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Abstract: The determination of the catalyst’s active phase helps improve the catalytic performance 

of the Fischer–Tropsch (FT) synthesis. Different phases of cobalt, including cobalt oxide, carbide, 

and metal, exist during the reaction. The content of each phase can affect the catalytic performance 

and product distribution. In this study, a series of cobalt carbide catalysts were synthesized by ex-

posure of Co/Al2O3 catalyst to CH4 at different temperatures from 300 °C to 800 °C. The physico-

chemical properties of the carbide catalysts (CoCx/Al2O3) were evaluated by different characteriza-

tion methods. The catalytic performances of the catalysts were investigated in an autoclave reactor 

to determine the role of cobalt carbides on the CO conversion and product distribution during the 

reaction. XRD and XPS analysis confirmed the presence of Co2C in the prepared catalysts. The 

higher carbidation temperature resulted in the decomposition of methane into hydrogen and car-

bon, and the presence of graphitic carbon was confirmed by XRD, XPS, SEM, and Raman analysis. 

The Co2C also decomposed to metallic cobalt and carbon, and the content of cobalt carbide de-

creased at higher carbidation temperatures. Higher content of Co2C resulted in a lower CO conver-

sion and higher selectivity to light alkanes, mainly methane. The higher carbidation temperature 

resulted in the decomposition of Co2C to metallic cobalt with higher activity in the FT reaction. The 

CO conversion increased by increasing the carbidation temperature from 300 °C to 800 °C, due to 

the higher content of metallic cobalt. In the presence of pure hydrogen, the Co2C could be converted 

mainly into hexagonal, close-packed (hcp) Co with higher activity for dissociative adsorption of 

CO, which resulted in higher catalyst activity and selectivity to heavier hydrocarbons.  

Keywords: Fischer-Tropsch; cobalt carbide; active phase; product distribution; metallic cobalt 

 

1. Introduction 

Fischer–Tropsch (FT) synthesis is a well-known catalytic process for the production 

of sulfur and aromatic-free fuels and other value-added chemicals from syngas. Through 

FT synthesis, which is a catalytic polymerization reaction, syngas is converted to a wide 

range of products, such as paraffins, olefins, and alcohols. The catalytic performance and 

product distribution are directly affected by the type of catalyst and its chemical compo-

sition and structure. The elements of groups 8–10 of the periodic table with good ability 

for adsorption and dissociation of CO and H2 are reported as active metals for the FT 

reaction, whereas iron and cobalt are the most commonly used catalysts for this reaction 

[1–4]. Cobalt-based catalysts with higher stability, more resistance to deactivation, lower 

water–gas shift activity, and high hydrocarbon productivity were considered the ideal 

choice for synthesizing long-chain hydrocarbons at moderate temperatures and pressures 

[5,6].  

During the FT reaction over CO-based catalysts (which typically proceeds at 220–250 

°C, 20 bar, and an H2/CO ratio of two), the chain growth and propagation of hydrocarbons 

mainly occurred on cobalt metal sites. Cobalt oxide and cobalt carbide, which are formed 
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by re-oxidation and carburization of the metal catalyst during the FT synthesis, are known 

as inactive cobalt components in FT synthesis, and they are often considered deactivation 

signs [2,5,7,8]. However, some other groups reported that cobalt carbides could enhance 

the selectivity to lower olefins [9–11]; they also act as an active site for a water–gas shift 

reaction and oxygenates production [12–14] or act as an intermediate reacts with hydro-

gen to form methylene, acting as a chain-growth monomer for the formation of long-chain 

hydrocarbons [15]. However, unlike the cobalt catalysts, during the FT synthesis over 

iron-based catalysts, the Hägg carbide (χ-Fe5C2), as the real active phase, plays the main 

role in catalytic performances [8,16]. The presence of cobalt carbide phases during the FT 

synthesis could affect the CO conversion and product selectivity [17]. 

However, Co2C is often known as an inactive component in FT synthesis via Co-

based catalysts, but Co2C content, their different morphologies, and the form of the Co2C 

phase could have different effects on the catalytic performance of Co-based catalysts dur-

ing the FT reaction. The Co2C(111) facet is ascribed to the nanosphere-like particles with 

lower activity and higher methane selectivity under mild FT reaction conditions 

[10,13,18]. Co2C nanoprisms with specific exposed facets of (101) and (020), as the FTO 

active phase, showed a higher intrinsic activity for CO hydrogenation and a lower me-

thane selectivity [9,10,18]. The presence of Co0 resulted in a lower CO2 and methane selec-

tivity and higher selectivity to longer-chain hydrocarbons. The Co2C was reported to be 

relatively stable under FT reaction conditions [5,19]. At the same time, it was reported that 

the cobalt carbides appear to be unstable and can be decomposed to metallic cobalt and 

carbon during the FT reaction, especially at higher reaction temperatures and lower 

H2/CO ratio [1,3,20]. 

