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Abstract 

The effect of Cu on cobalt/titania nanorod (Co/TNR) catalysts for the promotion of carbon 

monoxide (CO) hydrogenation to hydrocarbons was investigated. Varying amounts of Cu (1.5-

6.0 wt%) were loaded onto the base Co/TNR catalyst using the deposition-precipitation 

method. Characterization by X-ray diffraction (XRD) revealed that the Cu particles were well 

dispersed over the Co/TNR catalysts. Characterizations by temperature-programmed 

desorption of hydrogen (H2-TPD) and carbon monoxide (CO-TPD) and temperature-

programmed reduction in hydrogen (H2-TPR) proved the effect of the Cu promoter in the 

Co/TNR catalyst by its bimetal effect with Co, where the Co/TNR catalysts containing Cu 

generally showed a significant improvement in comparison with the base Co/TNR catalyst not 

containing the Cu promoter. The CO and H2 adsorption capacities and reducibility were 

optimal on the catalyst containing 1.5% Cu (1.5Cu-Co/TNR). This aligns well with the 

catalytic activity performance of all the catalysts, where the 1.5Cu-Co/TNR catalyst exhibited 
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the best performance, yielding 16.8% CO conversion and 57.7% C5+ hydrocarbon selectivity 

at 240 ℃ and 5 bar.  

Keywords: Cocatalysts; Cu promoter; Co; Titania nanorods; CO hydrogenation. 

 

1 Introduction 

Fischer-Tropsch synthesis (FTS) is a well-known process of hydrocarbon production from 

synthesis gas or syngas (H2 + CO) [1-4]. Biomass, coal and natural gas are among the carbon-

containing feedstock or potential sources of syngas. The hydrogen-to-carbon monoxide 

(H2/CO) ratio in the syngas and the extent of impurities vary with the source of feedstock. In 

addition, for the biomass or coal feedstock, the H2/CO ratio also depends on the gasification 

technology used in the syngas production process [2].  

It is imperative to note that the quality of the FTS products is not dependent on the source of 

the syngas feedstock, but is a function of catalyst selection and operating conditions. The 

metals that have been reported to show catalytic activity in FTS are Fe, Ru, Ni and Co [5]. 

Among these metals, only Fe and Co are commercially used for FTS due to the good trade-offs 

between catalyst cost, activity, stability and selectivity they offer [6-12]. An important aspect 

of using Fe- and Co-based catalysts in FTS is their catalytic activity towards the water-gas shift 

(WGS) reaction that generates CO2 and H2 from the reaction between water and CO in the 

feedstock, which affects the H2/CO ratio during the FTS process. Co-based catalysts are less 

active towards the low-temperature WGS reaction, making them preferable for the FTS of 

hydrogen-rich syngas, typically derived from natural gas [13, 14]. Fe-based catalysts, on the 

other hand, are suitable for the FTS of hydrogen-lean (or CO-rich) syngas, typically derived 

from biomass or coal [15, 16]. Of Fe and Co, the former is less expensive and offers strong 
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resistance to poisons such as hydrogen sulfide and sulfur-containing thiophene [8], but the 

latter is preferable for the production of large hydrocarbons such as diesel (C12–C20) [6]. High 

stability and high selectivity of the catalysts towards heavy hydrocarbons are especially 

desirable for FTS [17], making Co-based catalysts better candidates for this process.  

In FTS using Co-based catalysts, the Co metal is prone to deactivation by mechanisms such as 

metal agglomeration or sintering, coke or carbon formation during the reaction, poisoning and 

reoxidation of the Co metal particles [18, 19]. Sulfur has a significant contribution as a 

poisoning agent because it binds strongly to the metal active sites and causes electronic 

modifications to neighbor atoms. leading to deactivation of the catalyst [20]. In addition, 

minimization of the surface energy of the Co crystallites promotes metal agglomeration, which 

results in catalyst deactivation due to the reduced active surface area. Moreover, under 

conditions where water is produced as a byproduct, the Co active sites are reoxidized to Co 

oxides that are inactive for FTS [20]. Therefore, the effects of promoters on enhancing the 

activity, selectivity and stability of Co-based catalysts in FTS have been explored [21]. For 

example, the sintering of Co particles, which is one of the main causes of catalyst deactivation, 

can be controlled by the use of a textural promoter [1]. Ma et al. [22] investigated copper 

promotion over activated carbon (AC)-supported 15.7 wt% Fe and 0.9 wt% K catalysts. It was 

revealed that while copper addition of up to 2 wt% enhanced the reducibility of iron oxide, this 

improvement did not have any significant impact on the catalytic activity in the FTS process.  

