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Chapter 1. Introduction 
1.1. CO2 hydrogenation 

To minimize the negative influence of CO2 emissions on the environment, several promising 

technologies for capture, storage and utilization of CO2 are being further developed.[1] 

Especially CO2 utilization technologies can provide a pathway to store renewable energy from 

solar, wind, and biological sources in the form of value-added products, such as fuel and 

chemicals.[2] Power to gas (PtG), in particular to methane (Equation 1.1), represents a 

promising pathway for the conversion of CO2 into a widely used fuel, for which an extensive 

infrastructure is available. Methane (CH4) obtained by CO2 hydrogenation can be injected for 

instance directly into the existing natural gas grid.[3] An important aspect of the PtG concept is 

that it allows storing surplus renewable (electrical) energy,[1,4,5] since CO2 can be obtained from 

the atmosphere or point sources and H2 can be generated by electrolysis powered by renewable 

energy.[6,7] CO2 methanation is currently already widely used for the purification of hydrogen 

feedstock in ammonia synthesis.[8] 

CO2 + 4H2 ⇄ CH4 + 2H2O  ΔH298 = -165 kJ/mol  (1.1) 

Typically, catalysts are required to achieve appreciable rates of CO2 methanation. Late 

transition metals such as Ni, Co, and Ru dispersed on high surface area metal oxide supports 

are the most efficient methanation catalysts.[9] For commercial methanation, Ni-based catalysts 

are preferred due to their high activity, high methane selectivity, and low price compared to 

noble metal catalysts. Although Co-based catalysts have attracted less scientific attention, they 

also exhibit excellent catalytic performance in CO2 methanation. A particular advantage of Co 

is a high CO2 conversion rate at relatively low reaction temperature in combination with a 

selectivity towards methane similar with Ni.[10] 

The rational design of supported heterogeneous metal catalysts is of great importance for 

maximizing the process efficiency (activity, selectivity and stability).[11] The key design aspects 

related to the catalyst of CO2 hydrogenation will be discussed in the following sections with a 

focus on the influence of the particle size of the active phase and metal-support interactions. 

Moreover, alternative strategies for improving the catalytic performance will be discussed such 

as plasma-enhanced catalysis. 
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1.2. Structure sensitivity in catalysis 

One of the most common approaches to enhance the efficiency of a heterogeneous catalyst is 

to increase the dispersion of the active phase. It leads to a high fraction of exposed surface metal 

atoms with respect to the total number of atoms. This strategy allows for optimum active metal 

utilization.[12] For this purpose, many recent studies have been dedicated to the synthesis of 

nanoparticles with high dispersion[13] or even atomically dispersed metal atoms (100% 

dispersion).[14] 

This approach is not universal, however, and it does not work for a certain number of structure 

sensitive reactions. In many cases the intrinsic activity of metal catalysts is independent on the 

dispersion of the active phase. Reaction of this type are usually considered structure insensitive. 

However, some reactions are structure sensitive and exhibit non-linear activity-dispersion 

relationships.[15,16] This phenomenon is generally explained by the size-dependent distribution 

of specific surface sites, such as terraces, defects, corners, steps and edges existing on 

(supported) nanoparticles. Possible scenarios of size-activity relationships are depicted on 

Figure 1.1. 

 

Figure 1.1. Schematic representation of particle size-activity relationship for structure 

insensitive (I) and structure sensitive (II,III) reactions. TOF - the turnover frequency, i.e. the 

reaction rate normalized by the number of active sites.[17] 

Some examples of structure insensitive reactions (type I on Figure 1.1) are benzene 

hydrogenation on reduced Pt/Al2O3,[18] and CO oxidation on Pt, Pd, and Rh catalysts.[19] CO 

oxidation catalysts have also been observed to follow type III structure sensitivity,[20] which 
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may be related to the presence of low-coordinated sites and specific sites interfacing with the 

(redox-active) support for very small metal particles. An extreme case is represented by single 

metal atom catalysis, in which often unusual catalytic behaviour is observed. This new direction 

in heterogeneous catalysis is driven by the development of new catalyst preparation methods 

and advanced characterization techniques.[21–23] It has already led to the identification of new 

catalytic materials with superior performance.[24] 

Finally, many industrially relevant reactions, such as ammonia synthesis,[25,26] Fischer-Tropsch 

(FT) synthesis,[27] CO2 methanation,[28] methanol synthesis,[29] and (dry) methane reforming[30] 

display type II structure sensitivity. In such case, highly dispersed metal nanoparticles display 

low activity on a per surface atom basis, while optimum surface atom normalized activity is 

observed for relatively large particles. For example, the FT reaction is characterized by type II 

structure sensitivity, as only sufficiently large Co[27,31–33] or Ru[34] nanoparticles can 

accommodate particular step-edge sites, which are active in the cleavage of C–O bonds. A 

similar structure sensitivity was observed for CO2 hydrogenation on Co[35,36] and Ni[28,37] 

catalysts. The type II structure sensitivity, therefore, results in suboptimal use of the active 

metal and has a negative effect on the overall catalyst performance.  

So far, experimental research in the field of structure sensitivity has been mainly focused on 

finding the optimum particle sizes in order to achieve maximum activity per metal basis. There 

are only few studies dedicated to increasing the activity of highly dispersed nanoparticles in 

structure sensitive reactions. For example, promotion with manganese has a strong effect on the 

morphology of small cobalt nanoparticles, resulting in the formation of Co2C nanoprisms with 

specifically exposed facets of (101) and (020) that exhibit high FT activity.[38] Another example 

of mitigating the negative structure sensitivity effect is to use barium to induce restructuring of 

exposed surfaces of ruthenium nanoparticles for ammonia synthesis, leading to the formation 

of highly active B5-type sites.[39] Although there are some successful examples already, the 

main challenge in developing optimal catalysts for structure sensitive reactions of type II is to 

achieve the highest possible dispersion without lowering the turnover frequency. 

1.3. Metal-support interactions 

Structure-sensitive and structure-insensitive catalytic reactions can be further controlled by the 

use of promoters as well as specific reductive and/or oxidative treatments.[18] Modifying the 

metal-support interactions (MSI) can also be an approach to influence structure sensitivity. One 

model approach to study structure sensitivity relies on the use of (unsupported) colloidal 
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nanoparticles, whose size can be controlled to some extent. In this way, any influence of a 

support material and metal-support interactions can be avoided.[35] Owing to progress in 

colloidal chemistry, advanced synthetic approaches to prepare metal nanoparticles of varying 

sizes and shapes are now available.[40–42] However, mechanistic studies using colloidal 

nanoparticles are often complicated by sintering and the presence of non-decomposed ligands 

that were used to control particle growth. Therefore, this work focuses on supported catalytic 

systems that represent better technical catalysts. Figure 1.2 illustrates how metal-support 

interactions (MSI) can influence the turnover frequency of supported metal nanoparticles. 

 

Figure 1.2. Influence of metal-support interactions on the catalytic performance for structure 

sensitive and structure insensitive reactions. 

Generally, the interaction between metals and oxide supports strongly influences the 

performance of catalysts. The most pronounced MSI effects have been observed for reducible 

oxide supports such as TiO2, Nb2O5, and CeO2.[43] MSI can exhibit positive and negative effects 

on the catalytic performance. Typically, MSI do not affect catalytic performance when particles 

are larger than 15 nm because of the small number of metal atoms interacting with the 

support.[43] Therefore, if MSI is to be understood it is important to use a highly dispersed active 

phase. 

Well-known examples of MSI that can lower catalytic activity are encapsulation of dispersed 

metal nanoparticles by a layer of oxide support material induced by reduction[44–49], 

oxidation[50,51] or adsorption of reactants[52] (for example, see curve IIIa). These phenomena are 

referred to as strong metal-support interaction (SMSI). Usually, the decreased activity can be 

attributed by a decrease of the amount of surface metal atoms due to their partial decoration or 
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complete encapsulation with a layer of reducible oxide support. In order to avoid blocking of 

the active sites by the support material, the strength of the MSI can be tuned by changing the 

reduction temperature.[47,53] Consecutive reduction-oxidation-reduction treatment can also be 

used to induce structural changes of metal particles supported on reducible supports such as 

TiO2 and Nb2O5,[54] leading to different adsorptive properties and catalytic performance. Li et 

al. demonstrated that NH3 and H2 treatment of anatase TiO2 before impregnation with nickel 

can affect the decoration extent of metal particles in the final Ni/TiO2 catalyst.[55] Zhang et al. 

reported modification of small Au supported nanoparticles by Ti3+ precursors in aqueous 

solution, strongly influencing the stability of the resulting catalyst.[56] 

MSI can also lead to an increased catalytic performance. Charge transfer from/to metal 

nanoparticles by the support can induce a higher intrinsic activity.[20,57,58] While charge transfer 

can significantly affect catalytic performance of single atoms and clusters of metals,[58] metal 

nanoparticles are less influenced, because charge transfer is likely limited to metal sites in direct 

contact with the support.[57] Besides charge transfer, stabilization of small metallic clusters has 

also been demonstrated to be influenced by MSI. A model system, consisting of silver 

nanoparticles supported on ceria, exhibited unusual resistance against sintering due to the strong 

bonding of silver species on CeO2(111) terraces and oxygen defects.[59] Another parameter that 

can influence structure sensitivity trends is support-induced restructuring of metal 

nanoparticles. For instance, size-dependent distribution of surface steps, terraces, islands, 

corner atoms can be altered by the reconstruction of the particles.[60] High-temperature 

reductive treatment was demonstrated to turn structure-sensitive benzene hydrogenation on 

Pt/Al2O3 catalysts into a structure-insensitive reaction due to the reconstruction of Pt 

particles.[18] 

Formation of specific metal-oxide interfaces[61] can also contribute to the catalytic activity. 

Specific sites at the metal-support interface can give rise to the unusually high reactivity. 

Prominent examples include many catalysts for methanol synthesis,[62,63] CO2 methanation,[64] 

water-gas-shift reaction,[65,66] and CO oxidation.[67] Then, the reactions take place not only on 

the metal nanoparticle surface, but also at the metal-support interface. 

1.4. Mechanism of CO2 hydrogenation 

As catalysts involving MSI usually contain metallic and interface sites, different mechanistic 

pathways should be considered for CO2 methanation. Metal-catalyzed pathways are mostly 

involving direct dissociation of CO2 and the subsequent CO intermediate and, in line with the 
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previous section, exhibit structure sensitivity. Several elementary steps associated with CO2/CO 

hydrogenation via the metal-catalyzed pathways can be size-dependent, such as C–O bond 

dissociation,[33,68] hydrogenation of intermediates, C–C coupling,[32] and hydrogen 

activation.[36] Although mostly C–O bond dissociation on metallic surfaces, in particular step-

edges,  occurs via direct dissociation,[68] hydrogen-assisted pathways have also been considered 

for the dissociation of the strong triple bond in CO.[33] Using soft X-ray absorption 

spectroscopy, Tuxen et al. demonstrated that CO dissociation over cobalt nanoparticles 

supported on a gold foil was facilitated by H2 and demonstrated a strong dependence on cobalt 

particle size. It was suggested that the ability of cobalt nanoparticles to dissociate CO is strongly 

dependent on the H2 dissociation ability.[33] Dissociative adsorption of H2 was also shown to be 

the key parameter for CO hydrogenation in a study by Herranz et al.[36] 

An alternative mechanism involves catalysis at the interface between a metal particle and a 

reducible oxide support in which formates feature as intermediates instead of CO. These 

formates are usually formed by adsorption on support surface oxygen vacancies followed by 

hydrogenation by H atoms from the metal function. This is followed by further hydrogenation 

and C–O bond cleavage reactions leading to for instance methane. Although a formate 

mechanism has also been suggested for metallic surfaces,[28] it is usually associated with the 

combination of metal particles and a reducible oxide support.[64] There is limited insight into 

the structure sensitivity trends for this particular case, although it can be stated that the formate 

pathway will depend on the perimeter surface (the number of interface sites), but also the 

oxygen vacancy formation energy and basicity of the support as well as the ability of the 

supported metal to dissociate and spillover hydrogen.[64] 

Ceria (CeO2) and ceria-based materials (such as ceria–zirconia CeZrO4) are widely used for 

this purpose, because they can act as efficient oxygen buffers for many catalytic processes, 

occurring at the metal-support interface. A number of studies described the influence of the 

metal-support interface on the performance of Co/CeO2 catalyst in CO2 methanation,[69] dry 

reforming of methane,[70] and the (reverse) water-gas shift reaction.[71],[72] The effect of MSI in 

ceria-based catalysts is especially notable in CO2 hydrogenation. Formation of Ce3+ sites in 

Cu/CeOx/TiO2(110) and CeOx/Cu(111) facilitates CO2 adsorption and was found to benefit 

methanol synthesis as compared to Cu(111) or Cu/ZnO(000ī).[62,73] In CO2 methanation by 

Ni/CeZrO4 catalysts, it was shown that the pronounced redox behavior of oxygen vacancies 

during transient experiments is linked to the formation of Ce3+.[74] 
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1.5. Plasma-enhanced catalysis 

In the light of coupling the PtG process with renewable energy, it is necessary to develop highly 

flexible technologies that can be instantaneously switched on and off to follow fluctuating 

renewable energy supply. The overall flexibility of conventional catalytic processes is relatively 

low in terms of the energy source, the operation conditions and the scale of the reactor. In this 

respect, catalytic processes can be improved by using a non-thermal plasma (NTP) reactor. NTP 

facilitates the direct dissociation of stable molecules such as CO2 at low temperatures in an 

ionized gas atmosphere. The undisputed advantages of plasma-driven CO2 conversion as 

compared to the conventional catalytic process are a rapid start immediately after plasma 

ignition and avoid the need to pre-heat the whole reactor.[75,76] Therefore, plasma technology 

represents a promising pathway for the utilization of renewable energy to enhance CO2 

hydrogenation. 

 

Figure 1.3. Images of a DBD plasma and a combination of DBD plasma with a catalyst 

acquired by an intensified charge-coupled device (ICCD) camera. Images were acquired in 

rectangular quartz DBD reactor with and without TiO2 pellets at Electrical Engineering 

Systems groups, TUe. 

A general drawback is that reaction selectivity in plasma-mediated processes cannot be easily 

controlled. During plasma-assisted CO2 activation the main product is mostly CO, both in the 

absence and presence of hydrogen. Plasma-enhanced heterogeneous catalysis offers a 

promising alternative to thermal catalysis due to the synergy between the plasma and the solid 

catalysts in terms of activity and selectivity. Collisions of gas-phase molecules with high 

energetic electrons in a NTP result in ionization and dissociation, and electronic, vibrational, 

and rotational excitation of neutral reactant molecules.[77] In addition, performing reactions in 

a plasma can help overcoming thermodynamic equilibrium limitations without heating the 
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system.[78] For example, methanol synthesis is thermodynamically allowed at atmospheric 

pressure only at ambient temperature. CO2 activation can be facilitated then by combining a 

heterogeneous catalyst with NTP.[79] It is this key feature that makes plasma-enhanced catalytic 

conversion a promising technology in the low-temperature conversion and utilisation of CO2. 

Many researchers have reported a synergy between heterogeneous catalysts and non-thermal 

plasma for CO2 conversion reactions.[79–83] The synergy might result in lowering of the 

breakdown voltage, a higher energy efficiency, alteration of adsorption of reagents and/or 

products, and enhancement of the yield or the selectivity for particular products.[84] However, 

the selection of the catalysts optimal for the plasma environment remains challenging due to 

the intricate nature of plasma-catalytic systems. 

To date, there is only a limited mechanistic insight about the influence of highly energetic 

electrons, the electric field and excited molecules on the performance of heterogeneous 

catalysts. Accurate evaluation of plasma-catalyst interactions is complicated due to (i) 

simultaneous reactions occurring in the gas phase and at the catalytic surface; (ii) dependence 

of the properties of plasma on the filling material (e.g., increasing the dielectric constant 

enhances the electric field) [85] and vice versa the dependence of the permittivity and 

polarization of the catalyst on the plasma parameters. Figure 1.3 represents the dramatic 

changes of plasma properties upon adding the dielectric material inside the discharge zone as 

evidenced by ICCD camera. Filament discharges evidenced in the dielectric barrier discharge 

reactor (DBD) without catalyst are altered in the presence of dielectric material (TiO2). Changes 

of the area and number of the microdischarges are likely due to the modified electric field.[86]  

Many attempts to gain better understanding of the influence of plasma on the surface catalytic 

processes, such as isotopic-labelling,[87] electron paramagnetic resonance (EPR) 

spectroscopy,[77] X-ray absorption spectroscopy,[88] chemical looping[89–93], computational 

methods,[94] IR spectroscopy,[95–102] and computational chemistry[94] have been reported in 

literature. However, the origin of plasma-catalyst synergy and mechanistic understanding of the 

surface plasma-induced processes still requires more thorough investigations of these potent 

systems.  

1.6. Scope 

The problem of climate change is mainly arising from increasing CO2 emission. One of the 

promising mitigation strategies to reduce excess of atmospheric CO2 is its conversion into the 

value-added products. Power to gas (PtG) technology allows to convert CO2 into methane using 
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hydrogen produced by electrolysis powered by surplus renewable energy, such as wind and 

solar energy. Efficiency of PtG concept strongly depends on the activity of the methanation 

catalyst. Co-based catalysts are promising for the methanation of CO2 at relatively low 

temperature, displaying higher activity between 200 and 300 °C than Ni-based catalysts.[10] 

Further optimization of Co catalysts and methanation processes is necessary to introduce this 

technology in future energy technologies. In this thesis, several approaches are explored to 

improve the methanation performance of Co/CeZrO4 (CoCZ) catalysts (Figure 1.4). The aim 

of this work is to elucidate the mechanistic nuances of conventional and plasma-enhanced CO2 

methanation over CoCZ catalysts. Chapters 2 and 3 are dedicated to the optimization of CoCZ 

catalysts by varying the particle size of the support and the active cobalt phase. In Chapters 4 

and 5, the interaction between the catalyst and plasma is investigated with a focus on the 

mechanism of plasma-induced surface processes. 

 

Figure 1.4. CO and formate pathways for CoCZ systems in CO2 hydrogenation. 

Chapter 2 deals with the fine-tuning of metal-support interactions in CoCZ catalysts by varying 

the size of the CZ support particles between 9 nm and 120 nm. Catalysts with an intermediate 

particle size of ~20 nm led to an optimum metallic cobalt dispersion after reduction at 500 °C. 
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Optimized catalysts displayed a much higher catalytic activity in CO2 hydrogenation than 

catalysts with smaller or larger support particles. These differences are attributed to facile 

oxygen/hydrogen spillover processes, increased Co dispersion and C–O bond dissociation rates 

at the abundant interface sites. 

In Chapter 3, the particle size of the active Co phase in CoCZ catalysts was optimized with a 

focus on structure sensitivity, i.e. the dependence of the catalytic rate on Co particles size. 

Chapter 3 is divided in three subchapters dedicated to the size-activity relationships, structure 

of the unusual Co particles, and the details of CO2 hydrogenation mechanism. It was found that 

mild reduction of low-loaded Co/CZ leads to small Co clusters that do not follow the typical 

structure sensitivity trend observed for fully metallic Co nanoparticles (i.e., type II behaviour 

in Figure 1.1). These very small Co clusters display a similar turnover frequency as larger fully 

reduced Co nanoparticles. The unusual behaviour is due to the interface chemistry in which 

small cobalt clusters activate and adsorb strongly hydrogen atoms, while the CZ support and 

unreduced cobalt oxide provide oxygen vacancy sites for CO2 adsorption and activation. 

Mechanistically, these interface sites convert CO2 to methane via a formate mechanism. 

In Chapter 4, the influence of applying a dielectric barrier discharge (DBD) plasma on the 

catalytic activity of CoCZ catalysts in CO2 hydrogenation was investigated. The synergy 

between the plasma and the CoCZ catalyst was studied using a novel temperature-programmed 

plasma surface reaction (TPPSR) method, which allowed decoupling the gas-phase plasma 

processes from surface plasma-induced reactions. Isotopic labelling experiments demonstrated 

that low-temperature plasma-enhanced activity is mainly related to the gas-phase CO2 

dissociation to CO and its further plasma-assisted hydrogenation on the catalyst surface. In the 

course of the experiments, overheating was found to be play a substantial role in plasma-

enhanced catalysis. 

Chapter 5 reports the design of a novel operando IR spectroscopy cell to investigate surface 

intermediates during CO2 hydrogenation in a plasma. The cell made of PEEK with an embedded 

quartz reactor can be operated at atmospheric pressure and allows heating of catalyst samples 

up to 250 °C. Accurate temperature monitoring was performed within the catalyst bed by an IR 

temperature sensor and UV-Vis spectroscopy based on the thermochromic properties of TiO2. 

The combination of operando IR and UV-Vis spectroscopy with temperature measurements 

allowed distinguishing plasma-induced chemical processes from the overheating effects. It is 

demonstrated that plasma-catalytic CO2 methanation at the catalyst surface at room temperature 

is plasma-induced and occurs on the metallic sites of CoCZ catalysts via the carbonyl pathway. 
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Chapter 2. Boosting CO2 Hydrogenation via Size-

Dependent Metal-Support Interactions in Cobalt/Ceria-

Based Catalysts 

 

Metal-support interactions have a strong impact on the performance of heterogeneous catalysts. 

Specific sites at the metal-support interface can give rise to unusual high reactivity and there is 

a growing interest in optimizing not only the properties of metal particles but also the metal-

support interface. Here, we demonstrate how varying the particle size of the support (ceria-

zirconia) can be used to tune the metal-support interactions, resulting in a substantially 

enhanced CO2 hydrogenation rate. A combination of XRD, X-ray absorption spectroscopy, 

near-ambient pressure XPS, TEM and IR spectroscopy provides insight into the active sites at 

the cobalt–ceria–zirconia interface involved in CO2 hydrogenation to CH4. Reverse oxygen 

spillover from the support during treatment in hydrogen results in the generation of oxygen 

vacancies. Stabilization of cobalt particles by ceria–zirconia of intermediate size leads to 

oxygen spillover to the support during CO2 and CO dissociation steps followed by further 

hydrogenation of resulting intermediates on cobalt. 

 

This chapter has been published as A. Parastaev, V. Muravev, E. Huertas Osta, A.J.F. van Hoof, 

T.F. Kimpel, N. Kosinov, E.J.M. Hensen, Nat Catal. 2020. doi:10.1038/s41929-020-0459-4. 
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2.1. Introduction 

The design of supported heterogeneous metal catalysts is of great importance for maximizing 

catalytic activity and controlling the product selectivity.1 Generally, the interaction between 

metal species and the support strongly influences the performance of catalysts. For reducible 

oxide supports (e.g., TiO2, Nb2O5, CeO2), these metal-support interaction (MSI) effects can 

have different origins.2 For example, encapsulation of dispersed metal nanoparticles by a layer 

of oxide support material induced by reduction3–8, oxidation9,10 or adsorption of reactants11 is 

referred to as strong metal-support interaction (SMSI). Charge transfer from/to metal 

nanoparticles,12,13 support-induced restructuring of metal nanoparticles,14 and formation of 

specific metal-support interfaces15 can also contribute to these MSI phenomena. Whereas SMSI 

often has a negative influence on the catalytic performance due to a decreased active metal 

surface area, the other effects can improve catalytic performance. The most well-known method 

to control the metal-support interactions is tuning the reduction temperature, resulting in a 

different extent of the decoration or encapsulation of metallic nanoparticles by a thin layer of 

reducible support.6,16 Consecutive reduction-oxidation-reduction pretreatment can also be used 

to induce structural changes of metal particles supported on reducible supports such as TiO2 

and Nb2O5,17 leading to different adsorptive properties and catalytic performance. Li et al. 

demonstrated that NH3 or H2 treatment of anatase TiO2 before impregnation with nickel can 

affect the decoration of metal particles in the final Ni/TiO2 catalyst.18 Zhang et al. reported 

modification of small Au supported nanoparticle by Ti3+ precursors in aqueous solution, 

strongly influencing stability of the catalyst.19 

Ceria (CeO2) and ceria-based materials (such as ceria–zirconia CeZrO4) are widely used 

reducible oxide supports. Ceria-based materials differ from other supports, because in addition 

to decoration or alloying, electronic phenomena also contribute to observed MSI effects.20,21 

Lykhach et al. demonstrated that the dispersion of the active phase in Pt-CeO2 systems can 

significantly affect charge transfer between the CeO2 and Pt.22 Pereira-Hernández showed that 

the support in Pt/CeO2 catalysts, prepared by conventional impregnation and atom trapping 

methods, can be easier reduced when the Pt-ceria interaction is stonger.23 A model system, 

consisting of silver nanoparticles supported on ceria, exhibited unusual resistance against 

sintering due to the strong bonding of silver species on CeO2 (111) terraces and oxygen 

defects.24 The effect of MSI in ceria-based catalysts is especially notable in CO2 hydrogenation. 