In the present study, a series of CoCx/Al2O3 catalysts were synthesized by carbidation 

of Co/Al2O3 catalysts using methane at different temperatures from 300 °C to 800 °C. The 

properties of these catalysts changed according to their carbidation temperatures. Chang-

ing the carbidation temperature could result in the formation of different content and 

types of cobalt phases, which can alter their catalyst activity and product selectivity dur-

ing the FT reaction. The physicochemical properties of the catalysts were investigated by 

different characterization methods, including scanning electron microscopy (SEM), X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and Raman analysis. The cat-

alytic performances of the catalysts were evaluated in an autoclave reactor to determine 

the role of cobalt carbides on the CO conversion and product distribution during the re-

action. 

2. Results and Discussion 

2.1. Catalyst Characterization 

SEM images (Figure 1) of the prepared CoCx/Al2O3 catalysts at different temperatures 

confirmed the formation of carbon fibers on the surface after the decomposition of me-

thane at higher temperatures. The formation of carbon at lower temperatures was not de-

tected in SEM images, but the carbon fibers can be seen on the surface of catalysts at high 

temperatures of 700 °C and 800 °C, which was in good accordance with the obtained re-

sults in XRD and elemental analysis results. 
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Figure 1. SEM images of the 5CoCx/Al2O3 catalysts prepared at different temperatures, (a) 300 °C, 

(b) 400 °C, (c) 500 °C, (d) 600 °C, (e) 700 °C, (f) 800 °C. 

The peaks belonging to Al2O3 at ~37.5°, 46.1°, 56°, and 67° (JCPDS 10-0425) were ob-

served in the XRD patterns of all prepared catalysts (Figure 2a) [21–24]. The peaks at 37.0°, 

41.3°, 42.5°, 45.7°, and 56.6° can be assigned to the Co2C crystalline plane (110), (002), (111), 

(021), and (112), (JCPDS 65-1457) [3,9,10,19,25,26] respectively. However, the peak at 56.6° 

was not very visible in the XRD patterns shown in Figure 1a. The cobalt carbide decom-

position to graphitic carbon and metallic cobalt (Co2C → Co + C) was started at tempera-

tures above 275 °C [5,27,28], and it could be the reason for gradually decreasing the cobalt 

carbide and increasing the metallic cobalt by increasing the temperature. In addition, in 

the presence of Co/Al2O3 catalyst, methane also can be decomposed directly to hydrogen 

and carbon (CH4 → 2H2 + C) [29–33]. At high temperatures (above 600 °C), due to the de-

composition of methane, the concentration of graphitic carbon also significantly in-

creased, as shown by the XRD spectra of the catalysts. Decomposition of methane on co-

balt catalysts led to the formation of fcc cobalt [34]. The peak at 26.3° (graphite, JCPDS 41-

1478) and 51.5° (fcc Co, JCPDS 1-1255) [35,36] were observed only in the sample prepared 

at a temperature above 600 °C. The peak at 44.3° was very weak for the samples prepared 
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at low temperatures, and the peak’s intensity increased by increasing the temperature. 

These peaks can belong to both fcc Co (111) (JCPDS 1-1255) and graphitic carbon (JCPDS 

41-1478) [3,9,36], which could be formed due to the reduction of cobalt oxide to Co (fcc) 

during the catalysts’ carbidation in the presence of 20%CH4 in H2. By increasing the car-

bidation temperature, the intensity of fcc Co increased, whereas the intensity of the 

Co2C(111) facet (at 2θ of 42.5°) decreased. The Co2C(111) facet is responsible for lower CO 

hydrogenation and higher CH4 selectivity during the FT synthesis under mild reaction 

conditions. 

The contents of phases of C (carbon), Co (cobalt), and Co2C (cobalt carbide) were 

detected from the XRD results and semi-quantitative (SQ) evaluation, and the carbon con-

tent (elemental C) of the prepared samples was also measured using elemental analysis 

(Figure 2b). Decomposition of methane at higher temperatures increased the carbon con-

tent on the surface of the prepared catalysts. By increasing the temperature, the formed 

Co2C became unstable and decomposed to C and metallic Co, and its content decreased 

[5,27,28]. Decomposition of cobalt carbide to graphitic carbon and hydrogen is started at 

temperatures above 275 °C; however, in the presence of hydrogen, it could happen at 

lower temperatures [5,27,37]. The XRD pattern (Figure 2a) showed that the intensity of the 

peaks belonging to the Co2C decreased gradually by increasing the temperature from 300 

