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Abstract
In this study, the promoting effects of ruthenium, palladium, and copper on the performance of a 15%Co-1%K/SiO2 catalyst 
were evaluated during  CO2 hydrogenation in a fixed-bed reactor. Reactions were carried out at atmospheric pressure and 
270 °C with  H2/CO2 ratio of 3. All catalysts were characterized by X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) 
and temperature-programmed reduction (TPR). Ruthenium, palladium and copper facilitated the reduction of cobalt oxides 
and increased cobalt dispersion. In terms of catalyst’s performance, ruthenium addition led to increased  CO2 conversion 
and methane selectivity with a detrimental effect on  C5+ hydrocarbons. Palladium also presented a similar pattern at lower 
loading but a drop in  CO2 conversion and increased reverse water–gas shift activity were observed at 3 wt % Pd loading. 
Promoting with copper resulted in decreased activity, methane selectivity and  C5+ hydrocarbons productivity with a much 
higher CO selectivity.

Graphical Abstract
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1 Introduction

The promotional attributes of noble metals on cobalt Fis-
cher–Tropsch catalysts have been widely reported. Depend-
ing on parameters such as support type, catalyst prepara-
tion method and activation conditions, noble metals are 
known to induce various modifications in cobalt catalysts 
properties. These include, among others, hydrogen activa-
tion, cobalt dispersion and/or reducibility, cobalt precursors 
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decomposition and the formation of bimetallic compounds. 
Most of these changes have been linked to alterations in 
catalyst performance during Fischer–Tropsch synthesis [1].

Within this framework, it appears interesting to inves-
tigate these types of catalysts in  CO2 hydrogenation. One 
such investigation has been reported by Zhu et al. [2] where 
the performance of  Co3O4 and  (Co0.95Ru0.05)3O4 nanorods 
catalysts was evaluated. It was demonstrated that the ruthe-
nium doped catalyst possessed a higher activity and methane 
selectivity than  Co3O4. A further comparison with Co/SiO2 
and Ru/SiO2 revealed that the bimetallic catalyst was still 
superior in terms of activity and methane selectivity. It was 
possible, with the information provided by XPS, to link the 
observed change in the catalyst performance to the forma-
tion of an alloy of cobalt and ruthenium, which segregated 
to the surface. In contrast, data reported by Owen et al. [3] 
showed that the addition of 1 wt % Ru to a 20%Co-1%K/
SiO2 catalyst led to a drop in  CO2 conversion and CO yield 
while the hydrocarbons yield remained unaffected. Replac-
ing ruthenium with palladium in the same catalyst led to 
similar observations except for a slight decrease in hydrocar-
bons yield. In the same study, the promotion of a potassium-
free Co/SiO2 catalyst with palladium, however, resulted in 
a decrease of both  CO2 conversion and hydrocarbons yield 
with a negligible increase in CO yield.

In comparison to ruthenium and palladium, platinum 
has attracted more attention in  CO2 hydrogenation. Boix 
et al. [4] explored the doping effect of cobalt mordenite 
catalysts with platinum (0.5, 1 and 5 wt %) prepared by ion 
exchange of sodium mordenite. The catalyst’s activity was 
found to increase with the platinum loading, except at 5 
wt % where a drop in activity was observed. Nevertheless, 
all the promoted catalysts possessed a higher activity than 
the unpromoted one. The increase in activity was ascribed 
to the synergetic effect of the platinum particle in intimate 
contact with those of cobalt. This effect was explained in 
terms of the ability of platinum to dissociate hydrogen and 
enhance surface oxygen removal due to improved catalyst 
reducibility as was demonstrated by TPR experiments. The 
methane selectivity of 0.5 wt % platinum loaded catalyst 
was found to be higher than that of the unpromoted cobalt. 
The authors attributed this behaviour to the high dispersion 
of metallic cobalt particles in the main channels of the 
mordenite. Conversely at high platinum loadings of 1 
and 5 wt % the methane selectivity was suppressed below 
the level of that of the unpromoted catalyst. At 5 wt % 
platinum loading, CO was almost exclusively generated. It 
was argued that the significant drop in methane selectivity 
could be due to platinum segregation to the surface from 
Co–Pt bimetallic species. With reference to the work 
of Bardi et al. [5] on CO chemisorption on  CoPt3 alloy, 
the authors further argued that the probable presence of 
 CoPt3 inside the mordenite main channel was responsible 

for high water gas shift activity due to changes in the 
electronic state available for CO–Pt bonding, resulting 
in lower bond energy. The authors believed that the low 
CO–Pt bond energy facilitates CO desorption rather than 
its further dissociation into carbon species and subsequent 
hydrogenation.