Formation of Ce3+ sites in Cu/CeOx/TiO2(110) and CeOx/Cu(111) facilitates CO2 adsorption 

and was found to benefit methanol synthesis as compared to Cu(111) or Cu/ZnO(000ī).25,26 In 
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CO2 methanation by Ni/CeZrO4 catalysts, it was shown that the pronounced redox behavior of 

oxygen vacancies during transient experiments is linked to the formation of Ce3+.27 

Methanation of CO2 is an important process used in the production of synthetic natural gas,28 

purification of hydrogen feedstock for the production of ammonia29 and reduction of CO2 

emissions.30 Late transition metals such as Ni, Co and Ru supported on ceria-based materials 

are prominent methanation catalysts.31 A number of studies described the influence of the 

metal-support interface on the performance of Co/CeO2 catalyst in CO2 methanation,32 dry 

reforming of methane,33 and the (reverse) water-gas shift reaction.34,35 An important corollary 

of these studies is that well-dispersed cobalt species on ceria, prepared by co-precipitation or 

sol-gel methods, exhibited an unusual reduction behavior with several reduction stages in a 

broad temperature range. The occurrence of multiple reduction stages was attributed to two 

types of metal species differing in their interaction strength with the support, to surface and 

bulk reduction of Ce4+ to Ce3+, as well as to the reduction of Co–Ce–O solid solution.34 

In the present study we present a simple method to control the metal-support interaction strength 

in Co/CeZrO4 by varying the size of the support particles. We found that preparation of cobalt 

nanoparticles on ceria-zirconia supports with an intermediate particle size of ~20 nm leads to a 

higher dispersion of metallic cobalt as compared to ceria-zirconia with larger and smaller 

particle sizes. We explain this finding by an optimal strength of the cobalt-ceria-zirconia 

interaction, resulting in enhanced stability of cobalt nanoparticles during the reduction step. The 

advantages of these catalysts with an optimized cobalt-support interaction include a high extent 

of ceria reduction at low temperature and a drastically improved catalytic activity in C-O bond 

dissociation. For catalysts with an optimal MSI, we demonstrate that facile formation of oxygen 

vacancies in ceria and oxygen spillover are pivotal for the high CO2 methanation activity. 
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2.2. Materials and Methods 

All chemicals were obtained from Sigma-Aldrich: cobalt (II) acetate tetrahydrate, ammonia 

solution (30 % NH3 in H2O), cerium (III) nitrate hexahydrate, zirconium (IV) oxychloride 

octahydrate. 

Preparation of CeO2-ZrO2 supports 

CeO2-ZrO2 (CZ) supports were prepared by co-precipitation. An aqueous solution of metal 

precursors was prepared from ZrOCl2∙8H2O and Ce(NO3)3∙6H2O. Afterwards, it was 

precipitated by adding aqueous solution of ammonia dropwise (30%) at room temperature. The 

pH of the solution was adjusted to 9. The resulting precipitate was aged for 24 hours, followed 

by filtration, washing and drying in a convection oven at 110 °C overnight. To prepare CZ 

supports with different particle sizes dried precipitate was calcined in an air flow at 

temperatures between 500 °C and 1000 °C for 4 h. Further in the text the obtained samples are 

denoted as CZ500 – CZ1000 corresponding to the calcination temperature. 

Preparation of CoCZ catalysts 

A series of CZ-supported cobalt catalysts with different supports were prepared using a wet 

impregnation method. For this purpose, the desired amount of cobalt acetate was dissolved in 

30 ml of ammonia solution (30 wt%). The suspension obtained by adding 2 g of CZ to the 

solution was stirred for 2 hours, after which water was removed by evaporation. The catalysts 

were dried in air at 110 °C overnight and then calcined at 350 °C for 4 hours. Prior to the 

catalytic activity measurements, the catalysts were reduced at 500 °C in H2 for 4 hours. 

Characterization 

The crystalline structure of the catalysts was determined by recording X-ray diffraction (XRD) 

patterns with a Bruker D2 Phaser diffractometer using Cu Kα-radiation. The particle size was 

estimated with the Scherrer equation. Reduced samples were transferred to the sample holder 

via a glovebox. The samples were placed in an XRD sample holder and covered with Kapton 

tape. 

The metal content was determined using inductively coupled plasma optical emission 

spectrometry (ICP-OES) with a Spectro CIROS CCD spectrometer. Prior to measurement, the 

samples were dissolved in a 1:2.75 (by weight) mixture of (NH4)2SO4 :(concentrated) H2SO4 

and diluted with water. 
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Hydrogen temperature-programmed reduction (H2-TPR) experiments were performed with a 

Micromeritics Autochem II 2920 instrument. Typically, 100 mg catalyst was loaded in a tubular 

quartz reactor. The sample was reduced in 4 vol% H2 in N2 at a flow rate of 50 mL/min, while 

heating from room temperature up to 600 °C at a rate of 10 °C/min. 

N2 physisorption was performed at −196 °C on a Micromeritics TriStar II 3020 to determine the 

specific surface area (SSA) of the CZ supports. The samples were degassed at 160 °C for at least 12 

hours prior to N2 physisorption measurements. Surface areas were calculated using the Brunauer–

Emmett–Teller (BET) method. 

Transmission electron microscopy (TEM) images were acquired with a Tecnai 20 transmission 

electron microscope (FEI) equipped with a LaB6 filament and operated at an acceleration 

voltage of 200 kV. Calcined catalysts were prepared by dropping a suspension of finely ground 

material in analytical grade absolute ethanol onto Quantifoil R 1.2/1.3 holey carbon films 

supported on a copper grid. Reduced catalysts were transferred to an argon filled glovebox and 

dispersed in dry n-hexane, then a few droplets were placed on Cu TEM grids. The grid was 

transported in a GATAN vacuum transfer holder (Model number CHVT3007). 

Morphology and the nanoscale distribution of elements in the samples was studied using 

scanning transmission electron microscopy - energy-dispersive x-ray spectroscopy (STEM-

EDX). Measurements were carried out on a FEI cubed Cs-corrected Titan operating at 300 kV. 

Calcined samples were crushed, sonicated in ethanol and dispersed on a holey Cu support grid. 

Reduced catalysts were passivated before sample preparation. Elemental analysis was done 

with an Oxford Instruments EDX detector X-MaxN 100TLE. 

CO chemisorption measurements were carried out using a Micromeritics ASAP 2010C 

instrument. Before each measurement, the samples were dried in vacuum at 110 °C. Samples 

were subsequently heated in flowing H2 with a rate of 10 °C/min to the final reduction 

temperature of 500 °C. A reduction time of 4 h was used, after which the samples were 

evacuated at 520 °C for 60 min. The CO adsorption isotherms were measured at 30 °C. The 

CO/Co ratios at zero pressure were determined by extrapolation of the linear part of the 

isotherm. Particle size estimations are based on the assumption of hemispherical geometry, 

assuming a CO/Cos adsorption stoichiometry of 1.5. 

Operando near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS). NAP-XPS 

measurements were carried out on a SPECS system. All spectra were obtained using 

monochromatized Al Kα irradiation (1486.6 eV) generated by an Al anode (SPECS XR-50) 
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and excitation source power fixed at 50 W. XPS measurements at pressures up to ~20 mbar are 

possible owing to a differential pumping system, which separates the electron analyzer (SPECS 

Phoibos NAP-150) from the reaction area. The aperture of the nozzle is 0.3 mm. The gas supply 

to the reaction cell consisted of calibrated mass-flow controllers, providing a total flow of 2.5 

mL/min (standard pressure and temperature). The reaction pressure was kept at 2 mbar by a 

back pressure controller. For reduction, the gas mixture contained 0.5 mL/min of Ar and 2 

mL/min of H2. All the gases used were of high purity (99.999%). A standard residual gas 

analyzer (QMS) located in the differential pumping stage of the analyzer allowed to follow the 

gas phase composition while recording photoelectron spectra.. The total acquisition time of the 

survey spectrum, O 1s, C 1s, Ce 3d and Co 2p regions was around 60-70 min. A pass energy of 

40 eV was typically used with a step size of 0.1 eV and a dwell time of 0.5 s. The binding 

energies of the Co 2p and Ce 3d regions were corrected to the U’’’ component of the Ce 3d line 

with a characteristic position of 916.7 eV.55–57 The position and shape of this peak is 

independent of atomic ratio of Ce3+ to Ce4+ (as long as Ce4+ can be detected), allowing reliable 

energy calibration of the photoelectron spectra at different reaction conditions. To estimate the 

atomic ratios, a standard procedure, including use of atomic sensitivity factors and subtraction 

of Shirley background, was applied. Spectral lines were fitted using a symmetric pseudo-Voigt 

function referred to as GL(30) using the CasaXPS software. The Ce 3d line was fitted according 

to a model described elsewhere.56,58 All the spectra are presented as recorded, meaning that no 

normalization or other manipulations were performed. 

Infrared spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped with a 

DTGS detector. The experiments were performed in situ by using a home-built environmental 

transmission IR cell. Self-supporting pellets were made by pressing approximately 12 mg of a 

sample in a disk with a diameter of 13 mm. Each spectrum was collected by averaging 64 scans 

with a resolution of 2 cm−1 in the 4000-1000 cm−1 range. Oxygen vacancy formation was 

studied according to the following procedure: (i) the samples were calcined before measurement 

at 400 °C in order to remove most of carbonate species; (ii) after calcination, the samples were 

cooled down to 50 °C and exposed to a H2/N2 flow; (iii) then, the samples were reduced at 

different temperatures in the 50 – 500 °C range with a ramp rate of 10 °C/min to follow the 

intensity of the Ce3+-characteristic band at 2115 cm-1. All spectra were recorded at 50 °C to 

avoid background changes and temperature-induced features. 

X-ray absorption near edge structure (XANES). The oxidation state of the Co phase was 

studied during catalyst reduction using XANES. Measurements were done at the Co K-edge 
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(7.7 keV) in transmission mode at beamline B18 of the Diamond Light Source. The energy was 

selected with a Si(111) monochromator. Energy calibration was done using a Co foil (E0 = 

7.709 KeV). The photon flux of the incoming and outgoing X-ray beam was determined using 

two ionization chambers. The obtained X-ray absorption spectra were background-subtracted 

and normalized using Athena software. Linear combination fitting of operando data was 

performed using three independently recorded reference spectra of Co foil, CoO and Co3O4 

powders. In a typical experiment, ca. 15 mg catalyst sample diluted with BN was placed in a 

tubular quartz reactor inside as described elsewhere.59 Catalysts were reduced in this operando 

cell by heating at a rate of 10 °C/min to 550 °C followed by an isothermal dwell of 20 min in a 

flow of 10 vol% H2 in He at a total flow rate of 50 mL/min.  

Catalytic activity measurements were performed in a 10-tube parallel microflow reactor. The 

samples were pressed, sieved and crushed and the fraction between 125 µm and 250 µm was 

used. Each quartz reactor was filled with 50 mg of sample diluted with 200 mg of SiC of the 

same sieve fraction. The obtained mixture was enclosed between two quartz wool plugs. The 

reaction was performed at atmospheric pressure. Prior to reaction, the catalysts were reduced 

in situ in a flow consisting of 10 vol% H2 in He (total flow rate 50 mL/min STP per reactor 

tube), whilst heating from room temperature to 500 °C at a rate of 10 °C/min, followed by an 

isothermal dwell of 4 h. After cooling to reaction temperature in the same flow, the pre-

treatment gas was replaced by a feed consisting of 5 vol% CO2 and 20 vol% H2 in He (total 

flow rate 50 mL/min STP). The temperature was increased by steps of 25 °C at a rate of 

5 °C/min. When the target temperature was reached, a period of 20 min was allowed for 

stabilization. Then, the effluent gas was analyzed by online gas chromatography with an 

Interscience Compact GC equipped with Plot (TCD) and Molsieve (TCD) columns. 
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2.3. Results and Discussion 

Support particle size – activity dependence 

The particle size of the ceria-zirconia (CZ) support was varied in a range of 9 – 120 nm by 

increasing the calcination temperature of the initial 

precipitate between 500 °C and 1000 °C (Figure A1 

and Table A1). The obtained CZ materials were 

used to prepare CoCZ (10 wt. % cobalt) catalysts 

(Figure A2) by wet impregnation with 

hexaamminecobalt (III) complex [Co(NH3)6]3+ in a 

strong electrostatic adsorption mode.36 This 

preparation method led to catalysts with a similar 

initial particle size of Co3O4 upon calcination 

(Figure 2.1a,b and Figure A3). This cannot be 

achieved with other more common low-melting Co 

precursor salts because of calcination-induced 

agglomeration.37 Typically, optimal catalytic 

activity is achieved by using supports with large 

surface area (small particles) that allow high 

dispersion of the active metal.38 However, we 

observed that cobalt nanoparticles supported on CZ 

with the smallest particle size (CZ500) exhibit a 

relatively poor catalytic performance. The 

methanation activity of CoCZ catalysts displays a 

maximum at intermediate size of the CZ support 

particles (Figure 2.1c). The highest conversion and 

methane yield were observed for the CoCZ700 catalyst. The CO2 conversion at 225 °C with 

CoCZ700 was 5.8 and 2.9 times higher than with respectively CoCZ500 and CoCZ1000. The 

same trend was observed at higher reaction temperatures (Figures A4 and A5). 

The unusual activity trends can be due to a change in the cobalt particle size but also to the 

formation of different crystal phases of the CZ support.39,40 CZ exists in monoclinic, cubic and 

tetragonal forms depending on the cerium concentration and the calcination temperature.41 For 

the prepared CZ materials, we observed a shift from monoclinic to cubic and tetragonal phases 

Figure 2.1. The effect of support 

calcination pretreatment on catalytic 

activity. EDX mapping of as prepared 

CoCZ500 (a) and CoCZ700 (b); c) 

Catalytic performance at 225 °C of 

cobalt based catalysts supported on CZ 

calcined at different temperatures. 
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at calcination temperatures above 700 °C (Figure A6). In order to determine the influence of 

the crystal phase on the catalytic performance, we compared cobalt catalysts supported on 

CZ700 with cobalt supported on a commercial CZ support. The surface areas of these support 

materials as determined by N2 physisorption are similar, while the commercial support contains 

exclusively tetragonal CZ (Figure A7). The catalysts prepared from these two supports show 

similarly high catalytic activity with a CO2 conversion of approximately 50% at 300 °C (Figure 

A8). This result clearly demonstrates that there is no influence of the support crystal phase on 

the catalytic performance. Change of activity can be also related to the partial decoration of 

cobalt nanoparticles by oxidic support after high-temperature reductive pretreatment.42 We 

ruled out this possibility by performing the reduction at lower temperature, which had no 

influence on the catalytic performance of the catalyst (Figure A9). We also compared these 

data to the catalytic activity of cobalt supported on TiO2 with an equal particle size of Co3O4 

(Figures A10 and A11). Co/TiO2 catalysts are known to be active catalysts for CO2 

methanation.43–45 Although the activity of CoCZ500 was comparable to that of the Co/TiO2 

catalyst, the CoCZ700 catalyst performed much better in CO2 methanation. Activity of Co and 

Ni-based catalysts reported in the literature is shown in Figure A12 and Table A2. To 

summarize, the CoCZ700 catalyst shows enhanced catalytic activity in CO2 methanation as 

compared to cobalt supported on CZ supports with smaller and larger particle sizes and to 

another common methanation catalyst Co/TiO2. Moreover, CoCZ700 demonstrates higher 

activity at low temperature (200 – 275 ° C) than typical Ni-based catalysts. 

Catalytic activity is linked to the extent of MSI 
Metal-support interactions can be an alternative explanation for the volcano-like activity trend 

of CoCZ catalysts with respect to the CZ particle size. To elucidate the MSI effect we first 

analyzed the reducibility of CoCZ catalysts by temperature-programmed reduction (TPR) 

analysis. The CoCZ500 sample exhibits two typical reduction features corresponding to the 

stepwise reduction of Co3O4 nanoparticles, i.e. Co3O4 
𝛽𝛽
→ CoO 

𝛿𝛿
→ Co. TPR profiles of CoCZ700 

and CoCZ800 contained additional features (Figure 2.2a). The low-temperature feature α might 

be attributed to the partial surface reduction of the ceria.33 Complete reduction of these samples 

is shifted to a significantly higher temperature, which is characteristic for cobalt catalysts with 

SMSI.46 Moreover, the high-temperature reduction region is split into two features, which can 

be assigned to reduction of cobalt species weakly (γ) and strongly (δ) interacting with the 

support.42 Other explanations of the extra high-temperature features can be the reduction of the 

cobalt-support interface Co – O – Ce species47 or hydrogen spillover resulting in bulk reduction 



Chapter 2 

24 
 

of the support.33 A pronounced excess of H2 consumption (Figure 2.2e) observed for the 

catalysts with enhanced MSI points to a deeper reduction of the support (Ce4+ → Ce3+). The 

reduction behavior of cobalt species weakly and strongly interacting with the support was 

followed by in situ XANES analysis. Figures A13 and A14 illustrate the shift of Co3O4 

reduction to lower temperature for the CoCZ700 sample, in line with the TPR profiles.  

 

Figure 2.2. Characterization of CoCZ catalysts. a) TPR profiles of CoCZ calcined at 500 – 

1000 °C (TCD signal is normalized to the amount of catalyst); XRD of CoCZ calcined at 500 

– 1000 °C (b) and reduced at 500 °C (c); d) Cobalt particle size estimated by XRD for 

calcined and reduced samples and by CO chemisorption for reduced samples; e) 

Quantification of hydrogen consumption during TPR experiments (solid bar – excess of H2 

reduction, hatched bar – amount required for complete Co3O4 reduction). 

Stabilization of the intermediate CoO phase in a wider temperature range suggests that the γ 

feature in the TPR profile is related to reduction of the support rather than to CoO reduction. 

Indeed, the CoO → Co0 transformation occurred at higher temperature for CoCZ700, which is 

typical for systems with strong MSI.33 TPR and XANES data link the catalytic activity of the 

samples and the extent of MSI – the most active catalysts display complex reduction behavior 

with high-temperature features related to both cobalt and cerium oxides. 
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Strong interfacial anchoring of Co NPs on CZ support 

An important aspect of cobalt-ceria-zirconia catalysts is the stabilization of cobalt nanoparticles 

by the support under high-temperature reducing conditions. XRD data of the CoCZ catalysts 

show that the dispersion of the initial cobalt oxide is similar with particle sizes in the 7 – 9 nm 

range (Figure 2.2b,d). This finding is in line with STEM-EDX results (Figure 2.1a,b and 

Figure A3). After reduction in H2 at 500 °C, however, we observed significant differences in 

the cobalt metal particle size (Fig. 2c). As derived from XRD and CO chemisorption 

measurements, the size of the reduced cobalt particles increased substantially (Figure 2.2d).  

TEM analysis shows that before reduction cobalt is well dispersed in its oxide form, 

independent of the particle size of the support (Figure 2.3a,c). Upon reduction the cobalt phase 

sinters more substantially for the CoCZ500 sample (Figure 2.3b,d), in line with CO 

chemisorption and XRD results. The formation of significantly larger cobalt particles (> 50 nm) 

was also observed by STEM-EDX (Figure 2.3f, Figure A15). Weak MSI in CoCZ500, 

manifested by the absence of high-temperature TPR features, is a likely reason for the sintering. 

Large cobalt agglomerates were observed for CoCZ900 sample as well, which is due to the low 

surface of the support (Figure 2.3h, Figure A15). CoCZ700 catalyst demonstrated a much 

better sintering resistance during high-temperature reduction. Nearly identical particle size 

distributions were obtained for as-prepared and reduced CoCZ700 samples and no larger 

agglomerates were observed (Figure 2.3c,d,g and Figure A15). Besides thermal stability, the 

CoCZ700 sample exhibits improved catalytic stability in CO2 methanation at 300 °C (Figure 

A16). The presented data show that the optimum strategy to prepare efficient CoCZ catalysts 

is to use supports with large enough particle sizes to facilitate the strong interfacial MSI without 

sacrificing surface area (Figure 2.3e). 

 



Chapter 2 

26 
 

 

Figure 2.3. The relationship between catalyst morphology and cobalt sintering. TEM images 

of calcined (a, c) and reduced (b, d) cobalt samples prepared on CeZrO4 calcined at different 

temperature; inset: particle size distribution of CoCZ700 as-calcined and reduced at 500 °C. 

Blue circles represent Co nanoparticles; e) Schematic representation of the interplay between 

the MSI and support particle size on the properties of CoCZ catalysts; STEM-EDX images of 

samples reduced at 500 °C: f) CoCZ500; g) CoCZ700; h) CoCZ900. 

Interface chemistry of CoCZ catalysts 

Strong MSI in ceria-based materials is often linked to the formation of surface oxygen 

vacancies. Direct characterization of this process is, however, challenging. Commonly used 

TPR lacks chemical specificity of the species being reduced. Oxygen vacancies in ceria can be 

directly detected by Raman,48 IR27,49 and resonant photoemission spectroscopy.50 Here we 

studied the formation of vacancies by IR spectroscopy. For this purpose, we focused on the 
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broad band in the 2115 – 2135 cm-1 region, corresponding to the 2F5/2 → 2F7/2 electronic 

transition of Ce3+.49 Enhanced MSI facilitates the formation of surface vacancies starting at a 

temperature of about 150 °C (Figure 2.4b-d). It correlates with the intensive α feature in the 

TPR profiles of CoCZ700 and CoCZ800. Onset of vacancy formation for CoCZ500 is shifted 

to a higher temperature in the 200 – 250 °C range, which explains the absence of the low-

temperature reduction feature in the corresponding TPR profile. Reduction of the bare supports 

occurs at much higher temperature, in line with the TPR results (Figure A17). Clearly, Co-CZ 

MSI does not only influence cobalt but also the support. In the literature the removal of active 

oxygen at low temperature is assigned to the reduction of metal-support interface.51 Facile 

formation of oxygen vacancies can be beneficial for the catalytic activity of systems where the 

support is actively involved in the catalytic cycle. As the CZ support is known to play an 

important role in CO2 adsorption and activation on the metal-support interface,27 dynamic redox 

properties of oxygen vacancies are essential for the catalytic performance. Transient 

experiments at 300 °C followed by operando IR elucidate fast formation/re-oxidation of oxygen 

vacancies for CoCZ700 in H2 and reaction mixture, while these changes are negligible for the 

bare support (Figure A18). These results demonstrate the relevance of facile formation of 

oxygen vacancies to the catalytic performance of CoCZ systems in CO2 hydrogenation. 

