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Abstract – Carbon dioxide hydrogenation is among the most promising CO2 valorization technologies, 

contributing to the mitigation of CO2 emissions in the atmosphere as well as to the production of value-

added chemicals and/or fuels. Among the different investigated catalysts, ceria-based composites have 

received particular attention. The unique redox and surface properties of CeO2 along with its combination 

with transition metals can lead to an enhanced catalytic performance due to the synergistic metal-support 

interactions. Research efforts have recently focused on the rational design of ceria-based catalytic materials 

through the fine-tuning of different counterparts’ size and shape, or through structural/electronic 

functionalization. In this work, we report on the impact of active phase nature (Cu, Co, Ni) in combination 

with ceria nanoparticles of different morphology (nanorods (NR), nanocubes (NC)), on the 

physicochemical characteristics and the CO2 hydrogenation activity/selectivity of ceria-based transition 

metal catalysts (MOx/CeO2, M: Cu, Co, Ni). The results clearly revealed the significance of support 

morphology on the textural, structural, redox properties of the various binary systems while the metal phase 

incorporated into the ceria support mainly determined the CO2 hydrogenation activity/selectivity. Bare ceria 

samples exhibited the worst hydrogenation performance with ~20% CO2 conversion at 400 oC, being, 

however, highly selective to CO (~90%). The incorporation of transition metals to ceria drastically changed 

both the conversion and selectivity performance. The Ni/CeO2 samples demonstrated an excellent 

hydrogenation performance with complete CO2 conversion at temperatures higher than ca. 280 oC, 

accompanied by 100% selectivity to CH4. Similarly, the Co/CeO2 samples are highly selective to CH4, 

offering, however a lower conversion performance (90% at 400 oC). On the other hand, the Cu/CeO2 

samples exhibited intermediate conversion performance (~55% at 400 oC), being, however, highly selective 

to CO. 

1. Introduction - The catalytic hydrogenation of carbon dioxide (CO2) into value-added products, such as

CH4, CO or methanol, is considered to be an efficient CO2 mitigation technology due to the rising

concentrations of CO2 in the atmosphere along with its contribution to climate change [1]. Among the

various materials investigated, cerium oxide or ceria (CeO2) has attracted much attention in the field of

heterogeneous catalysis as supporting carrier, due to its high oxygen mobility and unique redox properties

[2]. Besides bare ceria’s excellent redox properties, many studies have focused on the development of

highly efficient and low cost ceria-based catalysts, as the combination of various transition metals with

ceria can greatly enhance the catalytic activity/selectivity due to the peculiar metal-support synergistic

interactions [3–6]. In order to develop highly efficient ceria-based catalysts, research efforts have focused

on the rational design of catalytic materials through the appropriate selection of metal phase, the fine-tuning

of different counterparts’ size and shape or through structural/electronic functionalization. For instance, by

decreasing the particle size in the nanoscale, materials exhibit abundance in surface atoms and defect sites,

such as oxygen vacancies, greatly affecting the catalytic performance due to the electronic perturbations
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between the metal and support nanoparticles [3,6,7]. Moreover, by tailoring nanoparticles’ shape by means 

of advanced synthetic routes, different crystal facets can be exposed leading to different oxygen storage 

capacity (OSC) and oxygen mobility [2,8]. For instance, Ouyang et al. [9] have investigated ceria’s 

morphological effects on the CuO/CeO2 mixed oxides for methanol synthesis by CO2 hydrogenation, with 

copper-ceria nanorods exhibiting the highest CO2 conversion and methanol yield due to the strongest metal-

support interactions, as compared to nanocubes and nanospheres. Although there are several studies 

regarding the hydrogenation of CO2 over ceria-based composites, it should be noted that CO2 hydrogenation 

proceeds through a complex reaction pathway and there are many factors governing this process, such as 

the metal-oxide interface and the formation of oxygen vacancies [10,11], the reaction intermediates [12,13], 

the dispersion of the active phase or the catalysts’ basicity [13,14]. 