Alayoglu et al. [6] also came to similar conclusions upon 
investigating cobalt and cobalt–platinum bimetallic alloy 
(atomic ratio approximately 1:1) nanoparticles grafted on 
mesoporous silica (MCF-17). While there was little differ-
ence in  CO2 conversion for both types of catalysts, the meth-
ane selectivity dropped to negligible levels for the bimetallic 
alloy. XPS and TEM of the bimetallic catalyst under a reduc-
ing hydrogen atmosphere suggested that surface enrichment 
of platinum would occur during reaction. Thus, the reac-
tants access to cobalt becomes very limited, resulting almost 
exclusively in the production of CO. Testing of a similar 
monometallic platinum catalyst showed similar activity and 
selectivity to methane under the same conditions, reinforcing 
the platinum surface enrichment theory.

The role of platinum in Co/SiO2 catalysts has also been 
studied recently by Beaumont et al. [7]. The particularity 
of this study lies in the catalyst synthesis step where plati-
num and cobalt were deposited separately in close proxim-
ity (Pt:Co molar ratio of approximately 1:20) rather than as 
a single bimetallic nanoparticle. Surprisingly, this catalyst 
showed a methane production rate about 6 times higher 
compared to monometallic cobalt nanoparticles. Moreover, 
relatively less CO was produced, in contrast to findings pre-
sented beforehand. The evidence of improved cobalt reduc-
ibility in the presence of platinum provided by near edge 
X-ray absorption fine structure (NEXAFS) led the authors 
to suggest that once dissociated on platinum, the hydrogen 
atoms may be transferred to cobalt via a spill over mecha-
nism to reduce surface oxide species formed during the reac-
tion, hence generating more active sites.

It was shown in our previous study [8] that the addition 
of potassium in a Co/SiO2 catalyst negatively affected its 
reducibility which had an impact on the overall conversion. 
An economically viable catalyst not only needs to possess a 
good selectivity towards the component of interest but also 
an acceptable level of conversion. Noble metals such as the 
ones mentioned in the preceding lines are known to improve 
the reducibility of cobalt catalysts [9]. Therefore, includ-
ing noble metals in the catalyst formulation may result in 
the improvement of its overall performance. Furthermore, 
numerous mechanistic investigations have reported  CO2 
hydrogenation to occur via the reverse water – gas shift reac-
tion to produce CO which then further reacts with hydrogen 
to form hydrocarbons [3, 10–12]. However, cobalt possesses 
low water – gas shift activity [9]. Thus, promotion with a 
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metal which possess water – gas shift activity like copper 
may have a significant impact on the catalyst behaviour.

This study aims to investigate the effects of a second 
promoter, namely ruthenium, palladium and copper on the 
performance of 15%Co-1%K/SiO2 base catalyst during  CO2 
hydrogenation.

2  Materials and Methods

2.1  Catalyst Synthesis

The metal precursors used in this study (copper nitrate, 
ruthenium nitrosyl nitrate and palladium chloride) were all 
purchased from Sigma-Aldrich. The catalysts were prepared 
by deposition–precipitation and impregnation depending 
on whether the metal precursor contained chlorine. Thus, 
copper and ruthenium were introduced in the catalyst by 
impregnation while deposition–precipitation was used for 
palladium. These metals were used to promote a pre-synthe-
sized and calcined 15%Co-1%K/SiO2 catalyst as described 
in our previous publication [8]. In a typical impregnation, 
the appropriate amount of precursor was weighed and dis-
solved or diluted in water and the solution thus obtained 
added to the pre-synthesized catalyst. As for the deposi-
tion–precipitation, the pre-synthesized catalyst was sus-
pended in an aqueous solution of the relevant precursor 
and an ammonia solution was added dropwise until the pH 
rose to 8.5. After an hour of ageing, the sample was filtered 
and washed several times with deionized water to remove 
chlorine which is considered to be a poison for cobalt FT 
catalysts [1]. Regardless of the synthesis approach, all the 
catalysts were then dried overnight at 120 °C and calcined 
at 400 °C for 6 h.

2.2  Catalyst Characterization

The catalysts investigated in this study were characterized 
by X-ray diffraction, Brunauer–Emmett–Teller and temper-
ature-programmed reduction. XRD was carried out with a 
Rigaku Ultima IV instrument equipped with a copper tar-
get. The operating current and voltage of the diffractometer 
were 30 mA and 40 kV respectively. Spectra acquisition was 
performed at a scanning speed of 1°/min with a step size of 
0.01° from 10 to 90°. The BET analysis was performed to 
evaluate the catalyst porosity using a Micromeritics Tristar 
3000 using nitrogen.

