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XPS. Based on obtained results, it is indicated that the products from CO, hydrogenation were CH4 and/or
CO under reaction conditions pressure of 1.5 MPa and temperature of 200—500 °C, as well as the size of
the particles of Co and their phase state directly affected on the catalysts activity. 3 wt% Co catalyst
supported on carbon nanotubes has shown catalytic inactivity due to amorphous state of metal. It is

léam;l(;rg;genation possible to activate them during Co crystallization after thermal treatment. It is shown, that the size of Co
Catalyst particles supported on carbon nanotubes is 4—6 nm. The methods of fictionalization the surface of
Support carbon nanomaterials ensuring an additional stability of metal nanoparticles is recommended.

Carbon nanotubes © 2017 Energy Institute. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Since few years, rapid climate change and global warming have attracted an essential attention of scientists and the leaders of not only
developed but also developing countries, and this statement can be assured by recent two world summit on climate change (Warsaw 2013
and Paris 2015) which involved the leaders from more than 50 countries. Carbon dioxide (CO,) emission is one of the prominent reasons for
the above mentioned global issues due to its constant expansion in the atmosphere in the result of quicken growth in wide-scale con-
sumption of carbon-based energy globally. Consequently, the pursue for cleaner and renewable energy sources to fulfill the quick economic
and population growth has become more challenging since a few decades. According to American Chemical Society (ACS), the global CO,
emission from the use of large scale industrial applications and fossil fuels has reached to about 36 billion tones in 2013. Le Quere et al.
(2016) also stated that averaged over the last decade, CO, emissions from various types of fossil fuels and industry account for approximately
91% of man-caused emissions of CO,. Consequently, 9.9bn tones of carbon in the form of CO, emitted from fossil fuels in 2015, 41% came
from coal, from oil 34%, from gas 19% and from cement production 5.6% [1](see Fig. 1).

Hue et al. (2013) [2] reported that fossil fuel consumption has caused atmospheric concentration of CO, increases from 280 parts per
million (ppm) in pre-industrial times to 382 ppm in 2006 and the atmospheric concentration of CO; is still steadily amplifying at a rate of
about 1.9 ppm/year.

However, as long as we're emitting CO5, it continues to accumulate in the atmosphere and it is doing so at record levels. Hence, the robust
technologies such as carbon capture and storage (CCS), and carbon capture and utilization (CCU) for CO; are required in a wide-scale [2].
However, CO; is considered the most abundant carbon source in the atmosphere; it can be applied as a nonpoisonous and an inexpensive C1
building block in chemical reactions and processes [3,4]. Additionally, significant efforts have been made to prevent the critical accumu-
lation of CO, in the atmosphere by the reduction of carbon dioxide into different useful chemical liquid products in the recent years. The CO;
conversion to value-added fuels using non-carbon based energy sources (e.g. wind, solar, geothermal, or nuclear) is considered as greatly
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Fig. 1. Global CO, emissions by fuel type [1].

challenging, but is expected to be a verily alternative in order to reduce carbon dioxide emission [5]. There are several mechanisms for CO;
conversion into liquid chemicals/fuels such as biological fixation, solar driven photochemical reduction, electrochemical conversion and
thermo-chemical catalytic conversion or hydrogenation [6,7].

Hydrogen is a high energy material and it can be directly applied as the reagent for transformation of CO,. The basic products from
hydrogenation of CO, can be categorized into two groups: chemicals and fuels. CO, hydrogenation products like methanol, dimethyl ether,
hydrocarbons, methane etc. are classy and profitable fuels [8,9] in application for various internal combustion engines, as well as there are
simple for transportation and storage. In recent years, CO, Hydrogenation process has been thoroughly researched because of practical and
fundamental importance in the field of catalysis, biology, nanotechnology, nano-science, surface science and undoubtedly environmental
science. However, there are several critical issues connected with utilization of CO; due to its high thermodynamic and kinetic stability with
high oxidation state of carbon. The most efficient way to surmount such complications could be catalytic applications for CO, hydrogenation
process.

