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Introduction 

Dry reforming of methane (DRM) considerably reduces 

greenhouse gas emissions by converting CO2 and CH4 into 

syngas. The development of an environmentally safe 

industrial technology for the production of synthesis gas 

from methane in the presence of carbon dioxide is directly 

linked to the development of cost-effective catalyst  

systems (catalyst + carrier/support) with good catalytic 

performance, high resistance to carbon/coke formation, and 

high-temperature stability in the DRM reaction. The 

relevant reviews of the last decade's literature [1-5] lead to 

the conclusion that nickel oxide, along with other 3d-

elements’ oxides, appears to be one of the most forward-

looking basic supported catalyst materials as an efficient 

substitute to the precious (Pd, Pt, Ru, etc.) metal-based 

catalysts. The matter is that the nickel-based catalyst system 

with the granulated carriers is predominantly used in the dry 

reforming reaction since it is more practical and 

economically viable compared to the noble metals-based 

catalyst systems. However, the primary drawback of 

Ni/NiO-based catalysts is related to carbon/coke formation 

and the sintering of Ni particles leading to rapid 

deactivation of the catalyst. The recent reviews [3-5] and 

the research papers [6-12] clearly show that the Ni/NiO-

based catalyst systems with the most frequently used 

synthetic and natural carriers, such as Al2O3, SiO2, zeolites, 

carbon materials, and other ceramic oxides, are 

characterized by the three more or less pronounced 

deficiencies in the DRM reaction: carbon/coke formation, 

sintering of Ni particles, and strong interaction between the 

support material and the active phase. It is also found that 

the catalytic activity of the above catalysts is significantly 

influenced by the nature of the support material. There are 

various strategies to inhibit sintering and carbon/coke 

formation. One of the methods is a proper selection of 

support materials and the development of the granulated 

carrier’s preparation technology for the manufacturing of 

efficient catalyst systems with Ni/NiO active phase. From 

this point of view, different carbon materials, especially 

their nanoforms such as carbon nanotubes (CNTs) and 

carbon nanowires (CNWs) have recently gained a 

continuously growing interest in a series of applications due 

to their unique properties. In particular, the thermal 

stability, high corrosion resistance, high specific surface 

area, and nano/meso-sized pore structure are thought to be 

interesting in terms of heterogeneous catalysis and 

electrocatalysis as a catalyst supporter (carrier) or as a 

catalyst itself [13-16]. However, only scare studies are 
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available in the direction of the application of carbon 

nanoforms doped with 3d metals’ clusters [17,18], namely 

Fe atom cluster-doped CNTs [19], as the granulated carriers 

for various catalyst systems used in the DRM reaction. This 

is conditioned by the obstacles in the production of catalyst 

carriers in the form of granules (with suitable mechanical 

properties) from the nanopowder composed of Fe-atom 

cluster-doped CNTs nanoparticles using conventional 

methods of granulation. In this context, the purpose of the 

proposed work was to demonstrate, for the first time, the 

possibility of preparing the granulated Fe atom cluster-

doped CNTs carrier-based catalyst system with NiO active 

phase and investigate its catalytic activity in the DRM 

reaction temperature range 500 ÷ 850˚C. The samples 

containing the 3% NiO active phase of the developed 

catalyst system were also studied by SEM, EDX, XRD, and 

AES methods before and after catalytic reactions to 

determine the carbon/coke formation process. 

Experimental 

According to the aim of this research, for the preparation of 

a NiO-based catalyst system with the granulated Fe atom 

cluster-doped CNTs carrier, a sufficient amount of 

nanopowder of Fe atom cluster-doped CNTs has been 

synthesized using the experimental set-up providing the 

realization of the mechanism of doping of single CNTs with 

Fe atom clusters [19].  

 The manufacturing of granulated carrier from the 

above nanopowder was conducted by the following 

technological route: preparation of a wet mixture of Fe 

atom cluster-doped CNTs nanopowder + ultradispersed 

milled bentonite powder as a binder (up to 10%) → 

granulation of the obtained wet mixture using mini-mold 

forming → annealing during granulation and sintering 

simultaneous processes. The experimentally determined 

sintering temperature of 550oC/1h and the content of binder 

material (5 ÷ 10%) provide sufficient mechanical strength 

of the obtained granules for the preparation of the NiO-

based catalyst system for the DRM reaction. Preparation of 

the bulk reference catalyst carrier in the form of tablets 

directly from the Fe atom cluster-doped CNTs nanopowder 

without the binder was realized using a spark plasma 

sintering (SPS) of the nanopowder pressed in the mold 

under ~20 MPa and heated at 500oC. 