°C to 800 °C [19]. Elemental analysis of the carbon (Figure 2b) also confirmed that an in-

crease in the temperature led to the formation of more carbon. Cobalt carbides were un-

stable at high temperatures; they decomposed to metallic cobalt and carbon at high tem-

peratures. However, due to the overlapping of the carbon and cobalt peaks, with the sim-

ilar cubic structure, it was difficult to accurately distinguish between the two phases in 

XRD patterns. XPS analysis was performed for further investigation and evaluation of the 

active phases of the catalysts. 
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Figure 2. (a) XRD patterns of 5CoCx/Al2O3 and catalysts prepared at different temperatures, (b) Con-

tent of individual phases according to SQ performed from XRD spectra (C-carbon, Co-cobalt, Co2C-

carbide) and carbon content determined by elemental analysis (elemC). 

XPS analysis was used to investigate the chemical composition and elemental oxida-

tion states of the catalysts. The survey scan of carbide catalysts is shown in Figure S1, 

which confirmed the existence of C, O, Co, and Al in these prepared catalysts. The inten-

sity of C 1s peaks increased by increasing the temperature, whereas the intensity of Co 2p 

peaks decreased. The strong C 1s peak observed at about 284.6 eV was ascribed to sp2 

elemental carbon (C-C), such as carbon fibers or carbon nanotubes [38]. The high intensity 

of this peak in the C 1s spectra (Figure 3a) of the catalysts prepared at higher temperatures 

(800 °C and 700 °C) was due to the presence of graphitic carbon, as confirmed by SEM, 

XRD, and Raman analysis. The Co-C peak at around 283.1 eV followed the reverse trend. 

By increasing the temperature of carbidation, the content of Co-C decreased. In addition 

to the C-C and Co-C bonds, other bonds at 286.5 eV and 288.5 eV were attributed to the 

O-C-O and O=C-O bonds, respectively. The π → π * shake-up satellite peak was also ob-

served at about 291.2 eV. The obtained results are in good agreement with the reported 

results where the Co-C bonds were C-Co bonds; these were detected, confirming the pres-

ence of Co2C in the prepared catalysts [39,40]. 

XPS spectra of Co 2p (Figure 3b) showed that the bond at about 778.6 eV was at-

tributed to the Co2+ of carbidic Co of the prepared catalysts. The intensity of the Co-C bond 

decreased by the carbidation temperature, whereas the intensity of peaks belonging to 

metallic cobalt (Co0) (at around 782.3 eV) increased at higher temperatures. These findings 

are in good agreement with the XRD analysis of the catalysts, where the Co2C content 

decreased at higher temperatures, and metallic cobalt peaks were detected at higher tem-

peratures. However, by increasing the temperature to above 600 °C and formation of more 

graphitic carbon on the surface of the catalysts, the intensity of the Co peaks in Co 2p 

spectra decreased, which is in good accordance with the C 1s spectra of these catalysts, 

where the content of graphitic carbon increased significantly at high temperatures. 
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Figure 3. (a) C 1s spectra, and (b) Co 2p spectra of CoCx/Al2O3 catalysts prepared at different tem-

peratures. 

As mentioned earlier, the decomposition of cobalt carbide to cobalt and graphitic 

carbon started at temperatures above 275 °C [5,27], and this could be the reason for the 

increase in the Co0/Co-C and C-C/Co0 ratios when the carbidation temperature increased 

(Table 1). However, for the catalyst with the carbidation temperature of 800 °C, the 

Co0/Co-C ratios decreased compared with that of 700 °C, which could be due to the dep-

osition of graphitic carbon on the catalyst’s surface and blockage of metallic cobalt on the 

surface. The sharp increase in the C-C/Co0 at 800 °C was in good agreement with this 

finding. The XPS analysis of cobalt carbide nanoparticles and nanosheets performed by 
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other research groups also showed similar patterns for cobalt carbides, and the peaks at-

tributed to cobalt carbides were observed at about 283 eV (C 1s) and 778.5 eV (Co 2p 3/2) 

[26,41,42]. 

Table 1. XPS data analysis of C 1s and Co2p peaks of CoCx/Al2O3 catalysts. 