Jacobs et al. [23] studied the effect of three promoters (Cu, Au and Ag) over a 15 wt% Co/Al2O3 

catalyst. The addition of small fractions (up to 2.7 wt%) of these promoters improved the 

reducibility of the Co catalysts. In the case of Ag- and Au-promoted Co catalysts, the density 

of the active sites was observed to have been enhanced. However, excess amounts of promoters 

proved to be detrimental and resulted in decreased activity due to reduced accessibility of the 

reactant gases to the Co active sites that were covered by the excess promoters.  
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In heterogeneous catalysis, titania (TiO2) is used in different nanostructured forms, including 

nanotubes (TNT), nanorods (TNR), nanobelts  and nanowires. TNT and TNR have been 

considered useful supports in heterogeneous catalysis due to their unique characteristics of 

large specific surface area, large pore volume, ion exchangeability and rapid electron transport 

competency [24-26]. In our recent work [27], the role of TNR-supported copper-based catalysts 

was investigated for CO oxidation, in which the Cu–TNR metal–support interactions and 

interfacial active sites were proven to have a profound impact on the catalytic performance. 

Although copper is widely used as an effective promotor in WGS reactions, the synergistic 

effect of the Cu-Co interaction over titania nanorods (TNR) and its specific performance on 

the hydrocarbon selectivity have not been reported in detail. In the current work, TNR-

supported Co catalysts containing varying amounts of Cu were prepared and tested in CO 

hydrogenation reactions to investigate the role of Cu as the catalyst promoter. Characterization 

techniques such as CO-TPD, H2-TPD and H2-TPR were used to elucidate the bimetal effect of 

Cu and Co. 

 

2 Experimental 

2.1 Catalyst preparation 

Copper-promoted, titania nanorod (TNR)-supported cobalt catalysts were synthesized using 

the deposition-precipitation method. The chemicals used were copper acetate (Sigma 

Aldrich®), cobalt acetate (Sigma Aldrich®), TNR and 1 M sodium carbonate (Na2CO3) 

solution. First, the TNR were synthesized (the procedure has been reported elsewhere [27]). 

Then, the cobalt solution was prepared. For 1 g of catalyst, 0.225 g of cobalt acetate was 

dissolved in deionized water and stirred until a clear solution was attained, followed by the 
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addition of 0.925 g of TNR to the cobalt precursor solution. A 1 M Na2CO3 solution was added 

to the catalyst solution dropwise until a pH value of 10 was reached. Then, the solution was 

kept under magnetic stirring for 12 h followed by filtration and washing of the samples three 

times using deionized water. The samples were oven-dried at 120 ℃ for 12 h followed by 

calcination in air at 400 ℃ for 5 h. The base catalyst, denoted as Co/TNR, contained 7.5 wt% 

of Co. A similar procedure was adopted to synthesize Cu-promoted catalysts. For 1 g of Cu-

promoted Co/TNR catalysts, copper precursor solutions of various concentrations were 

prepared by dissolving 0.0475, 0.0950 and 0.1900 g of copper acetate in deionized water. A 

specific amount of base Co/TNR catalyst was added to the solution to give Cu-promoted 

Co/TNR catalysts with Cu loadings of 1.5, 3.0 and 6.0 wt%. The Cu-promoted catalysts are 

denoted as xCu-Co/TNR, where x = Cu loading content in wt%. 

 

2.2 Catalyst characterization 

X-ray diffraction (XRD) patterns were recorded using a Philips PW1700 X-ray diffractometer 

(Co-Kα radiation source). The recordings were obtained for a scanning range of 20-80 with a 

scanning step of 0.05 MPI Jade® software was used for XRD data analysis. 