 Fig. 1 demonstrates the photographic images of the 

granules of the catalyst carrier prepared from the mixture 

(Fe atom cluster-dop. CNTs nanopowder + 10% of 

bentonite ultradispersed powder) via the mini-mold 

forming method (a) and the tablet carrier prepared from 

pure Fe atom cluster-dop. CNTs nanopowder via SPS 

technique (b). The SEM images and the respective EDX 

spectra of the catalyst carriers’ surfaces demonstrated in 

Fig. 1(a) and Fig. 1(b), are shown in Fig. 2(a,b) and  

Fig. 2(c,d) respectively. As seen from these figures, the 

support material tableted via SPS is of higher density and 

has stronger bonds between the CNT nanoparticles than 

that of granulated, produced via mini-mold forming. 

However, here should be noted that the manufacturing of 

catalyst supports using the SPS technique is a complex and 

low-productive process for the mass production of 

granulated catalyst supports. 

 

Fig. 1. Photographic images of the granules of catalyst carrier prepared 

from the mixture Fe atom cluster-doped CNTs nanopowders +10% milled 
bentonite ultra-dispersive powder via the mini-mold forming method (a) 

and the tableted carrier prepared from pure Fe atom cluster–doped CNTs 

nanopowder using SPS technique (b). 

 

Fig. 2. SEM images and the respective EDX spectra of the surfaces of the 

catalyst carrier material’s samples (shown in Fig.1. a and b) manufactured 

from the Fe-atom cluster-doped CNTs nanopowder (with the addition of 
10% Bentonite as a binder) using a mini-mold forming method of 

granulation (a, b) and the SPS technique for tableting of the same 

nanopowder without bender (c, d). 

 That is why for the further manufacturing and study of 

the NiO catalyst-based new catalyst system’s carrier 

material with Fe atom cluster-doped CNTs, we used the 

granulated carriers obtained via mini-mold forming. The 

above synthetic nanocomposite granulated carrier-based 

catalyst system with ~3wt% NiO active phase was prepared 

via impregnation of the granules according to their moisture 

capacity with the aqueous solution of Ni(NO3)2 · 6H2O as 

a nickel precursor. The obtained catalyst system samples 

after drying at 300oC/2h and subsequent calcination at 

500oC/3h have been tested on catalytic activity in the 



 

 
reaction of carbon dioxide conversion of methane in a wide 

range of temperatures up to 900oC.  

 The catalytic activity was evaluated on the flow-

through laboratory setup following the method described 

previously in [11].  

 The process conditions: 0.1 MPa, Temperature was set 

in the range of 500-850oC, the ratio of methane/carbon 

dioxide 1:1, the volume of catalyst in the reactor 2ml, 

weight hour space velocity W=1000h-1, feed gas velocity 

Vfg = 33.3ml/min. The samples of the developed granulated 

Fe atom cluster-doped CNTs carrier-based catalyst system 

with the 3% NiO active phase were also studied before and 

after catalytic reaction in a comprehensive manner using 

SEM/EDX (JSM 6510 LV, JEOL, Japan), AES (LAS-

2000, Riber, France) and XRD (HZG-4, Germany) 

methods.  

 

Results and discussion 

Fig. 3 presents the CH4 and CO2 conversions, as well as the 

H2/CO ratio obtained during the DRM experiments in the 

presence of the 3% NiO-based catalyst system with the 

granulated Fe atom cluster-doped CNTs nanopowder 

carrier with 10% of ultradispersed bentonite as a binder.  

 

 

Fig. 3. Temperature dependence of the catalytic activity of 3%NiO-based 

catalyst system with granulated Fe cluster-doped CNTs nanopowder 

carrier containing 10% ultra-dispersive bentonite as a binder. 

 The temperature dependence of the catalytic activity of 

the 3%NiO catalyst, supported by the developed granulated 

carrier which has not been used previously as catalyst 

support for the carbon dioxide conversion of methane, 

revealed two characteristic temperature ranges with the 

different rates of efficiency of the investigated catalyst 

system. Particularly, at high reaction temperatures, starting 

from 700oC, the conversion rates of methane and carbon 

dioxide (42.4% and 45.6% respectively) have more than 

doubled at 850oC while in the low-temperature range of 

550-700oC the growth in the activation rates in dependence 

on temperature increase is weaker. It should be pointed out 

that in the whole temperature range of 500-800oC the 

conversion rate of carbon dioxide is higher than that of 

methane. However, starting from 850oC to 900oC the latter 

tends to exceed the carbon dioxide conversion rate, and at 

900oC it amounts to 95%. 