The reduction behavior of both cobalt and ceria was followed by NAP-XPS analysis of the most 

relevant CoCZ700 sample (Figure A19). As shown in Figure 2.4f, a substantial fraction of 

Ce4+ is reduced to Ce3+ before metallic cobalt can be detected. A high reduction degree of ceria 

was observed at 450 °C, simultaneously with the formation of a small fraction of Co0 required 

for hydrogen spillover onto the support. Based on these data and XANES analysis, we can 

attribute the pronounced γ feature in the TPR profile of CoCZ700 to the reduction of the 

support. Since cobalt remains oxidized during the reduction of the support at low temperature, 

this finding points to reverse oxygen spillover from the support to cobalt oxide.52,53 The more 

conventional hydrogen spillover mechanism of support reduction54 can be excluded in this 

temperature region on the basis of IR spectroscopy of adsorbed CO (Figure 2.4e). CoCZ700 

reduced at 250 °C contained oxygen vacancies (2115 cm-1 band), while no metallic cobalt sites 

were observed. After high-temperature reduction, on the other hand, the intensity of the band 

related to oxygen vacancies remained unchanged and a broad CO adsorption band located at 

2050 cm-1 was observed, evidencing the presence of metallic cobalt.  
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Figure 2.4. Spillover effects observed by means of operando NAP-XPS and IR. a) Schematic 

representation of the spillover effects in CoCZ700 catalyst; Oxygen vacancy formation 

evaluated by intensity of the band at 2115 cm-1: spectra obtained for CoCZ700 (b) and 

support (c); d) temperature dependence of normalized intensity of oxygen vacancy band for 

CoCZ700, CoCZ500 and CZ700; e) CO adsorption on CoCZ700 reduced at 250 °C and 500 

°C; f) TPR of CoCZ700 followed by NAP-XPS; Exposure of reduced CoCZ700 to CO and 

CO2 atmosphere: Ce 3d (g) and Co 2p (h). 
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Exposure of the reduced catalyst to CO or CO2 at 50 °C caused a significant oxidation of the 

support, while cobalt remained metallic without any noticeable changes (Figure 2.4g,h). The 

observation of carbonyl groups on metallic cobalt surface by IR proves that the dissociation of 

C – O bond upon CO2 exposure at 50 °C takes place (Figure A20). Exposure of CoCZ700 to 

CO2 during transient experiments at 300 °C shows significant oxidation of surface Ce3+ species 

(Figure A18). These findings confirm that oxygen spillover to the support takes place upon 

dissociation of CO and CO2 molecules on the optimized cobalt surface/Co – O – Ce interface 

of CoCZ700 catalyst. For catalysts with suboptimal MSI CO2 dissociation is less pronounced 

than for CoCZ700 as followed from in situ IR measurements in the presence of CO2 (Figure 

A21). The catalytic activity correlates to the CO2 dissociation ability rather than to the cobalt 

dispersion (Figure A22). Therefore, the intrinsic activity of the Co – O – Ce interface for the 

dissociation of C – O bonds is a relevant descriptor for the performance of CoCZ catalysts in 

CO2 hydrogenation. 

2.4. Conclusion 
We show a simple method to control the extent of metal-support interactions in cobalt/ceria–

zirconia systems. Cobalt nanoparticles supported on small particles of ceria–zirconia are prone 

to sintering during high-temperature reduction required for activation of the catalyst. 

Counterintuitively, cobalt nanoparticles are much stronger stabilized on ceria-zirconia supports 

with an intermediate particle size in the 20–30 nm range. Enhanced metal-support interactions 

benefit cobalt dispersion after high-temperature reduction, resulting in the highest CO2 

methanation activity. Detailed characterization by XANES, NAP-XPS and IR spectroscopy 

demonstrated dynamic properties of the Co – O – Ce interface. Directly observed phenomena 

include facile surface oxygen vacancy formation via reverse oxygen spillover, reduction of 

ceria via hydrogen spillover and healing of oxygen vacancies upon CO/CO2 exposure via 

oxygen spillover. The rich chemistry of the optimized Co – O – Ce interface enables stabilizing 

of metal nanoparticles under high-temperature reducing conditions and enhanced CO2 

activation, and can find potential applications in steam and dry methane reforming, preferential 

oxidation, (reverse) water-gas shift, Fischer-Tropsch and other related catalytic reactions. 
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2.6. Appendix A 

 

Figure A1. a) Particle size distribution and mean particle size obtained from TEM images for 

CZ500, CZ700 and CZ900; b) Comparison of support particle size obtained by BET and 

TEM. 

 

Table A1. BET surface area and particle size of the supports. 

Support BET, m2/g Particle sizea, nm 

CZ500 91 10 

CZ600 65 14 

CZ700 48 19 

CZ800 34 27 

CZ900 19 48 

CZ1000 8 113 

CZ SA 54 17 

TiO2 P25 58 25 
a estimated from BET surface area with assumption that particles are non-porous and 

spherical. Density of ceria-zirconia – 6.61 g/cm3. Density of TiO2 – 4.23 g/cm3. 
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Figure A2. Catalysts preparation procedure involving following steps: co-precipitation of 

ceria-zirconia, calcination of obtained material at different temperatures, impregnation with 

cobalt precursor and calcination at 350°C, reduction at 500°C. 
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Figure A3. STEM images and EDX mapping (Co, O, Ce, Zr) of calcined cobalt catalyst: 

CoCZ500, CoCZ700 and CoCZ900. 

 

 

Figure A4. Catalytic performance at 300 °C of cobalt based catalysts supported on CZ as a 

function of CZ calcination temperature. 
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Figure A5. CO2 conversion and CO yield as a function of reaction temperature for CoCZ500 

and CoCZ700. 

 

 

Figure A6. XRD patterns of calcined CZ samples. 
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Figure A7. Comparison of CoCZ700 and CoCZ SA: A) TPR profiles; B) XRD patterns. 

 

Figure A8. Influence of crystal phase on catalytic activity: catalytic activity at 300 °C of 

CoCZ700 and CoCZ SA. 
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Figure A9. Yield of CO and CH4 in CO2 methanation over 10CoCZ-SA catalysts reduced at 

different temperature. Conditions: 1 bar, 300 °C, 50 mg of catalyst, 5 % CO2, 20 % H2, He 

balance, total flow of 50 mL/min. 

 

 

Figure A10. Catalytic performance of 10Co/CZ (commercial) and 8.25Co/TiO2 (P25). 



Chapter 2 

38 
 

 

Figure A11. Particle size distribution of cobalt for calcined 8.25Co/TiO2. 

 

Figure A12. Activity of catalysts in CO2 methanation normalized to the total amount of metal 

at different temperatures. ○ – cobalt-based catalysts; ⊕ – cobalt-based catalysts at 

elevated pressure; □ – nickel-based catalysts. Numbers in the legend correspond to the 

position of catalysts in the table below. 
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Table A2. Activity of nickel and cobalt-based catalysts in CO2 methanation. 

 Catalyst 
CO2 

conc., 
% 

Conditions 
Remarks 

Treac, 
°C 

Specific activity, 
molCO2/molmetal/s Ref. 

1 10CoCZ700 5 1 bar 

200 1.46E-03 

This 
work 

225 3.35E-03 
250 6.22E-03 
275 9.19E-03 
300 1.13E-02 
325 1.28E-02 
350 1.37E-02 

2 Co/TiO2 25 
Oxidized, 5 

bar 250 3.20E-03 1 
Co/SiO2 Reduced, 5 bar 250 1.30E-03 

3 

Co/SiO2 
10nm 

22.2 6 bar 

250 1.00E-01 

2 

300 2.80E-01 
Co/SiO2 

7 nm 
250 6.20E-02 
300 1.81E-01 

Co/SiO2 
3nm 

250 2.25E-02 
300 1.19E-01 

4 Co/Pt/SiO2 22.2 1 bar 200 4.99E-04 3 
5 10% Co/ZrO2 20 30 bar 400 1.20E-02 4 
6 42% Co/CeO2 10 1 bar 300 1.18E-03 5 

7 

1%Co/γ-Al2O3 

3 1 bar 

300 8.13E-04 

6 

325 2.27E-03 
0.2%Pt1%Co/γ-

Al2O3 
300 2.12E-03 
325 5.17E-03 

1%Co/BaZrO3 300 5.99E-03 
325 1.05E-02 

0.2%Pt 
1%Co/BaZrO3 

300 1.26E-02 
325 1.78E-02 

8 10%Co/SiO2 10 1 bar 

240 3.00E-03 
7 260 5.18E-03 

280 8.98E-03 
300 1.28E-02 

9 CoMn0.5Al1.5O4 20 1 bar 
250 4.55E-03 

8 300 1.00E-02 
400 1.08E-02 

10 Ni/SiO2 10 1 bar 400 1.48E-02 9 
 

11 68%Ni/Al2O3 CP 19 2 bar 250 3.01E-03 10 300 1.21E-02 

 
12 

5%Ni/SiO2 

16.4 1 bar 

350 1.82E-02 
11 5%Ni/CeZrO4 SG 350 3.93E-02 

5%Ni/CeZrO4 
imp 350 2.87E-02 

 
13 

3%Ni/SiO2 
1 1 bar 

252 1.40E-03 
12 3%Ni/Al2O3 252 1.29E-03 

3%Ni/TiO2 252 1.43E-03 
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14 14%Ni/CeZrO4 20 1 bar 300 1.48E-05 13 

 
15 

Ni70Zr30 

20 1 bar 

200 3.46E-05 

14 

Ni60Zr40 200 7.19E-05 
Ni50Zr50 200 1.02E-04 
Ni40Zr60 200 7.06E-05 
Ni30Zr70 200 4.50E-05 

4%Ni/ZrO2 200 1.24E-04 
16 6.2%Ni/SiO2 20 1 bar 450 5.32E-03 15 
17 20%Ni/Al2O3 20 1 bar 350 5.43E-03 16 

18 3 % Ni/TiO2 5 1  bar 

200 
225 
250 
300 

4.10E-04 
8.00E-04 
1.56E-03 
5.31E-03 

17 

19 

1.8 % Ni/CeZrO4 
1.9 % 

Ni@CeZrO4 
2.4 % Ni@SiO2 

5 1 bar 250 
2.35E-03 
6.15E-03 
0.64E-03 

18 

20 5 % Ni/TiO2 19 1 bar 360 2.43E-02 19 
 

 

 

Figure A13. XANES spectra obtained during reduction of CoCZ500 (a) and CoCZ700 (b). 



  Chapter 2 

41 
 

 

Figure A14. Results of linear combination fitting of XANES spectra performed for CoCZ500 

and CoCZ700. a) Co3O4; b) CoO; c) Co0. 

 

 

Figure A15. STEM images and EDX mapping (Co, O, Ce, Zr) of reduced catalysts: 

CoCZ500, CoCZ700 and CoCZ900. 
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Figure A16. Stability of CoCZ catalysts in CO2 hydrogenation. Conditions: 1 bar, 300 °C, 50 

mg of catalyst, 5 % CO2, 20 % H2, He balance, total flow of 50 mL/min. 

 

 

 

Figure A17. TPR profiles of bare ceria-zirconia calcined at 500, 700 and 900 °C. 
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Figure A18. Quantification of Ce3+ electronic transition band followed by FTIR during 

transient experiments at 300 °C. Conditions: reduction time 4 h, 1 bar, 300 °C, 12 mg of 

catalyst (pellet), 2.5 % CO2, 10 % H2, He balance, total flow of 200 mL/min. 

 

In order to compare the formation and evolution of oxygen vacancies for bare CZ700 support 

and CoCZ700 catalyst under reaction conditions (300 °C) we performed transient in situ IR 

experiments. In these tests the feed composition in the in situ cell was swiftly switched from H2 

to CO2 + H2, then to H2, then to CO2 + H2, then to CO2 and then finally to CO2 + H2 again (see 

Figure A18). During all these switches we followed the extent of ceria reduction by quantifying 

the area of the band at 2115 cm-1. Bare support, reduced at 500 °C, demonstrates negligible 

changes in Ce3+ concentration. Re-oxidation of surface Ce3+ species after switching to both the 

reaction CO2 + H2 mixture and pure CO2 amounts to ca. 5 %. In turn, CoCZ700 catalyst with 

enhanced MSI demonstrated fast dynamic changes during the transient experiments and 

significant re-oxidation of the ceria support in CO2 atmosphere and reduction in H2 atmosphere. 
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Figure A19. NAP-XPS spectra of CoCZ700. 

 

 

Figure A20. Difference IR spectra obtained by exposing the 10Co700 to increasing partial 

pressure of CO2 at 50 °C. 

Partial re-oxidation of the surface Ce3+ is mainly caused by the oxygen spillover from metallic 

cobalt/cobalt-ceria interface to the ceria surface. In order to obtain a direct evidence of CO2 

dissociation on metallic cobalt sites/cobalt-ceria interface, we exposed CoCZ700 to a different 
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partial pressure of CO2 (0.1 – 10 mbar) at 50 °C. The presence of intense band of carbonyl 

species on metallic cobalt surface confirms that CO2 dissociation takes place and explains the 

partial oxidation of surface Ce3+ observed by NAP-XPS analysis. Moreover, the inset on the 

Figure A20 demonstrates a negative band at 2114 cm-1, pointing at partial re-oxidation of 

oxygen vacancies upon CO2 exposure. 

 

 

Figure A21. CO2 adsorption at 50 °C on reduced catalysts samples followed by IR 

spectroscopy. Conditions: 50 °C, 12 mg of catalyst, 0.1 – 10 mbar partial pressure of CO2. 

 

For these experiments we reduced the CoCZ500, CoCZ700 and CoCZ900 catalysts in an in situ 

IR cell (transmission mode) by hydrogen at 500 °C. Then we evacuated the cell and exposed 

the catalysts to a CO2 atmosphere of increasing pressure at 50 °C. The results (Figure A21) 

show two groups of vibrational bands appearing after CO2 exposure. Bands centred around 

2350 cm-1 correspond to physisorbed (sharp contribution more pronounced for CoCZ500 with 

higher surface area)20 and gas phase CO2. Bands related to carbonyl groups on Co appear around 

2000 cm-1. The formation of carbonyls is a result of vacancy-assisted dissociation of CO2 or 

dissociation on the metallic Co surface.21 In this process CO2 dissociates, yielding a CO 

molecule adsorbed on Co, while the O atom fills an oxygen vacancy in the ceria support, 

resulting in the re-oxidation of Ce3+ to Ce4+ (also observed by NAP-XPS Figs. 4g and 4h in the 

main text).  
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Figure A22. Correlation between the conversion and ability to dissociate CO2 for CoCZ 

catalysts. Values of carbonyl areas are obtained by integration of the corresponding band 

observed during the exposure of CoCZ catalysts to 10 mbar of CO2 at 50 °C. 
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Chapter 3.1. Structure Sensitivity in CO2 hydrogenation 

by Co/CeZrO4: 

Correlating Cobalt Particle size and Reduction Degree to 

Activity 

 

Efficient utilization of the active metal phase is an essential requirement for heterogeneous 

catalysts. Extremely small nanoparticles as well as clusters and single-atom catalysts possess a 

large surface-to-volume ratio (metal dispersion approaching unity), therefore representing 

attractive catalytic materials. However, as many reactions are structure sensitive, very high 

dispersion can lead to lowered catalytic performance. In this chapter well-defined particles of 

different size supported on ceria-zirconia were synthesized. The effect of reduction temperature 

on the catalytic performance of cobalt nanoparticles in the range of 2.5 – 20 nm was 

investigated. The catalysts reduced at high temperature exhibit a size – activity dependence 

typical for structure-sensitive CO2 hydrogenation. In turn, mild reduction leads to very small 

cobalt nanoparticles (2.5 nm), overcoming these conventional structure-sensitivity limitations 

of cobalt in CO2 hydrogenation. This approach provides the possibility to minimize the particle 

size and greatly increase the activity of small cobalt nanoparticles in the Sabatier reaction. 
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3.1.1. Introduction 

A usual requirement for an efficient catalyst is high activity expressed on a per metal basis, 

especially when expensive transition metals are involved. Increasing dispersion of the active 

phase leads to a high ratio of exposed surface metal atoms with respect to metal atoms in the 

bulk. This strategy offers the most cost-effective catalysts.[1] For this purpose, many studies 

have been dedicated to the synthesis of nanoparticles with high dispersion[2] or even atomically 

dispersed metal centers.[3] However, the intrinsic activity of metal catalysts is not always 

linearly dependent on the dispersion. Sites with different intrinsic activity such as terraces, 

defects, corners, steps, edges, or interfacial sites exist on (supported) nanoparticles and their 

distribution depends on the particle size. This phenomenon is called structure sensitivity.[4,5] 

Therefore, the main challenge in development of optimal catalysts for structure-sensitive 

reactions is achieving the highest dispersion without decreasing the turnover frequency (TOF), 

i.e. the reaction rate normalized by the number of active sites.[6] Important examples of 

structure-sensitive hydrogenation reactions are ammonia synthesis,[7,8] Fischer-Tropsch 

synthesis,[9] CO2 methanation,[10] methanol synthesis,[11] ethylene hydrogenation,[12] and 

methane oxidation and (dry) methane reforming.[13] 

Fischer-Tropsch (FT) synthesis requires sufficiently large cobalt[9,14,15] or ruthenium[16] 

nanoparticles to accommodate particular step-edge sites for facile C-O bond cleavage. A similar 

size effect of nanoparticles was observed for CO2 hydrogenation on different transition metals. 

For example, the TOF of CO2 methanation was enhanced when the size of cobalt particles was 

increased from 3 to 10 nm.[17] Another study showed that the TOF for CO2 methanation became 

lower with decreasing size of Co nanoparticles dispersed on silica. This study also showed that 

the apparent activation energy was independent of nanoparticle size, suggesting that the 

differences are due to variations in the surface densities of a particular active site. H2−D2 

exchange measurements indicated that the dissociation of H2 is responsible for the observed 

activity decrease of smaller-sized particles.[18] On the other hand, it was also found that CO 

dissociates much easier on large nanoparticles (15 nm) than on small ones (4 nm).[19] A number 

of relevant studies concentrated on revealing structure sensitivity aspects of nickel catalysts as 

well.[10,20] 

So far, resolving such structure-sensitivity issues came down to finding the optimum particle 

size with a common strategy to achieve highest dispersion without sacrificing TOF of well-

reduced supported metal systems. There are only few studies dedicated to increasing the activity 
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of highly dispersed metals in structure-sensitive reactions. For example, promotion with 

manganese had a strong effect on the morphology of cobalt nanoparticles, resulting in the 

formation of Co2C nanoprisms with specifically exposed facets of (101) and (020), exhibiting 

high FTS catalytic performance.[21] Another example is barium-induced restructuring of 

exposed surfaces of ruthenium nanoparticles for ammonia synthesis leading to the formation of 

additional highly active B5-type sites.[22] 

Here, cobalt catalysts with varied particle size were prepared and reduced at different 

conditions. Well-defined cobalt nanoparticles supported on ceria-zirconia with different 

loading were prepared by a strong electrostatic adsorption method. Particle size was varied in 

the 2.5 – 20 nm range by changing the cobalt loading. All catalysts exhibited resistance against 

sintering upon reduction at 500 °C. The particle size dependence of such catalysts can be 

understood in terms of classical structure sensitivity related to C-O bond cleavage reactions 

involving step-edge sites. A lower performance of small Co nanoparticles in CO2 hydrogenation 

due to encapsulation can be excluded. The main finding of this work is that these structure-

sensitivity relations can be broken by mild (incomplete) reduction of Co. This strategy allowed 

us to substantially increase the catalytic activity of small cobalt particles in CO2 hydrogenation 

with CH4 as the main reaction product. 



Chapter 3.1 

52 
 

3.1.2. Materials and methods 

All chemicals were obtained from Sigma-Aldrich: cobalt acetate tetrahydrate, ammonium 

hydroxide solution (25 %NH3 in H2O) and CeZrO4 denoted as CZ (50/50 molar ratio) 

nanopowder. 

Preparation of CoCZ by strong electrostatic adsorption 

A series of CZ based catalysts with different metal loadings were prepared using a wet 

impregnation method. For this purpose, the desired amount of cobalt acetate was dissolved in 

50 ml of deionized water. The suspension obtained by adding 2 g of nanocrystalline CZ was 

stirred for 2 hours. Then, the water was removed by evaporation. The catalysts were dried at 

110 °C in air overnight and then calcined at 350 °C for 4 hours. Prior to catalytic activity tests 

the catalysts were reduced at 225 – 500 °C in H2 for 4 hours. The catalysts reduced at different 

temperature are denoted as xCoy, where x is the Co loading and y the reduction temperature. 

Sol-gel synthesis of single atom cobalt/ceria-zirconia (Co-doped CZ solid solution) 

In order to obtained a solid solution of cobalt-ceria-zirconia we modified a synthesis procedure 

reported by Yuan et al.[23] In a typical synthesis, 0.8 g of Pluronic P123 (Sigma-Aldrich) and 

the desired ratio of Ce(NO3)3⋅6H2O (Sigma-Aldrich), ZrOCl2⋅8H2O (Sigma-Aldrich) and 

Co(NO3)2⋅6H2O (total amount of Co, Ce and Zr is 5 mmol) were added in 16 mL of ethanol. 

After stirring for at least 2 h at room temperature, the homogeneous sol was transferred to an 

oven at 40°C. After 48 h aging, the gel product was dried at 100°C for 24 h. Calcination was 

carried out by slowly increasing temperature from room temperature to 500°C (1°C min−1 ramp 

rate) followed by a dwell of 4 h at 500°C in air. 

Cobalt nanoparticles supported on SiO2 

Ultra-small cobalt nanoparticles (~2 nm) were synthesized using wetness impregnation with 

cobalt (tris)ethyleneamine precursor. The catalysts were dried at 110 °C in air overnight and 

then pyrolyzed in helium flow at 350 °C for 4 hours. Prior to catalytic activity tests the catalysts 

were reduced at 300 – 500 °C in H2 for 4 hours. 

Characterization 

The crystalline structure of the catalysts was determined by recording X-ray diffraction (XRD) 

patterns with a Bruker D2 Phaser diffractometer using Cu Kα-radiation. The particle size was 

estimated with the Scherrer equation. Reduced samples were transferred to the sample holder 
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via a glovebox. The samples were placed in an XRD sample holder and covered with Kapton 

tape. 

The metal content was determined using inductively coupled plasma optical emission 

spectrometry (ICP-OES) with a Spectro CIROS CCD spectrometer. Prior to measurement, the 

samples were dissolved in a 1:2.75 (by weight) mixture of (NH4)2SO4 :(concentrated) H2SO4 

and diluted with water. 

Hydrogen temperature-programmed reduction (H2-TPR) experiments were performed with a 

Micromeritics Autochem II 2920 instrument. Typically, 100 mg catalyst was loaded in a tubular 

quartz reactor. The sample was reduced in 4 vol% H2 in N2 at a flow rate of 50 mL/min, while 

heating from room temperature up to 600 °C at a rate of 10 °C/min. 

Transmission electron microscopy (TEM) images were acquired with a Tecnai 20 transmission 

electron microscope (FEI) equipped with a LaB6 filament and operated at an acceleration 

voltage of 200 kV. Calcined catalysts were prepared by dropping a suspension of finely ground 

material in analytical grade absolute ethanol onto Quantifoil R 1.2/1.3 holey carbon films 

supported on a Cu grid. Reduced catalysts were transferred to an Ar-filled glovebox and 

dispersed in dry n-hexane, then a few droplets were placed on Cu TEM grids. The grid was 

transported in a GATAN vacuum transfer holder (Model number CHVT3007, Figure 3.1.1). 