An in-house built instrument, equipped with a thermal 
conductivity detector, was used for temperature-programmed 
reduction. This analysis was conducted by placing 100 mg 
of catalyst in a stainless-steel reactor followed by degassing 
under helium flow (70 NmL/min) at 300 °C for 1 h. The 
degassing step was necessary for the removal of any ambient 

contaminants and traces of moisture. After degassing the 
reactor was cooled to room temperature and helium was 
replaced with 5% hydrogen in argon flowing at 65 NmL/
min. Finally, the temperature was increased to 700 °C at a 
heating rate of 10 °C/min.

2.3  Catalyst Testing

Carbon dioxide hydrogenation was conducted in a fixed-bed 
reactor system, which was described in our previous publi-
cation [8]. In each run, 500 mg of catalyst were used, and 
activation was carried out at 335 °C for 17 h under 23 NmL/
min of pure hydrogen. All hydrogenation reactions were per-
formed at 270 °C, atmospheric pressure, and a space velocity 
of 0.92 NL/gcath. These conditions were found to be opti-
mum in our previous investigation [8]. The feed gas to the 
reactor consisted of a mixture containing 21.8%  CO2, 68.6% 
 H2 and 9.6%  N2. The reduced and passivated catalysts were 
activated as described in the previous lines. Passivation was 
done with oxygen diluted in helium (5%  O2) flowing at 23 
NmL/min for 2 h at room temperature. Gas chromatography 
was used to analyse the reactor effluent. A Dani Master GC, 
equipped with a flame ionization detector (FID) and a ther-
mal conductivity detector (TCD), was used for this purpose. 
The separation of hydrocarbons was done in a capillary col-
umn (Supel-Q™ PLOT) while that of  H2,  N2, CO and  CO2 
was done in a packed column (60/80 Carboxen 1000).

3  Results and Discussion

3.1  Effect of Ruthenium

3.1.1  X‑ray Diffraction

XRD spectra of ruthenium-promoted catalysts after calci-
nation, reduction/passivation, and spent catalysts are illus-
trated in Fig. 1. Calcined catalysts containing 1 and 3 wt 
% ruthenium showed similar patterns. Only the reflection 
planes corresponding to  Co3O4 could be identified on both 
catalysts. Oxides of ruthenium were not detected, indicating 
a highly dispersed phase. Reduced and passivated catalysts, 
on the other hand, did not show any reflection line corre-
sponding to  Co3O4. After activation,  Co3O4 was reduced to 
CoO and metallic cobalt as indicated by the corresponding 
spectra. In addition, a ruthenium peak was also detected for 
both activated catalysts. This peak overlapped with one of 
metallic cobalt peaks as shown on the diagram. The spent 
catalysts did not show any diffraction peak indicating that 
the samples became amorphous after the reaction. Another 
possibility is that the particle size could be below the detec-
tion limit of the instrument. The XRD spectrum of the base 
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catalyst (15%Co-1%K/SiO2) is not included in Fig. 1 as it 
has been published in our previous work [8]. The calcined 
base catalyst also presented only diffraction peaks associated 
with  Co3O4.

In order to investigate the effect of ruthenium on particle 
size, the Scherrer equation was used as previously indicated 
[8]. Particles size of the base catalyst and ruthenium-pro-
moted catalysts are presented in Table 1. It can be seen that 
promoting with ruthenium considerably reduces the average 
particle size of all cobalt species present on the catalyst. 
The most significant drop in particle size occurred at 1% Ru 
where a decrease of ca. 20% for  Co3O4 and ca. 53% for both 
CoO and Co was observed. A further increase in the cata-
lyst’s ruthenium content had little effect on the particle size. 

It can be claimed, within experimental error, that catalysts 
containing 1 and 3 wt % ruthenium have similar particle 
size. These findings suggest that ruthenium improved cobalt 
dispersion. Similar observations have also been made in a 
number of studies [13, 14]. In fact, Kogelbauer et al. [14] 
investigated the promoting effect of ruthenium on alumina-
supported cobalt catalysts. The average metallic cobalt par-
ticle size of all ruthenium-promoted catalysts was found to 
be roughly half of that of the unpromoted catalyst. It was 
suggested that ruthenium facilitates the reduction of small 
cobalt oxide species that strongly interact with the support. 
This would, in turn, result in additional small particles of 
metallic cobalt that would eventually decrease the average 
particle size.