The aim of the present study is to investigate the effect of various parameters (active phase, size, shape) on 

the physicochemical, structural, redox properties and consequently, the catalytic performance of ceria-

based nanocatalysts (MΟx/CeO2 where M: Cu, Co, Ni) in the hydrogenation of CO2. Two different ceria 

nanostructures (nanorods (NR) and nanocubes (NC)) were prepared by the hydrothermal method and 

consequently used as supports for the copper, cobalt and nickel oxide phases. The as-prepared samples 

were characterized by several techniques, including N2 physisorption, XRD, TEM, H2-TPR and they were 

catalytically evaluated in CO2 hydrogenation reaction. 

2. Experimental - In this work, ceria-based transition metal catalysts were synthesized and evaluated for

the CO2 hydrogenation reaction. Firstly, the CeO2 supports were prepared by the hydrothermal method [15],

followed by the incorporation of the metal into the support through the wet impregnation method in order

to obtain a M/(M+Ce) atomic ratio of 0.2. The samples were subsequently dried at 90 oC for 12 h and

calcined at 500 oC for 2 h in air flow, with a ramp rate of 5 oC/min. The as-prepared samples are designated

as M/CeO2-NX (M: Cu, Co, Ni; NX: NR – nanorods, NC – nanocubes). Catalytic evaluation was conducted

in a U-shaped, fixed-bed quartz reactor (I.D. = 1 cm). The reactor was placed inside a furnace, equipped

with a thermocouple and a temperature controller. Prior to the experiments, catalysts were reduced at 400
oC for 1 h under pure H2 flow (~ 50 cm3/min). In each experiment, the reactor was loaded with 200 mg of

catalyst, while the volumetric flow rate of the inlet stream was kept constant at 100 cm3/min and the

molecular feed ratio of CO2:H2 was equal to 1:9. All experiments were conducted at atmospheric pressure

in the temperature range of 200 - 500 oC with a heating rate of 1 oC/min. Effluents’ composition was

determined by GC analysis at intervals of approximately 25 oC. The outlet stream was heated continuously

at about 110 oC to avoid condensation of produced H2O.

3. Results and discussion

Catalysts characterization - The textural, structural and redox properties of bare ceria as well as of

M/CeO2 catalysts are presented in Table I. Bare ceria supports, i.e. CeO2-NR and CeO2-NC, exhibit a BET

surface area of 79 and 37 m2/g, respectively. The incorporation of the transition metals to ceria carriers

slightly decreases the BET area, without, however, affecting the order obtained for bare supports.

According to the XRD results (diffractograms not shown for brevity), the main peaks for all the samples

can be indexed to the (111), (200), (220), (311), (222), (400), (331) and (420) planes of a face-centered

cubic fluorite structure of ceria (Fm3m symmetry, no. 225) [16]. As for the Cu/CeO2 samples, peaks

corresponding to CuO crystal phases at 2θ = 35.3°, 38.2° and 62° are observed for all catalysts, indicating

heterodispersion or aggregation of copper species on the surface of ceria [17]. The Co/CeO2 samples exhibit

characteristic peaks of Co3O4 at 2θ ~ 36, 44 και 64ο [18], whereas Ni/CeO2 samples exhibit peaks at 2θ ~

37.2, 43.3 and 62.9ο corresponding to the (111), (200) and (220) planes of NiO phase, respectively [19,20].

According to the TPR results (Table I), the reduction profiles of bare CeO2 samples consist of two broad

peaks centred at 545-589 °C and 788-809 °C, which are attributed to ceria surface oxygen (Os) and bulk

oxygen (Ob) reduction, respectively [21]. In order to gain further insight into the impact of support

morphology as well as of the nature of the active phase on the redox properties of the as-prepared samples,

the H2 consumption in the low temperature range (100-600 oC), corresponding to the surface oxygen

reduction of active phase and ceria species, has been estimated (Table I). The CeO2-NR sample exhibits

higher values (0.59 mmol g-1) than CeO2-NC (0.41 mmol g-1), indicating its abundance in loosely-bound

oxygen species, which results in enhanced reducibility and oxygen mobility.