Morphology and the nanoscale distribution of elements in the samples was studied using 

scanning transmission electron microscopy - energy-dispersive x-ray spectroscopy (STEM-

EDX). Measurements were carried out on a FEI cubed Cs-corrected Titan operating at 300 kV. 

Calcined samples were crushed, sonicated in ethanol and dispersed on a holey Cu support grid. 

Reduced catalysts were passivated before sample preparation. Elemental analysis was done 

with an Oxford Instruments EDX detector X-MaxN 100TLE. 

 

Figure 3.1.1. Photograph of GATAN vacuum transfer holder. 
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CO and H2 chemisorption measurements were carried out using a Micromeritics ASAP 2010C 

instrument. Before each measurement, the samples were dried in vacuum at 110 °C. Samples 

were subsequently heated in flowing H2 with a rate of 10 °C/min to the final reduction 

temperature of 275 – 500 °C. A reduction time of 4 h was used, after which the samples were 

evacuated for 60 min at T + 20 °C. The CO adsorption isotherms were measured at 30 °C and 

the H2 adsorption isotherms were measured at 150 °C. The CO/Co and H2/Co ratios at zero 

pressure were determined by extrapolation of the linear part of the first isotherm. Particle size 

estimations are based on the assumption of hemispherical geometry, assuming a CO/Cos and 

H/Cos adsorption stoichiometry of 1.5 and 1, respectively (Cos referring to metallic Co surface 

sites). 

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific K-alpha 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. For a typical sample preparation, fresh 

catalyst was pressed down on carbon tape supported by an aluminium sample plate. Spectra 

were recorded using an AlKα X-ray source (1486.6 eV, 72 W) and a spot size of 400 µm. 

Survey scans were taken at a constant pass energy of 200, 0.5 eV step size, region scans at 50 

eV constant pass energy with a step size of 0.1 eV. XPS spectra were calibrated to the C–C 

carbon signal (284.8 eV) obtained from adventitious carbon and deconvoluted with CasaXPS. 

X-ray absorption near edge structure (XANES) spectroscopy. The oxidation state of the Co 

phase was studied during catalyst reduction using XANES. Measurements were performed at 

the Co K-edge (7.7 keV) in transmission mode at beamline B18 of the Diamond Light Source. 

The energy was selected with a Si(111) monochromator. Energy calibration was performed 

using a Co foil (E0 = 7.709 KeV). The photon flux of the incoming and outgoing X-ray beam 

was determined using two ionization chambers. The obtained X-ray absorption spectra were 

background-subtracted and normalized using Athena software. Linear combination fitting of 

operando data was performed using three independently recorded reference spectra of Co foil, 

CoO and Co3O4 powders. In a typical experiment, ca. 15 mg catalyst sample diluted with BN 

was placed in a tubular quartz reactor inside as described elsewhere.[24] Catalysts were reduced 

in this operando cell by heating at a rate of 10 °C/min to 550 °C followed by an isothermal 

dwell of 20 min in a flow of 10 vol% H2 in He at a total flow rate of 50 mL/min. 
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Catalytic activity for CO2 hydrogenation 

Catalytic activity measurements were performed in a 10-tube parallel microflow reactor. The 

samples were pressed, sieved and crushed and the fraction between 125 µm and 250 µm was 

used. Each quartz reactor was filled with 50 mg of sample diluted with 200 mg of SiC of the 

same sieve fraction. The obtained mixture was enclosed between two quartz wool plugs. The 

reaction was performed at atmospheric pressure. Prior to reaction, the catalysts were reduced 

in situ in a flow consisting of 10 vol% H2 in He (total flow rate 50 mL/min STP per reactor 

tube), whilst heating from room temperature to 500 °C at a rate of 10 °C/min, followed by an 

isothermal dwell of 4 h. After cooling to reaction temperature in the same flow, the pre-

treatment gas was replaced by a feed consisting of 5 vol% CO2 and 20 vol% H2 in He (total 

flow rate 50 mL/min STP). The temperature was increased by steps of 25 °C at a rate of 

5 °C/min. When the target temperature was reached, a period of 20 min was allowed for 

stabilization. Then, the effluent gas was analyzed by online gas chromatography with an 

Interscience Compact GC equipped with Plot (TCD) and Molsieve (TCD) columns. 
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3.1.3. Results and Discussion 

Particle size of cobalt 

The cobalt loading on the ceria-zirconia support was varied in a range of 1 – 20%. Well-defined 

cobalt nanoparticles were synthesized by wet impregnation of the support with an aqueous 

solution of the hexaamminecobalt (III) complex [Co(NH3)6]3+ in a strong electrostatic 

adsorption mode. Preparative aspects have been discussed in Chapter 2.1. The size and size 

distribution of the Co3O4 particles in all calcined CoCZ catalysts were similar as can be 

appreciated from Figure 3.1.2. The number of nanoparticles observed for catalysts with a low 

cobalt loading (1% and 2.5%) was very low, probably due to the difficulty to detect small 

nanoparticles. This can be attributed to the low contrast between Co3O4 and ceria-zirconia. 

Indeed, STEM-EDX images of the 1% CoCZ sample reviealed that this sample contains mainly 

smaller particles of about 3 nm (Figure 3.1.3) and the bright-field TEM leads to overestimation 

of the particle size. These small particles have a flat shape, which is usually associated with 

enhanced metal-support interaction (MSI).[25–27] CO adsorption at -196 °C was used to probe 

the surface of Co3O4. The larger amount of adsorbed CO (normalized by Co3O4 weight) for 1% 

and 2.5% CoCZ samples (Figure B1 and Figure B2) points to their higher dispersion compared 

to the other samples. 

 

Figure 3.1.2. TEM images (a) and particle size distribution (b) of calcined CoCZ catalysts 

with different cobalt loadings. 
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Figure 3.1.3. STEM-EDX image of as-prepared 1% CoCZ sample (scale bar – 10 nm). 

In order to study the particle size distribution of 1% and 10% CoCZ after reduction, the samples 

were reduced in a plug flow reactor and placed into an in situ TEM holder in a glovebox, 

followed by transfer into the TEM apparatus without exposure to air. Reduced samples 

exhibited enhanced contrast between cobalt and the support due to the presence of metallic 

cobalt. 1Co300 offered only a low contrast, likely due to the low degree of reduction. 1% and 

10% CoCZ show a very low degree of sintering, even after 500 °C pretreatment in hydrogen 

atmosphere (Figure 3.1.4). We relate the high sintering resistance of these CoCZ systems to 

strong MSI. 

 

Figure 3.1.4. Particle size distribution of CoCZ samples reduced at different temperatures. 

STEM-EDX measurements confirmed the absence of large agglomerates in the reduced 

catalysts (Figure 3.1.5). 
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Figure 3.1.5. STEM-EDX and STEM images of 1% and 10% CoCZ catalysts reduced at 

300°C and 500 °C. 

CoCZ catalysts reduced at 300 °C exhibit particle sizes in the range of 2.5 – 22.4 nm based on 

CO chemisorption (Table 3.1.1). A slight decrease of CO uptake with increasing reduction 

temperature for samples with Co loading of 1 – 10% points at the increase of the cobalt particle 

size in the reduced catalysts. The particle size derived from CO chemisorption for 1% and 10% 

CoCZ reduced at different temperatures is in reasonable agreement with TEM measurements 

(Figures 3.1.4 and 3.1.5). The catalyst with a metal loading of 20% displayed significant 
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sintering of the cobalt nanoparticles. Therefore, we excluded this sample from our further 

investigations.  

Table 3.1.1. CO uptake and particle size (d) derived from CO chemisorption for CoCZ 

samples reduced at different temperature. 

Tred, 

°C 

1% CoCZ 2.5% CoCZ 5% CoCZ 10% CoCZ 20% CoCZ 

ads, 

µmol/g 

d, 

nm 

ads, 

µmol/g 

d, 

nm 

ads, 

µmol/g 

d, 

nm 

ads, 

µmol/g 

d, 

nm 

ads, 

µmol/g 

d, 

nm 

300 46.1 2.5 71.9 3.9 83.7 6.7 147.9 7.6 100.5 22.4 

400 24.9 4.5 42.4 6.7 66.3 8.5 126.9 8.9 86.5 26.1 

500 24.4 4.6 40.8 6.9 62.4 9.0 114.7 9.8 72.6 31.1 

CO chemisorption (Figure 3.1.6) shows that CO is predominantly irreversibly adsorbed on 

cobalt (as judged from the difference between the 1st and 2nd isotherm) for all catalysts. As there 

is no suppression of CO adsorption with increasing reduction temperature, we can exclude 

encapsulation of cobalt nanoparticles due to SMSI after high-temperature reduction.[28] 

Suppression of (irreversible) CO adsorption by SMSI is typical for reducible supports[29] and 

confirmed as a reference here for Co/TiO2 already after reduction at 400 °C (Figure B3). 

 

Figure 3.1.6. CO chemisorption isotherms for 1% CoCZ (a) and 10% CoCZ (b) samples 

reduced at different temperatures. 
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Strong metal-support interaction 

 

Figure 3.1.7. TPR profiles of CoCZ catalysts and bare CZ support. 

Figure 3.1.7 shows the results of H2-TPR characterization of the catalysts. The reduction of 

cobalt catalysts involves well-separated features centered at 280 °C and 550 °C. Bulk Co3O4 

reduction usually involves two steps, i.e. Co3O4 → CoO → Co. The reduction of supported 

cobalt nanoparticles typically occurs between 300 °C and 400 °C. The higher reduction 

temperature observed for CoCZ is related to strong cobalt-support interactions.[30] The 

reduction feature at 400 °C for CoCZ samples corresponds to the reduction of bulk Ce4+ to Ce3+, 

which was reported earlier for samples prepared by hexamminecobalt (III) acetate synthesis 

(see previous chapter). The bare support can be reduced only at a significantly higher 

temperature of ~600 °C. As the peak area of the medium-temperature feature remains constant, 

the reduction degree of support is likely very similar for all catalysts. The similarity of the 

various TPR profiles also indicates that the nature of metal-support interactions is independent 

of the cobalt loading. 
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Figure 3.1.8. Linear fit of operando XANES spectra during TPR of CoCZ catalysts with 
different loadings. 

TPR-XANES analysis (Figure 3.1.8) for 2.5%, 5% and 10% CoCZ catalysts proves that cobalt 

supported on CZ can only be fully reduced at a temperature above 500°C. CoO reduction 

becomes easier with increasing cobalt loading. The CoO phase is stabilized in a significantly 

broader temperature range in the 2.5% CoCZ sample. Unfortunately, the high-temperature 

transmission cell did not allow us to measure 1% CoCZ due to the strong absorption of ceria-

zirconia in the energy range used to probe Co K-edge XANES.  

 

Figure 3.1.9. XRD patterns of the calcined CoCZ catalysts. 

The XRD patterns of the CZ-supported catalysts are shown in Figure 3.1.9. The diffraction 

peaks at 2θ = 29.2°, 33.8°, 48.7° and 57.7° correspond to the crystallographic (101), (002), 
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(112) and (103) planes of CeZrO4 (PDF No. 74–8060), which is a solid solution of the oxides 

of Ce and Zr. Other diffraction peaks belong to Co3O4. Using the Scherrer equation, the 

crystallite size of cobalt oxide was estimated to be ~8.8 nm, ~9.6 nm and ~12.8 nm for 5%, 

10% and 20% CoCZ samples, respectively. For 1% and 2.5% CoCZ catalysts, the diffraction 

lines due to Co3O4 could not be resolved, indicating that the particles were either too small or 

amorphous in nature. These results and the metal loadings as determined by elemental analysis 

are listed in Table B1. The crystallite size of the CZ support derived from the Scherrer equation 

was about 14 nm for all catalysts, however, TEM images showed a broad size distribution of 

the support particles with sizes up to 50 nm (Figure 3.1.2). Broadening of the diffraction peaks 

corresponding to CZ can be related to the slight inhomogeneity of the system, e.g. presence of 

slightly Ce-rich (or Zr-rich) solid solutions. Phase separation to CeO2 and ZrO2 was not 

observed for these CoCZ systems. 

Catalytic performance/Reduction temperature 

The catalysts reduced at 500 °C exhibit a strong size-activity dependence (Figure 3.1.10a), 

typical for structure-sensitive CO2 hydrogenation catalysed by metallic cobalt.[9] The catalyst 

with the smallest cobalt particles (1% CoCZ) exhibited poor activity in CO2 methanation with 

CO as the main reaction product. Low selectivity towards CH4 has also been reported for small 

particles of ruthenium.[31] The highest activity was observed for the sample with a cobalt 

loading of 5% containing on average 7 nm cobalt particles. It can be noted that the TOF for 

small nanoparticles is much lower than the TOF for large nanoparticles (Figure 3.1.10b). 

In this study the influence of reduction temperature on catalytic performance of small and large 

cobalt nanoparticles was investigated. Reduction temperature in the range of 275 – 500 °C did 

not have a significant influence on the catalytic performance of CoCZ catalysts with relatively 

large nanoparticles (>7 nm). Moreover, when 5% and 10% CoCZ were reduced in the 225 – 

275 °C regime, the activity declined. This can be explained by a lower cobalt reduction degree. 

In turn, small nanoparticles demonstrated a strong dependence of activity on the reduction 

temperature in the range of 225 – 500 °C. When the reduction temperature was lowered, the 

catalytic activity of especially 1% CoCZ and 2.5% CoCZ significantly increased with a 

pronounced maximum after reduction at 300 °C. 1Co300 displayed a 10-fold increase in activity 

compare to 1Co500 with CH4 as the main reaction product in both cases. It is important to 

mention that the TOF of 1Co300 is comparable to the TOF of large nanoparticle catalyst 
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(Figure 3.1.10b, Figure B4). When normalized to the cobalt loading, the performance of 

1Co300 is superior to the other catalysts independent of reduction temperature and cobalt 

loading. The resulting activity also compares favourably with literature data reported for small 

cobalt and nickel particles (Figure 3.1.11). A further decrease of the reduction temperature 

resulted in a lower activity and a higher selectivity towards CO. Nevertheless, the catalytic 

activity of the 1Co275 sample is still higher than that of fully reduced 1Co500. 

Figure 3.1.10 emphasizes the occurrence of two volcano plots. The one with an optimum 

around 7 nm can be linked to classical structure sensitivity observed for cobalt nanoparticles.[9] 

The other maximum pertains to low reduction temperature, in which likely not all cobalt-oxide 

was reduced. This new type of structure sensitivity with respect to reduction temperature was 

most pronounced for 1% CoCZ and was also evident for 2.5% CoCZ. However, for loadings of 

5% cobalt and higher, the catalytic activity did not depend strongly on the reduction 

temperature, unless the reduction temperature was too low. 

 

Figure 3.1.10. Activity of CoCZ catalysts reduced at different temperature in CO2 

methanation at 250 °C expressed on total metal amount (a) and on exposed surface cobalt 

atoms (b). 
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Figure 3.1.11. Comparison of (a0 TOFs and (b) metal normalized activity of cobalt and 

nickel catalysts for CO2 methanation as a function of temperature. 

Structure sensitivity vs. SMSI 

A number of studies reported structure-sensitivity for cobalt and nickel on relatively inert 

supports such as carbon nanofibers,[9,15] silica[10] and alumina[20] or for unsupported cobalt 

NPs.[19] In the present study, we report the performance of cobalt nanoparticles of different size 

located on a reducible ceria-zirconia support. The results in section ‘Strong metal-support 

interaction’ emphasize that the nature of the metal-support interactions is independent of the 

cobalt loading. An alternative explanation for the influence of the reduction temperature effects 

can be strong metal-support interactions (SMSI), which can lead to the decoration of cobalt 

nanoparticles by a layer of support material. This adverse effect of SMSI usually increases at 

higher reduction temperature. To attribute the observed size-performance relations to structure 

sensitivity rather than to SMSI, we need to rule out such decoration/encapsulation effects of 

cobalt nanoparticles by the ceria-zirconia supports. 
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Figure 3.1.12. UV-Vis spectra of a) calcined CoCZ samples and the Co3O4 reference; b) 1% 

CoCZ: as-prepared, reduced at 300 °C and 500 °C followed by exposure to air at room 

temperature; c) reference of support, Co-doped CZ solid solution and CoO. 

All the calcined CoCZ catalysts have similar UV-Vis spectra with two characteristic broad 

bands located in the 400 – 480 and 700 – 760 nm regions, which can be attributed to cobalt (III) 

oxide (Figure 3.1.12a). These bands are due to ligand-metal O2- – Co2+ and O2- – Co3+ charge 

transfer, respectively.[32] Two bands located at 260 nm and 280 nm can be assigned to the CZ 

solid solution (Figure 3.1.12c). Cobalt nanoparticles cause a blue shift compared to bulk Co3O4 

(commercial nanopowder). No obvious differences in cobalt- and ceria-zirconia-related bands 

were observed between as-prepared 1% CoCZ and its counterpart after reductive pretreatment 

at different temperatures (Figure 3.1.12b). This implies that reduction did not lead to cobalt 

doping of the CZ solid solution.[33] This conclusion is also supported by the different spectrum 

for a cobalt-doped CZ solid solution prepared using sol-gel synthesis (Figure 3.1.12c). 
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Figure 3.1.13. Co/Ce surface ratio for CoCZ catalysts reduced at different temperatures 

determined by XPS analysis. 

We also used XPS to probe the Co/Ce ratio at the surface in the reduced catalysts. It is seen that 

the Co/Ce ratio at the surface decreases slightly for the reduced catalysts in comparison to the 

oxidic precursors (Figure 3.1.13). Nevertheless, the Co/Ce ratio is nearly independent of the 

cobalt loading and reduction temperature for cobalt loadings up to 10%. The decrease of Co/Ce 

ratio for 20% cobalt loading indicates significantly larger cobalt particles. Thus, sintering or 

complete encapsulation effects can be considered negligible for the CoCZ systems up to 10%. 

The increased Co/Ce ratio for the 20Co500 sample might relate to the large size of cobalt in 

comparison to the CZ support. 

 

Figure 3.1.14. CO2 hydrogenation over 1% CoCZ catalyst reduced at 300 °C and 500 °C for 

4 h and at 350 °C for 18 h. 

Encapsulation of the active phase by the support can be avoided by decreasing the reduction 

temperature.[34,35] However, this may lead to incomplete reduction of the cobalt-oxide 
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precursor. In order to make a proper comparison, we prolonged the reduction of 1% CoCZ 

under mild conditions and achieved similar reduction degree of cobalt and support compare to 

the high-temperature reduction (Figure B6). The activity of small cobalt particles obtained by 

reduction at 500 °C and prolonged reduction at 350 °C is similar and much lower than the 

activity of particles obtained after 300 °C reduction (Figure 3.1.14). These observations 

provide a strong indication that the activity differences are due to a yet to be resolved structure 

sensitivity of the active phase in low-temperature reduced catalysts instead of temperature-

induced SMSI phenomena.  

3.1.4. Conclusions 

In this chapter, we reported the synthesis of well-defined cobalt nanoparticles with different 

particle sizes supported by a CZ material optimized in the previous chapter. Reduction at 500 

°C led to a set of catalysts with well-reduced cobalt particles with sizes in the 4.6 – 31 nm range. 

Their catalytic activity in CO2 methanation increased with particle size according to classical 

structure sensitivity for C-O bond cleavage reactions. Besides low activity, smaller particles 

also exhibited a higher selectivity towards CO. The influence from adverse SMSI could be 

excluded on the basis of detailed characterization. By lowering the reduction temperature, a 

new type of structure sensitivity was observed, which became more pronounced with 

decreasing cobalt loading. In particular, reduction at 300 °C of 1% CoCZ resulted in high 

catalytic activity towards CO2 methanation with a comparable TOF as the fully reduced 

10Co500 catalyst. Preliminary characterization points to an incomplete reduction of cobalt and 

a significant contribution of irreversibly adsorbed CO on the active phase. Mild reduction thus 

provides a new approach towards optimizing the catalytic performance of cobalt catalysts for 

CO2 hydrogenation. 
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3.1.6. Appendix B 

 

Figure B1. CO adsorption at -196 °C on as-prepared CoCZ catalysts. 

 

Figure B2. Area of the band assigned to the CO adsorption on Co3O4 normalized to the 

weight of the pellet and cobalt loading. 

 

Figure B3. CO chemisorption isotherms for 8.25% Co/TiO2 sample reduced at different 

temperature. 



  Chapter 3.1 

71 
 

Table B1. Catalysts prepared in this study. 

Catalyst 
Metal loadinga, 

% 

Preparation 

method 

XRDb, 

nm 

TEMb, 

nm 

1% CoCZ 1.0 SEA – 7.2* 

2.5% CoCZ 2.5 SEA – 7.0* 

5% CoCZ 4.8 SEA 8.8 6.7 

10% CoCZ 9.8 SEA 9.6 7.2 

20% CoCZ 19.2 SEA 12.8 8.3 

11% Co-doped 

CZ 
11.1 SG – – 

10% Co/SiO2 10 En pyrolysis  2.5 

10% Co/SiO2 10 
En 

calcination 
 4.5 

8.25% Co/TiO2 8.25 IWI  10.2 

SEA – strong electrostatic adsorption with cobalt (III) hexamine in ethanol solution; IWI – 

incipient wetness impregnation; En – ethylenediamine; SG – sol-gel. 

a – determined from ICP analysis; b – determined for as prepared non-reduced CoCZ catalysts 

* - small nanoparticles are not detected. Mean particle size is overestimated 

 

Figure B4. CO2 hydrogenation activity in the presence of CoCZ catalysts and cobalt 

supported on silica and titania supports. 
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Figure B5. Catalytic activity at 225°C (A) and 300°C (B) for cobalt catalysts reduced at 

different temperature in the range of 225 – 500 °C. 



  Chapter 3.1 

73 
 

 

Figure B6. XPS data obtained for CoCZ reduced at 500 °C (a,b) 350 °C for 18 h (c,d). 
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Chapter 3.2. Structure Sensitivity in CO2 hydrogenation 
by Co/CeZrO4: 

Nature of Active Sites 
 

 

The development of more efficient heterogeneous metal catalysts requires the stabilization of 

small clusters with specific catalytic reactivity. Herein, we characterize the surface of mildly 

reduced Co/CeZrO4 (CoCZ) catalysts with low and high cobalt loading by in situ IR 

spectroscopy, XPS, operando synchrotron-based NAP-XPS and near edge X-ray absorption 

fine structure (NEXAFS). The CO IR spectra of a 1% CoCZ sample reduced at 275–300 °C 

contains very narrow carbonyl bands, indicative of the presence of very small cobalt clusters. 