 

C 1s Co 2p 

Co-C  

Peak BE (eV) 

C-C  

Peak BE (eV) 
C-C/Co-C 

Co-C 

Peak BE (eV) 
Co0/Co-C 

CoCx/Al2O3-300 °C 283.2 284.7 0.63 
778.5 (2p3/2) 

796.3 (2p1/2) 
1.68 

CoCx/Al2O3-400 °C 283.3 284.7 1.49 
778.6 (2p3/2) 

796.4 (2p1/2) 
2.08 

CoCx/Al2O3-500 °C 283.1 284.5 0.99 
778.7 (2p3/2) 

796.3 (2p1/2) 
2.85 

CoCx/Al2O3-600 °C 283.2 284.8 2.36 
778.7 (2p3/2) 

796.4 (2p1/2) 
2.67 

CoCx/Al2O3-700 °C 283.3 284.6 6.10 
778.5 (2p3/2) 

796.7 (2p1/2) 
2.70 

CoCx/Al2O3-800 °C 283.3 284.4 14.26 
778.6 (2p3/2) 

796.0 (2p1/2) 
1.49 

Raman spectroscopy analysis could be beneficial for the investigation of the materi-

als’ properties and could provide information about molecular vibrations. Raman spectra 

of the Co/Al2O3 catalysts at different carbidation temperatures are shown in Figure 4. The 

D and G bands belonging to carbon were not clearly observed for the catalysts prepared 

at the carbidation temperatures in the range of 300 °C to 600 °C. The D and G bands were 

clearly detected for the catalysts prepared at 700 °C and 800 °C The peaks at around 1340 

cm−1 and 1573 cm−1 were typical for D and G bands, respectively. The D and G bands of 

the carbon materials could be observed if amorphous carbon or nanocrystalline graphite 

existed in a metal carbide matrix [43,44]. 

 

Figure 4. Raman spectrum of the catalysts prepared at different carbidation temperatures. 
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The D mode is caused by the disordered structure of graphene, and it originates from 

the A1g breathing vibrations of the sixfold carbon rings involving phonons near the K zone 

boundary (Figure S2). The G band, which lies in the range of 1500–1600 cm−1, is ascribed 

to the graphitic carbon with E2g symmetry that involves the in-plane bond-stretching vi-

bration of sp2 carbon sites. This mode does not require the presence of sixfold rings, so it 

occurs at all sp2 sites, not only those in the rings [45,46]. It is worth mentioning that the G 

mode is due to the relative motion of sp2 carbon atoms and can also be found in chains. 

As mentioned above, the G peak could be observed in the range of 1500–1600 cm−1. 

By changing the structure of crystallized graphite to nanocrystalline graphite, the peak 

shifts to 1600 cm−1, and the peak shifts to 1500 cm−1 for amorphous carbon when a loss of 

aromatic bonding appears. Thus, it can be confirmed that the G band positions (1573 cm−1) 

of the catalysts are close to that of nanocrystalline graphite of nanometer-sized clusters 

[47]. The degree of crystallinity and graphitization formed carbon on the surface of cata-

lysts after carbidation at 700 °C and 800 °C can be measured by the intensity ratio of ID/IG. 

The higher crystallinity could be observed in catalysts with a lower ID/IG ratio (Table 2). In 

this study, the ID/IG decreased from 1.18 to 1.28 by increasing the carbidation temperature 

from 700 °C to 800 °C, which is not clearly confirming the higher crystallinity of the de-

posited carbon on the surface of the catalyst prepared at the higher temperature. How-

ever, the higher intensities in the catalysts prepared at 800 °C could confirm the higher 

content of the deposited carbon on the catalyst’s surface. 

Table 2. Raman spectra for carbonaceous materials observed in the prepared catalysts. 

Catalyst 

D G Gꞌ 

ID/IG Peak Position 

(cm−1) 
Intensity 

Peak Position 

(cm−1) 
Intensity 

Peak Position 

(cm−1) 
Intensity 

CoCx/Al2O3-300 °C − − − − − − − 

CoCx/Al2O3-400 °C − − − − − − − 

CoCx/Al2O3-500 °C − − − − − − − 

CoCx/Al2O3-600 °C − − − − − − − 

CoCx/Al2O3-700 °C 1340 18.8 1573 16.0 2677 11.1 1.18 

CoCx/Al2O3-800 °C  1341 45.0 1573 35.1 2677 19.1 1.28 

All kinds of sp2 carbon materials exhibited a peak in the range 2500–2800 cm–1 in the 

Raman spectra. The Gꞌ band (or 2D band) was also observed at 2677 cm−1. The intensity of 

the Gꞌ band in the prepared catalysts increased by increasing the carbidation temperature. 

The Gꞌ band usually helps discriminate the differences between the layers and loading 

order of the multi-layer graphene system [48]. The single-layer graphene shows a Gꞌ band 

with high intensity. By increasing the graphite layers, the peak becomes broader. In the 

catalyst prepared at 800 °C, the intensity of the Gꞌ band at around 2677 cm−1 peak increased 

due to the higher amount of carbon on the catalyst’s surface. The catalysts prepared at 

lower carbidation temperatures (≤ 600 °C) did not show any peak belonging to graphitic 

carbon.  