Temperature-programmed reduction with hydrogen (H2-TPR) and temperature-programmed 

desorption using CO and H2 (CO-TPD and H2-TPD, respectively) were conducted in a 

BELCAT II chemisorption apparatus. For the H2-TPR measurements, the catalyst surface was 

pretreated by keeping 35-40 mg of the catalyst sample at 200 ℃ for half an hour under an inert 

atmosphere (helium flow of 30 mL/min). The sample was subsequently cooled to ambient 

temperature before it was heated to 500 ℃ at 10°C/min under analysis gas (5% H2/Ar mixture) 

flowing at 30 mL/min. The reduced samples were further used for CO- and H2-TPD. Prior to 

CO- and H2-TPD experiments, the sample that had gone through the H2-TPR was degassed 
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with helium flow of 50 ml/min. The sample was then heated from ambient temperature to 100 

°C for 20 min, in which the temperature was maintained at 100 °C for 15 min. The temperature 

was decreased to 50 C for CO (or H2) adsorption. The adsorption of CO and H2 was carried 

out at 50 ℃ using a 10%CO/He mixture (30 mL/min) and a 5%H2/Ar mixture (30 mL/min), 

respectively. The profiles of the desorption of the CO and H2 probe gases were recorded by a 

thermal conductivity detector (TCD) while raising the sample temperature at a rate of 10 

℃/min to 500 ℃ in helium flowing at 30 mL/min. 

 

2.3 CO hydrogenation over Cu-promoted Co/TNR catalysts 

The CO hydrogenation reaction was carried out in a fixed bed tubular reactor. The catalyst was 

placed over glass beads, and the temperature of the catalyst bed was monitored using a K-type 

thermocouple. A total of 100 mg of each catalyst was loaded into the reactor and activated at 

350 ℃ for 5 h with a pure (100%) hydrogen flow (10 ml/min) at 1.5 bar prior to reaction. After 

catalyst reduction, hydrogen was replaced with Ar, and the temperature was decreased to the 

reaction temperature (240-300 ℃). The reactor was then pressurized to 5 bar using Ar, and 

then the reaction feed gas (10 mL/min) with a H2/CO ratio of 2, balanced with Ar, was fed into 

the reactor. The products and unconverted reactants were analyzed using a gas chromatograph 

(SRI Instruments) equipped with a flame ionization detector (FID) and a TCD. Data were 

collected at a time-on-stream of 60 min. The CO conversion and product selectivity were 

calculated using the following equations: 

𝐶𝑂 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [𝑋𝐶𝑂] (%) =
𝐶𝑂𝑖𝑛− 𝐶𝑂𝑜𝑢𝑡

𝐶𝑂𝑖𝑛
× 100    (1.1) 

𝑆𝐶𝑥%  =
𝑛𝑥 × 𝑛𝐶

𝐶𝑂𝑖𝑛−𝐶𝑂𝑜𝑢𝑡
         (1.2) 
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where XCO is the conversion of CO, nx is the number of moles of product x, and nC is the 

number of carbon atoms in product x. The mass balance was applied based on the number of 

moles of carbon converted into the products. 

 

 

3 Results and Discussion 

3.1 Characterizations 

The crystalline structure and nature of the catalyst phase were identified using powder XRD. 

The XRD patterns in Fig. 1 show that the Cu-promoted Co/TNR catalysts have similar 

crystalline structures with a mixture of characteristic rutile and anatase phases. It is worth 

noting that no characteristic peak of either Cu or Co or its oxides is observed for any of the 

catalysts, which suggests well-dispersed metal particles over the TNR surface [28-30]. 
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Fig. 1 XRD patterns of the Cu-promoted Co/TNR catalysts. 