Density functional theory calculations validate the proposed structure in terms of cobalt clusters 

of a few atoms dispersed on cobalt oxide. Approximately half of the cobalt atoms is reduced at 

300 °C. When this sample is reduced at 500 °C or a higher cobalt loading is used, larger cobalt 

particles are obtained with a lower activity in CO2 hydrogenation. Thus, the unusual structure 

sensitivity of CoCZ with respect to reduction temperature can be understood in terms of 

formation of very small cobalt clusters. The interface of these small cobalt clusters with 

reducible oxides (cobalt oxide, cerium oxide) likely plays an important role in C-O bond 

scission. 
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3.2.1. Introduction 

Conventional heterogeneous catalysts for the hydrogenation of CO and CO2 consist of Fe, Co, 

Ni, Cu, Ru, Rh, Pd, and Pt in the form of metal (carbide) nanoparticles supported on oxidic or 

carbon supports.[1–6] In general, catalyst optimization for CO and CO2 hydrogenation aims at 

the highest dispersion of reduced metal surface atoms, which implies a high metal reduction 

degree. This explains why reduction promoters are usually added to the active phase.[7] Metallic 

nanoparticles have also long been targeted for such catalytic reactions as CO oxidation,[8] 

propane combustion,[9] the water-gas shift reaction,[10,11] selective hydrogenation of 

nitroarenes[12] and butadiene.[13,14]. In the last decade, it has been realized that sub-nanometer 

clusters and single atoms can play an important role in such reactions as well.[15] This paradigm 

shift, which is driven by the development of new preparation methods and advanced 

characterization techniques[16–18], has already led to the identification of new materials with 

superior catalytic performance.[19] In this regard, active sites at the interface between the active 

metal phase and the oxide support have often been discussed.[20] Relevant to COx 

hydrogenation, we note a number of recent works dedicated to metal-support interfaces at which 

C-O bonds are activated.[21–24]  

Such metal–metal oxide interfaces can also exist between the active metal phase and promoting 

metal oxides. Recently, a considerable synergy between Ni and MnO for CO and CO2 

hydrogenation has been noted and proposed to relate to C–O bond activation by partially 

reduced MnO clusters in contact with metallic Ni.[25,26] It is likely that the promoting effect of 

Mn on cobalt catalysts for Fischer-Tropsch synthesis[27] and alcohol synthesis[28] has a similar 

origin. In all cases, the presence of a metal function remains essential for C–O bond cleavage 

activity. A recent exception appears to be indium oxide, which demonstrates high activity and 

selectivity in methanol synthesis from CO2.[29,30] Although no metallic In was observed in the 

activated catalysts, it has been observed that the presence of metallic cobalt and palladium 

particles promotes the performance of these systems.[31,32] 

The metallic form of cobalt is usually assumed to be essential for CO2 and CO hydrogenation 

into hydrocarbons. Only in one case it has been suggested that the interface between CoO and 

TiO2 is active for COx hydrogenation.[33] Notably, this catalyst was reported to be more active 

than fully reduced Co/TiO2. Another study mentioned that CoO in Co/CeO2 facilitated higher 

alcohol synthesis, CoO being stabilized by the strong interaction with ceria.[34] 
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In this chapter, we investigated the influence of mild reduction of cobalt supported on ceria-

zirconia (CZ) catalysts. Earlier, we demonstrated an unusual trend in the CO2 hydrogenation 

activity of 1% CoCZ with respect to the reduction temperature. The highest activity was 

obtained after mild reduction at 300 °C. A 10% CoCZ did not show such unusual structure 

sensitivity with respect to reduction temperature. Accordingly, we characterized these two 

catalysts in detail by surface sensitive techniques including in situ IR spectroscopy, quasi-in 

situ XPS, operando synchrotron-based NAP-XPS and NEXAFS. The high activity of the mildly 

reduced 1% CoCZ sample can be related to the presence of very small metallic cobalt clusters 

in contact with CoO stabilized by the ceria-zirconia support.  
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3.2.2. Methods 

CO and H2 chemisorption measurements were carried out using a Micromeritics ASAP 2010C 

instrument. Samples were first dried in vacuum at 110 °C and subsequently heated in flowing 

H2 at a rate of 10 °C/min to the final reduction temperature in the range 275 – 500 °C. A 

reduction time of 4 h was used, after which the temperature was increased by 20 °C and the 

samples were evacuated for 60 min. CO and H2 adsorption isotherms were measured at 30 °C 

and 150 °C, respectively. The CO/Cosurface and H/Cosurface ratios at zero pressure were 

determined by extrapolation of the linear part of the isotherm. The particle size was estimated 

assuming a hemispherical shape of the particles and using CO/Cosurface and H/Cosurface 

adsorption stoichiometries of 1.5 and 1, respectively. 

X-ray photoelectron spectroscopy (XPS). Reduction of the CoCZ catalysts under mild 

conditions was studied by quasi in situ XPS using a Kratos AXIS Ultra 600 spectrometer 

equipped with a monochromatic Al Kα X-ray source (Al Kα energy 1486.6 eV). Survey and 

detailed region scans were recorded at pass energies of 160 eV and 40 eV, respectively, with a 

step size of 0.1 eV. The background pressure during the measurements was lower than 5 × 10−6 

mbar. A high-temperature reaction cell (Kratos, WX-530) was used to pretreat the sample, 

which was supported on an alumina stub. This setup allowed pretreatment in different gases 

and in vacuo sample transfer into the XPS measurement chamber. Reduction was performed in 

a 10% H2 in Ar flow at atmospheric pressure and 300 °C for 4 h. After reduction the sample 

was cooled to 150 °C and subsequently transferred to the measurement chamber. Energy 

calibration was done using the Ce 3d peak at 916.7 eV of the CeZrO4 support, whose position 

is independent on reduction degree. 

Synchrotron-based near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) 

measurements were carried out on a commercial SPECS PHOIBOS 150 NAP energy analyzer 

at the CIRCE beamline of the ALBA synchrotron light source. The CIRCE beamline is an 

undulator beamline with a photon energy range 100 – 2000 eV. XPS measurements at pressures 

up to ~20 mbar are possible owing to a differential pumping system, which separates the 

electron analyzer from the reaction area. The beam spot size at the sample is 100 x 20 μm2. The 

angle between the sample normal and the photon beam was 75° and the angle between the 

sample normal and the analyzer axes was 45°. The gas supply to the reaction chamber consisted 

of calibrated mass-flow controllers, providing a total flow of 20 mL/min (standard pressure and 

temperature). The reaction pressure was kept by a back-pressure controller. All the gases used 
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were of high purity (99.999%). The sample temperature was controlled by using an infrared 

laser (λ=808 nm) focused on a W plate, on top of which the samples were mounted. The 

temperature was monitored during all the experiments with a K-type thermocouple in direct 

contact with the samples.  A standard residual gas analyzer (QMS) located in the differential 

pumping stage of the analyzer allowed following the activity of the catalyst treated in the 

reaction chamber during recording the XPS spectra. The total acquisition time of the survey 

spectrum, O 1s, C 1s, Ce 3d, and Co 2p regions was around 60-70 min. A pass energy of 20 eV 

was typically used with a step size of 0.1 eV and a dwell time of 0.5 s. The binding energies of 

the Co 2p and Ce 3d regions were corrected to the U’’’ component of the Ce 3d line with a 

characteristic position of 916.7 eV.[35–37] The position and shape of this peak is independent of 

atomic ratio of Ce3+ to Ce4+ (as long as Ce4+ can be detected), allowing reliable energy 

calibration of the photoelectron spectra at different reaction conditions. All the spectra are 

presented as recorded, meaning that no normalization or other manipulations were performed. 

Infrared spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped with a 

DTGS detector. The experiments were performed in situ by using a home-built environmental 

transmission IR cell. Self-supporting pellets were made by pressing approximately 12 mg of a 

sample in a disk with a diameter of 13 mm. Each spectrum was collected by averaging 64 scans 

with a resolution of 2 cm−1 in the 4000-1000 cm−1 range. The samples were reduced at different 

temperatures in the 275 – 500 °C range for 4 hours after heating at a rate of 10 °C/min. For all 

samples background was subtracted and intensity was normalized to the weight of the pellet. 

Catalytic activity for CO2 hydrogenation measurements were performed in a 10-tube parallel 

microflow reactor. The samples were pressed, sieved and crushed and the fraction between 

125 µm and 250 µm was used. Each quartz reactor was filled with 50 mg sample and diluted 

with 200 mg SiC of the same sieve fraction. The catalyst bed was placed between two quartz 

wool plugs. The reaction was performed at atmospheric pressure. Prior to reaction, the catalysts 

were reduced in situ in a flow consisting of 10 vol% H2 in He (total flow rate 50 mL/min STP 

per reactor tube), whilst heating from room temperature to 500 °C at a rate of 10 °C/min, 

followed by an isothermal dwell of 4 h. After cooling to the reaction temperature in the same 

flow, the pre-treatment gas was replaced by a feed consisting of 5 vol% CO2 and 20 vol% H2 in 

He (total flow rate 50 mL/min STP). The temperature was increased by steps of 25 °C at a rate 

of 5 °C/min. When the target temperature was reached, a period of 20 min was allowed for 

stabilization. During reaction, the effluent gas was analyzed by online gas chromatography with 

an Interscience Compact GC equipped with Plot (TCD) and Molsieve (TCD) columns. 
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3.2.3. Results and Discussion 

We first characterized a set of well-reduced CoCZ catalysts by CO IR spectroscopy. These 

catalysts displayed a conventional dependence of the CO2 hydrogenation activity with respect 

to particle size (Figure 3.2.1). The IR spectra of these catalysts after CO adsorption at 50 °C 

are similar (Figure 3.2.2). Linearly adsorbed CO (2020–2054 cm-1) is present on all catalysts, 

while the intensity of the band due to bridging carbonyls (1920 cm-1) is much weaker. The blue 

shift observed for the linear CO band with increasing CO pressure points to lateral interactions 

between adsorbed CO molecules on metallic cobalt.[39] 

 

Figure 3.2.1. Structure-sensitive behavior of CO2 hydrogenation over CoCZ systems with 

different particles size reduced at 500 °C. 

The catalysts were also characterized by IR spectroscopy after adsorption of CO2 at 50 °C. The 

formation of similar CO IR bands as observed after CO adsorption proves that C–O bond 

dissociation takes place, even at such a low temperature. As demonstrated already in Chapter 

2, CO2 dissociation can take place at the metal-support interface in these CoCZ samples. Upon 

dissociation, the CO fragment is adsorbed on the metallic cobalt surface and the O atom heals 

the ceria oxygen vacancy. From the similar IR response upon exposure to CO and CO2 

independent of the cobalt loading, we can deduce that the C–O bond dissociation step in CO2 

hydrogenation is likely not the main reason for the structure sensitivity observed for the present 

set of catalysts.  
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Figure 3.2.2. IR spectra of the CoCZ samples reduced at 500 °C after adsorption of CO (a-d) 

and CO2 (e-h) at 50 °C (spectra recorded as a function of CO coverage, red spectra after 

saturation with CO). 

Based on the unusual structure sensitivity with respect to reduction temperature discussed in 

Chapter 3.1, we characterized the 1% CoCZ sample in more detail by varying the reduction 

temperature. The 10% CoCZ sample was characterized in the same way as a reference that did 

not display this structure sensitivity. Quasi in situ XPS was used to determine the cobalt 

oxidation state after mild reduction (Figure 3.2.3). CoO was the predominant surface phase in 

1% CoCZ reduced at 275 °C and 300 °C and 10% CoCZ reduced at 275 °C. This is surprising, 

because these samples were active in CO and CO2 hydrogenation to CH4 (Chapter 3.1). Only 

in one previous work, it was proposed that specific sites at the interface between CoO and TiO2 

leads to high activity.[33] A significant fraction of metallic cobalt can be observed only after 

reduction at 350 °C for 1% CoCZ and at 300 °C for 10% CoCZ. Cobalt reduction is complete 

at 500 °C (Chapter 3.1). Although XPS indicates that the mildly reduced samples contain only 

CoO, CO chemisorption results (Table 3.1.1) show that CO adsorbs very strongly in these 

mildly reduced samples similar with the fully reduces ones. Irreversible CO chemisorption at 
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50 °C is characteristic for metallic cobalt, whereas the presence of CoO is known to lower CO 

chemisorption in this type of samples.[40] Thus, CO chemisorption and the activity data point to 

the presence of metallic cobalt in the mildly reduced samples, although this is not confirmed by 

XPS. 

 

Figure 3.2.3. Quasi in situ XPS spectra obtained for 1% (a) and 10% (b) CoCZ catalysts 

reduced at different temperatures. 

We next studied the very surface of 1% CoCZ by IR spectroscopy following CO and CO2 

adsorption after reduction at different temperatures (Figure 3.2.4). After reduction at low 

temperature, we observe an unusually narrow band due to adsorbed carbonyl (2020 – 2040 cm-

1). The sharpness of this feature in comparison to CO adsorbed on cobalt nanoparticles indicates 

that it relates to CO adsorption on very small metallic clusters or possibly single atoms of cobalt 
[41,42]. As also relatively narrow bands are observed at ~1940 cm-1 and ~1870 cm-1 relating to 

bridge- and 3-fold-coordinated carbonyls, it is more likely that this sample contains small cobalt 

clusters. The full width at half maximum (FWHM) for 1% CoCZ reduced at 300 °C of 14 cm-1 

is slightly higher than the value of 10 cm-1 after reduction at 275 °C (Figure 3.2.5a). The 

difference can point to slightly larger metallic cobalt clusters after reduction at 300 °C. 

According to CO IR spectroscopy, 1Co350 and 1Co500 contain metallic cobalt particles, 

although in case of 1Co350 the presence of metallic cobalt clusters can be inferred from the 

shoulder at 2035 cm-1 and the sharp contribution of bridging carbonyls at 1937 cm-1. The 

catalyst with the smallest Co0 clusters (275 °C) demonstrated a high CO selectivity in CO2 

hydrogenation (Chapter 3.1). Matsubu et al.[42] showed that isolated Rh sites exhibited much 
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higher selectivity towards CO in CO2 hydrogenation than metallic nanoparticles. The specific 

IR features and the high CO selectivity in CO2 hydrogenation indicate that the sample reduced 

at 275 °C contains most likely (nearly) isolated reduced cobalt atoms. At a slightly higher 

reduction temperature of 300 °C also small cobalt clusters are formed, which yield highly active 

catalysts for CO2 hydrogenation to methane. Such clusters are accompanied by larger cobalt 

particles with extended cobalt metal surface after reduction at 350 °C, which result in a lower 

CO2 hydrogenation activity. Higher reduction temperatures lead to complete cobalt reduction 

and an even lower CO2 hydrogenation activity. 

 

Figure 3.2.4. IR spectra of the 1% CoCZ sample reduced at 275 °C, 300 °C, 350 °C and 500 

°C after adsorption of CO (a-d) and CO2 (e-h) at 50 °C. 

IR spectroscopy of adsorbed CO2 was also performed used to study the nature of active sites 

for CO2 activation (Figure 3.2.4e-h). From the observation of pronounced carbonyl bands in 

all IR spectra, we can infer that CO2 dissociation takes place on 1% CoCZ sample irrespective 

of the reduction temperature. Notably, the IR spectra look very similar in the carbonyl region. 

The sample containing fully reduced cobalt (1Co500) exhibited an additional carbonyl band at 

2060 cm-1, which was also observed for the sample reduced at 350°C. The intensity difference 
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between 1Co350 and 1Co500 is in qualitative agreement with the difference in reduction degree 

derived from XPS. The band at 2060 cm-1 can be related to the lateral interaction of carbonyl 

with other carbonyls or carbon and oxygen species formed upon CO2 dissociation on metallic 

cobalt.[43] The main band located at 2025 cm-1 can be attributed to carbonyl groups formed upon 

CO2 dissociation at Co/CoO and Co/CoO/CZ interfaces. The intensity of this band is similar 

for all reduction temperatures, even for the 1Co275 sample, which predominantly contains 

CoO. Thus, the unusual reactivity towards CO2 dissociation at low temperature is related to 

interface sites between metallic cobalt and reducible components in our samples, which include 

CoO and CeO2.  

 

Figure 3.2.5. a) CO adsorption IR spectra obtained for 1 % CoCZ sample reduced at 275 °C, 

300 °C, 350 °C and 500 °C; b) frequency of linearly adsorbed carbonyls as a function of CO 

partial pressure; DFT models of Co4 (c,d) and Co6 (e-f) clusters; e) CO stretching frequency 

determined by DFT calculations: for on-top (c) and bridged (d) adsorbed CO at Co4 cluster; 

for on-top (e), bridged (f) and at interfacial site (g) adsorbed CO at Co6. 

We also analyzed the IR shift in the carbonyl band as a function of CO coverage (Figure 

3.2.5b). It is known that the carbonyl band on extended metallic cobalt surfaces shifts to higher 

wavenumbers, typically from 2010 cm-1 to 2055 cm-1, with increasing CO coverage due to 

lateral interactions between CO molecules.[43,44] Both 1Co350 and 1Co500 display a similar 
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increasing trend in the carbonyl stretching frequency with respect to CO partial pressure. 

Accordingly, we can conclude that these catalysts contain reduced cobalt nanoparticles. 

However, the catalysts reduced at lower temperature exhibited a different IR response with 

respect to CO coverage. The blue shifts for 1Co275 and 1Co300 were 4 cm-1 and 12 cm-1, 

respectively, which are much smaller than the >20 cm-1 shifts observed for 1Co350 and 1Co500. 

These small shifts indicate the near absence of lateral interactions and further underpin our 

suggestion that these samples contain (nearly) isolated cobalt atoms and very small cobalt 

clusters. To further confirm the structure of cobalt in these samples, DFT calculations were 

carried out involving single atoms and clusters of cobalt on a CoO(111) surface. While CO 

adsorbed on Co1/CoO(111) gives rise to a CO stretching frequency about 2100 cm-1 due to the 

oxidized nature of the surface Co atom, the Co4 and Co6 clusters represent more realistic models 

for the surfaces of 1Co275 and 1Co300 (Figure 3.2.5c-g). CO top adsorption on the cobalt 

atoms in Co4/CoO(111) and Co6/CoO(111), which are not in direct contact with CoO(111), can 

explain the bands observed in the experimental spectra in the 2020–2040 cm-1 range.     

Adsorption of CO on cobalt atoms of these clusters that are in direct contact with CoO(111) 

was not stable. The Co6/CoO(111) model contains a bridge site between two cobalt atoms not 

in contact with CoO(111) and gives to a predicted CO stretch at 1921 cm-1. This can explain 

the experimentally observed band at 1935 cm-1. Bridge adsorption modes between two cobalt 

atoms of which only one interacts with the Co(111) surface is weaker and leads to bands in the 

1870-1890 cm-1 range. The lower adsorption energy is likely due to the fact that the cobalt 

atoms that interact with CoO(111) are slightly more oxidized than the cobalt atoms that are not 

in contact with CoO(111). Thus, the DFT calculations support the presence of very small cobalt 

clusters on which CO can adsorb top and bridged on reduced cobalt atoms and bridged between 

reduced and slightly oxidized cobalt atoms. 

The IR measurements also showed that CO adsorption on small metallic clusters (carbonyl band 

at 2020–2040 cm-1) is slightly weaker than on metallic cobalt (carbonyl band at 2010 cm-1) at 

low partial pressure of CO, which is in line with the DFT data. 10Co300 and 10Co500 samples 

demonstrated a similar blue shift as the sample with fully reduced cobalt (1Co500) upon 

increasing CO coverage (Figures C2, C3).  
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Figure 3.2.6. CO adsorption on samples reduced at 300 °C without dwell in hydrogen 

atmosphere. Red band located at 2124 cm-1 is CO adsorbed on CoO, green bands are 

attributed to CO adsorbed on metallic cobalt. 

We then characterized the samples using CO IR spectroscopy at liquid nitrogen (LN) 

temperature in order to probe the presence of Co2+ and Co3+ sites, which interact weaker with 

CO than metallic cobalt. We characterized a set of samples reduced at 300 °C (without 

dwelling) by CO IR spectroscopy at LN temperature (Figure 3.2.6). The IR band at 2124 cm-1 

present in all samples independent of the cobalt loading can be assigned to Co2+ in CoO.[45] The 

absence of a band at 2135 cm-1 indicates that Co3+[45] was not present after reduction at 300 °C. 

Bands located at 2151 cm-1, 2160 cm-1 and 2171 cm-1 can be assigned to CO adsorbed on 

hydroxyl groups,[46] Ce4+, and Ce3+,[47] respectively. CO adsorbed on Zr sites, which are 

typically observed in the range of 2180 – 2200 cm-1,[48] were not evidenced at the relatively low 

CO partial pressures employed in our measurements. The band located at 2118 cm-1 is assigned 

to the support, because it was also observed on bare CZ (Figure C5). A small fraction of 

metallic cobalt is observed only for the reduced 10Co300 sample (without dwelling). This is 

most likely due to the more facile reduction of samples with a higher cobalt loading as 

demonstrated before by TPR and XANES TPR (Chapter 3.1). 

Prolonging the reduction at 300 °C for 4 h results in a different surface composition. All samples 

contain metallic cobalt and Co2+ (Figure 3.2.7). All spectra were fitted using the parameters 

summarized in the Table C1. The bands located at 2040 – 2070 cm-1, 1950 – 1970 cm-1 and 

1850 – 1890 cm-1 are assigned to the atop, 2-fold and 3-fold adsorption sites, respectively, on 

cobalt clusters and particles. In order to estimate the ratio between Co0 and CoO in the catalysts, 

we considered the intensity of the 2124 cm-1 band due to Co2+. The CoCZ catalysts only 

contained CoO (i.e., no Co3+ and Co0) after reduction at 300 °C without dwelling (Figure 3.2.6). 

From the decrease of the intensity of this band due to CoO, we can estimate the amount 
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converted to Co0 after dwelling in hydrogen at 300 °C. In this way, we established that the 

CoOno dwell/CoO4h dwell ratio was close to unity (Figure C4). Accordingly, we can also assume 

that the surface of the mildly reduced catalysts contains equal amounts of Co0 and CoO.  

The carbonyl band observed at LN temperature is similar with the one seen at 50 °C, although 

at low temperature the feature became broader. With increasing cobalt loading, the single 

metallic cobalt feature at 2040 cm-1 broadens due to the presence of an additional feature at 

2070 cm-1. The band at around 2070 cm-1 has higher contribution with increasing of the cobalt 

loading. This might be related to the increasing density of defect sites such as step-edge sites 

on larger particles.[49] 

 

Figure 3.2.7. CO adsorption on samples reduced at 300 °C for 4 h. Red band located at 2124 

cm-1 is due to CO adsorbed on CoO, green bands can be assigned to CO adsorbed on metallic 

cobalt. 

We observed that the carbonyl bands on small cobalt clusters in 1Co300 are much broader in 

the IR spectra recorded at low temperature than those obtained at 50 °C. This may have to do 

with lateral interactions of these carbonyls with CO adsorbed on proximate Co2+ sites. To rule 

out the alternative that the surface of the small cobalt clusters changes as a function of 

temperature, we carried out CO IR spectroscopy at different temperatures for 1Co300 and 

1Co500 (Figure 3.2.8). After reduction and cooling to liquid nitrogen temperature, CO IR 

spectra were recorded followed by evacuation, heating to 50 °C, and CO IR spectroscopy at 

this temperature. The latter CO IR spectra at 50 °C are similar with those obtained without the 

low-temperature CO IR step. It is also observed that the CO IR spectra of 1Co500 are similar 

at liquid nitrogen temperature and 50 °C. A key difference between the CO IR spectra of 

1Co300 and 1Co500 is the absence of Co2+ sites in the latter, which can be explained by the 

complete reduction of CoO. Therefore, it is indeed reasonable to assume that the broadening of 
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CO band at LN temperature is related to the lateral interaction between CO molecules adsorbed 

on the metallic clusters and CoO surface. 

 

Figure 3.2.8. Evolution of CO IR spectra of the 1CoCZ sample after reduction at different 
temperatures. 