The Raman peaks below 700 cm−1 are attributed to the Co-Co stretching mode. The 

observed peaks for cobalt are very similar to those reported in the Raman spectra of cobalt 

oxide nanoparticles [49–56]. Five (A1g + Eg + 3 F2g) Raman-active modes were observed and 

identified. The band at around 187 cm−1 was ascribed to the tetrahedral sites’ (CoO4) char-

acteristics with the F2g mode (Figure. 3b). The bands at 470, 510, and 607 are attributed to 

the Eg, F2g, and F2g symmetry, respectively. Generally, the Eg and F2g modes were related 

to the combined vibrations of the tetrahedral site and octahedral oxygen motions. The 

band at 671 cm−1 with A1g symmetry was attributed to the characteristics of the octahedral 

sites (CoO6) [49–54]. D’Ippolito and Andreozzi [56] also reported that the Raman vibra-

tional modes of spinel oxides are generally observed in the range of 100–800 cm−1. Diallo 

et al. [49], Rashad et al. [50], Jiang and Li [51], and Hadjiev et al. [52] also observed the 
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same Raman bands for the Co3O4 nanoparticles. The intensity of the bands in the range of 

100–800 cm−1 belonging to Co3O4 nanoparticles decreased gradually with increasing car-

bidation temperature. This phenomenon was more evident in the samples with carbida-

tion temperature above 600 °C, which could be due to the coverage of the surface by de-

posited carbon. The weak band at around 2330 cm−1, observed in all spectra, could be at-

tributed to the characteristic line of nitrogen from the air [57–59]. The peak at around 1790 

cm−1 was ascribed to the carbonyl (C=O) stretch bands [60–63], which could be formed 

after the passivation of the catalyst under oxygen after carbidation.  

2.2. Catalyst Evaluation 

The results of the FT reaction in the autoclave reactor are shown in Figures 5 and 6. 

The FT reactions were first performed using the carbide catalysts without prior reduction 

(WR) by hydrogen (Figure 5a). The catalyst with higher Co2C content (300-WR, the cata-

lyst prepared at the carbidation temperature of 300 °C and used in FT without prior re-

duction with H2) showed the lowest CO conversion of about 26%. By increasing the car-

bidation temperature, the catalyst activity also increased to 74% for the catalyst prepared 

at 800 °C. As was described earlier, increasing the carbidation temperature resulted in the 

formation of more metallic cobalt and lower cobalt carbide. Higher content of metallic 

cobalt could increase the CO conversion. In addition to the cobalt carbide, carbon fibers 

were also deposited on the catalyst’s surface due to the decomposition of methane at 

higher carbidation temperatures. Deposited carbon could block the active sites and reduce 

the contact possibility between the reactant gas and the active sites, thus leading to a lower 

conversion. By increasing the carbidation temperature from 300 °C to 800 °C, the content 

of products in the form of liquid decreased from 23% to 4%. It seems that the cobalt car-

bides were acting as an intermediate and reacting with hydrogen to form methylene as a 

chain-growth monomer for the formation of long-chain hydrocarbons. Therefore, the cat-

alysts with higher cobalt carbide content had a higher selectivity for the heavier hydro-

carbons (liquid products) (Figure 5a). 

 

Figure 5. The gaseous and liquid product distributions after FT reaction at 230 °C and 6 h of reaction 

(a) without reduction with H2, (b) reduced with H2 (WR: without reduction step, R: with reduction 

step). 
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Figure 6. Gaseous product distribution in the FT reaction carbide catalysts: (a) hydrocarbon distri-

bution, (b) alkanes distribution, and (c) alkenes distribution (WR: without reduction step, R: with 

reduction step). 

During the FT reaction over non-reduced catalysts, the content of formed light al-

kenes was very low and negligible (maximum 1.3% over 300-WR catalyst), whereas al-

kanes (56.4%) and CO2 (42.3%) were the main products of the reaction (Figure 6a-WR). 

The slightly higher alkene formation for the catalysts with lower carbidation temperature 

could be attributed to the presence of more Co2C on the surface of the catalysts [9,64]. By 

increasing the carbidation temperature, the selectivity to CO2 decreased and reached 
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the main produced alkane with the selectivity of 97% for the 300-WR. It was decreased to 

73% for 400-WR, then again increased gradually to 97% for the 800-WR catalyst (Figure 

6b-WR). Formed alkenes are negligible, and propylene was the main formed alkene in 

gaseous products of the reaction (Figure 6c-WR). Co2C with (111) facet and nanosphere-

like particles could lead to lower activity and higher methane selectivity [10,13,18]. More-

over, during the FT reaction, some portion of deposited graphitic carbon could also be 

converted to methane through a hydrogenation reaction. This could be the reason for the 

increase in the methane content in the catalysts with higher graphitic carbon on their sur-

face. The catalysts prepared at 300 °C and 400 °C with the higher content of Co2C(111) 

showed lower CO conversion, whereas increasing the Co0 content at the catalysts pre-

pared at higher temperatures resulted in a lower CO2 and alkane (mainly methane) selec-

tivity. 