Reductive conversion of CO, (Fischer-Tropsch synthesis) is considered as one of the effective methods to obtain liquid hydrocarbons or
fuels. The Fischer—Tropsch (FT) process is a collection of chemical reactions that converts a mixture of carbon monoxide and hydrogen into
liquid hydrocarbons. Consequently, the cost of the FT process depends on the cost of chemical used during the reaction process. These
reactions occur in the presence of certain metal catalysts, basically at temperatures of 150—500 °C and pressures of one to several tens of
atmospheres. Hence, using a multifunctional catalyst has the potential to reduce costs of the FT process. As well as, the synergistic inte-
gration of intensified unit operations with chemical reaction leads to enhanced catalyst performance and significant economic advantages of
the FT process [10—12].

A few group VIII metals such as cobalt, iron, ruthenium and nickel are known to be active components of the Fischer-Tropsch Synthesis
(FTPS) catalysts. Recently, massive research investigations have been constantly conducted to develop novel catalytic and technological
solutions for the optimization of this process [10—16]. Currently, CO; is used only for large-scale production of soda, urea and salicylic acid,
as well as methanol [17]. Additionally, catalytic hydrogenation of CO, could open vast technical opportunities and become perspective for
production of liquid hydrocarbons — artificial fuels [17,18]. Moreover, it is well-known that CO; is converted to methane in order to eliminate
CO; from technological gases in the industry [19]. Cobalt and iron based catalysts are considered as more perspective catalysts for pro-
duction of hydrocarbons from CO, hydrogenation [20]. Particularly, supported Co catalysts have considerable merits and are known for their
selectivity and activity towards Fischer-Tropsch synthesis process and low cost, thereby making FT process more cost-effective [21,22].
Lower deactivation rate, lower water-gas shift activity, high chain growth probability and inexpensive costs turn cobalt catalysts the
prominent candidates for transferring synthesis gas into value-added clean liquid fuels [23,24].

This work is devoted to study of cobalt-containing catalysts for CO, hydrogenation and possibilities of interaction of the active phase with
support and the selection of an optimal size of metallic particles.

2. Experimental
2.1. Synthesis of catalyst supports

The chemical substances used in this study were obtained from the fine chemical manufacturing company - Spectrum Chemical Mfg.
Corp. and from the UK Scientific Laboratory Supplies (SLS).

Carbon nanotubes (further designated as CNT) was received using the pyrolytic decomposition of hexane at the temperature of 750 °C
during 6 h in the presence of MgO with specific surface area (SSA) — 55 m?/g, impregnated by an aqueous solution of cobalt nitrate (0.1 mol
%) and ammonium molybdate (0.05 mol%) in a tubular reactor (i.d., 50 mm, volumetric flow rate of carrier gas Ny — 600 ml/min). Carbon
nanofibers (further designated as CNF) were synthesized by pyrolytic decomposition of benzene, containing 30 wt% Fe(CsH;0,)3 [25—27].
The low-layered graphite fragments (further designated as LGF) were obtained by pyrolytic decomposition of butylamine at the temperature
of 800 °C for 25 min in the presence of MgO (specific surface area — 150 m?/g) [28]. Further CNT, CNF and LGF were purified from the
impurities of MgO and Co or Fe by the treatment with concentrated hydrochloric acid and washed on the Buchner funnel with distilled
water to a neutral value of pH and dried at 140 °C for 10 h. For the functional group modification, the surface of CNT was treated with a
solution of concentrated nitric acid for 7 h then washed with distilled water to a neutral value of pH.

CNT-Nb,05 composites were obtained by pyrolytic decomposition of methane at the temperature of 650 °C for 5 h in the presence of
Nb,0s5 preliminarily impregnated with an alcohol solution of cobalt nitrate (0.1 mol%) [29] (carbon phase content ~ 13 wt%).
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Table 1

Co content in prepared catalysts.
Catalyst Support Content of Co, wt%
3Co/CNT CNT 3
35Co/CNT CNT 35
3Co/CNF CNF 3
1.5Co/LGF LGF 1.5
3Co/LGF LGF 3
10Co/LGF LGF 10
10Co/CNT—Nb,05 CNT—Nb,05 10
20Co/CNT—NDb,05 CNT—Nb,0s5 20
35Co/CNT—Nb,05 CNT—Nb,05 35
10Co/Nb,05 Nb,0s 10
20Co/Nb,0s5 Nb,0s5 20
35C0/Nb205 szOs 35