 

CO-TPD and H2-TPD were carried out to study the interaction between the probe gases and 

the catalyst surface. Fig. 2 shows CO desorption profiles for the Co/TNR catalysts with the 

different amounts of Cu. The desorption profiles can be divided into two regions; region I 

ranges from 60 to 260 ℃, and region II ranges from 260 to 450 ℃. In region I, a broad 

desorption peak is observed for all the catalysts, in which the peak temperature varies with the 

Cu amount. The desorption peak temperature increases from 110 ℃ for the base Co/TNR 

catalyst to 180 ℃ when a small fraction of Cu (1.5Cu-Co/TNR) is present. The desorption peak 

temperature further increases to 200 ℃ when 3 wt% Cu (3Cu-Co/TNR) is anchored over the 

Co/TNR. Interestingly, the desorption peak temperature decreases to 125 ℃ for the 6Cu-

Co/TNR catalyst. It is generally accepted that CO adsorption over Cu is weaker than that over 
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Co [31], but interestingly, the results show that the smaller fraction of Cu in the Cu-promoted 

catalyst (1.5Cu-Co/TNR) results in a significant increase in the peak intensity, and the 

desorption peak shifts towards a higher temperature than that of the base Co/TNR catalyst. This 

suggests an interaction effect between the Cu and Co metals. 

 

Fig. 2 CO-TPD profiles of the Cu-promoted Co/TNR catalysts: a) Co/TNR, b) 1.5Cu-

Co/TNR, c) 3Cu-Co/TNR, and d) 6Cu-Co/TNR. 

The desorption profiles in region II exhibit a slightly different trend than those in region I. A 

very broad peak is observed over the base Co/TNR catalyst with a temperature maximum at 

⁓280 ℃, which shifts to a higher temperature (335 ℃) after the addition of 1.5% Cu (1.5Cu-

Co/TNR). It is worth noting that a further increase in Cu (3Cu-Co/TNR) resulted in a decrease 

in the desorption peak temperature to 315 ℃, but the desorption peak temperature increased to 
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340 ℃ upon a further increase in the Cu content to 6.0% (6Cu-Co/TNR). This shift in the 

desorption peak temperature, which indicates the strength of interaction between CO and the 

catalyst surface (i.e.,  a lower desorption peak temperature indicates a lower desorption 

activation energy, which indicates a weaker interaction, and vice versa) [32], is different from 

that of the CO adsorption capacity of the catalysts. The quantitative results presented in Table 

1 show that in general, the addition of Cu increases the CO amount adsorbed on the Co/TNR 

catalyst. However, although the adsorbed CO amount spikes when 1.5% Cu is present in the 

Co/TNR catalyst, the adsorption amount decreases with a further increase in the Cu content. 

 

Table 1 Quantitative results of CO and H2 adsorption. 

Catalyst CO adsorbed (µmol/g)a H2 adsorbed (µmol/g) b 

Co/TNR 130 40 

1.5Cu-Co/TNR 480 130 

3Cu-Co/TNR 469 80 

6Cu-Co/TNR 350 50 
a From CO-TPD; b From H2-TPD 

 

To gain insight into the catalyst surface’s response to hydrogen adsorption, the H2-TPD profiles 

shown in Fig. 3 were analyzed. The base Co/TNR catalyst exhibits hydrogen desorption with 

maxima at 120, 180, 260, 345 and 425 ℃, indicating the presence of various active sites for 

adsorption of H2 molecules over the whole temperature spectrum. The addition of 1.5% Cu 

drastically modified the adsorption active sites, where a high and broad peak at a peak 

temperature of 170 ℃ was observed. Additionally, two narrow-shouldered but notable peaks 

are observed at approximately 360 and 410 ℃. The 3Cu-Co/TNR catalyst shows H2 desorption 
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peaks at 135, 170, 280, 345 and 400 ℃, while the 6Cu-Co/TNR catalyst displays H2 desorption 

profiles with peak maxima at 115, 220, 265, 350 and 450 ℃. 

The adsorbed H2 amount calculated from the area under the curves of the H2-TPD profiles (Fig. 