In the presence of hydrogen, cobalt carbides could be transformed into the face cen-

tered-cubic (fcc) and hexagonal close-packed (hcp) Co0, which are more efficient for the 

dissociative adsorption of CO during the FT reaction, and hcp cobalt nanoparticles re-

ported to have higher activity compared with fcc cobalt in the FT reaction [65–67]. The 

reaction route is also reported to be different over these two different Co crystallographic 

structures, and the direct dissociation of CO (CO* + H → C* + O* + H*) is preferred over 

hcp Co, whereas H-assisted dissociation (CO* + H* → CHO* → CH* + O*) is the main 

mechanism over fcc cobalt [67]. In order to investigate the stability of the cobalt carbides 

in the presence of hydrogen and evaluation of the catalytic performances of catalysts after 

reduction with hydrogen, the FT reactions in an autoclave reactor were repeated, while 

the catalysts were first reduced under H2 at 300 °C for 5 h. Then, the FT reaction was 

performed at 230 °C for 6 h (Figures 5 and 6). Results of the FT reaction in an autoclave 

reactor revealed that CO and H2 conversions gradually decreased by increasing the cata-

lyst carbidation temperature. The distribution of gaseous and liquid products is shown in 

Figure 5b. 

Over the reduced catalysts, the products shifted from heavier hydrocarbons to lighter 

hydrocarbons by increasing the carbidation temperature, which was attributed to the con-

tent of metallic cobalt in these catalysts. The higher catalytic activity over the 300-R cata-

lyst (which means the catalyst was prepared at the carbidation temperature of 300 °C and 

used in the FT reaction after reducing with H2) could be due to the formation of more 

metallic cobalt during the reduction step. This provided more active sites for CO dissoci-

ation and the production of heavier hydrocarbons. The content of the products in the form 

of liquid was higher for the FT reaction over the 300-R catalyst. The catalyst activity and 

production of heavier hydrocarbons in the liquid phase decreased gradually by increasing 

the carbidation temperature. Compared with the FT reaction without the reduction step, 

the FT reactions over the reduced catalysts resulted in the formation of a lower amount of 

CO2 and methane (Figure 6a-R). 

The formation of methane gradually increased from 64% to 93% by increasing the 

carbidation temperature from 300 °C to 800 °C, and at the same time, the selectivity to C5+ 

in the gaseous phase decreased (Figure 6b-R). The presence of more cobalt carbides in the 

catalysts with lower carbidation temperatures resulted in the formation of more metallic 

cobalt during reduction by hydrogen, which can enhance the CO dissociation and result 

in higher activity and selectivity to heavier hydrocarbons. Like the non-reduced catalyst, 

the main formed alkene was propylene over the reduced catalysts, and its content in-

creased by increasing the carbidation temperature (Figure 6c-R). The Co0 could be carbu-

rized in the presence of pure CO and produce Co2C [68]. However, during the FT reaction, 

in the presence of CO and H2, both Co0 and Co2C were found to exist. Therefore, both of 

them can affect the reaction. During the initial reaction stage, the presence of Co0 in the 

reduced catalyst led to a higher selectivity for heavier hydrocarbons and a lower CH4 and 

CO2 selectivity. It has been reported that the higher Co2C content leads to a high methane 

selectivity and a lower CO conversion [1,69]. Zhong et al. [10] prepared the Co2C nano-

spheres to evaluate their activity for the FT reaction. The CO conversion over the Co2C 
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nanoparticles was about 10%. High selectivity to methane (~80%), C2-C4 alkanes of ~18%, 

and the C2-C4 alkenes selectivity of about 2% were obtained during the reaction at 250 °C, 

1 bar, and H2/CO = 2. During the FT reaction over the CoMn catalyst, Co0 was transformed 

to Co2C, and the CoMn, which initially existed as CoxMn1−xO, was segregated into Co2C 

and MnO. The Co2C formed during the reaction resulted in higher activity and more light 

olefins formation. As the reaction proceeded, the formation of C5+ and oxygenates de-

creased. 

The evaluation of the liquid phase products for both series of FT reactions (without 

and with reduction step) showed that the products were a combination of alkanes, al-

kenes, and a negligible amount of other products such as toluene, and ethylbenzene and 

propylbenzene were the main products of the FT reaction without the reduction step (Fig-

ure 7). The liquid product of the FT reaction with the reduction step consisted of a slightly 

higher amount of other products (including some oxygenates such as diphenyl ether, ace-

tic anhydride, and dicyclohexyl). The formation of oxygenates was not observed over the 

catalysts without the reduction step. A small amount of the cyclic products could be due 

to the reaction of cyclohexane, which was used as the solvent for the FT reaction in the 

autoclave reactor. The nondissociative adsorption of CO and its insertion into hydrocar-

bons could result in the formation of oxygenates, which can be converted to alcohol by 

going through the further hydrogenation process. The FT reaction over carbide catalysts 

without reduction resulted in the formation of alkanes in the range of C4-C22, and the lower 

carbidation temperature led to the formation of slightly lighter hydrocarbons. 
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Figure 7. (a) Product distribution in liquid phase products, (b) distribution of n-alkanes, and (c) 

alkenes in the liquid phase products (WR: without reduction step, R: with reduction step). 