 

Fig. 4. SEM images (a, b)  and the respective EDX spectra (c) taken from 
the surface of the selected area of the 3%NiO-based catalyst system 

sample with the Fe cluster-doped CNTs granulated carrier containing 

ultra-dispersive bentonite as a binder before the DRM reaction. 

 A comprehensive study of the samples of the 

developed catalyst system before and after catalytic 

reaction tests was performed using SEM, EDX, XRD, and 

AES methods to detect carbon/coke formation on the 

surface of the catalyst and phase transformations of the 

catalyst in the reaction medium of the DRM process. Fig. 4 



 

 
and Fig. 5 demonstrate the results of SEM and EDX 

analyses respectively, conducted before and after the DRM 

reaction of the 3% NiO-base catalyst system’s samples with 

the Fe atom cluster-doped CNTs granulated carrier 

containing the ultradispersed bentonite as a binder. The 

SEM images confirm that the distribution of bentonite 

ultradispersed particles as the binder and the majority of the 

CNTs nanopowder particles is uniform within the volumes 

of the granules (see Fig. 4(b) and Fig. 5(b)). In addition, 

the analyses of the respective EDX spectra taken from the 

selected local areas of the binder particles (Fig. 4(c)) as well 

as from the Fe cluster-doped CNTs nanoparticles (Fig. 

5(c)), show that their surfaces are coated with the very thin 

nano-grained layer of NiO catalyst. The thickness of the 

NiO catalyst layer does not exceed some hundred 

Angstroms as testified by the fact that the EDX spectrum 

induced by a 20KeV energy electron beam, in addition to 

the peaks corresponding to Ni atoms, the peaks of the atoms 

contained in the carrier material (Fe cluster-dop.CNT + 

bentonite) are also present, including the peaks caused by 

the carbon atoms adsorbed from the atmosphere in the case 

of the samples tested before reaction (Fig. 4(c)). The carbon 

peak intensity of the latter, recorded from some samples of 

the bentonite particle surfaces after the DRM reaction, is 

increased to some extent. This is, obviously, related to the 

formation of free carbon in the form of an amorphous film 

on the surface of the catalyst during the DRM reaction. 

Here should be noted that, as it is clear from  Fig. 5(b), in 

the considered case of free carbon formation on the 

catalyst’s surface, precipitation of free carbon on the 

catalyst surface was not performed via the formation of 

MWCNTs or CNFs. It is apparent that in the process of the 

DRM reaction the formation of the free carbon nano-layer 

in the form of carbon gum occurs simultaneously on the 

surfaces of NiO catalyst coated on the particles of the 

carrier’s components, Fe cluster-doped CNTs, and 

bentonite. However, it is impossible to detect and identify 

the EDX peaks of the free carbon modification precipitated 

on the surface of the catalyst formed on CNTs, separately 

from that of the CNTs EDX spectrum. 

 The XRD study of the same granulated Fe atom 

cluster-doped CNTs carrier-based catalyst system’s 

samples with the 3%NiO active phase before and after the 

DRM reaction has been carried out using the X-ray 

diffractometer at 40KeV and 30mA with the CuKα 

radiation and Ni filter in the range of 20-80˚ of 2θ values. 

Fig. 6 displays the respective XRD patterns of the above 

catalyst system’s samples recorded before (pattern 1) and 

after (pattern 2) the DRM reaction tests. The X-ray 

diffraction pattern, taken from the sample before the 

reaction test (pattern 1), shows only a full set of peaks 

corresponding to Fe2O3 while the peaks of NiO catalyst, 

synthesized on the surface of the carrier by wet 

impregnation and subsequent drying and calcination at the 

respective temperatures, are absent. As a result, no obvious 

peaks corresponding to NiO have been observed that could 

be attributed to their ultra-fine-grained (<100Å) “X-ray 

amorphous” form deposited on the carrier’s surface as well 

as to their modest amount  (~3%) in contrast to the carrier 

material. The latter is in accordance with our estimates of 

their thickness (<1000Å) based on the SEM-EDX analysis. 