3.1.2  Temperature‑Programmed Reduction

TPR profiles of ruthenium-promoted and unpromoted 
catalysts are illustrated in Fig. 2. The unpromoted catalyst 

Fig. 1  XRD patterns of a 15%Co-1%K-1%Ru/SiO2 (calcined), b 
15%Co-1%K-3%Ru/SiO2 (calcined), c 15%Co-1%K-1%Ru/SiO2 
(reduced and passivated), d 15%Co-1%K-3%Ru/SiO2 (reduced and 
passivated), e 15%Co-1%K-1%Ru/SiO2 (spent), and f 15%Co-1%K-
3%Ru/SiO2 (spent)

Table 1  Particle size of ruthenium-promoted catalysts

a Particle size in mm

Catalyst Freshly  calcineda Reduced and 
 passivateda

Co3O4 CoO Co

15%Co-1%K/SiO2 23.52 7.30 7.34
15%Co-1%K-1%Ru/SiO2 18.73 3.46 3.48
15%Co-1%K-3%Ru/SiO2 18.35 3.36 3.38

Fig. 2  TPR profiles for a 15%Co-1%K/SiO2, b 15%Co-1%K-1%Ru/
SiO2, c 15%Co-1%K-3%Ru/SiO2
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exhibits two maxima at 368 and 425 °C which were previ-
ously [8] assigned to the two reduction steps of cobalt spe-
cies, namely,  Co3O4 to CoO and CoO to Co respectively. 
It is evident that the addition of ruthenium shifted both 
maxima to lower temperatures. The peak associated with 
the reduction of  Co3O4 to CoO shifted from 368 to 212 °C 
and that assigned to the reduction of CoO to Co decreased 
from 425 to 373 °C upon promoting the catalyst with 1 wt 
% ruthenium. This corresponds to a temperature drop of 156 
and 52 °C respectively. Increasing the catalyst’s ruthenium 
content to 3 wt % further shifted both peak maxima to lower 
temperatures but to a much smaller extent. This is in good 
agreement with data reported by Jacobs et al. [15]. Our data 
indicate that ruthenium improved the catalyst’s reducibil-
ity. Xu et al. [16] have shown that  RuO2, when supported 
on  TiO2-Al2O3, can be reduced between 146 and 162 °C 
depending on the calcination temperature. This narrow tem-
perature range falls below the reduction maxima observed 
in this study for the unpromoted catalyst. It can therefore 
be argued that  RuO2 is first reduced to metallic ruthenium 
which activates hydrogen and spills it over cobalt oxide spe-
cies. As a consequence, the reduction of cobalt oxide spe-
cies occurs at much lower temperatures, leading to increased 
extent of reduction [13, 14].

3.1.3  Surface Areas and Textural Data

The BET measurements were performed on the calcined 
ruthenium-promoted catalysts. The BET surface area, total 
pore volume, and pore sizes are shown in Table 2.

The BET surface area of the catalysts increased with 
the addition of ruthenium promoter compared to the cata-
lyst promoted with potassium only. The total pore volume 
increased when ruthenium was introduced to the catalyst 

and decreased slightly when the ruthenium content was 
increased to 3 wt %. The increase in surface area when 
ruthenium was added could mean that the ruthenium was 
deposited mostly on the surface of the catalyst and not in 
the pores. The decrease in the surface area and the total 
pore volume when ruthenium content was increased could 
be due to some pores being obstructed due to ruthenium 
being deposited inside the pores of the catalyst.

3.1.4  Catalyst Testing

The effect of ruthenium incorporation in the base catalyst 
is shown in Table 3. It can be seen that at a ruthenium 
loading of 1 wt %, there was a slight improvement in  CO2 
conversion from 16 to 18.6% and an increase in methane 
selectivity from 37.6 to 44.4%. This is in line with TPR 
data which revealed an improved degree of reduction for 
ruthenium-promoted catalysts. In fact, the high degree 
of reduction resulted in increased number of active sites 
available for  CO2 hydrogenation. These findings are cor-
roborated by a number of studies [10, 17, 18] which have 
shown that cobalt catalysts possessing a higher degree of 
reduction are more selective towards methane and possess 
a higher  CO2 hydrogenating activity. It is understood that 
this behaviour is dictated by the amount metallic cobalt 
available on the catalyst. The CO selectivity, on the other 
hand, was observed to decrease from 31.9 to 26.2% while 
the  C5+ selectivity dropped from 7.8 to 5.9%. The change 
in  C2+ yield was less than a percentage and can be consid-
ered negligible within experimental error.