Although quasi in situ XPS could not resolve the presence of small cobalt clusters in the mildly 

reduced 1% CoCZ sample, the CO IR spectra clearly demonstrate the presence of metallic 

cobalt. We employed synchrotron-based near-ambient pressure XPS (NAP-XPS) at a grazing 

angle (15 degrees) and a low incident energy (1050 eV) to increase the surface sensitivity.[50] 

For this purpose, the 1% CoCZ sample was reduced at a H2 pressure of 10 mbar at 300 °C for 

4 h (pressure limited by experimental setup). After the reduction step, the pressure was lowered 

to 1 mbar to record XPS and near-edge X-ray absorption fine structure (NEXAFS) data. The 

resulting XPS spectrum recorded at 300 °C (Figure 3.2.9a) confirms that the sample contains 

both metallic cobalt and CoO. Compared to the quasi in situ XPS data recorded using an 

incident energy of 1486.6 eV and a higher incident angle with respect to the sample (Figure 

3.2.3), the much higher surface sensitivity of in situ NAP-XPS allows observing metallic cobalt 

at the very surface of 1Co300. Deconvolution of the Co 2p3/2 spectrum shows that the surface 

contains approximately equal amounts of Co0 and Co2+, which is in reasonable agreement with 
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the CO IR spectra recorded at low temperature. The presence of a mixture of Co0 and Co2+ is 

further confirmed by comparing the in situ NEXAFS spectrum of 1Co300 to reference spectra 

of Co0 and CoO (Figure 3.2.9b).  

 

Figure 3.2.9. a) Synchrotron-NAP-XPS spectra and b) NEXAFS spectra of 1Co300 obtained 

in 1 mbar H2 at 300 °C after reduction for 4 h in 10 mbar H2 (Co0 and CoO NEXAFS 

references given in panel b). 

3.2.4. Conclusions 

Mild reduction of 1% CoCZ results in highly active catalysts for CO2 hydrogenation. The 

surface of 1% CoCZ and 10% CoCZ catalysts was characterized by a combination of IR 

spectroscopy, synchrotron-NAP-XPS, NEXAFS and DFT calculations. The narrow carbonyl 

bands and the near absence of a blue shift with increasing CO coverage in CO IR spectra point 

to the formation of very small metallic cobalt clusters on CoO during reduction at 300 °C, which 

is the optimum reduction temperature for CO2 methanation. DFT calculations suggest that these 

clusters of a few cobalt atoms located on CoO. Their size critically depends on the reduction 

temperature. Reduction below 300 °C results in small clusters that are inactive in CO2 

methanation and instead convert CO2 to CO. These very small cobalt clusters cannot be 

obtained by mild reduction of CoCZ samples with a higher cobalt loading. This explains why 

the unusual structure sensitivity with respect to reduction temperature is only observed for low 

cobalt loading. CO2 and CO activation occur most likely at the interface between the small 

cobalt clusters and CoO or Co-CZ interface. The role of the CZ support is to limit the reduction 

of CoO to Co0, confirmed by earlier finding that the surface of ceria needs to be extensively 

reduced before complete CoO reduction can take place.  
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3.2.6. Appendix C 

 

Figure C1. CO adsorption on samples reduced at 500 °C for 4 h. Red bands due to CO 

adsorbed on the CZ, green bands can be assigned to CO adsorbed on metallic cobalt. 

Table C1. Fitting parameters for FTIR spectra of CO adsorbed on CoCZ materials. 

Support 
 Wavenumber 

(cm-1) 
FWHM 
(cm-1) Remarks Ref. 

Ce4+ 2158-2160  Shifted to higher wavenumber for calcined 
sample due to residual carbonates (2168 cm-1) 

[47] 

Ce3+ 2165-2170  
Shifted to higher wavenumber for calcined 

sample due to residual carbonates (2180 – 2184 
cm-1) 

[47] 

Ce3+ 2118 64 Significant contribution only after reduction 
(for catalysts and bare support) 

 

Support 2150  CO interacting with OH groups [46] 
Cobalt 

 Wavenumber 
(cm-1) 

FWHM 
(cm-1) Remarks Ref. 

Co3O4 2136 18 – 25  [45] 
CoO 2125 11 – 14  [45] 

Co 

2060 – 2000 
(a-top)  

Cobalt clusters: 2030 – 2040 cm-1 

Cobalt particles: 2000 – 2060 cm-1 due to 
lateral interaction 

 
[39] 

1970 – 1930 
(bridge)   [44] 

1880 – 1840 
(bridge)   [44] 
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Figure C2. CO (a) and CO2 (b) adsorption in the presence of 1% and 10% CoCZ catalyst 

reduced at 300 °C and 500°C followed by IR spectroscopy. 

 

Figure C3. The position of linearly adsorbed carbonyls as a function of CO partial pressure 

for 10CoCZ reduced at 300°C and 500 °C (a) and for CoCZ samples reduced at 500 °C (b). 
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Figure C4. Comparison of the amount of CO derived from CO adsorption at different cobalt 

loadings: a) area of CoO band normalized to the cobalt loading; b) the ratio of CoO area 

before and after reduction in hydrogen for 4 h. 

 

Figure C5. CO adsorption on the bare CZ support reduced at 500 °C. 

 



Chapter 3.3. Structure Sensitivity in CO2 hydrogenation 
by Co/CeZrO4: 

Particle Size-Dependent Reaction Mechanism 

 

A combination of H2 chemisorption, H2–D2 exchange, hydrogenation of propylene with para-

H2, reaction kinetics, NAP-XPS, and transient IR spectroscopy were used to distinguish the key 

differences between 1% and 10% Co/CeZrO4 (CoCZ) catalysts. The results point to three 

different classes. Very small cobalt clusters on cobalt oxide (1% CoCZ reduced at 300 °C) are 

characterized by strong H2 adsorption and fast hydrogenation of formate species, which are 

intermediates in CO2 hydrogenation. Small fully reduced cobalt particles (1% CoCZ reduced at 

500 °C) exhibit weak H2 adsorption and slow hydrogenation of formates, explaining a low 

activity in CO2 hydrogenation. Systems with sufficiently large cobalt particles (10% CoCZ 

reduced at 300 °C and 500 °C) do not show temperature-dependent H2 chemisorption 

properties. CO2 hydrogenation involves direct C–O bond scission on larger cobalt 

nanoparticles, although there is also a contribution of the formate mechanism at the interface 

with the CZ support. 
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3.3.1. Introduction 

Structure sensitivity of CO/CO2 hydrogenation has been studied for the last several decades.[1–

4] The fundamental reasons of lower activity of small nanoparticles in these industrially relevant 

processes are still actively debated in the literature, therefore research focused on the 

unravelling the nature of size-dependent phenomena still attracts significant attention. 

Size-dependent distribution of specific surface sites on the metal nanoparticles is a well-

described phenomenon. Stepped cobalt surfaces are considered to be more active towards CO 

dissociation rather than flat or corrugated surfaces.[5,6] A number of studies reported 

computational analysis of surface sites for the cobalt nanoparticles of different particle size 1.8 

– 2.9 nm,[7] 0.7 – 11[8] nm and 2 – 15 nm[9] with higher concentration of step-edge B5 sites on 

larger nanoparticles. Lower stability and therefore abundance of step-edge sites on small 

nanoparticles explain the structure-sensitivity experimentally observed for CO/CO2 

hydrogenation.[2–4,10] 

Generally, rates of catalytic reactions are governed by the adsorption energies of the reactants 

and products and by activation energies of elementary steps.  These processes are closely 

interconnected with surface sites available for the reaction and can exhibit structure-sensitive 

behaviour. For CO/CO2 hydrogenation direct[11] or hydrogen-assisted[12] C – O dissociation, 

hydrogenation of intermediates, C – C coupling[10] and hydrogen activation[13] were shown to 

be dependent on the size of metal nanoparticles. 

In CO/CO2 hydrogenation the crucial reaction step is dissociation of C – O bond, which can 

occur via two different pathways: direct and hydrogen-assisted dissociation. Using soft X-ray 

absorption spectroscopy Tuxen et al. demonstrated that CO dissociates via a hydrogen-assisted 

pathway over Co nanoparticles supported on Au foil. CO dissociation was facilitated by H2 and 

demonstrated a strong size-dependency on the particle size. Small nanoparticles (3 nm) 

favoured molecular adsorption while large nanoparticles (10 nm) were active towards 

dissociation. The authors also indicated that ability of Co nanoparticles to dissociate CO is 

strongly dependent on the H2 dissociation ability.[12] Dissociative adsorption of H2 was also 

shown to be the key parameter for the CO hydrogenation by Herranz et al, where authors 

demonstrated that H – D exchange rate decreased with the particle size below 10 nm. In another 

study the authors suggested that oxygen removal from Co surface, rather than CO bond scission 

can be a rate limiting step for the overall reaction rate of Fischer–Tropsch synthesis over single 

Co (0001) crystal.[14] The removal of oxygen itself was also demonstrated to be structure-
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sensitive, as the stabilization of oxidic species on the metallic surface of sub-2-nm Ni particles 

during CO2 hydrogenation was more pronounced than in case of large nanoparticles.[4]  

Finally, the process of CO2 hydrogenation does not always require the cleavage of strong C – 

O bond in CO intermediate because it can occur via two different pathways: (i) direct 

dissociation of CO2 to CO followed by its further hydrogenation or (ii) formate route through 

formation of formate species directly hydrogenated to methane and without CO intermediate. 

The latter mechanism can be especially relevant for the metal-support interfaces, introducing 

active sites completely different from metallic surfaces for CO2 hydrogenation.[15] 

In this chapter a combined mechanistic study of CoCZ catalysts (using techniques, such as H2 

chemisorption, H–D exchange, hydrogenation of propylene with para-H2, measurements of 

reaction orders and transient IR spectroscopy) revealed the prime reasons of structure sensitivity 

of small fully metallic cobalt nanoparticles in CO2 hydrogenation. Weak hydrogen adsorption 

and surface poisoning by the formate intermediates lead to the low reactivity of small metallic 

nanoparticles. Two key properties of semi-reduced cobalt nanoparticles allowing breaking the 

structure-sensitivity limit were postulated: (i) formate mechanism and CO2 activation on the 

Co/CoO and Co/CZ interfaces dominates for the small Co/CoO nanoparticles and (ii) hydrogen 

is activated via heterolytic splitting rather than homolytic dissociation typical for pure metallic 

surfaces. 
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3.3.2. Methods and Materials 

Materials 

In this chapter 1% CoCZ and 10% CoCZ samples reduced at different temperatures were used 

for the operando mechanistic study. These samples were synthesized and characterized in detail 

in Chapters 3.1 and 3.2. 

Characterization 

H2 chemisorption measurements were carried out using a Micromeritics ASAP 2010C 

instrument. Before each measurement, the samples were dried in vacuum at 110 °C. Samples 

were subsequently heated in flowing H2 with a rate of 10 °C/min to the final reduction 

temperature in the 275 – 500 °C range. A reduction time of 4 h was used, after which the 

samples were evacuated for 60 min at a temperature 20 °C higher than the reduction degree. 

The CO and H2 adsorption isotherms were measured at 30 °C and 150 °C, respectively. The 

H/Cos (Cos is the amount of surface cobalt) ratio at zero pressure were determined by 

extrapolation of the linear part of the isotherm. The particle size was estimated assuming a 

hemispherical geometry of the particles and a H/Cos stoichiometry of unity. 

Operando near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS). NAP-XPS 

measurements were carried out on a SPECS system. All spectra were obtained by 

monochromatized Al Kα irradiation (1486.6 eV) generated by an Al anode (SPECS XR-50) 

excitation source operated at 50 W. XPS measurements at pressures up to ~20 mbar are possible 

owing to a differential pumping system, which separates the electron analyzer (SPECS Phoibos 

NAP-150) from the reaction area. The aperture of the nozzle is 0.3 mm. The gas supply to the 

reaction cell consisted of calibrated mass-flow controllers, providing a total flow of 2.5 mL/min 

(standard pressure and temperature). The reaction pressure was kept at 2 mbar by a back 

pressure controller. For reduction, the gas mixture contained 0.5 mL/min of Ar and 2 mL/min 

of H2. All the gases used were of high purity (99.999%). A standard residual gas analyzer 

(QMS) located in the differential pumping stage of the analyzer allowed following the activity 

of the catalyst treated in the reaction cell during recording the XPS spectra. The total acquisition 

time of the survey spectrum, O 1s, C 1s, Ce 3d and Co 2p regions was around 60-70 min. A 

pass energy of 40 eV was typically used with a step size of 0.1 eV and a dwell time of 0.5 s. 

The binding energies of the Co 2p and Ce 3d regions were corrected to the U’’’ component of 

the Ce 3d line with a characteristic position of 916.7 eV.[16–18] The position and shape of this 

peak is independent of atomic ratio of Ce3+ to Ce4+ (as long as Ce4+ can be detected), allowing 
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reliable energy calibration of the photoelectron spectra at different reaction conditions. To 

estimate the atomic ratios, a standard procedure, including use of atomic sensitivity factors and 

subtraction of Shirley background, was applied. Spectral lines were fitted using a symmetric 

pseudo-Voigt function referred to GL(30) using the CasaXPS software. The Ce 3d line was 

fitted according to a model described elsewhere.[17,19] All the spectra are presented as recorded, 

meaning that no normalization or other manipulations were performed. 

Infrared spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped with a 

DTGS detector. The experiments were performed in situ by using a home-built environmental 

transmission IR cell. Self-supporting pellets were made by pressing approximately 12 mg of a 

sample in a disk with a diameter of 13 mm. Each spectrum was collected by averaging 64 scans 

with a resolution of 2 cm−1 in the 4000–1000 cm−1 range. Oxygen vacancy formation was 

studied according to the following procedure: (i) the samples were calcined before measurement 

at 400 °C in order to remove most of carbonate species, (ii) after calcination, the samples were 

cooled down to 50 °C and exposed to a H2/N2 flow, and (iii) the samples were reduced at 

different temperatures in the 50–500 °C range with a ramp rate of 10 °C/min to follow the 

intensity of the Ce3+-characteristic band at 2115 cm-1. All spectra were recorded at 50 °C to 

avoid background changes and temperature-induced features. 

Catalytic activity measurements 

H2 – D2 exchange experiments were performed to evaluate the ability of the catalyst to active 

hydrogen. We compared the performance of 1% CoCZ and 10% CoCZ with a bare CZ support. 

After reduction, the samples were cooled to 200 °C and exposed to a mixture of H2/D2/Ar 

(1:1:48, 50 mL/min). The signals of hydrogen (m/z = 2), deuterium (m/z = 4), and HD (m/z = 

3) were monitored online using mass spectrometry. The TOF of HD formation was determined 

by normalizing the rate to the amount of metallic cobalt sites obtained from CO chemisorption 

(Chapter 3.1). 

CO2 hydrogenation was determined in a 10-tube parallel microflow reactor. The CoCZ samples 

were pressed, sieved and crushed and the fraction between 125 µm and 250 µm was used. Each 

quartz reactor was filled with 50 mg of sample diluted with 200 mg of SiC of the same sieve 

fraction. The obtained mixture was enclosed between two quartz wool plugs. The reaction was 

performed at atmospheric pressure. Prior to reaction, the catalysts were reduced in situ in a flow 

consisting of 10 vol% H2 in He (total flow rate 50 mL/min STP per reactor tube), whilst heating 

from room temperature to 275 – 500 °C at a rate of 10 °C/min, followed by an isothermal dwell 
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of 4 h. After cooling to reaction temperature in the same flow (250 °), the pre-treatment gas was 

replaced by a feed consisting of 5 vol% CO2 and 20 vol% H2 in He (total flow rate 50 mL/min 

STP). The partial pressure of CO2 or H2 was varied in order to measure reaction order. The 

effluent gas was analyzed by online gas chromatography with an Interscience Compact GC 

equipped with Plot (TCD) and Molsieve (TCD) columns. 

Propene hydrogenation with para-hydrogen was carried out in a 1/4” OD stainless-steel 

reactor in which 50 mg of CZ catalyst (sieve fraction 125–250 µm) was placed between two 

pieces of fiberglass tissue (Figure 3.3.1). The reactor was heated with a tube furnace. Prior to 

reaction experiments, the catalysts were reduced at 300 °C or 500 °C in a follow of 5 vol% H2 

in Ar for 4 h. The reaction feed for propylene hydrogenation consisted of propylene and 

hydrogen mixture in a ¼ ratio. Hydrogen was enriched in 

parahydrogen up to 85% using a Bruker Parahydrogen 

Generator BPHG-90. The gas flow rate was controlled using 

an Aalborg rotameter and was frequently interrupted in order 

to acquire stopped-flow spectra for conversion calculation. 

The reactor effluent was led through a NMR tube placed inside 

the NMR spectrometer. The samples were characterized in 

ALTADENA (adiabatic longitudinal transport after 

dissociation engenders net alignment) conditions,[20] where the 

reaction is conducted in the Earth’s magnetic field and the 

reaction products are subsequently transferred into the NMR 

spectrometer for detection.  1H NMR spectra were acquired on 

a 300 MHz Bruker AV 300 NMR spectrometer using a π/2 rf 

pulse. All experiments were performed at atmospheric pressure. The signal enhancement factor 

(SE) is calculated as the ratio between the integral of the signal of hyperpolarized propene and 

the integral of the corresponding signal of thermally polarized propene. 

Figure 3.3.1. Experimental 
setup for the propylene 

hydrogenation. 
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3.3.3. Results and Discussion 

Hydrogen adsorption/dissociation 

In the previous chapters, we demonstrated that CO strongly chemisorbs on metallic cobalt 

clusters and particles in reduced CoCZ samples independent of the reduction temperature. 

Adsorption of CO2 on these CoCZ samples leads already to CO formation at a temperature of 

50 °C. For CO2 and CO hydrogenation, we also need to consider the adsorption and dissociation 

of hydrogen. Accordingly, we carried out H2 chemisorption on 1% CoCZ and 10% CoCZ 

catalysts reduced at mild (300 °C) and high (500 °C) temperature (Figure 3.3.2). 

 

Figure 3.3.2. H2 chemisorption isotherms measured at 150 °C for 1% CoCZ (a) and 10% 

CoCZ (b) samples reduced at 300 °C and 500 °C. 

Reduction of 10% CoCZ at 300 °C and 500 °C leads to slightly different H2 chemisorption 

isotherms. The lower uptake after reduction at 500 °C can be related to a larger size of the cobalt 

particles, which was demonstrated by TEM and CO chemisorption (Chapter 3.1). The amount 

of irreversibly adsorbed H2 (difference between the 1st and 2nd isotherm) is lower upon reduction 

at 500 °C. Comparatively, the H2 chemisorption isotherms for 1% CoCZ are very different. 

Fully reduced cobalt (1Co500) showed a low H2 uptake. The lower uptake compared to 

10Co500 is in line with the much lower cobalt loading. Moreover, all hydrogen is reversibly 

chemisorbed. On the contrary, 1Co300 shows an unexpected very high H2 uptake with a 

significant amount of irreversibly adsorbed H2. As we already showed that encapsulation of 
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cobalt nanoparticles by the support did not occur upon reduction at 500 °C (Chapter 3.1), the 

differences in H2 chemisorption for 1Co300 and 1Co500 hint at special properties with respect 

to H2 activation on small metallic cobalt clusters in 1Co300. 

It should be mentioned that particle size derived from H2 chemisorption for 1Co300 (Table D1) 

is much smaller than the particle size derived from TEM and CO chemisorption (Chapter 3.1). 

This observation can be explained by hydrogen spillover from reduced cobalt to the CZ support 

and CoO. We explored this aspect using IR spectroscopy by exposing the reduced CoCZ 

samples to D2 (Figure D3, Figure D4). The evolution of OD groups related to the deuteration 

of support OH groups evidences this spillover process. Among the studied samples, 1Co300 

exhibited the highest intensity of the OD band. The very low intensity for 1Co500 shows that 

spillover is nearly absent. The OD band was formed much faster in 10Co300 and 10Co500 than 

in the 1Co300 and 1Co500 samples, which is likely related to the higher cobalt loading of the 

former samples. 

Next, H2 chemisorption was studied after reduction at different temperatures in the range of 275 

– 500 °C for 1% CoCZ (Figure 3.3.3). 1Co275 and 1Co300 exhibited significantly higher H2 

uptake and irreversible H2 chemisorption than 1% CoCZ reduced at higher temperatures. 

Nevertheless, 1Co350 still shows moderate H2 adsorption with less H2 being irreversibly 

adsorbed on cobalt. The suppression of H2 chemisorption with increasing reduction temperature 

correlates with the decreasing activity in CO2 hydrogenation of the 1% CoCZ samples reduced 

in the range of 300 – 500 °C. The lower CO2 hydrogenation activity and higher CO selectivity 

of the 1Co275 sample can be related to the specific nature of very small cobalt clusters in this 

sample. 
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Figure 3.3.3. H2 chemisorption isotherms at 150 °C for 1% CoCZ reduced at different 

temperatures. 

H2 – D2 exchange over 1% CoCZ and 10% CoCZ samples reduced at different temperatures 

was then performed to further understand H2 chemisorption on mildly and fully reduced cobalt 

active phases. Figure 3.3.4 shows the turnover frequency (TOF) for H–D exchange as a 

function of reduction temperature. HD formation on the bare support (and diluent) was 

negligible compared to the CoCZ samples (Figure D1 and D2). The TOF was highest for fully 

reduced (500 °C) metallic cobalt particles. The TOF of 1Co500 was only slightly higher than 

the TOF of 10Co500, showing that there is no significant structure sensitivity for reduced 
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cobalt. The structure insensitivity is typical for H–D exchange on transition metals. 

Nevertheless, it has been reported that for smaller cobalt particles H–D exchange rates are 

lower.[13] A reason for this difference may be that H2 dissociation at 100 °C is structure-sensitive 

in contrast to the reaction temperature used in this study. This discrepancy might be related to 

the higher reaction temperature (200 °C) used in this study, which was chosen because of its 

relevance to CO2 methanation. The TOFs decrease strongly when the reduction temperature is 

lowered. This can be attributed to stronger hydrogen adsorption as determined by H2 

chemisorption (Figures 3.3.2 and 3.3.3). The TOF of 1Co300 is substantially lower than that 

of 10Co300, which points to a different H2 adsorption and dissociation on cobalt reduced under 

mild conditions. These differences cannot be explained by the Co/CoO ratio and are thus more 

likely related to the cobalt cluster/particle size. 

 

Figure 3.3.4. TOF for H2 – D2 exchange at 200°C as a function of the reduction temperature 

for the 1% and 10% CoCZ samples (H2/D2/Ar=1/1/48, total flow 50 mL/min, 3 mg of 10% 

CoCZ and 10 mg of 1% CoCZ). 

Propylene hydrogenation 

In order to understand the mechanistic differences of hydrogen activation of the cobalt catalysts, 

we investigated the hydrogenation of propylene with parahydrogen. Molecular hydrogen has 

two spin isomers with the two proton nuclear spins being aligned parallel (orthohydrogen) or 

antiparallel (parahydrogen). At standard conditions, hydrogen contains ~75% orthohydrogen. 
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Pairwise insertion of parahydrogen into unsaturated molecules such as olefins leads to 

parahydrogen‐induced polarization (PHIP), which can be measured by NMR signal 

enhancement (SE) in the hydrogenated products.[21] As on larger metal surfaces such as occur 

on nanoparticles the randomization of H atoms destroy quantum correlations between them, 

pairwise hydrogen addition is absent and no PHIP effect is observed. When, however, such 

randomization cannot take place such as in single-site catalysts in which heterolytic dissociation 

of hydrogen is dominant, a significant PHIP effect can be measured.[22] Thus, differences in SE 

in the obtained products can point to a difference in hydrogenation mechanism. 

 

Figure 3.3.5. 1H NMR signal enhancement of propane during hydrogenation of propylene 

with parahydrogen at 250 °C (orange) and 300 °C (green) in the presence of 1% CoCZ and 

10% CoCZ samples reduced at 300 °C (left) and 500 °C (right). 