 

 

Fig. 5. SEM images(a, b)  and the respective EDX spectra (c) taken from 

the surface of the selected area of the 3%NiO-based catalyst system 
sample with the Fe cluster-doped CNTs granulated carrier containing 

ultra-dispersive bentonite as binder after the DRM reaction. 

 It is evident that the presence of Fe2O3 is conditioned 

by the oxidation process of Fe atom clusters that dope each 

CNT nanoparticle in the carrier granules during the 

technological route of manufacturing the developed 

catalyst system. 



 

 

 

Fig. 6. The XRD patterns of the samples of 3%NiO-based catalyst system 

with the Fe cluster-doped CNTs granulated carrier containing ultra-

dispersive bentonite as binder recorded before (pattern 1) and after (pattern 

2) the DRM reaction. 

 The XRD pattern 2 (Fig. 6), recorded from the sample 

of the same catalyst system after the DRM reaction test in 

the temperature range 500÷850˚C shows three different 

distinctions: the first is a set of easily distinguishable peaks 

at 2θ of 44.5˚ and 51.7˚ that can undoubtedly be assigned 

to the metallic Ni phase peaks that are typical X-ray 

reflections from the (111) and (200) atomic planes of a 

nickel crystal lattice. The latter confirms that the sintering 

(recrystallization) of Ni nanoparticles reduce from NiO by 

hydrogen, which occurred at high temperatures of the 

reaction. The second distinction is the presence of carbon 

revealed by the formation of the very low-intensity peak at 

2θ = 26.2˚ corresponding to the (0002) atomic plane of 

graphite or multi-layered graphene. The third is an 

occurrence of a full set of peaks of the Fe3O4 phase 

indicating the transformation of the Fe2O3 oxide to Fe3O4 in 

the reaction medium of the DRM process. 

 A good correlation between the results obtained from 

the SEM-EDX and XRD analyses of the developed catalyst 

system leads to the conclusion that the considered catalyst 

system can suppress the free carbon/coke formation process 

in the wide range of temperatures of the DRM reaction. To 

explain the phenomenon of the suppression of free carbon 

formation in the forms of CNWs and MWCNTs during the 

DRM reaction for the above catalyst system and to 

determine the structural types of the surface carbon species 

formed at high temperatures, the sample of the developed 

catalyst system taken after the DRM reaction tests and the 

sample prepared as a reference from the pure Fe atom 

cluster-doped CNTs nanopowder tableted via SPS (Fig. 

1(b)) were additionally tested using an AES technique. 

 Fig. 7 demonstrates the differential Auger-electron 

spectra recorded in the 200-600 eV energy range from the 

surface of the tablet carrier prepared from pure Fe atom 

cluster-doped CNTs nanopowder via SPS technique (a) and 

the surface of the NiO catalyst synthesized on the 

granulated mixture (Fe atom cluster-doped CNTs 

nanopowder +10% of ultradispersed bentonite powder) 

carrier prepared via mini-mold forming after the DRM 

reaction at 850˚C (b). Both spectra are recorded after the 

removal of a ~100Å thickness layer (including the 

physically adsorbed from the atmosphere ~30Å thickness 

nanolayer which exists at the top of any solid loaded from 

the air) via bombardment by 2KeV energy argon ions in the 

analytical chamber of the Auger spectrometer.  

 

 

Fig. 7. Differential Auger-electron spectra, recorded from the surface of 
tablet carrier prepared from the pure Fe-atom cluster-doped CNTs carrier 

nanopowder via SPS technique (a) and the surface of 3%NiO-based 

catalyst system with granulated Fe cluster-doped CNTs nanopowder 
carrier containing 10% ultra-dispersive bentonite as binder after the DRM 

reaction test (b). Both spectra were recorded after sputtering of a ~100Å 

thickness surface layer via bombardment by 2KeV energy argon ions. 

 Based on the composition of the tableted carrier shown 

in Fig. 7(a), the differential Auger spectrum (peak at 271 

eV corresponding to carbon atoms’ KLL Auger-electron 

transition) may be regarded as a reference Auger spectrum 

of the Fe atom cluster-doped CNTs. In addition, the 

negligibly small peak at 510 eV corresponding to the 

oxygen atoms’ KL23L23 Auger-electron transition confirms 

that Fe atoms in the doping CNT clusters are not oxidated. 

Obviously, in the case of free carbon formation in the form 

of MWCNTs (or CNWs) on the surface of the NiO catalyst 

system during the DRM reaction, the same carbon atoms’ 

KLL Auger-transition peak, as in Fig 7(b), should occur. 