Adding more ruthenium to the catalyst (3 wt %) did 
not induce significant changes in its performance except 
increased methane selectivity at the expense of  C2+ hydro-
carbons. The yield of hydrocarbons other than methane 
was not affected by the presence of ruthenium, with fluc-
tuations of less than a percentage. This is consistent with 
both XRD and TPR data which showed similar dispersion 
and reducibility for all ruthenium-promoted catalysts. It is 
important, however, to underline that ruthenium has been 
reported to be active in  CO2 hydrogenation and highly 
selective towards methane [19–21]. Since the amounts 
of ruthenium employed in this study are relatively high, 

Table 2  BET data for ruthenium-promoted catalysts

Sample BET surface 
area  [m2/g]

Pore volume 
 [cm3/g]

Pore 
diameter 
[nm]

15%Co-1%K/SiO2 137.8 1.2 33.4
15%Co-1%K-1%Ru/SiO2 173.6 1.4 31.4
15%Co-1%K-3%Ru/SiO2 158.4 1.3 31.8

Table 3  Activity data of 
ruthenium-promoted catalysts

Reaction conditions: 1 bar, 270 °C, 0.92 NL/gcath, and  H2/CO2 ratio of 3

Catalysts Conversion Selectivity (mol %) Yield (mol %)

CO2 CO CH4 C2-C4 C5+ CH4 C2+

15%Co-1%K/SiO2 16.0 31.9 37.6 22.7 7.8 6.03 4.89
15%Co-1%K-1%Ru/SiO2 18.6 26.2 44.4 23.5 5.9 8.26 5.47
15%Co-1%K-3%Ru/SiO2 18.4 26.6 47.9 21.0 4.6 8.79 4.69
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contributions associated with ruthenium in catalyst’s per-
formance cannot be excluded.

3.2  Effect of Palladium

3.2.1  X‑ray Diffraction

The diffractograms of palladium-promoted catalysts are 
shown in Fig. 3. It is evident that, as in the case of ruthe-
nium-promoted catalysts, only reflection planes associated 
with  Co3O4 were visible in the calcined catalysts. Palla-
dium species were not detected in the calcined catalysts, 
suggesting the presence of amorphous or highly dispersed 

species. The reduced and passivated catalysts, however, 
exhibited reflection planes corresponding to metallic pal-
ladium, cobalt and CoO as indicated in Fig. 3. As observed 
on the ruthenium-promoted catalysts, the spent catalysts did 
not show any diffraction peak indicating that the samples 
became amorphous after the reaction. Another possibility 
is that the particle size could be below the detection limit 
of the instrument. The effect of palladium on cobalt species 
particle size was also evaluated. The Sherrer equation was 
used for this purpose and the obtained data are presented in 
Table 4. It is seen that adding palladium to the base catalyst 
reduces the particle size of all cobalt species. This behaviour 
is more pronounced at 1 wt % Pd loading compared to the 
catalyst promoted with 3 wt % Pd which shows little change 
in particle size. It is worth noting that this pattern was also 
observed with ruthenium-promoted catalysts as discussed 
earlier. Thus, a similar argument can be made with respect 
to possible reasons behind the decrease in particle size in the 
presence of palladium.

3.2.2  Temperature‑Programmed Reduction

The reduction behaviour of palladium-promoted catalysts 
along with the base catalyst is shown Fig. 4. Two major 
hydrogen consumption peaks, assigned to the two-step 
reduction of cobalt species, can be seen for all catalysts. 
Palladium appears to act as a reduction catalyst, shifting 
both peaks to much lower temperatures. Upon promoting 
with 1 wt % Pd, the peak associated with  Co3O4 reduction 
decreased from 368 to 165 °C, corresponding to a 203 °C 
shift. The peak associated with the reduction of CoO, on the 
other hand, dropped from 425 to 406 °C, representing a shift 
of 19 °C. Increasing palladium content to 3 wt % further 
lowered the reduction temperatures of cobalt oxides. Peaks 
associated with palladium oxide which has been reported 
to undergo reduction at room temperature [22–24] were 
not detected. Thus, palladium oxide reduction probably 
occurred during signal conditioning of the thermal conduc-
tivity detector.