By increasing the carbidation temperature, products shifted slightly to heavier hy-

drocarbons. As expected, the FT reaction over the reduced catalysts resulted in the for-

mation of heavier hydrocarbons in the range of C8–C32, which could be due to the presence 

of more active metallic cobalt with higher activity and selectivity to heavy hydrocarbons. 

The formed alkenes were in the range of C4–C8 over carbide catalysts without reduction, 

whereas heavier alkenes (C8–C12) were formed over the reaction of reduced catalysts. Ac-

cording to the density functional theory calculations, the active sites for the CO nondisso-

ciative adsorption are provided by Co2C. Co0 provides the active sites for CO dissociative 

adsorption; the insertion of CO to hydrocarbon for oxygenates at the interface of Co and 

Co2C is facilitated [19]. In the presence of pure H2, Co2C could preserve its activity until 

150 °C, whereas at higher temperatures, it starts to decompose to the fcc and hcp Co0 and 

C. At temperatures above 300 °C, Co2C is completely decomposed [19]. Due to the pres-

ence of both H2 and CO during the FT reaction, cobalt in the form of both Co0 and Co2C 

existed in the catalyst. The presence of Co0 could be beneficial for the production of heav-

ier hydrocarbons. The FT reaction over the reduced catalysts prepared at lower carbida-

tion temperature (with more carbides and less carbon formed on the surface) showed a 

higher selectivity to heavier hydrocarbons. 

3. Materials and Methods 

3.1. Catalyst Preparation 

The 5%Co/Al2O3, 5%Fe/Al2O3, and 2.5%Fe2.5%Co/Al2O3 as precursors were prepared 

in advance using the incipient wetness impregnation (IWI) method. First, the required 

amount of cobalt nitrate hexahydrate (Lech-Ner s.r.o., p.a. purity) was dissolved in deion-

ized water. Then, this solution was added dropwise to the Al2O3 support (SASOL, alumina 

balls with 2.5 mm diameter) at room temperature and under continuous stirring for 1 h. 
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The mixture was then dried at 120 °C overnight. The dried samples were used as precur-

sors in the carbidation step. Prior to the carbidation step, the precursors were preheated 

at 200 °C for 12 h under N2 atmosphere (75 cm3/min). For the preparation of carbide cata-

lysts, 4 g of the prepared precursor was exposed to a gas containing 20% CH4 in H2 with 

the flow rate of 300 cm3/min for 3 hours at different temperatures in the range of 300 °C to 

800 °C. After the carbidation step, catalysts were purged with N2 for 30 min and passiv-

ated for 2 h under 1% O2 in Ar with a flow rate of 75 cm3/h.  

3.2. Catalyst Characterizations  

The scanning electron microscope (SEM) (JEOL JSM-IT500HR; JEOL Ltd., Tokyo, Ja-

pan) was used to study the surface morphology of the prepared catalysts. Representative 

backscattered electron or secondary electron images of microstructures were taken in high 

vacuum mode, using an accelerating voltage of 15 kV. An inductively coupled plasma-

optical emission spectrometer (ICP-OES; Agilent 725/Agilent Technologies Inc., Santa 

Clara, CA, USA) was used for the determination of the bulk metal content in the prepared 

catalysts. X-ray diffraction (XRD) was used to determine the type of phases and crystal-

linity of the catalysts using a D8 Advance ECO (Bruker AXC GmbH, Karlsruhe, Germany) 

with CuKα radiation (λ = 1.5406 Å). The step time of 0.5 s and the step size of 0.02° in a 2θ 

angle ranging from 10° to 70° were used for XRD analysis. X-ray photoelectron spectros-

copy (XPS) spectra of the samples were obtained using the XPS instrument in a high-vac-

uum chamber, which was equipped with a source SPECS X-ray XR50 (SPECS Surface 

Nano Analysis GmbH, Germany), where an Al anode (1486.6 eV) and a Mg anode (1253.6 

eV) were used, and with a hemispherical analyzer SPECS PHOIBOS 100 with a five-chan-

nel detector. Thermo Scientific™ Avantage Software was used for XPS data processing. 