3) is given in Table 1. Similar to the CO adsorption capacity, Cu promotion results in a higher 

H2 adsorption capacity than that observed for the Co/TNR catalyst, which could be ascribed to 

the bimetal effect of Cu and Co. The 1.5Cu-Co/TNR catalyst exhibits the highest H2 adsorption 

amount of 130 µmol/g, which is over three times the amount adsorbed on the base catalyst. A 

further increase in the Cu content (3Cu-Co/TNR and 6Cu-Co/TNR) resulted in a further 

reduction in the amount of H2 adsorption (80 and 50 µmol/g, respectively) on the catalysts, 

implying that an overloading of Cu resulted in a decreased H2 adsorption capacity. The position 

at which H2 is adsorbed on the Cu-Co/TNR catalysts could be determined in detail via 

theoretical studies, such as density functional theory (DFT) calculations, the density of states 

(DoS) and molecular dynamics (MD) simulations.      
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Fig. 3 H2-TPD profiles of the Cu-promoted Co/TNR catalysts: a) Co/TNR, b) 1.5Cu-

Co/TNR, c) 3Cu-Co/TNR, and d) 6Cu-Co/TNR. 

 

H2-TPR was performed to determine the extent of surface reducibility and the interaction 

between the metal and the support of the catalysts, which are important parameters for 

evaluating their catalytic performance in heterogeneous catalysis. The reduction profiles for 

the base and the Cu-promoted Co/TNR catalysts are shown in Fig. 4. The reduction of Co3O4 

has been reported to be a complex process, in which the reduction is generally affected by the 

particle size, Co dispersion and homogeneity of the catalyst. For instance, large particles 

weakly interacting with the support or surface oxides are easier to reduce [33]. The reduction 

profiles of the base Co/TNR catalyst presented in Fig. 4 exhibit two reduction peaks with peak 

temperatures of 300 (peak I) and 405 ℃ (peak II). The reduction of the Co oxides can be 

explained from a couple of different perspectives. First, peak I at the lower temperature can be 
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assigned to the reduction of the Co3O4 having a weak interaction with the TNR support, while 

peak II at the higher temperature can be assigned to the reduction of Co3O4 and CoO to Co0 

[34]. The other perspective from the literature is based on the ratio of the two peaks. A ratio of 

peak I to peak II of ⁓1/3 suggests that the two peaks indicate a two-step reduction of Co3O4 to 

metallic Co by Co3O4 (Co2+.Co2
3+) → CoO (Co2+) → Co (Co0) [33, 35].  

 

Fig. 4 H2-TPR patterns for the Cu-promoted Co/TNR catalysts: a) Co/TNR, b) 1.5Cu-

Co/TNR, c) 3Cu-Co/TNR, and d) 6Cu-Co/TNR. 

 

It is evident from the H2-TPR profiles that Cu promotion significantly affects the reducibility 

of the Co/TNR catalyst. The addition of Cu lowers the reduction peak temperatures from 300 

(peak I) and 405 ℃ (peak II) for the base Co/TNR catalyst to 245 and 335 ℃, respectively, for 



14 

 

the 1.5Cu-Co/TNR catalyst. A further increase in the Cu content to 3 wt% (3Cu-Co/TNR) 

lowers the reduction peak I and peak II temperatures further to 195 and 325 ℃, respectively.  

However, the reduction temperature of peak I shifts to the right (220 ℃), while the peak II 

reduction temperature shifts slightly to the left (315 ℃) for the 6Cu-Co/TNR catalyst. In 

general, the presence of the Cu improves the reducibility of the base Co/TNR catalyst, where 

the reduction of Co oxides is enabled at a much lower temperature. Note also that the peak 

intensities of the promoted catalysts decrease when the Cu contents are (relatively) excessive, 

which may covers the Co oxide, and hence, results in loss of the Co reducible species. In 

addition, given that the reduction of TiO2 is not favourable at temperatures below 500 °C and 

that the Cu content (approximately 1.5 – 6.0 wt%) is low compared with Co, the effect of TiO2 

or Cu reduction on the H2-TPR signal is negligible in the tested temperature range (60 °C – 

510 °C).   

 

3.2 FTS activity tests 

The catalytic performance of the base and the Cu-promoted Co/TNR catalysts for the FTS 

reaction was investigated at 5 bar and 240 ℃. The results of the catalyst activity (CO 

conversion) and the product selectivity are presented in Table 2 and Fig. 5. The bare TNR 

support was first tested under the reaction conditions and did not exhibit any activity for the 

FTS reaction. The CO conversion of the base Co/TNR catalyst at 240 ℃ was 9.4%. Cu doping 

significantly influenced the catalytic performance of the catalysts, where the CO conversion 

increased to 16.8% when 1.5% Cu (1.5Cu-Co/TNR) was present. The activity of the Cu-

promoted catalyst, however, deteriorated with the presence of higher contents of the Cu 

promoter, where the 3Cu-Co/TNR catalyst gave a significant decrease in the CO conversion. 