Fig. 3  XRD patterns of a 15%Co-1%K-1%Pd/SiO2 (calcined), b 
15%Co-1%K-3%Pd/SiO2 (calcined), c 15%Co-1%K-1%Pd/SiO2 
(reduced and passivated), d 15%Co-1%K-3%Pd/SiO2 (reduced and 
passivated), e 15%Co-1%K-1%Pd/SiO2 (spent), and f 15%Co-1%K-
3%Pd/SiO2 (spent)

Table 4  Particle size of palladium promoted catalysts

a Particle size in mm

Catalyst Freshly  calcineda Reduced and 
 passivateda

Co3O4 CoO Co

15%Co-1%K/SiO2 23.52 7.30 7.34
15%Co-1%K-1%Ru/SiO2 18.00 3.44 3.83
15%Co-1%K-3%Ru/SiO2 18.54 3.09 3.11
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3.2.3  Surface Aareas and Textural Data

The BET measurements were performed on the calcined 
palladium-promoted catalysts. The BET surface area, total 
pore volume, and pore sizes are shown in Table 5.

The BET surface area of the catalysts increased with the 
addition of palladium promoter compared to the catalyst 
promoted with potassium only. Contrary to ruthenium, the 
total pore volume increased when palladium was intro-
duced to the catalyst and increased with its content in the 
catalyst. There was no explanation we could give for the 

behavior observed on the BET surface area and the pore 
volume and size for catalysts containing Pd where the sur-
face area decreased with increasing Pd loading while the 
pore volume and pore size also increased.

3.2.4  Catalyst Testing

The impact of palladium promotion on the catalyst’s activity 
and products distribution is given in Table 4. Promoting the 
catalyst with 1 wt % Pd resulted in increased  CO2 conversion 
from 16 to 19.1%. The methane productivity also increased 
at the expense of  C2+ hydrocarbons as indicated by selec-
tivity and yield data. These findings are consistent with the 
TPR analysis which demonstrated that palladium-promoted 
catalysts possess a higher degree of reduction compared 
to the base catalyst. In fact, previous reports [10, 17, 18] 
have linked high activity and methane selectivity to metal-
lic cobalt. Since the palladium-promoted catalysts possess a 
higher degree of reduction, this means more metallic cobalt 
is available for the reaction. Nevertheless, the CO selectivity 
remained relatively constant.

Interestingly, increasing the palladium loading to 3 wt 
% led to a  CO2 conversion similar to that obtained with the 
base catalyst as shown in Table 6. Since TPR and XRD data 
of the catalysts promoted with 1 and 3 wt % Pd suggested 
similar degree of reduction and cobalt particle size, both 
catalysts were expected to perform similarly in  CO2 hydro-
genation. However, increasing the palladium content from 1 
to 3 wt % resulted in a drop in  CO2 conversion from 19.1 to 
16.6% and in  C2+ hydrocarbons productivity. The methane 
selectivity also decreased from 45.4 to 41.8% while the CO 
selectivity increased from 31.5 to 40%.

A lower activity and methane selectivity for the catalyst 
containing 3 wt % Pd suggests that this catalyst possess a 
lower degree of reduction compared to the one promoted 
with 1 wt % Pd. However, this argument can be ruled out in 
the light of TPR data as pointed out earlier. One probable 
explanation for the observed performance could be that at 
high palladium loading (3 wt %), some of the metallic cobalt 
particles become covered by palladium particles and thus 
inaccessible for  CO2 hydrogenation. In addition,  CO2 hydro-
genation over a series of palladium-supported catalysts has 
revealed that palladium is active in the reverse water–gas 
shift reaction [25, 26]. This would justify the significant 

Fig. 4  TPR profiles for a 15%Co-1%K/SiO2, b 15%Co-1%K-1%Pd/
SiO2, c 15%Co-1%K-3%Pd/SiO2

Table 5  BET data for palladium-promoted catalysts

Sample BET surface 
area  [m2/g]

Pore volume 
 [cm3/g]

Pore 
diameter 
[nm]

15%Co-1%K/SiO2 137.8 1.2 33.4
15%Co-1%K-1%Pd/SiO2 200.1 1.6 31.58
15%Co-1%K-3%Pd/SiO2 188.0 2.3 47.9

Table 6  Activity data of 
palladium-promoted catalysts

Reaction conditions: 1 bar, 270 °C, 0.92 NL/gcath, and  H2/CO2 ratio of 3

Catalysts Conversion Selectivity (mol %) Yield (mol %)

CO2 CO CH4 C2-C4 C5+ CH4 C2+

15%Co-1%K/SiO2 16.0 31.9 37.6 22.7 7.8 6.03 4.89
15%Co-1%K-1%Ru/SiO2 19.1 31.5 45.4 19.5 3.5 8.67 4.41
15%Co-1%K-3%Ru/SiO2 16.6 40.0 41.8 15.3 2.9 6.93 3.01
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increase in CO selectivity at high palladium loading. It is 
worth noting that a similar behaviour has also been reported 
for a platinum-promoted cobalt catalyst where platinum sur-
face enrichment was found to be responsible for increased 
reverse water–gas shift activity [6].