The Raman analysis for the samples was performed using a DXR (Thermo Fischer Scien-

tific, Waltham, MA, USA) Raman microscope. The laser beam was focused onto the cata-

lyst surface using an optical microscope with a magnification of 10×. A 532 nm laser with 

an exposure time of 7 s and a power of 9 mW was used for sample excitation. Analyses 

were performed in the area of 100–3400 cm−1. 

3.3. Catalyst Evaluation 

The FT reaction was performed in a 1 L stainless steel autoclave reactor (Parr instru-

ments). In a typical experiment, 1.5 g of catalyst and 35 mL of cyclohexane as a solvent 

were added to the reactor vessel. The reactor temperature was increased to 230 °C (3 

°C/min) and pressurized to 5 MPa with syngas (H2/CO = 2). The reaction was conducted 

in batch mode for 6 h under constant stirring of 800 rpm to eliminate the diffusion control 

region. The conversion rate was measured according to the decrease in pressure during 

the reaction and the composition of the reactant gas before and after the reaction. For the 

FT reaction with the in situ catalyst reduction, the reactor was heated to 300 °C (3 °C/min) 

and then pressurized with H2 to 5 MPa for 5 h. After reduction, the reactor system was 

cooled to room temperature, and the gas was switched to syngas (H2/CO = 2). The FT 

reaction was performed at 230 °C and 5 MPa for 6 h. After the termination of the reaction, 

the gaseous and liquid products were analyzed using different chromatographic proce-

dures. The resultant gas sample was transferred to a gas bag and analyzed with a gas 

chromatograph, the Agilent 7890A, with three parallel channels that collected data simul-

taneously. The channels are equipped with two thermal conductivity detectors (TCD), 

CO, H2, N2, and CO2 gases, and a flame ionization detector (FID) to detect hydrocarbons. 

The liquid samples were analyzed using Thermo Scientific ITQ Series GC/MS Ion Trap 

Mass Spectrometers. 

4. Conclusions 

Cobalt-based catalysts with high activity and selectivity to long-chain hydrocarbons 

are widely used for this reaction. Identification of the active phase could be beneficial in 
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enhancing the product yield of the FT reaction. A series of FT reactions were performed 

in an autoclave reactor to evaluate the catalytic activity of cobalt carbide catalysts and 

their role in the product distribution during the FT reaction. CoCx/Al2O3 catalysts were 

prepared by carbidation of Co/Al2O3 catalysts at different temperatures and over 20% CH4 

in an H2 gas stream. Different characterization methods confirmed the presence of Co2C. 

By increasing the carbidation temperature, the content of Co2C decreased, whereas the 

Co0 content increased by temperature. The Co/Al2O3 catalyst was also active for the me-

thane decomposition to hydrogen and graphitic carbon at higher carbidation tempera-

tures. Cobalt carbides were unstable in the presence of hydrogen at high temperatures 

and decomposed to metallic cobalt and carbon, which resulted in the increase of metallic 

cobalt’s content. The catalysts with higher cobalt carbide had the lowest CO conversion of 

26%, which then increased to 74% for the catalyst with lower Co2C content prepared at 

800 °C. The main products were light alkanes in the range of C1–C5 (mainly methane), and 

the heavier hydrocarbons (in the range of C4–C22) decreased from 23% to 4%. By increasing 

the carbidation temperature, the Co2C content decreased, and the metallic cobalt content 

increased, which resulted in higher catalytic activity. At the same time, the selectivity to 

CO2 decreased. The Co2C(111) facet with the nanosphere-like particles showed a lower 

activity and higher methane selectivity under mild FT reaction conditions. The formation 

of alkenes was negligible over these carbide catalysts, which could be due to the lower 

content of Co2C nanoprisms with specific exposed facets of (101) and (020); these are 

known as the FTO active phase, with higher activity for CO hydrogenation and lower 

methane selectivity. In addition, a series of FT reactions were performed over the carbide 

catalyst with a prior reduction step using pure hydrogen at 300 °C. These reduced cata-

lysts showed a different catalytic performance. The main products were the heavier hy-

drocarbons (C8–C32) with 69%. By increasing the carbidation temperature to 800 °C, the 

content of liquid products decreased to 22%, whereas the light hydrocarbons content in-

creased to 78%. The Co conversion decreased by increasing the carbidation temperature 

in the reduced catalysts. For the catalysts prepared at higher temperatures, the presence 

of lower Co2C, which is transformed into hcp cobalt during the reduction with hydrogen, 

as well as the presence of lower metallic fcc cobalt, resulted in lower CO conversion and 

less heavy hydrocarbons.  

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-

cle/10.3390/catal12101222/s1, Figure S1: Survey XPS spectra scan of carbide catalysts, Figure S2: Car-

bon motions in the D and G modes [45]. 
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