A further increase in the Cu content (6Cu-Co/TNR) resulted in a further decrease in the catalyst 
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activity performance. Based on the CO conversion results, the catalysts are arranged by their 

activity performance in the following order: 

1.5Cu-Co/TNR > 3Cu-Co/TNR > Co/TNR > 6Cu-1Co/TNR 

 

Table 2 The FTS activity and selectivity data for base and Cu promoted Co/TNR catalysts. 

Catalyst Temperature (℃) 
CO conv. 

(%) 

Carbon selectivity (%) 

CH4 C2 olefin 
C2-C4

 

Paraffinsa 
C5+

a CO2 

Co/TNR 

240 

9.4 26.7 2.5 17.3 51.3 2.2 

1.5Cu-Co/TNR 16.8 15.7 2.2 23.4 57.5 1.2 

3Cu-Co/TNR 13.3 26.8 2.1 21.7 43.5 5.9 

6Cu-Co/TNR 5.7 41.6 - 14.8 18.1 24.9 

1.5Cu-Co/TNR 
300 

25 32.7 0.6 21.5 35.7 9.5 

3Cu-Co/TNR 19.6 46.1 0.4 13.5 16.5 23.5 

Reduction: 350 ℃ in pure hydrogen for 4 h, 6000 mL/(gcat.h); FTS conditions: H2/CO = 2, 

6000 mL/(gcat.h), T= 240 °C, P = 5 bar; a gas chromatography mass spectrometry (GCMS) was 

used to identify the hydrocarbons up to C10. Data were collected at a time-on-stream of 60 min. 

 

It was also found that Cu promotion affects product selectivity. The selectivity of paraffins and 

C5+ hydrocarbons increased from 17.3% and 51.3% over the base Co/TNR catalyst to their 

highest values (23.4% and 57.5%) over the 1.5Cu-Co/TNR catalyst, but then decreased as the 
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Cu loading increased, where paraffins and C5+ hydrocarbons selectivity of 14.8% and 18.1%,  

respectively, were obtained with Cu loading of 6%.  

In contrast, the selectivity of methane and CO2 decreased from 26.7% and 2.2% to 15.7% and 

1.2%, respectively, when a small amount of Cu was loaded (1.5Cu-Co/TNR). With further 

increasing of the Cu loading, the selectivity of methane and CO2 increased and reached 41.6% 

and 24.9%, respectively, over the 6Cu-Co/TNR catalyst.  

It is also interesting to note that the selectivity of C2 olefin decreased with increasing Cu 

loading. These results can be explained by the interaction of the reacting gases, i.e., CO and 

H2, with the catalyst surface and their contribution towards the FTS reaction before and after 

the addition of the Cu promoter. 

CO dissociative adsorption could be a key step in FTS chain initiation under certain conditions 

or in the presence of specific metals [36]. In this work, the affinity of CO to the catalyst surface 

likely plays a significant role during the reaction. The adsorption of CO over the Co surface at 

room temperature is considered nondissociative in either linear or bridged form [37]. Linear-

type CO desorption occurs at 77 ℃, while bridged-type CO desorbs at 167 ℃ via a 

disproportionation reaction (2CO → C + CO2) [38, 39]. This suggests that the desorption peak 

in the desorption profiles in region I seen in Fig. 2 represents the desorption of a mixture of the 

linear-type CO, as well as CO2 that was derived from the bridged-type CO disproportionation. 

In this work, the chemisorption unit used to perform the TPD experiments was not equipped 

with a mass spectrometer. Due to this limitation, the TCD signal peaks in the CO-TPD 

experiment could not differentiate the desorbed gas(es), e.g., CO or CO2.  

