triple-walled CNTs 

(Fig. 3c). The samples obtained with the Ni–Mo/MgO catalyst demonstrated МWNTs only (Fig. 3d). According to the 

statistical analysis of TEM images, the average outer diameter of CNTs is 7 nm, 8 nm, and 11 nm with the distribution of  

4-10 nm, 4.5-12 nm, 6-16 nm for the samples obtained with Fe–Mo/MgO, Co–Mo/MgO, and Ni–Mo/MgO catalysts, 

respectively. The specific surface areas of the samples obtained with Co–Mo/MgO and Ni–Mo/MgO are 435 m2/g and 

247 m2/g, which correlates with the increase in the number of CNT walls. 

 

 

Fig. 2. SEM images of the samples obtained with Fe–Mo/MgO (a), Ni–Mo/MgO (b), and  

Co–Mo/MgO (c) catalysts. 
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Fig. 3. Representative TEM images of CNTs obtained with the Co–Mo/MgO (overview image (a) 

and high-resolution image (b)), Fe–Mo/MgO (c), and Ni–Mo/MgO (d) catalysts. The arrows show 

bundles of single-walled CNTs (SWNTs), double-walled CNTs (DWNTs), triple-walled CNTs 

(TWNTs), and multi-walled CNTs (MWNTs). 

 

According to the Raman spectroscopy data, the structure of the samples obtained with Fe–Mo/MgO or Co–Mo/MgO 

catalysts differs from the structure of the sample obtained with Ni–Mo/MgO (Fig. 4a). All spectra contained peaks typical of 

graphite materials: the D-band at ~1355 cm–1 corresponding to the vibrations of carbon atoms in disordered areas, the G-band 

at ~1570 cm–1 corresponding to the vibrations of carbon atoms in the graphene plane, and the 2D-band at ~2700 cm–1, which 

is the overtone of the D-band [23, 24]. The ratios of integral intensities of D- and G-bands (ID/IG) and 2D and G bands (I2D/IG) 

are used to estimate the defectiveness of carbon materials [25]. Calculated ID/IG and I2D/IG values increase in the row of 

Fe < Co < Ni (Fig. 4b) to indicate higher density of defects for larger average CNT diameters. It was shown in [26] that the 

ratio I2D/IG depends on the diameter of МWNTs and grows together with the average diameter of МWNTs. The Raman  

 

 

Fig. 4. Raman spectra (a) and integrated intensities ID/IG and I2D/IG (b) for the samples obtained with 

Fe–Mo/MgO, Ni–Mo/MgO, and Co–Mo/MgO catalysts. 
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spectra of the samples obtained with Fe–Mo/MgO and Co–Mo/MgO catalysts demonstrate radial breathing modes (RBM) of 

SWNTs. It is known that position of the RBM signal can be used to estimate the inner CNT diameter, however, it will differ 

notably from the value determined by statistical processing of TEM micrographs obtained for CNTs with the diameter larger 

than 3 nm [27]. 

NEXAFS spectroscopy is widely used to study structural features of carbon materials. Fig. 5 shows C K-edge 

spectra of carbon materials obtained with Co–Mo/MgO and Ni–Mo/MgO catalysts. Both spectra demonstrate resonances at 

285.4 eV and 291 eV corresponding to 1s → π* and 1s → σ* transitions. The peak at 288.7 eV is assigned to the carbon 

atom covalently bound to the oxygen atom [28]. According to the XPS data, the surface oxygen content was 3%  

(Co–Mo/MgO) and 4% (Ni–Mo/MgO). The difference between these values cannot explain the fact that the sample obtained 

with Ni–Mo/MgO demonstrates much higher intensity of its spectrum at 287-289 eV. According to the Raman spectroscopy 

data, defective carbon areas may also contribute to this spectral region. 

Electrochemical properties. The CV curves of the samples recorded with the scan rate of 5 mV/s demonstrate  

a close to rectangular shape (Fig. 6a) typical of double layer capacities of carbon materials. The peaks at 460-480 mV on the 

charge curve and at 200 mV on the discharge curve correspond to the redox processes responsible for the pseudocapacitance 

of the electrode. Presumably, these peaks are associated with Mo+6 reduction into intermediate oxides MoOx (2.5 < x < 3) 

[29]. After the product of the synthesis is treated with a dilute HCl, molybdenum-containing nanoparticles are only left inside 

CNTs. The CNT walls can be etched during the cycling [30] to make molybdenum atoms accessible to electrolyte ions. Note 

that CV curves in Fig. 6a were recorded after 30 charge-discharge cycles at a scan rate of 200 mV/s. 

 

 

Fig. 5. C K-edge NEXAFS spectra of carbon materials 

obtained with Co-Mo/MgO and Ni-Mo/MgO 

catalysts. 

 

 

Fig. 6. CV curves of carbon materials at a scan rate of 5 mV/s (after 30 charge-discharge cycles) (a) and 

specific capacitance of the supercapacitor as a function of the scan rate (b). 
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As the scan rate grows, the specific capacitance of carbon materials decreases (Fig. 6b) due to smaller time for the 

diffusion of electrolyte ions between the particles, and becomes proportional to the specific surface area of the electrode 

material. When the supercapacitors based on CNT electrodes obtained with Co–Mo/MgO and Ni–Mo/MgO catalysts are 

recharged rapidly, their electrochemical capacitance correlates with the surface areas of these materials and increases in the 

row of Ni < Co < Fe. This increase is facilitated by strong electrical coupling of the material due to single- and double-walled 

CNTs in the samples. According to Raman spectroscopy data, the samples grown with Fe–Mo/MgO and Co–Mo/MgO 

catalysts demonstrate RBM peaks corresponding to the presence of single-walled CNTs responsible for the large specific 

capacitance at high scan rates. The high intensity of RBM peaks can be indirect indication of SWNT presence in the samples 

manifested in the values of specific capacitance of the electrodes at high scan rates. Since the electrochemical capacitance is 

substantially affected at low scan rates by redox reactions with participation of Mo and by the size and volume of the pores of 

the electrode material, it is subject to substantial change, namely the increase in the row of Fe < Co < Ni. 

CONCLUSIONS 

Polyoxomolybdates of Fe, Ni, and Co deposited on MgO were used as a source of catalytic nanoparticles during  

a CCVD synthesis of CNTs. The catalysts were activated by thermal decomposition of the clusters at 700 °С and subsequent 

gradual heating from ambient temperature to 900 °С in the flow of CH4/H2 gases. TEM images showed formation of CNTs 

with one to ten walls when using Fe–Mo/MgO and Co–Mo/MgO catalysts, and only МWNTs for the Ni–Mo/MgO catalyst. 

Raman and NEXAFS spectroscopy data and the measurements of specific surface area of the samples testify that CNTs 

obtained with the Fe–Mo/MgO catalyst demonstrate the most perfect structure and the smallest average diameter. The carbon 

materials were tested as supercapacitor electrodes. The study showed that the presence of single-walled and double-walled 

CNTs increases the electrode capacity at high scan rates. At low scan rates, the specific capacitance of CNTs is determined 

by the contribution from electrochemical reactions involving Mo which becomes accessible for electrolyte ions as a result of 

etching in defective and thin nanotube walls. 
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