The Co/CeO2 samples exhibit two main reduction peaks at 318-335 oC (peak a) and 388-405 oC (peak b),

attributed to the subsequent reduction of Co3O4 to CoO and CoO to metallic Co [18]. As for the Cu/CeO2
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samples, the low-temperature peak (peak a), in the range of 181-194 °C, is attributed to the reduction of 

finely dispersed CuOx species interacting strongly with the ceria surface. The peak at higher temperature 

(peak b) is related to the formation of larger CuO clusters on the ceria surface [22]. It is obvious that the 

reduction of Cu/CeO2 samples occurs at considerably lower temperature than those of bare ceria samples 

due to the synergy between the two oxide phases that weakens the metal-oxygen bonds [22,23]. Taking 

into account the hydrogen consumption for the Cu/CeO2 samples in the low temperature range, copper-

ceria nanorods exhibit the highest value (1.80 mmol g-1) in comparison with copper-ceria nanocubes (1.50 

mmol g-1), indicating their superior reducibility, while following the same trend as bare ceria 

nanostructures. The Ni/CeO2 samples exhibit two main peaks at 273-289 oC (peak a) and 335-354 oC (peak 

b). The former peak can be attributed to the reduction of adsorbed oxygen species from the framework Ni-

O-Ce, since Ni2+ incorporation into the ceria lattice leads to charge imbalance and lattice distortion, which

in turn create oxygen vacancies on the surface [24]. Peak b is attributed to the well-dispersed NiO phase,

which interacts strongly with the CeO2 support, the so-called “Ni-O-Ce boundary” [25]. The peaks of

Ni/CeO2 shift to lower temperatures than those of bare ceria supports, indicating the strong interactions

between Ni and CeO2. The total hydrogen consumption, given in Table I, follows the order Co/CeO2 >

Cu/CeO2 > Ni/CeO2 > CeO2.

In order to gain further insight into the morphology of bare CeO2 and M/CeO2 samples, TEM analysis was

performed (Image 1). The NR samples (Image 1 a, c, e, g) clearly display ceria in the rod-like morphology

while the support’s nanocubic morphology is evident in the NC samples (Image 1 b, d, f, h). Apparently,

the incorporation of the active metal phase into the CeO2 lattice has no effect on the support morphology.

Table I. Textural, structural and redox properties of the as-prepared samples 

Sample 

BET 

Analysis 
XRD Analysis TPR Analysis 

SBET 

(m2/g) 

Average crystallite 

diameter, DXRD (nm) H2 consumption 

(mmol H2 g
-1)a 

Theoretical H2 

(mmol H2 g
-1) 

Peak Temperature (°C)

CeO2 
Co3O4/CuO/ 

NiO 
Os Peak Ob Peak 

CeO2-NC 37 27 - 0.41 
- 

589 809 

CeO2-NR 79 15 - 0.59 545 788 

Peak a Peak b 

Co/CeO2-NC 28 24 19 2.05 
1.76 

335 405 

Co/CeO2-NR 72 14 16 2.37 318 388 

Cu/CeO2-NC 34 19 52 1.50 
1.34 

194 228 

Cu/CeO2-NR 75 11 43 1.80 181 217 

Ni/CeO2-NC - 22 17 1.35 
1.33 

273 335 

Ni/CeO2-NR - 14 23 1.82 289 354 

a Estimated by the quantification of H2 uptake in the low temperature range (100–600 °C) of the TPR profiles. 

b Estimated by the subtraction of H2 amount required for metal oxide (MOx) reduction in MOx/CeO2 samples from the total H2 

consumption. 
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Image 1. TEM images of the samples: (a) CeO2-NR, (b) CeO2-NC, (c) Co/CeO2-NR, (d) Co/CeO2-NC, 

(e) Cu/CeO2-NR, (f) Cu/CeO2-NC, (g) Ni/CeO2-NR, (h) Ni/CeO2-NC

Catalytic evaluation studies - In Image 2, the effect of temperature on CO2 conversion is presented for all 

samples. The significant impact of different metal phases (Cu, Co, Ni) is evident. For instance at 400 oC, 

the Ni/CeO2, Co/CeO2, Cu/CeO2 and CeO2 catalysts exhibit CO2 conversion values equal to 100%, 90%, 