Based on the results of the reaction tests displayed in Table 2, the selectivity of CO2 increases 

over the catalysts with higher Cu promoter contents. This could be explained by the desorption 

peak in region I of the CO-TPD profiles (Fig. 2) of the catalyst that shows lower CO desorption 
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amounts for the catalysts with higher Cu contents. As the Cu content increases, the catalysts 

may adsorb less linear-type CO but more bridged-type CO, hence generating more CO2 during 

the reaction tests from the disproportionation of the latter. Based on the stoichiometry of the 

disproportionation reaction reported [38, 39], the bridged-type CO disproportionation to CO2 

could also generate carbon deposits, but this was not analysed in this work. 

The amount of CO adsorbed over the catalysts depends on active metal sites and adsorption 

stoichiometry. The adsorption of CO over Cu is weaker than that over Co [31]. Interestingly, 

in this work, the addition of a small fraction of Cu promoted the adsorption of CO, but higher 

Cu contents led to a significant decrease in CO adsorption (Fig. 2 and Table 1). This can be 

explained by the fact that with higher Cu contents, the Cu nanoparticles decorate the surface 

of the Co nanoparticles and cover them, which leads to lower amounts of CO adsorption over 

these catalysts [31]. In contrast, the CO adsorption amount was the highest in the catalyst with 

the low Cu loading of 1.5%. This indicates an effective bimetal role of the catalyst.  

Furthermore, the shift of the desorption peaks to higher temperatures in the case of the Cu-

promoted catalysts shows an enhanced strength of the bond between CO and the catalysts, 

which implies a higher CO bonding ability because of the presence of Cu. This strong CO 

bonding with the Cu-promoted Co/TNR catalysts can be explained by the synergistic CO 

adsorption, which is found to be the main factor leading to the increased activity of the 1.5Cu-

Co/TNR catalyst. This is consistent with the reported work for Cu-promoted Co/Al2O3 catalyst 

[40]. In synergistic CO adsorption, the carbon atoms of CO adsorb on Co, while the oxygen 

atoms adsorb on Cu [41, 42]. 
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Fig. 5 CO conversion and product selectivity for Co/TNR and Cu-promoted Co/TNR 

catalysts. FTS conditions: H2/CO = 2, 6000 mL/(gcat.h), T= 240 °C, P = 5 bar. 

The synergistic CO adsorption and reducibility can also be used to explain the variations in 

product selectivity between the base Co/TNR and the 1.5Cu-Co/TNR catalyst. For example, 

the selectivity of methane and CO2 is suppressed over the 1.5Cu-Co/TNR catalyst due to 

improved reducibility and enhanced synergistic CO adsorption. Typically, methane formation 

could occur via two pathways in CO hydrogenation: (1) direct dissociation of CO followed by 

successive C hydrogenation; (2) hydrogenation of CO followed by deoxygenation of CHxO. 

Although pathway (1) is considered more favourable kinetically and the overall methane 

formation is endothermic, pathway (2) is suppressed in the 1.5Cu-Co/TNR catalyst as Cu 

doping may increase the energy barrier of methane formation from the co-adsorbed “CO + 

4H”. This is consistent with the report given for the Cu-doped Fe(100) surface, where Cu 
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doping lowers the adsorption energies of all species (formed during CO hydrogenation) on the 

potential energy surfaces [43].    

In addition, it can be inferred that the 1.5% Cu does not cover the Co active sites to a significant 

extent. For the promoted catalysts containing more than 1.5% Cu (i.e., 3Cu-Co/TNR and 6Cu-

Co/TNR), the effect of the Cu covering the Co active sites could be observed, resulting in lower 

CO conversion due to the decrease in Co active sites. However, the covering of the Co active 

sites by the Cu promoter has resulted in enhanced selectivity of methane and CO2 compared 

with the 1.5Cu-Co/TNR catalyst. This finding is in agreement with the work reported for 

Al2O3-supported Co-based catalysts [23]. Furthermore, the higher contents of Cu also 

promoted the WGS reaction, which contributed to the higher selectivity of methane and CO2 

[41]. It can be concluded that in catalysts with higher Cu contents, Cu covers the surface of the 

Co active metal, and the catalysts lose the synergistic effect of CO adsorption. This results in 

the loss of both the catalytic activity and the selectivity of C5+ hydrocarbons. 