The SE effect was typically higher at a lower propylene hydrogenation temperature. The CoCZ 

catalysts reduced at 500 °C demonstrated high activity in propylene hydrogenation and a very 

small SE for propane NMR signals (Figure 3.3.5, Table D2). The low NMR signal 

enhancement factors, pointing to low selectivity to the pairwise hydrogen addition route, is 

typical for metallic nanoparticles and, therefore, in line with the other characterization results. 

Nevertheless, the SE was slightly larger for 1Co500 than for 10Co500, which may be due to a 

higher fraction of interfacial sites in the catalyst containing smaller cobalt nanoparticles. The 

role of metal–oxide interfaces in increasing the PHIP effect has been discussed before.[22] 

Although the CoCZ catalysts reduced at 300 °C were substantially less active in propylene 

hydrogenation (Table D2), these samples displayed a much larger SE than the fully reduced 

CZ samples. The largest SE was observed for 1Co300. We explain this unusual PHIP effect of 
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1Co300 to heterolytic dissociation of hydrogen at the Co–CoO interface, although we cannot 

exclude that the Co–CZ interface can also play a role. This interpretation is supported by the 

strong irreversible adsorption of hydrogen, the low H2–D2 exchange rate on the very small 

cobalt clusters. Thus, these finding support a strong difference in hydrogen activation which we 

expect to play a role in the unusual structure sensitivity trends of low-loaded CoCZ with respect 

to reduction temperature.   

Mechanistic insight into CO2 hydrogenation 

 

Figure 3.3.6. Background-subtracted operando IR spectra in a flow of 2.5 % CO2, 10% H2 

balanced by He at 300 °C for 1% and 10% CoCZ samples reduced at 300 °C and 500 °C.  

We next studied the catalysts using operando IR spectroscopy under conditions relevant to CO2 

hydrogenation. This approach allows following the formation of carbonyl, formate, and 

carbonate groups. Moreover, we can probe for ceria oxygen vacancies, which give rise to an IR 

band at 2115 cm-1.[23] Consumption and evolution of gas-phase molecules (CO2, CO, CH4) was 

monitored with an online MS. 

IR spectra of the different catalysts are collected in Figure 3.3.6. The negative band at 2115 

cm-1 of the background-subtracted spectra implies that the ceria support was partially re-

oxidized by CO2 in the reaction mixture. The intensity changes for the 1% CoCZ and 10% 

CoCZ samples are very similar independent of the reduction temperature.  
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All samples show pronounced broad bands in the carbonate region (1250 – 1700 cm-1) due to 

the formation of mono-, bi- and polydentate carbonate and bicarbonate species.[24] These bands 

were also observed for the bare support and can be related to the strong basicity of CZ.[24] The 

narrow bands in the carbonate region at 1577 cm-1 and 1365 cm-1 can be assigned to formate 

groups.[25] The band at 2845 cm-1 can be due to the stretching C–H mode of formate groups[26–

28] and methylene groups.[29] Methyl groups, which usually give rise to a band at 2960 cm-1,[29] 

were not present.  

In order to determine the nature of the 2845 cm-1 band, we used 2D correlation (2Dcor) 

spectroscopy to study the intensity dependence of bands at 1577 cm-1, 1365 cm-1, and 2845 cm-

1.[30,31] The synchronous 2D correlation intensity indicates the similarity of the dynamics of two 

different IR bands, accordingly belonging to the same surface species. The asynchronous 2D 

correlation intensity, on the other hand, can be used to identify whether two bands belong to 

different species based on a different behavior of the spectral intensity variations. In order to be 

able to link different IR bands to formate groups, we employed synchronous 2Dcor 

spectroscopy. The reason is to identify the 2845 cm-1 band unequivocally to formate groups, 

because it will be used to quantify the amount of formate groups. Using the 2845 cm-1 band is 

desired, as other formate bands overlap with bands due to other surface species such as 

carbonates. 

Specifically, we study the transient changes in the IR spectra caused by a switch from a mixture 

of CO2+H2 or CO+H2 to H2. A total of 20 spectra was used for obtaining each of the 2Dcor 

maps (Figure D6). In order to obtain reasonable resolution in these 2Dcor maps, the transient 

time of surface species should be much longer than the time required for the acquisition of one 

IR spectra. For this purpose, two transient experiments were used to construct 2Dcor maps: 

CO2+H2 to H2 for 1Co500 and CO+H2 to H2 for 1Co300. The dynamics of the surface species 

during other transient experiments were too fast to yield meaningful 2Dcor maps. 

Cross-peaks present in the resulting 2Dcor maps imply interactions between the different 

surface species represented by them. In this study, diagonal peaks (auto peaks) demonstrate 

intense changes in the C–H and carbonate regions during CO2 hydrogenation (Figure 3.3.7a). 

Off-diagonal peaks (cross peaks) represent synchronous changes of two different IR bands. 

Intense 2Dcor peaks at 2845 cm-1, 1577 cm-1, and 1365 cm-1 demonstrate the direct correlation 

of the 2845 cm-1 band to formate groups. Accordingly, we can attribute the 2845 cm-1 band to 

the stretching C–H mode of formate groups. Assignment of 2845 cm-1 band to formate species 

was also confirmed by 2DCor map for CO hydrogenation (Figure 3.3.7b). It is interesting to 
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note the slower dynamics of CO hydrogenation for 1Co300 and the higher amount of formates 

build up on the surface. 

The observed formate species are usually associated with the CZ support.[25] This will be the 

case for the fully reduced samples, implying that the interface between cobalt particles and the 

CZ support can play a role in CO2 hydrogenation. However, as formate species give rise to very 

similar bands when adsorbed on cobalt oxide,[32] we can expect that mildly reduced Co/CZ 

samples also contain formate on cobalt oxide. Therefore, it can be expected that such formate 

species on cobalt oxide can also play a role in interface catalysis with reduced cobalt.  

 

Figure 3.3.7. Synchronous 2D correlation contour maps obtained during switches from (a) a 

CO2+H2 mixture to pure H2 at 300 °C for the 1Co500 and (b) from a CO+H2 mixture to pure 

H2 at 250 °C for the 1Co300. 

IR bands in the range of 1800 – 2050 cm-1 during CO2 hydrogenation are assigned to carbonyl 

groups adsorbed on metallic cobalt (Figure 3.3.6).[11] While there was no CO present on 

1Co500, a small contribution of adsorbed CO was observed for 1Co300. In contrast, 10Co300 

and 10Co500 displayed much more intense carbonyl bands. The trend in the intensity due to 

the formate band is the opposite. 1Co300 and 1Co500 contain much more surface formate than 

10Co300 and 10Co500. 

These findings indicate that a mechanism involving formate intermediates is dominant for CO2 

hydrogenation on the 1% CoCZ sample containing small cobalt clusters and a relatively large 

amount of interface sites. In fully reduced CoCZ samples, these interfaces are formed between 

metallic cobalt and the CZ support. For the mildly reduced samples, also the interface between 

cobalt clusters and cobalt oxide can play this role. 
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On the other hand, a larger contribution of the carbonyl mechanism involving direct C–O bond 

dissociation reactions on the metal is noted for the 10% CoCZ sample, in which the active phase 

is predominantly made up of larger cobalt particles. Operando IR spectra at different 

temperatures showed similar trends for all CoCZ samples (Figure D5). Therefore, transient IR 

experiments are necessary in order to make firm statements about the mechanism, as in this 

way the influence of spectator species can be excluded. Accordingly, we investigated the 

response of the different catalysts upon switches between H2, CO2 + H2, and CO2 with respect 

to appearance and disappearance of formate, carbonyl, carbonate and hydroxyl species (Figures 

D6, D7, D8, D10). Next, we will discuss the intensities of the bands corresponding to these 

species in Figures 3.3.8 and 3.3.9. 

 

Figure 3.3.8. Intensity of the carbonyl species during transient CO2 hydrogenation 

experiments followed by IR spectroscopy. 

Figure 3.3.8 confirms the earlier mentioned difference in carbonyl intensity between 1% CoCZ 

and 10% CoCZ. For 10Co300 and 10Co500, it is seen that the carbonyl intermediates quickly 

disappear after a switch from CO2/H2 to H2 and reappear after a switch back to CO2/H2. A 

CO2/H2 → CO2 switch results in a slower disappearance of CO, which is due to the slow 

desorption of CO from the catalyst surface. Therefore, CO is likely the reaction intermediate of 

CO2 hydrogenation for the 10% CoCZ samples. The lower carbonyl intensity of 10Co500 is in 

line with the lower activity and can be attributed to a lower cobalt dispersion after high-

temperature reduction. For the 1Co300 and 1Co500 samples, the intensity of the carbonyls is 

much lower. Qualitatively, the response to switches was the same as for the 10% CoCZ samples. 

The carbonyl intensities were very low for 1Co500. 
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Figure 3.3.9. Intensity of the formate species during transient CO2 hydrogenation 

experiments followed by IR spectroscopy. 

We also quantified the formate species by using the 2845 cm-1 band as discussed above. Figure 

3.3.9 demonstrates that formates in the 10% CoCZ sample are rapidly formed under reaction 

conditions. Formates are also rapidly formed on 1Co300, which is the optimal sample in terms 

of CO2 hydrogenation activity. It is important to note that the amount of formates is much higher 

for 1Co300 than for 10Co300 and 10Co500. The formation of formates on 1Co500 is, however, 

much slower. Moreover, the hydrogenation of the formates after a switch from CO2/H2 to H2 is 

slower than for the other samples. We explain the latter observations by the weak H2 adsorption 

and activation on this sample. Thus, the high H2–D2 exchange activity, weak H2 chemisorption, 

and the hydrogenation of propylene with parahydrogen all show that the low rate of H2 

dissociation contributes to the low activity of 1Co500 in CO2 hydrogenation. 

We also measured the formation/hydrogenation of formate species on 1Co275. The dynamics 

were slower than noted for 1Co300, despite the ability to strongly adsorb H2. We speculate that 

the strong adsorption of hydrogen poisons the surface with respect to CO2 and formate 

hydrogenation. It is also clear that the amount of formate species formed in 1Co275 is lower 

than in 1Co300. This is likely also due to the lower reduction degree. 

In order to provide further evidence for a different mechanism of hydrogen activation, we 

determined for the various catalysts the reaction order with respect to H2 in CO2 hydrogenation 

at a temperature of 250 °C. Figure 3.3.10 shows that the H2 reaction order is close to zero for 

1Co275 in line with the hypothesis of surface poisoning by hydrogen. On the contrary, the 

reaction orders are positive for the other samples. 



  Chapter 3.3 

111 
 

 

Figure 3.3.10. CO2 hydrogenation reaction order with respect to the hydrogen concentration 

in the presence of 1% and 10% CoCZ reduced at different temperatures (250 °C, 2.5 vol% 

CO2, 10 – 30 vol% H2 balanced with He, total flow 50 ml/min)). 

In summary, these transient IR and kinetic measurements evidence that cobalt nanoparticles in 

reduced 10% CoCZ convert CO2 to methane via carbonyl and formate intermediates. It is likely 

that the formate pathway involves interfacial sites with the ceria support. On the other hand, the 

more active 1% CoCZ sample reduced at 300 °C, which contains very small cobalt clusters, is 

characterized by a larger amount of formates and only few carbonyls during reaction. Based on 

the fast dynamics observed for the formates upon different switches and the higher amount of 

formates on 1Co300 in comparison to 10Co300 and 10Co500, we conclude that CO2 is 

predominantly converted via the formate pathway. We speculate that the mildly reduced 1% 

CoCZ samples exhibit relatively strong H2 adsorption, which prevents poisoning by formate 

species. The very strong adsorption on the smallest cobalt clusters in 1Co275 leads to a low 

CO2 hydrogenation activity compared to the optimum 1Co300 sample. A too high reduction 

temperature leads to weaker H2 adsorption and combined with the small particle size results in 

rapid poisoning by formates. 

The role of ceria-zirconia 

In CO2 methanation via the formate mechanism, oxygen vacancies play an important role. 

These can be located at the interface between metallic cobalt and the CZ support. Typically, 

ceria is the reducible component in this respect. While oxygen vacancies can be generated by 

H2 via water formation and reduction of Ce4+ to Ce3+, these vacancies can be healed during CO2 

dissociation. Therefore, it can be expected that the catalytic performance for the formate 
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pathway increases with the number of interface sites and facile oxygen vacancy regeneration.[15] 

We followed the dynamic responses of oxygen vacancies in the ceria component to transient 

feed switches by operando IR spectroscopy and NAP-XPS in the different catalysts (Figure 

3.3.11). 

NAP-XPS was used to study the surface changes of the samples reduced at 500 °C. In a 

preliminary study, it was found that it is not possible to reduce cobalt oxide below a pressure 

of 10 mbar at 300 °C, which is likely because not all carbonates can be removed. The presence 

of oxygen vacancies was probed by determining the amount of Ce3+. The XPS spectra for 

10Co500 showed that the surface concentration of Ce3+ and, thus, oxygen vacancies was low 

when the sample was exposed to CO2/H2 and CO2. These oxygen vacancies were generated 

upon a switch to a H2 atmosphere (Figure 3.3.11a,b, Figure D9). 1Co500 did not show such a 

response during H2 → H2 + CO2 → H2 switches. Exposure to CO2 oxidized part of the Ce3+, 

which however could not be reduced again under the used reducing conditions. This can be 

explained by the different hydrogen spillover for these catalysts. Reversible H2 chemisorption 

and weaker less pronounced H2 spillover to the support tend to suppress healing of oxygen 

vacancies and water formation. 

The presence of oxygen vacancies related to Ce3+ can be probed by the weak IR feature at 2115 

cm-1 due to the forbidden 2F5/2 → 2F7/2 transition.[23] All catalysts showed dynamic 

surface/subsurface redox behaviour during switches between H2, H2+CO2, and CO2 (Figure 

3.3.11c). It can be seen that the redox changes of the surface are more pronounced than observed 

by NAP-XPS (Figure 3.3.11d), which is due to the higher surface sensitivity of  IR 

spectroscopy. Possibly, the slower Ce3+ dynamics observed by NAP-XPS is caused by oxygen 

diffusion from the bulk of the support to the surface.  

It is also observed that the behaviour in H2 and H2+CO2 is the same for all samples, while only 

upon exposure to CO2 significant differences are noted. In CO2, reoxidation is most pronounced 

for samples that are the most active in catalytic CO2 hydrogenation. It is likely that the small 

extent of reoxidation of 1Co500 is due to the low activity of small cobalt particles in C–O bond 

scission reactions. Another explanation could be poisoning of the interface and/or surface by 

formate species as suggested by Figure 3.3.9. Relatively low rate of reoxidation in CO2 as 

compare to other switches during transient experiments can be caused by long-range spillover 

of oxygen species. For hydrogen spillover, Van Bokhoven and co-workers showed that 

hydrogen spillover can occur over long distances.[33] Finally, rapid regeneration of Ce3+ is 

observed after a switch from CO2 to H2+CO2 for all samples. The difference between NAP-
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XPS and IR responses for 1Co500 may indicate that regeneration of Ce3+ in this sample only 

takes place at the very surface of the CZ support. 

 

Figure 3.3.11. NAP-XPS and IR spectroscopy of 1% CoCZ and 10% CoCZ samples following 

switches between H2, H2+CO2, and CO2 feeds at 300 °C: a) Ce3+ concentration determined 

by NAP-XPS for 1Co500 and 10Co500; c) IR intensity of the 2115 cm-1 determined by 

operando IR spectroscopy (normalized to the intensity of 2115 cm-1 band of reduced sample); 

d) deconvolution of rapid scan NAP-XPS spectra for 10Co500. 

We also studied the evolution of hydroxyl surface groups during transient CO2 hydrogenation 

experiments by IR spectroscopy (Figure D10). The shape of the hydroxyl group envelope in 

the range of 3631 – 3647 cm-1 changed rapidly during the switches. These changes correlated 

to ceria oxygen vacancies formation and healing. Such shifts of the hydroxyl group band 

position can be caused by reduction/oxidation phenomena of CZ[25,34] or interactions with 

carbonate/formate species at the surface. Experiments with the bare CZ support reduced at 500 

°C demonstrated that the presence of formate/carbonate species at the surface led to a minor 

shift of 2-3 cm-1 of the hydroxyl groups. Therefore, the larger shifts observed for the cobalt-
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containing samples indicate the involvement of OH groups of the CZ support in the formate 

mechanism, independent of the reduction degree of cobalt. 

3.3.4. Conclusions 

A combination of spectroscopic characterization methods was used to reveal the key 

mechanistic differences in CO2 hydrogenation between 1% CoCZ and 10% CoCZ samples. The 

formate mechanism is dominant for small clusters obtained by mild reduction of 1% CoCZ and 

complete reduction of 1% CoCZ. For catalysts with larger cobalt particles obtained by reduction 

of 10% CoCZ, the carbonyl mechanism competes with the formate mechanism. The formate 

mechanism is believed to occur at interfacial sites between cobalt metal and the CZ support 

and, for mildly reduced samples also between cobalt metal and cobalt oxide. The two types of 

structure sensitivity of these CoCZ catalysts were investigated in more detail. Conventional 

structure sensitivity pertains to nanoparticle size effects. 1Co500 exhibits weak H2 adsorption 

and low activity for the hydrogenation of reaction intermediates, which is explained by the 

small size of cobalt nanoparticles. Larger cobalt metal particles in 10Co500 show known H2 

chemisorption properties, resulting in a higher activity through the carbonyl mechanism on 

metallic cobalt. A contribution of the formate mechanism at the interface with the CZ support 

is also noted. 

Mild reduction of CoCZ catalysts allows overcoming this conventional structure sensitivity. 

Low-loaded CoCZ shows an optimum at intermediate reduction temperature. The differences 

between thus obtained cobalt clusters in 1Co300 and large cobalt particles in 10Co500 were 

investigated in more detail by H2 chemisorption, H2–D2 exchange, and propylene 

hydrogenation with parahydrogen. 1Co300 demonstrated an unusually strong irreversible H2 

adsorption, while propylene hydrogenation experiments with parahydrogen proved that H2 

dissociation takes place at interface sites in a heterolytic manner. These properties are explained 

by the presence of extremely small cobalt clusters on cobalt oxide nanoparticles dispersed over 

the CZ support. Both the interface of the metallic cobalt clusters with either cobalt oxide or the 

CZ support can contribute to the hydrogenation of formate intermediates. Altogether, the 

presence of very small cobalt clusters displaying strong H2 chemisorption and forming a large 

interface with a reducible oxide in mildly reduced 1% CoCZ lead to outstanding activity in CO2 

hydrogenation on a per metal basis. 
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3.3.6. Appendix D 

Table D1. H2 uptake and particle size (d) determined by H2 chemisorption at 150 °C for 1% 

and 10% CoCZ reduced at different temperatures. 

Tred, 

°C 

1% CoCZ 10% CoCZ 
ads, 

µmol/g 

d,  

nm 
ads, 

µmol/g 
d, 

nm 

275 115.1 0.7 - - 
300 120.0 0.7 161.9 5.2 
350 43.3 2.0 - - 
400 4.0 21.3 - - 
500 3.4 25.0 86.1 9.8 

 

 

 

Figure D1. H – D exchange in the reactor filled with SiC. H2/D2/Ar = 1/1/48, total flow 50 

ml/min, 150 mg of SiC. 

In order to eliminate possible influence of H – D exchange in empty reactor and in mass 

spectrometer, we carried out blank measurement. Negligible H – D exchange was detected only 

above 250 °C in the quartz reactor filled with silicon carbide. Argon was chosen as a diluent to 

be able to follow D2 signal ( 4 m/z). 
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Figure D2. H – D exchange in the presence of CZ reduced at 500 °C: a) normalized intensity; 

b) hydrogen conversion. H2/D2/Ar = 1/1/48, total flow 50 ml/min, 40 mg of sample. 

 

 

Figure D3. Difference spectra obtained upon exposure to D2 (partial pressure 0.1 – 100 mbar 

at 150 °C) for 1Co300 (a), 10Co300 (b), 1Co500 (c) and 10Co500 (d) followed by IR 

spectroscopy. 
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Figure D4. O – D band intensity with respect to the partial pressure of D2 followed by IR 

spectroscopy at 150 °C. 

 

Table D2. Hydrogenation of propylene with parahydrogen over reduced 1% and 10% CoCZ 

catalysts. Propylene conversion (X), selectivity towards propane (Spropane), 1H NMR signal 

enhancement (SE) calculated for CH2 protons of propane. 

Catalyst T, °C 
Flow 
rate, 
mL/s 

X, % Spropane, % SE 

1Co300 250 

3.8 

0.2 100 70 
300 0.2 100 83 

10Co300 250 0.3 100 33 
300 10.0 79 2 

1Co500 250 2.4 100 8 
300 2.4 100 5 

10Co500 250 31.8 72 - 
300 19.0 76 - 
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Figure D5. Background subtracted spectra obtained by operando IR at 250 °C and 300 °C in 

reaction mixture (CO2 2.5%, H2 10 %, He 87.5%) for 1% (a) and 10% (b) CoCZ catalysts 

reduced at 300 °C and 500 °C. 

 

Figure D6. Spectra obtained during transient CO2 hydrogenation experiments followed by IR 

spectroscopy at 300 °C in the presence of CoCZ catalysts. 
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Figure D7. Spectra obtained during transient CO2 hydrogenation experiments followed by IR 

spectroscopy at 300 °C in the presence of bare CZ support reduced at 500 °C. 

 

 

Figure D8. Derivative of the intensity of carbonate species obtained during transient CO2 

hydrogenation experiments followed by IR spectroscopy at 300 °C in the presence of CoCZ 

catalysts and bare CZ support reduced at 500 °C. 
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Figure D9. Spectra obtained during transient CO2 hydrogenation experiments followed by 

NAP-XPS at 300 °C in the presence of 1% and 10% CoCZ catalysts reduced at 500 °C. 
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Figure D10. Contour maps obtained during switches from a CO2+H2 mixture to pure CO2, 

then CO2+H2 mixture at 300 °C followed by IR for the 1Co300 (a), 1Co500 (b), 10Co300 (c), 

10Co500 (d), CZ reduced at 500 °C (e); f) Position of the hydroxyl species during transient 

CO2 hydrogenation experiments followed by IR spectroscopy. 
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Chapter 4. Temperature-Programmed Plasma Surface 
Reaction: an Approach to Determine Plasma-Catalytic 

Performance 

 
Plasma-enhanced heterogeneous catalysis offers a promising alternative to thermal catalysis 

due to the synergy between the plasma and the solid catalyst. However, there is only a limited 

mechanistic insight about the interactions of highly energetic electrons and excited molecules 

with heterogeneous catalysts in plasmas. Accurate performance comparison in a plasma-

catalytic setting is complicated because of the intricate nature of the plasma-catalyst system: 

simultaneous reactions occurring in the gas-phase and at the catalytic surface; the dependence 

of the discharge on dielectric properties of the packed catalyst bed; and the dependence of 

permittivity and polarization of the catalyst on plasma parameters. Here, we present a method 

of temperature-programmed plasma surface reaction (TPPSR) that allows decoupling gas-phase 

processes from the surface plasma-induced reactions. Using this method, we reveal the main 

reasons of apparent synergy between plasma and heterogeneous catalyst for the case of carbon 

dioxide hydrogenation. Experiments with isotopically labelled CO2 and temperature-

programmed plasma reaction experiments in flow of CO2/H2 prove a substantial role of gas-

phase dissociation/hydrogenation for the observed catalyst activity and selectivity. The product 

distribution and reaction pathways do not significantly depend on the discharge parameters. 