2.2. Catalyst preparation

The catalysts were prepared by the impregnation method of the supports with a solution of cobalt nitrate. An alcoholic solution of
Co(NO3),-6H,0 was poured into the sample of carbon nanomaterial CNT-Nb,O5 or Nb,O5 composite under vigorous stirring and processed
in ultrasound bath. Afterward, the obtained sample was placed into the heated oven up to 140 °C and maintained for 10 h. The catalyst
containing 1.5 wt% of Co was obtained by the method of unforced adsorption of cobalt nitrate on low-layered graphite fragments (LGF). After
the sample of LGF was placed in 0.0854 g/mol solution of Co(NO3),-6H>0 under vigorous stirring for 24 h. The mother liquor was filtered off
on the Buchner funnel and the cobalt content was determined from the difference in the concentrations in the initial solution and the filtrate
spectrophotometrically on the JENWAY 6715UV/Vis instrument. Table 1 highlights the content of Co in the catalysts and their designation.

2.3. Catalyst characterization

The characterization of catalysts were determined using various testing methods, such as surface analysis, thermal analysis (TA), dif-
ferential scanning calorimetry (DSC), thermogravimetric analysis (TGA), N,-physisorption, surface-sensitive X-ray photoelectron spec-
troscopy (XPS) and H,-temperature-programmed reduction (H,-TPR).

Surface photomicrographs of the catalysts were obtained using JEOL JSM-7610 Scanning Electron Microscope with high probe current up
to 200 nA (at 15 kV) and built-in r-filter enabling user selectable mixture of secondary electron and backscattered electron images, as well as
with large specimen chamber (200 mm diameter sample).

Results from the thermal analysis (TA) and differential scanning calorimetry (DSC) as well as thermogravimetric (TG) analysis were
obtained using Netzsch STA 409 CD-QMS 403/5 SKIMMER, with heating rate of 5 °C.

N,-physisorption isotherms were measured at —197 °C using an accelerated surface and porosimetry system - Micrometrics ASAP 2010
BET/Porosimeter. Prior to the experimental processes, the samples were dehydrated at 100 °C until the vacuum pressure was lower than
5 um Hg. The measurement of surface area of the prepared samples was performed using well-known Brunauer-Emmett-Teller (BET)
technique for the relative pressures within the range of P/P, = 0.05—0.2.

Surface-sensitive X-ray photoelectron spectroscopic (XPS) test was executed using high resolution multi-technique AXIS ULTRA DLD
spectrometer equipped with Al Ka radiation (150 w, 4 mA, hv = 1486.6 eV) under ultrahigh vacuum 107 Pa. In addition, the binding
energies were calibrated inwardly via adventitious carbon deposit C (1s) with Ep, = 284.8 eV.

Hy-temperature-programmed reduction (H,-TPR) measurements were profoundly performed by using chemisorption analyzer (FINE-
SORB-3010A) within the range of 50—900 °C at the 15 °C/min of heating rate under 10% Hy/Ar as well as carrier gas argon, with 10 ml/min
flow rate. The H, consumption was controlled using thermal conductivity detector (TCD).

2.4. Catalytic test

Catalytic tests were carried out using a vertical flow quartz reactor with the diameter of 18 mm, placed in a tubular furnace with the K-
type thermocouple. Prior to the catalytic tests, the catalysts were pre-reduced with hydrogen (flow rate 15 ml/min) at the temperature of
400 °C for 4 h. In a number of cases, after treatment with reagent gases, the catalysts were passivated with a mixture of 2—3 vol% of O, and
96—98 vol% of Ar at normal room temperature [30—32]. CO, hydrogenation was conducted at 200—500 °C and the reactant gas flow (Ha:
CO3: He = 5:2:1, molar) and the total flow rate was 2.5 1/gcath. The excurrent products (hydrocarbons) were analyzed using an online system
connected with Agilent 6820 gas chromatography equipped with a two-column analytical system, the Porapak Q and molecular sieve
columns, which are connected to two detectors: 1) the thermal conductivity detector (TCD) and 2) the flame ionization detector (FID),
respectively. Separation and analysis of the content of CO,, CO and CHy4 in products was carried out using the same Agilent 6820 gas
chromatograph.