55% and 20%, respectively. These results clearly indicate the strong effect of metal phase, as well as the 

synergistic interaction between ceria support and active metal. The extent of this effect is greater, 

considering the selectivity to CH4 and CO, as indicated in Images 3a and 3b, respectively. It is evident that 

the bare ceria supports and Cu/CeO2 samples are both highly selective to CO (> 85% and > 95%, 

respectively). On the other hand, the addition of cobalt or nickel into CeO2 leads to a completely different 

trend, since the selectivity towards CH4 for all the Co/CeO2 samples is approximately 97% at 400-500 oC 

and practically 100% for Ni/CeO2 at 200-500 oC. It is worth mentioning that CO2 is converted almost 

completely and exclusively into CH4 on the Co/CeO2 and Ni/CeO2 catalysts. It should be also mentioned 

that the nickel catalysts supported on ceria nanoparticles are highly efficient in methane production at 

temperatures as low as 280 oC under the reaction conditions employed, being superior or at least comparable 

to the most active Ni-based catalysts reported in  literature [10,26]. 

According to the present results, the catalytic activity is greatly enhanced by the addition of transition metals 

into the bare ceria, while the nature of the metal phase determines products’ selectivity. Conversely, it can 

be concluded that CO2 conversion and selectivity is not significantly affected by the support morphology 

(NR and NC). In particular, a slightly better conversion performance is obtained for Ni/CeO2-NC and 

Co/CeO2-NC samples, as compared to the corresponding NR samples, whereas the reverse order is 

observed for bare CeO2 and Cu/CeO2 catalysts (Image 2). Taking, however, into account that the NC-based 

samples exhibit almost the half BET surface area as compared to NR-based samples (Table Ι), it could be 

argued that NC samples are more active, in terms of intrinsic reactivity (reaction rate per unit area). In a 

similar manner, it was found that ceria nanocubes exhibited better CO2 conversion, as compared to nanorods 

and nanooctahedra, for the reverse water-gas shift reaction, whereas the incorporation of nickel to ceria 

nanocubes further improved the catalytic performance [27]. Moreover, Ru supported on ceria nanocubes 

have shown the highest CO2 methanation activity in comparison with ceria nanorods and nanopolyhedrons 

[28]. 

On the basis of the present findings, it should be mentioned that the impact of ceria morphology in 

combination to the different active phases (Cu, Co, Ni) on the reaction mechanism and the intermediates 

formed during the CO2 hydrogenation process ought to be further elucidated in order reliable structure-

property relationships to be established. 
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Image 2. CO2 conversion as a function of temperature for bare CeO2 and M/CeO2 samples in the CO2 hydrogenation reaction. 

(Volumetric flow rate = 100 cm3/min, GHSV = 20,000 h-1, H2:CO2 = 9:1, P = 1 atm). 

Image 3. Selectivity to CH4 (a) and CO (b) as a function of temperature for bare CeO2 and M/CeO2 samples in the CO2 hydrogenation reaction. 

(Volumetric flow rate = 100 cm3/min, GHSV = 20,000 h-1, H2:CO2 = 9:1, P = 1 atm). 

4. Conclusions - Ceria nanostructures of different morphology (nanorods, nanocubes) were hydrothermally

synthesized and various transition metals (Cu, Co, Ni) were introduced to the ceria carriers by the wet

impregnation method. The as-prepared samples were assessed for the CO2 hydrogenation reaction, in order

to explore the effect of support morphology and metal phase on the catalytic activity and selectivity. Bare

ceria samples exhibited the worst hydrogenation performance (20% CO2 conversion at 400oC), being,

however, highly selective to CO. The incorporation of the different transition metals to ceria carriers

drastically modified both the conversion and selectivity performance. Specifically, the Co/CeO2 samples

exhibited high catalytic activity (> 90% CO2 conversion) and selectivity to CH4 (>95%) at 400-500 oC.

Interestingly, the Ni/CeO2 samples convert CO2 almost completely and exclusively to CH4 (100%

selectivity) even at temperatures as low as 280 oC. On the other hand, the addition of CuO led to a high

selectivity towards CO (> 90%), followed, however, by intermediate CO2 conversion values (~ 65% at 500
oC). The present results clearly revealed that the combination of ceria nanoparticles with different transition
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metals can result to highly active and selective (either to CH4 or CO) catalysts for the CO2 hydrogenation 

reaction. Further characterization studies are in progress in order the synergistic role of metal phase and 

ceria support nanostructure on the reaction mechanism to be further elucidated. 
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