However, the differential Auger-spectrum (Fig.7(b)) 

recorded from the surface of the NiO-based catalyst 

system’s sample after the DRM reaction test, clearly shows 

that the carbon atoms’ KLL Auger-transition peak at 271 

eV changed in shape due to the appearance of plasmon 

peaks on the side of the fewer energies (274 eV and 255 

eV). Moreover, a significant increase in the intensity of 

oxygen atoms’ Auger-transition peak at 516 eV has been 

detected when compared with the spectrum shown in Fig. 

7(a). The latter justifies that Fe atoms are oxidated and this 

correlates with the XRD data. On the other hand, the 

determination of types of surface carbon species (pyrolytic 

coke, CNW, MWCNT, gum with multi-layered graphene 

and graphite), in contrast to EDX spectra, is possible using 

the existed method of the analysis of carbon KLL Auger 

peaks’ fine structure [20]. The comparative study of the fine 

structure of carbon atoms’ KLL Auger-transition peaks in 

the differential Auger-electron spectra recorded from the 

3% NiO-based catalyst systems with the granulated CNTs 



 

 
nanopowder (containing the bentonite binder) carrier and 

the existed different synthetic and natural raw materials-

based granulated carriers [12] lead to the conclusion that 

after the DRM reaction at high temperature short-range 

ordered free carbon deposits are formed on the surfaces of 

the developed catalyst system. These deposits can exist in 

the form of carbon atom groups distinguished in sp3 or  

(sp2 + sp3) mixture of electronic hybridization with the 

different ratios between the carbon Cα and Cγ phases in the 

polymerized gum-like nanofilm (≤1000Å), depending on 

the reaction temperature. 

 A  good correlation between the obtained SEM-EDX, 

XRD, and AES results regarding the structural 

transformations in the novel Fe atom cluster-doped CNTs 

nanopowder granulated carrier-based catalyst system with 

the 3% NiO active phase allows concluding that the 

revealed peculiarities of catalytic activity of the developed 

catalyst system in the wide range of DRM reaction 

temperatures (up to 900˚C), and the suppression of the free 

carbon formation process in the form of MWCNTs and 

CNWs at high reaction temperatures is a result of a 

superposition (assemble effect) of the intrinsic catalytic 

activity of the nano-compositional carrier as a co-catalyst 

and the ultra-fine-grained NiO active phase’s catalytic 

performance. 

 

Conclusion  

This study demonstrates, for the first time, the possibility of 

catalyst carriers’ production in the form of granules (or 

tablets) with suitable mechanical properties, that are 

composed of nanoparticles of Fe cluster-doped CNTs, 

using two different methods of preparation: mini-mold 

forming and spark plasma sintering. The novel catalyst 

system containing a 3%NiO active phase, synthesized on 

the surface of the granulated Fe cluster-doped CNTs carrier, 

was prepared by a capillary impregnation technique and 

tested to determine its catalytic activity and coking 

resistance in the DRM reaction. A comprehensive study of 

the samples of the developed catalyst system before and 

after catalytic reactions was performed using SEM, EDX, 

XRD, and AES methods to determine the carbon/coke 

formation processes. 

 It is shown that the catalytic activity of the 3%NiO 

catalyst, supported on the granulated Fe cluster-doped 

CNTs carrier, which has not been used previously as 

catalyst support for carbon dioxide conversion of methane, 

revealed two characteristic temperature ranges with 

different rates of efficiency. Particularly, at high reaction 

temperatures, starting from 700˚C, the conversion rates of 

methane and carbon dioxide (42.4% and 45.6% 

respectively) have more than doubled at 850˚C while in the 

low-temperature range of 550-700˚C the growth in the 

activation rates in dependence on temperature increase is 

weaker. Starting from 850˚C to 900˚C the latter tends to 

exceed the carbon dioxide conversion rate, and at 900˚C it 

amounts to 95%.  

 The authors propose that the revealed peculiarities in 

the catalytic activity of the developed NiO-based catalyst 

system with the Fe cluster-doped CNTs granulated carrier 

in the wide range of DRM reaction temperatures, and the 

suppression of the free carbon formation process in the 

forms of MWCNTs and CNWs at high reaction 

temperatures, are the results of a superposition of the 

intrinsic catalytic activity of the nano-compositional 

support as a co-catalyst and the catalytic performance of 

ultra-fine-grained NiO active phase. 
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