3. Results and discussions

Fig. 2 highlights the micrographs obtained using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of all
carbon-containing supports of the catalyst. According to the microscopy, CNT and the CNT-Nb,O5 composite were thin tubes with an
external diameter of not more than 25 nm. The carbon fibers were formed with a diameter of up to 140 nm during the synthesis without the
template in the presence of iron catalyst. The carbon layers were not structured in them and contained massive edge carbon atoms [26,27].
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Fig. 2. SEM and TEM images of the catalysts: CNT (a), CNF (b), LGF (c) and CNT-Nb,0s (d).

LGF were characterized by a layered structure, which can be represented in the form of several (usually 6—10) piled graphene sheets and
repeating the shape and the size of the template [33—35].

According to TG and DSC analysis, CNT and LGF were thermally stable up to 560—640 °C, composite of CNT-Nb,Os5 up to 410 °C and CNF
were destroyed above 310 °C, which imposed limitations on the choice of temperature conditions during the catalytic experiments. All
materials had a highly developed surface: the largest value of specific surface area (SSA) — 896 m?/g was observed in LGF. Table 2 displays
the thermal properties of the supports and the data of the low-temperature nitrogen porosimetry.

To stabilize the metals on the surface of carbon materials, various approaches are frequently used (for instance, surface functionalization,
introduction of heteroatoms into the carbon structure), aimed at creating centers of localization of catalytically active particles. Carbon
nanotube's treatment with nitric acid [36] or hydrogen peroxide [24,37] leads to the formation of carboxyl groups on their surface, whilst the
degree of functionalization depends on the time of oxidative treatment and does not exceed 12.8 at% [36]. The total oxygen content and its
chemical state in the support of CNTs were determined by the XPS method (Fig. 3b) and it was 9.1 at%, and oxygen formed chemical bonds
with carbon C-O (3.5 at%), C= 0 (3.9 at%) and COOR (0.7 at%). To form the centers of stabilization of the metal catalyst on the LGF's surface, a
partial substitution of carbon atoms with nitrogen was applied in the graphene sheet structure during the synthesis. Such approach previously
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Table 2
Thermal and physicochemical properties of the catalyst supports.
Cat. Support TG and DSC analysis SSA, m?[g Por. average radius, A Por. total vol., cm?/g
endothermic/exothermic Am, % DSC effect, °C
CNT Endo-water loss 3.6 125 213 20 0.84
Exo-CNT burning 91.7 560—870
CNT-Nb,0s5 Endo-water loss 1.8 103
Exo-removal of organic fragments 0.5 125-325
Exo- amorphous carbon burning 2.3 360 78 23 0.24
Exo-CNT burning 31.2 468
Exo- graphite shells burning 7.0 585
CNF Endo-water loss 6.4 100 235 20 0.37
Exo-CNF burning 86.9 310-630
LGF Endo-water loss 1.7 100 896 24 3.04
Exo-LGF burning 97.1 640
Nb,O5 Endo-absorbed water loss 0.3 103 191 57 0.55
Endo-water loss 8.8 760
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Fig. 3. XPS spectra N1s for the LGF (a) and O1s for the CNT (b).

has been used by Refs. [38,39] to obtain cobalt catalysts supported on hetero-substituted by nitrogen atoms or phosphorus of CNT for the
Fischer-Tropsch process. According to the XPS data, the total nitrogen content of the LGF was 6.8 at%, and nitrogen itself was 0.6 at% in pyrrole,
substitutive 2.4 at% and pyridine 1.3 at% states (Fig. 3a) [24,29]. In addition, the N1s spectrum in Fig. 3a was deconvolved into four peaks, the
peak which is centered at 397.7 eV is ascribable to the sp? N involved in triazine rings, whilst the contribution at 398.7 eV attributes to bridged
atoms of nitrogen N-(C)3 [40]. The peak at 400.2 eV may be ascribed to the =NH or —NH; groups [41]. Positive charge localization or charging
effects in heterocycles can lead to the peak at 403.8 eV. As highlighted in Fig. 3b, the curve fitting of the O1S spectra generally indicates
components centered at 529 and 531.6 eV, which are basically attributed to the carbon phase's surface oxygen complexes [42].