The best two catalysts were further tested at a higher temperature (300 ℃) to investigate the 

effect of temperature on the catalytic activity results. The results in Table 2 clearly show an 

increase in the CO conversions over both the 1.5Cu-Co/TNR and 3Cu-Co/TNR catalysts, but 

the product selectivity was also affected by the higher reaction temperature. The CO conversion 

increased from 16.8 and 13.3% to 25 and 19.6% over the 1.5Cu-Co/TNR and 3Cu-Co/TNR 

catalysts, respectively. A higher selectivity of methane and CO2 but a lower selectivity of 

paraffins and C5+ hydrocarbons were observed, which suggests that the Cu-Co/TNR catalysts 

promote the WGS reaction at higher temperatures [1, 44, 45]. 

Co and Cu nanoparticle-based supported and unsupported catalysts with promoters such as K, 

Rb, Cs, Ca, Na and Ru have been widely reported for CO hydrogenation reactions [46-49]. 

Comparison of the results published in the literature reveals that CO conversion (16.8%) and 
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C5+ selectivity (57.5%) achieved over the 1.5Cu-Co/TNR catalyst surpassed the Cu-Co-based 

catalysts supported on TiO2 (promoted with 2.5% each of K, Rb and Cs) [46], as shown in 

Table 3. Notably, these promoted catalysts [46] were tested at 250 ℃ with a H2/CO ratio of 3 

and two times the amount of Cu and Co as in the 1.5Cu-Co/TNR catalyst. The best catalyst in 

this work (1.5Cu-Co/TNR) outperforms the Co-based catalysts promoted with expensive noble 

metals, such as ruthenium (Ru) [49], by producing a higher C5+ yield at the same reaction 

temperature while operating under half the reaction pressure used previously [49]. Moreover, 

the 1.5Cu-Co/TNR catalyst also shows a higher C5+ yield than the unsupported Mn-promoted 

Co-based catalyst [48]. A comprehensive investigation at the molecular level, for example, by 

means of DFT calculations, is required to provide more insight into the mechanism behind the 

outstanding performance of the 1.5Cu-Co/TNR catalyst.  

Table 3 Comparison of the current work with previously reported literature. 

Catalyst 
Temp. 

(℃) 
Pressure 

(bar) 
H2/CO 

CO conv. 

(%) 

C5+ 

Selectivity 

(%) 

Ref. 

1.5Cu-Co/TNR 240 5 2 16.8 57.5 This work 

2.5%K-30%(CoCu)/TiO2 

250 50 3 

10.8 20.3 

[46] 2.5%Rb-30%(CoCu)/TiO2 8.4 16.8 

2.5%Cs-30%(CoCu)/TiO2 13.4 9.5 

5%Ca-15%Co/SiC 240 20 2 13 5 [47] 

Co3Mn1–Na2O 240 10 2 20 42 [48] 

i-5Co0.05RuAl 240 10 2 9.6 69.7 [49] 
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4 Conclusions 

The effect of the Cu promoter in Co/TNR catalyst was investigated for the FTS reaction. The 

reduction profiles of the Cu-promoted catalysts showed that Cu doping enhanced the 

reducibility of the catalysts and, subsequently, the catalytic activity. The CO and H2 adsorption 

capacities were observed to be the highest for the 1.5Cu-Co/TNR catalyst among the catalysts 

tested in this work, which also showed the highest CO conversion and C5+ hydrocarbon 

selectivity at 240 ℃ and 5 bar. The increase in the reaction temperature to 300 ℃ showed an 

increase in CO conversion from 16.8% and 13.3% to 25% and 19.6% over the 1.5Cu-Co/TNR 

and 3Cu-Co/TNR catalysts, respectively. The methane and CO2 selectivity was found to 

increase with reaction temperature, which is in accordance with the previously reported 

literature. The enhanced activity of the 1.5Cu-Co/TNR catalyst was associated with the 

synergistic mechanism of the CO interaction with the catalyst surface, where the carbon atoms 

adsorb on the Co sites and the oxygen atoms adsorb on the Cu sites. The operation stability and 

and reusability of the catalysts need to be further investigated before industrial applications. 

Theoretical studies, such as DFT calculations, would be useful to further identify the possible 

reaction pathways.  
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