3.3  Effect of Copper

3.3.1  X‑ray Diffraction

The XRD patterns of potassium – promoted cobalt catalysts 
containing 1 to 3% copper are illustrated in Fig. 5. Calcined 
catalysts containing 1 and 3% copper showed identical 

diffraction lines which have been assigned to  Co3O4. The 
reduced and passivated counterpart, on the other hand, 
indicated that after reduction, some of the cobalt species 
remained in oxide form (CoO) along with metallic cobalt. 
Copper oxide and alloys of copper and cobalt could not 
be detected in all catalysts. This suggests that the copper 
phase is highly dispersed given the fact that it only repre-
sents a small fraction of the catalyst. The spent catalysts did 
not show any diffraction peak indicating that the samples 
became amorphous after the reaction. Another possibility is 
that the particle size could be below the detection limit of the 
instrument. The particle size of the different cobalt phases 
before and after reduction was calculated as earlier using 
the Scherrer equation and the related data are presented in 
Table 7. For the freshly calcined catalysts, it is evident that 
the size of  Co3O4 clusters decreased with increased copper 
loading. However, for the reduced and passivated catalysts, 
a different behaviour was observed. In fact, there was a neg-
ligible increase of less than a nanometer for CoO and Co 
clusters at 1 wt % Cu loading. A decrease in CoO and Co 
cluster sizes was only observed at a higher copper loading 
of 3 wt %. The CoO cluster size decreased from 7.30 to 
4.90 nm while the cluster size of metallic cobalt decreased 
from 7.34 to 5.05 nm. These observations lead to the conclu-
sion that the introduction of copper in the catalyst, especially 
at a higher loading (3 wt %), improves the dispersion of the 
different cobalt phases, namely  Co3O4, CoO and Co.

3.3.2  Temperature‑Programmed Reduction

The TPR profiles of copper-containing catalysts are com-
pared relative to that of the base catalyst (15%Co-1%K/
SiO2) in Fig. 6. As discussed earlier, the major peaks for the 
base catalyst observed at 368 and 425 °C were attributed 
to the two-step reduction of  Co3O4 to CoO and CoO to Co 
respectively. Upon introduction of 1 wt % copper in the base 
catalyst, only one hydrogen consumption peak appears at 
386 °C. Since XRD revealed the presence of  Co3O4 clus-
ters in calcined catalysts, this peak can be attributed to both 
reduction steps overlapping. Furthermore, because the emer-
gence of the base catalyst peak at 368 °C coincides with that 
of the promoted catalyst peak at 386 °C, it can be argued 

Fig. 5  XRD patterns of a 15%Co-1%K-1%Cu/SiO2 (calcined), b 
15%Co-1%K-3%Cu/SiO2 (calcined), c 15%Co-1%K-1%Cu/SiO2 
(reduced and passivated), d 15%Co-1%K-3%Cu/SiO2 (reduced and 
passivated), e 15%Co-1%K-1%Cu/SiO2 (spent), and f 15%Co-1%K-
3%Cu/SiO2 (spent)

Table 7  Particle size of copper promoted catalysts

a Particle size in mm

Catalyst Freshly  calcineda Reduced and 
 passivateda

Co3O4 CoO Co

15%Co-1%K/SiO2 23.52 7.30 7.34
15%Co-1%K-1%Ru/SiO2 19.32 8.10 8.17
15%Co-1%K-3%Ru/SiO2 13.30 4.09 5.05
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that only the second reduction step, namely CoO to Co was 
promoted by the presence copper. In addition, increasing 
the amount of copper in the catalyst to 3 wt % revealed no 
apparent improvement in the catalyst reducibility. In fact, at 
3 wt % Cu loading, the TPR profile was identical to the one 
obtained at 1 wt % Cu. Increased cobalt catalyst reducibility 
upon copper addition has also been observed by Leite et al. 
[27].

3.3.3  Surface Areas and Textural Data

The BET measurements were performed on the calcined 
copper-promoted catalysts. The BET surface area, total pore 
volume, and pore sizes are shown in Table 8.