Fig. 4 shows the H,-temperature-programmed reduction (H,-TPR) profiles of the prepared catalysts: 10Co/Nb,0s5, 10Co/CNT-Nb,0s, and
3Co/CNT. The catalysts were reduced at the temperature of 400 °C. In this case, the signals corresponded to the decomposition of residual
cobalt nitrate at ~300—400 °C on the TPR spectra of the 10Co/Nb,05 and 10Co/CNT-Nb,05 samples. Peaks ranging from 260 to 400 °C were
related to the reduction of Co304 to CoO, and CoO was reduced to a metal at 340—410 °C [24]. The maximum absorption of hydrogen at
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Fig. 4. H,-TPR profiles of the Co/Nb,0s, Co/CNT-Nb,05 and Co/CNT catalysts.
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Table 3

CO,, conversion and selectivity formation of CH4 and CO over Co containing catalysts.
Catalyst Selectivity, % CO, conversion, %

CHy4 co

3Co/CNT 0 0 0
3Co/CNT (activated) 22 78 13
35Co/CNT 100 0 86
10Co/CNT-Nb,05 100 0 55
20Co/CNT-Nb,05 100 0 71
35C0/CNT-Nb30s5 100 0 93
3Co/CNF 77 23 24
1.5Co/LGF 0 0 0
3Co/LGF 36 64 20
10Co/LGF 18 82 31
10Co/Nb,05 100 0 35
20Co/Nb,0s5 100 0 46
35C0/Nb,0s 100 0 100

Reaction conditions: T = 320 °C, P = 1 MPa, H,/CO,/He = 5:2:1 (molar ratio).

380—650 °C for 3Co/CNT is associated with the methane formation by the interaction of hydrogen with CNT [24]. For 10Co/Nb;05 sample,
the maximum adsorption of hydrogen was occurred at 740—850 °C and it is connected with the reduction of stable spinel of Co/Nb,05
[43—46], and for 10Co/CNT-Nb,05 at 640—770 °C are due to both factors.

All catalysts containing more than 3 wt¥% of cobalt, proved to be active at > 200 °C. The main products of the reaction were methane and/
or CO under the present reaction conditions. Table 3 illustrates the data on the CO, conversion and the selectivity of the catalysts at 320 °C. It
is known that the activity and selectivity of catalytic hydrogenation of CO are affected by the particles size of the metal catalyst [23,47—54]
and the narrow range of their distribution [48]. The highest activity of cobalt catalysts is observed at a particle size of Co equal to ~ 5—8 nm
[23,54]. Wherein, the highest selectivity of methane formation from the CO hydrogenation reaction is achieved with a particle size of Co
2.5—-5 nm [23].

In the present study it was found that the conversion of CO; increased with increasing metal content in the catalyst supported by all types
of support (Table 3). The selectivity of methane formation was 100% in the presence of catalysts based on Nb,05 oxide and carbon-oxide
CNT-Nb,05 compositions, as well as for the catalyst with a cobalt content of 35 wt%.

According to the catalytic investigations, the catalysts containing 1.5 to 3 wt% of Co obtained via impregnation and non-involuntary
adsorption, it was found that 1.5Co/LGF and 3Co/CNT are not active in a wide temperature range. Studies by TEM and electronic nano-
diffraction showed that cobalt was in an amorphous state and the particle size did not exceed ~4 nm (Fig. 5a). To establish the effect of the Co
phase state on the CO, hydrogenation process, the 3Co/CNT catalyst was re-reduced with hydrogen at 400 °C for 4 h, and then subjected to
thermal treatment at 350 °C for 2.5 h in helium current. Additionally, the data, obtained by TEM and electron diffraction methods, indicated
that 3Co/CNT catalyst crystallized (Fig. 5b), and the CO, conversion was 13% at 320 °C. This fact may indicate that the reaction of reductive
CO; conversion is structurally sensitive.

Unlike 3Co/CNT, the 3Co/CNF and 3Co/LGF catalysts showed activity immediately after the reduction of cobalt. According to the TEM data,
the cobalt particle size was 4—5 nm (Fig. 6 a, b). When the metal content was increased to 10 wt %, the Co particle size did not change
(4—5 nm), and this was not affected by the nature of the supports (CNT, CNF, or LGF) (Fig. 6 c, d). It can be assumed that at such content of
metal, the particle size of Co was determined by the pore size in the carbon nanomaterials, which was previously demonstrated for Fe/
carbon nanotube catalysts [55].

The CO yield was found to be significantly higher in the presence of 3Co/CNT (activated in the H, atmosphere at 400 °C for 4 h), 3Co/LGF
and 10Co/LGF catalysts than the 3Co/CNF catalyst. Perhaps this is due to the functional groups existence on the surface of CNT and the
presence of nitrogen-displacing atoms in the LGF's structure, which facilitated stabilization of cobalt nanoparticles and prevents their
sintering during the catalytic experiments [47]. Indeed, in the example of the 10Co/CNT-Nb,0Os5 catalyst (no stabilization centers of Co
particles were created on its surface), the TEM data highlighted that the size of the cobalt particles increased from ~10 to ~ 23 nm after the
catalytic tests (Fig. 7). It is noted that with the particle size of ~23 nm, the only CO; hydrogenation product was methane (CHy).

Fig. 5. TEM images and micro-diffraction data of the 3Co/CNT catalyst before (a) and after (b) thermal activation.
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Fig. 7. TEM light and dark field images of the 10Co/CNT-Nb,0s catalyst before (a, b) and after (c, d) catalytic experiments.
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Among the main factors affecting the reductive conversion of CO, in the presence of cobalt-containing catalysts with Co concentration of
1.5—35 wt¥%, one can single out the nature of the supports (Nb,Os, carbon nanomaterials of CNT, CNF, LGF and CNT-Nb,05), wt content,
particle size and phase state of cobalt.

The cobalt particle size (which can be assumed to be determined by the pore size in the carbon material) was ~4 nm for the catalysts Co/
CNT, Co/CNF, Co/MHF with 1.5—10 wt% of Co content and the products were methane and CO. With increasing Co concentration up to 20 wt%
and higher, the only CO, hydrogenation product was methane in the presence of catalysts based on oxide Nb,O5 and carbon-oxide com-
positions CNT-Nb,Os.

The Co/CNT and Co/LGF catalysts, with 1.5—3 wt% content of Co, are not active. According to TEM and nanodiffraction analyses, it was
indicated that the cobalt particles in these samples are amorphous. It has been proved that such catalysts can be activated by crystallization
during thermal treatment.

The surface modification of carbon materials by oxygen groups or by introduction of graphene sheets of the nitrogen atoms into the
surface structure increases the stability of cobalt-containing catalysts. In this regard, to reduce the deactivation degree of Co nanoparticles
on the surface of the supports, it is proposed to use carboxylated CNTs and LGF hetero-substituted by nitrogen atoms.

4. Conclusion

The Co supported on CNT, CNF, LGF, CNT-Nb,05 and Nb;,05 catalysts have been prepared by the impregnation method of the supports
with a solution of cobalt nitrate and tested for CO, hydrogenation to value-added products. The main CO; hydrogenation products were CHy
and CO. 3Co/CNT (activated in the H, atmosphere at 400 °C for 4 h), 3Co/LGF and 10Co/LGF catalysts have led to higher CO yield than 3Co/
CNF catalyst. Increase of Co concentration in the catalysts based on Nb0s5 and CNT-Nb;Os led to formation of CH4 only. The Co/CNT (3 wt% of
Co content) and Co/LGF (1.5 wt% of Co content) catalysts were not active for hydrogenation of CO, to liquid/or chemical products due to the
cobalt particles in these samples were amorphous, but according to obtained experimental data, these catalysts can be activated by
application of thermally induced crystallization of cobalt.

Introduction of nitrogen atoms into graphene sheets or surface functionalizations of the carbon nanomaterials with oxygen containing
groups amplify the stability and effectiveness of the Co containing catalysts. Hence, it is recommended that nitrogen-heterosubstituted low-
layered graphite fragments and carboxylated carbon nanotubes should be applied to reduce the deactivation degree of the cobalt nano-
particles on the surface of the support.
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