The BET surface area of the catalysts increased with the 
addition of copper promoter compared to the catalyst pro-
moted with potassium only. The total pore volume increased 
when copper was introduced to the catalyst and decreased 
slightly when the copper content was increased to 3 wt %. 
The increase in surface area when copper was added could 
mean that the copper was deposited mostly on the surface of 
the catalyst and not in the pores. The decrease in the surface 
area and the total pore volume when copper content was 
increased could be due to some pores being obstructed due 
to copper being deposited inside the pores of the catalyst.

3.3.4  Catalyst Testing

Copper addition effects in  CO2 hydrogenation are presented 
in Table 9. It is evident that the presence of copper nega-
tively affected the catalyst activity which dropped from 16 
to 13% when 1 wt % copper was introduced. However, an 
increased CO selectivity and a drop in hydrocarbons pro-
ductivity can be noted. A similar pattern was also observed 
with the catalyst containing 3 wt % Cu. According to TPR 
data, copper-containing catalysts possess a higher degree of 
reduction in comparison to the base catalyst. This should 
in turn result in more metallic cobalt and therefore in more 
active catalysts as discussed earlier. The decreased activ-
ity has been attributed the poisoning effect of copper on 
cobalt sites as a consequence of copper surface enrichment 
[28]. In addition, the suppressed methane selectivity and 
increased CO selectivity in copper-promoted catalysts indi-
cate a higher rate of the reverse water–gas shift reaction 
for these catalysts. It is worth noting that there was a drop 
in cobalt particle size in the catalyst promoted with 3 wt % 
Cu. This parameter could also be a contributing factor in 
catalyst deactivation. In fact, Iablokov et al. [29] specifically 
investigated the influence of cobalt particle size in the hydro-
genation of carbon dioxide. The model catalysts contained 
cobalt nanoparticles with sizes of 3, 7 and 10 nm depos-
ited on mesoporous silica (MCF-17). It was found that  CO2 

Fig. 6  TPR profiles for a 15%Co-1%K/SiO2, b 15%Co-1%K-1%Cu/
SiO2, c 15%Co-1%K-3%Cu/SiO2

Table 8  BET data for copper-promoted catalysts

Sample BET surface 
area  [m2/g]

Pore volume 
 [cm3/g]

Pore 
diameter 
[nm]

15%Co-1%K/SiO2 137.8 1.2 33.4
15%Co-1%K-1%Cu/SiO2 188.8 1.6 32.6
15%Co-1%K-3%Cu/SiO2 140.7 1.2 33.0

Table 9  Activity data of copper-
promoted catalysts

Reaction conditions: 1 bar, 270 °C, 0.92 NL/gcath, and  H2/CO2 ratio of 3

Catalysts Conversion Selectivity (mol %) Yield (mol %)

CO2 CO CH4 C2-C4 C5+ CH4 C2+

15%Co-1%K/SiO2 16.0 31.9 37.6 22.7 7.8 6.03 4.89
15%Co-1%K-1%Ru/SiO2 13.0 46.9 30.8 17.6 4.6 4.00 2.88
15%Co-1%K-3%Ru/SiO2 13.8 45.1 32.4 17.8 4.7 4.47 3.11
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conversion increases with particle size. This is in line with 
similar studies on the hydrogenation of carbon monoxide, 
where this behaviour has been attributed to a greater suscep-
tibility to oxidation of smaller cobalt particles. The products 
distribution was not significantly altered by the variation in 
particle size. The main products consisted of methane and 
CO. However, the methane selectivity dependence on cobalt 
particle size was not established.

4  Conclusion

The aim of the present study was to investigate ruthenium, 
palladium, and copper as promoters in  CO2 hydrogenation. 
All these promoters were found to improve the catalyst 
reducibility and dispersion. Ruthenium and palladium pro-
moted both steps of cobalt reduction while copper only pro-
moted the second reduction step. Ruthenium increased  CO2 
conversion and methane selectivity but negatively affected 
 C5+ hydrocarbons productivity. This behaviour was ascribed 
to increased active site density for ruthenium containing 
catalysts. Similar data were also recorded for the catalyst 
containing 1 wt % palladium. However, a drop in  CO2 con-
version and increased reverse water–gas shift activity were 
observed at 3 wt % Pd loading. It was suggested that some 
of the Co active sites were covered by palladium and hence 
could not be accessed by the reactants. Promoting with 
copper resulted in decreased activity, methane selectivity 
and  C5+ hydrocarbons productivity with a much higher CO 
selectivity. Although copper improved the catalyst reducibil-
ity, it also acted as a poison which resulted in poor activity.
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