Taking into account overheating of the catalytic bed for comparison of catalytic activity with 

and without plasma, it was concluded that energy dissipation also plays an important role. The 

observed plasma enhancement is in part due to the acceleration of electron-induced surface 

reactions. 

This chapter has been published as A. Parastaev, W.F.L.M. Hoeben, B.E.J.M. van Heesch, N. 

Kosinov, E.J.M. Hensen, Appl. Catal. B Environ. 2018, 239, 168–177.  
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4.1. Introduction 

Catalytic hydrogenation of carbon dioxide to methane (the Sabatier reaction) is an important 

catalytic process. It is applied in the production of synthesis gas, the formation of compressed 

natural gas[1] and the purification of feedstock for the production of ammonia.[2] The two 

principle reactions involved are the direct methanation of carbon dioxide and the water-gas shift 

(WGS) reaction that converts carbon dioxide to carbon monoxide. 

CO2 + H2 ↔ CO + H2O ΔH298K = 42.1 kJ/mol (1) 

CO2 + 4H2↔ CH4 + 2H2O ΔH298K = -165 kJ/mol (2) 

Non-thermal plasma (NTP) is a promising medium in which to perform catalytic reactions such 

as CO2 methanation. Collisions with high energetic electrons in NTP result in ionization and 

dissociation, and electronic, vibrational, and rotational excitation of neutral reactant 

molecules.[3] In addition, running a reaction in a plasma can help to overcome thermodynamic 

equilibrium limitations without heating the system.[4] Many researchers have reported a synergy 

between heterogeneous catalysts and non-thermal plasma for the reactions of CO2 conversion. 

Nizio and coworkers studied the activity of CO2 methanation at low temperature in a dielectric 

barrier discharge (DBD) reactor.[5] Bacariza et al. reported that the promotion of Ni/CsY 

catalyst with cerium oxide results in an enhanced dielectric properties and higher activity in 

CO2 methanation.[6] Improved performance of a Ni/γ-Al2O3 catalyst in dry reforming of CH4 in 

a low-temperature plasma was mentioned in another study.[7] Wang et al. observed a higher 

methanol yield in CO2 hydrogenation over a Cu/γ-Al2O3 catalyst in a tailor-made water-cooled 

DBD reactor at atmospheric pressure and room temperature.[8] Another recent study concerned 

the one-step plasma-assisted reaction of CO2 and CH4 in the presence of noble-metal catalysts, 

which resulted in enhanced yield of acetic acid, ethanol and methanol.[9] 

Current mechanistic understanding of the synergy between heterogeneous catalysts and plasma 

is very limited. The main challenge is to meaningfully compare catalyst performance in 

different plasma operation modes and also different catalysts in a plasma. This is difficult 

because the properties of plasma depend on the filling material (e.g., increasing the dielectric 

constant enhances the electric field),[10] while the permittivity and polarization of the catalyst is 

determined by the plasma parameters. Furthermore, unlike in conventional heterogeneous 

catalysis, comparison of catalysts used in a plasma is complicated by the simultaneous 

occurrence of reactions at the catalyst surface and in the plasma. 
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Comprehensive experimental and computational investigation of plasma-catalytic systems is 

required to gain a better understanding of the interaction between the plasma and the solid 

catalyst. A number of novel advanced techniques have recently been developed in this area. 

Isotopically-labeled oxygen was used to study the role of oxygen species in plasma-driven 

catalysis of volatile organic compound (VOC) oxidation.[11] NTP was found to lead to enhanced 

interaction of oxygen with the catalytic surfaces. Another technique applied to investigate the 

speciation of surface intermediates in conventional and plasma-catalysis is operando FTIR. 

Several FTIR studies were dedicated to the mechanism of plasma-assisted iso-propanol 

oxidation over γ-Al2O3,[12] selective catalytic reduction of NOx,[13] VOC removal from air over 

γ-Al2O3, TiO2, and CeO2,[14] CO2 methanation over Ni-USY in different configurations (in-

plasma catalysis and post-plasma catalysis) and with microsecond time-resolved 

spectroscopy.[15,16] Electron paramagnetic resonance (EPR) spectroscopy has been applied as 

an appropriate method to detect radical species formed by the NTP as well as chemical changes 

of the catalyst.[3] Pre-adsorption of different adsorbates followed by treatment in plasma has 

also been applied to distinguish the reactivity of gas-phase species and those adsorbed on the 

surface of the catalyst. This method was effective for studying oxidation of VOCs such as iso-

propanol,[17,18] toluene and propane.[19] Regeneration of MnO by direct thermal treatment, 

ozonolysis prior to thermal treatment and in situ non-thermal plasma prior to thermal treatment 

was studied as well.[20] Next to such experimental approaches, computational studies of the 

interaction between NTP and catalysts are also becoming important to obtain better insight into 

the reaction mechanism.[21] 

A well-known complication in plasma-catalysis involves catalyst overheating, which strongly 

affects the evaluation of plasma-catalytic performance. A dielectric barrier discharge (DBD) 

plasma can induce dielectric heating of the catalyst and in this way contribute to a higher 

apparent catalytic activity. Lee et al. reported that the enhancement of CO2 methanation rate in 

the presence of a Ru/γ-Al2O3 catalyst occurred by electron collisions and dielectric heating from 

a DBD plasma. It was concluded, however, that electron collisions were a major contributor, 

because the catalytic activity in the plasma was higher than at the same temperature without 

discharges.[22] A recent study by Gibson and co-workers described a plasma-catalyst synergy 

for CH4 oxidation using extended X-ray absorption fine structure (EXAFS) spectroscopy. No 

significant structural changes of the catalyst were observed. However, the change of the mean-

squared thermal disorder parameter (σ2) was used to determine the actual temperature of Pd 

nanoparticles. Although the NTP led to heating of Pd nanoparticles, their temperature was lower 
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than the temperature required for the thermal CH4 oxidation reaction.[23] One drawback of this 

EXAFS-based approach is the necessity to use synchrotron radiation. A more convenient but 

nonetheless expensive method is IR thermography. An IR camera in combination with a 

sapphire DBD reactor was used by Nozaki and co-workers to evaluate thermal and non-thermal 

effects of a non-equilibrium plasma.[24] Trinh et al. showed that long-lived ozone species play 

a dominant role in the plasma-catalytic oxidation of ethylene taking into account the plasma-

induced overheating up to a temperature of 135 °C.[25] 

Overall, novel characterization methods and approaches to compare catalytic performance have 

to be developed in order to understand the synergism in plasma-catalysis. Here, we present a 

method called temperature-programmed plasma surface reaction (TPPSR), which is designed 

to decouple gas-phase processes in a plasma from the processes at the catalyst surface and to 

properly compare the performance of plasma-catalytic systems. We apply this method and a 

more conventional temperature-programmed plasma reaction (TPPR) to study the methanation 

of CO2. The approach is to first adsorb the CO2 reactant on the catalyst surface, followed by 

temperature ramping in a plasma containing H2. Conversion processes in the plasma are 

minimized because the majority of the reacting species are adsorbed on the catalyst surface. In 

order to validate this approach, we also carried out experiments where isotopically labelled CO2 

was adsorbed on the catalyst and the temperature-programmed reaction was carried out in a 

mixture of non-labelled CO2 and H2. 
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4.2. Materials and methods 

Catalyst preparation 

All chemicals were obtained from Sigma-Aldrich: cobalt nitrate hexahydrate, copper nitrate 

trihydrate, and nanopowder CeZrO4. A series of CeZrO4 based catalysts with different metals 

were prepared using a wet impregnation method. For this purpose, the desired amount of metal 

nitrates were dissolved in 50 ml of deionized water. The suspension obtained by adding 2 g of 

nanocrystalline CeZrO4 was stirred for 2 hours. Then, the water was removed in a rotary 

evaporator. The catalysts were dried at 110 °C in air overnight and then calcined at 350 °C for 

4 hours. The catalyst powder was pelletized, crushed and sieved in order to obtain homogeneous 

fraction of 125 -250 µm. Prior to catalytic activity tests the catalysts were reduced at 450 °C in 

H2 for 4 hours. 

Catalyst characterization 

The crystalline structure of the catalysts was determined by recording XRD patterns with a 

Bruker D4 Endeavor diffractometer using Cu Kα-radiation. The particle size was estimated 

using the Scherrer equation. 

The metal content was determining using ICP-OES (Spectro CIROS CCD spectrometer). Prior 

to measurement, the samples were dissolved in a 1:2.75 (by weight) mixture of (NH4)2SO4 : 

(concentrated) H2SO4 and diluted with water. 

H2-TPR experiments were performed with a Micromeritics Autochem II 2920 instrument. 

Typically, 100 mg catalyst was loaded in a tubular quartz reactor. The sample was reduced in 

4 vol.% H2 in N2 at a flow rate of 50 mL/min, while heating from room temperature up to 600 

°C at a ramp rate of 10 °C/min. 

Catalytic activity measurements 

Experimental setup 

All experiments were carried out in a tubular DBD reactor made of quartz. The outer diameter 

of the reactor was 14 mm and the inner diameter 10 mm. The discharge zone in the reactor was 

80 mm long and the discharge gap 3 mm. A stainless-steel mesh wrapped around the reactor 

served as the ground electrode. The inner electrode was a stainless-steel rod with a diameter of 

4 mm. It was connected to a home-made high voltage microsecond pulsed power supply 

(discharge frequency [f, (s-1)] up to 1 kHz with variable pulse duration, voltage up to 20 kV). 
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Plasma parameters were monitored by an oscilloscope (Tektronix TDS 2024C) equipped with 

a high-voltage probe (PVM-2, North Star) and a current probe (Model 6600, Pearson 

Electronics). A volume of 5 ml catalyst (125 – 250 µm fraction) was packed in the discharge 

region and held by quartz wool. A scheme of the plasma-catalytic setup is shown in Figure E1. 

 
Figure 4.1. Typical discharge patterns monitored by the oscilloscope and zoomed-in inset for 

the current waveform. Energy per pulse: 15-20 mJ, 10-1000 Hz, 10-90 µs. 

A typical discharge pattern (applied voltage and discharge current) for the microsecond pulse 

source is shown in Figure 4.1. Zoomed-in inset for the current waveform shows spikes, 

attributed to intense microdischarges observed in the empty DBD reactor. When a catalytic 

material is introduced inside the plasma reactor, the current waveform is changed significantly 

Figure E2. Namely, the current waveform shows microdischarge activity with lower 

magnitude. In the packed-bed DBD reactor surface discharge and filamentary microdischarges 

can be generated simultaneously.[26,27] 

The voltage amplitude was kept constant and the pulse repetition rate was varied to change 

the energy density. The energy per pulse [Ep, (mJ)] is calculated by 

𝐸𝐸𝑝𝑝 = � 𝑉𝑉(𝑡𝑡)𝐼𝐼(𝑡𝑡)𝑑𝑑𝑡𝑡
0

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 (3) 

The energy density [ε, (kJ/mol)] was used as a parameter to compare the performance in terms 

of conversion and selectivity of CO2 hydrogenation in a DBD reactor filled with catalyst with 

an empty DBD reactor. The energy density is defined as the energy deposited into the gas per 

unit volume and is calculated by  



  Chapter 4 

131 
 

𝜀𝜀 =
𝑓𝑓𝐸𝐸𝑝𝑝𝑉𝑉𝑚𝑚

𝐹𝐹
∙ 10−6 (4) 

where F is the volumetric gas flow through the reactor (L/s) and Vm the molar volume of gas 

(22.4 L/mol at 0°C). 

Flow experiments 

A variety of reaction experiments with different feed mixtures were performed to investigate 

the performance of the plasma-catalytic system in CO2 hydrogenation. In a typical flow 

experiment, the oven temperature was kept constant and the energy density of the plasma was 

varied. The pulse duration during the plasma experiments was 90 µs at a frequency 100-1000 

Hz. The CO2/H2 ratio was 1/4 at a total flow rate of 25 ml/min. 

We also compared the catalytic performance with (TPPR) and without (TPR) plasma. The 

catalyst was heated at a rate of 10°C/min. The pulse duration during the plasma experiments 

was 90 µs at a frequency 1 kHz. The CO2/H2/Ar ratio was 1/4/10 at a total flow rate of 75 

ml/min. 

For experiments with isotopically labelled CO2, 13CO2 (99%, Eurisotop) was first pre-adsorbed 

on the catalyst followed by flushing with a 12CO2/Ar mixture. This was followed by a TPPR 

experiment in which we investigated the hydrogenation of gaseous 12CO2 and adsorbed 13CO2. 

In these experiments, the concentration of CO2 in the gas phase was reduced to 0.3 vol% in 

order to minimize isotopic exchange. 

Temperature-programmed plasma surface reaction 

The TPPSR method (schematically shown in Figure 4.2) consists of the following steps: (i) 

adsorption of the reactant on the catalyst surface at ambient temperatures; (ii) flushing of the 

reactor to remove gas-phase reactant molecules; (iii) exposure of the catalyst to the plasma at 

ambient temperature to remove weakly adsorbed species and (iv) heating the catalyst at a 

constant ramp rate in plasma, whilst following the catalytic performance by simultaneous gas-

phase analysis by gas chromatography (Shimadzu GC-2014) and mass spectrometry 

(ThermoStar GSD 320 T2). In the present study, CO2 was the reactant to be adsorbed on the 

catalyst, while H2 was used as a feed during the plasma-catalytic step. The gas hourly space 

velocity (GHSV) during the adsorption step was set to 400 ml g−1 h−1 and during the TPPSR to 

200 ml g−1 h−1. The amount of CO2 in the gas phase during a TPPSR experiment is much lower 

than in a conventional experiment when the reactant is part of the feed. Although plasma-
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induced or thermal desorption of the reactant can lead to a certain concentration of CO2 in the 

gas phase as well, we expect the surface plasma-catalytic reactions to dominate the conversion 

processes during TPPSR experiments. 

 

Figure 4.2. Basic approach of the TPPSR method applied to the methanation of CO2: (I) CO2 

is adsorbed on the catalyst by applying a constant 1% CO2/Ar flow until complete 

breakthrough is observed; (II) flashing of the reactor with H2 flow; after replacing the feed 

with H2, the plasma is switched on followed by an isothermal period (III) and a temperature 

ramp (IV). 
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4.3. Results and discussion 

Catalyst characterization 

The XRD patterns of the CeZrO4-supported catalysts are shown in Figure 4.3. The diffraction 

peaks at 2θ = 29.2°, 33.8°, 48.7° and 57.7° correspond to the crystallographic (101), (002), 

(112) and (103) planes of CeZrO4 (PDF No. 74–8060). This shows that the material is a 

homogeneous mixed solid oxide solution of Ce and Zr. Other diffraction peaks belong to copper 

oxide and cobalt oxide phases dispersed on the support. Using the Scherrer equation, we can 

estimate the crystallite size of copper oxide to be 28 nm. For 5% Co/CeZrO4 and 20% 

Co/CeZrO4 samples, the average cobalt oxide crystallite sizes are ~21 and ~25 nm, respectively. 

These results and the metal loadings as determined by elemental analysis are shown in Table 

4.1. The crystallite size of the CeZrO4 support was about 14 nm for all catalysts. However, on 

the TEM images acquired for these catalysts (Figure E3), we can observe that the ceria-zirconia 

support has a broad particle size distribution up to about 50 nm. It was unfortunately not 

possible to image Co particles on the CeZrO4 support by TEM because of the low contrast. 

 

Figure 4.3. XRD patterns of CeZrO4-supported catalysts: a) CeZrO4; b) 5 % Cu/CeZrO4; c) 5 

% Co/CeZrO4; d) 20 % Co/CeZrO4 before reaction; and e) 20 % Co/CeZrO4 after reaction. 
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Table 4.1. Metal loadings and estimated particle size for different CeZrO4-supported 

catalysts. 

Catalyst Metal loading a (%) Particle sizeb (nm) 

CeZrO4 0  

5 % Cu/CeZrO4 5.0 28 

5 % Co/CeZrO4 4.8 21 

20 % Co/CeZrO4 20.1 25 

20 % Co/CeZrO4 after reaction - 35 
a determined by ICP 
b determined by XRD 

Figure 4.4 shows the results of H2-TPR characterization of the catalysts. For the copper sample, 

a significant H2 consumption was observed at relatively low temperature around 150 °C and 

220 °C. These results are in a good agreement with a previous report for the reduction of copper 

supported on ceria and ceria-zirconia.[28] The two reduction features can be attributed to 

reduction of highly dispersed copper strongly interacting with the support and a bulk copper 

oxide phase, respectively.[29] The reduction of cobalt catalysts corresponds to very broad peaks 

centered around 420 °C with shoulders at lower temperature. Bulk Co3O4 reduction usually 

involves two steps, i.e. Co3O4 → CoO → Co. The reduction of supported cobalt nanoparticles 

typically occurs between 300 °C and 400 °C. The higher reduction temperature observed for 

Co/CeZrO4 likely relates to strong cobalt-support interactions.[30] 

 

Figure 4.4. TPR profiles of the CeZrO4-supported catalysts. 
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Catalytic activity measurements 

Flow experiments 

As a reference case, we first studied the plasma-assisted hydrogenation of CO2 in a DBD 

reactor, which was either empty or filled with PbTiO3. The reaction was carried out at 150 °C 

to avoid condensation of produced water in the system (Figure 4.5). The CO2 conversion was 

not observed in the absence of plasma. The CO2 conversion in the plasma increased 

proportionally to the energy density. The highest conversion of ~15 % was reached at a 

frequency of 1 kHz, which corresponds to an energy density of 750 kJ/mol. It is known that 

conversion and energy efficiency of plasma-catalytic processes can be improved by filling the 

discharge gap of a DBD reactor with a ferroelectric material, because high dielectric constant 

leads to the enhancement of the electric field strength.[31] As CO2 does not adsorb strongly on 

PbTiO3, most of the reaction will occur in the gas phase. CO2 methanation was not observed in 

the empty reactor nor in the reactor filled with PbTiO3 (Figure 4.5a) and the only products 

were CO and H2O. 

We then used a 5% Co/CeZrO4 sample as the catalyst for CO2 hydrogenation. Without plasma, 

the conversion was about 1% at 150 °C (Figure 4.5b). In the plasma, it was found that the CO2 

conversion increased with the energy density. The highest CO2 conversion was 70% at a 

frequency of 1 kHz (energy density of 750 kJ/mol). CH4 was in all cases the main product with 

a selectivity above 75%. At the highest energy density, the CH4 selectivity was nearly 100%.  

Figure 4.5. Conversion (X) and selectivity (S) of CO2 hydrogenation as a function of the 

energy density: a) CO2 hydrogenation in an empty DBD reactor and in the presence of 

PbTiO3 at 150 °C; b) CO2 hydrogenation in the presence of 5 % Co/CeZrO4 at 150 °C and 

200 °C. 
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Similar results were obtained at 200 °C and very high selectivity to CH4 was achieved for all 

values of the energy density.  

The synergy between the catalyst and the plasma evident from Table 4.2 is in line with previous 

reports.[5,8,9] It results in higher CO2 conversion at comparable CH4 selectivity. There are several 

reasons for these synergetic effects such as plasma-enhanced surface reactions due to high-

energy electrons, electric field and radicals on the surface.[32] Another possible explanation 

relates to processes occurring in the gas phase, for example, dissociation, excitation, ionization 

of reactants and products.[3] Finally, we should also take into account energy dissipation, which 

leads to overheating of the catalyst. 

Table 4.2. Synergy for plasma-catalytic CO2 hydrogenation at 150 °C in the presence of 5 % 

Co/CeZrO4 and performance of an empty DBD reactor and catalyst alone at the same 

conditions. 

Filling material 
Energy density 

(kJ/mol) 

CO2 conversion 

(%) 
CH4 selectivity (%) 

Empty 750 15 0 

5% Co/CeZrO4 0 1 95 

5% Co/CeZrO4 750 70 99 

 

TPPR in 12CO2/H2 

In general, TPR is a versatile method to characterize catalytic reactions, for it allows direct 

comparison of catalysts based on conversion and selectivity as a function of temperature.[33] 

Here we compared the performance of a 5% Co/CeZrO4 catalyst in CO2 methanation in a 

conventional TPR experiment and a similar experiment with the plasma switched on (TPPR). 

In both cases, the gas feed consisted of a CO2/H2/Ar mixture. For TPPR, we kept the catalyst 

first at 50 °C in the plasma before the heating was started in order to observe the impact of the 

plasma on the catalyst. 

The TPR and TPPR results are shown in Figure 4.6. In TPR, a broad CO2 desorption peak at 

100 °C is observed. CO2 reduction starts at 250 °C and CH4 and H2O are the predominant 

reaction products. The trace for H2O is shifted to higher temperatures in comparison to the CH4 

trace, because H2O interacts stronger with the catalyst surface. A small amount of CO is also 

observed at higher temperature.  
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In TPPR, there is a sharp peak of CO2 desorption when the plasma is ignited. At the same time, 

CO formation is observed. It is much higher than for flow experiments at 150 °C and 200 °C 

(Figure 4.5), because at 50 °C methanation activity is low. We attribute CO formation to the 

dissociation of CO2 in the gas phase, because CO was also detected as the main product in 

plasma experiments in the same DBD reactor with and without PbTiO3. In TPPR, a small 

amount of H2O was observed at 50 °C. As low-temperature H2O formation was not observed 

in experiments without plasma and H2O strongly interacts with the CeZrO2 support, we infer 

that H2O is formed due to the reverse water-gas shift reaction on cobalt nanoparticles. Plasma-

catalytic enhancement of reverse water-gas shift may be related to dissociation of CO2 in the 

plasma. 

Comparison of the TPR and TPPR profiles shows that the use of a plasma shifts the temperature 

of CH4 formation to lower temperature (from 250 °C to 50 °C). The CH4 TPPR profile also 

contains a shoulder in the 50-100 °C range (marked area in Figure 4.6b). We link this to the 

facile formation of CO in the gas phase, which can be formed even in an empty DBD reactor, 

and its re-adsorption on cobalt nanoparticles leading to further hydrogenation to CH4.  

TPPR in 12CO2/H2 with pre-adsorbed 13CO2 

Figure 4.7a shows the results of an experiment in which 13CO2 was pre-adsorbed on a 

Co/CeZrO4 catalyst followed by temperature-programmed reaction in 12CO2/H2. During the 

initial isothermal period (50 °C), no 13CH4 was observed. Formation of 13CH4 was seen above 

Figure 4.6. CO2 hydrogenation in the presence of 5 % Co/CeZrO4 catalyst by TPPR method: 

a) without plasma; b) in plasma, pulse duration 90 µs, frequency 1 kHz. CO2/H2/Ar=1/4/10, 

total flow 75 ml/min, heating ramp 10 °C/min. 
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100 °C. On the other hand, 12CH4 was immediately observed in the reactor effluent when the 

plasma was ignited. This indicates that methanation occurs mainly due to the conversion of 

gaseous CO2. We speculate that CO2 is converted into CO in the gas phase. As CH4 was not 

observed in a plasma experiment with an empty DBD reactor nor in a plasma experiment with 

the CeZrO4 support, we infer that CO is converted on cobalt nanoparticles. This result also 

implies that the reaction of CO on cobalt is facilitated by the plasma at low temperature. 

Next, we performed a kinetic analysis for the formation of 12CH4 and 13CH4. For this we used 

leading edge analysis method as introduced by Habenschaden and Küppers.[34] It allows the 

determination of the activation energy using the leading edge of the temperature-programmed 

trace. From Figure 4.7b, it can also be seen that the apparent activation energies for 12CH4 and 
13CH4 formation are similar. This indicates that these products are formed via the same pathway 

when heating is applied. Therefore, the predominant pathway for plasma-catalytic CO2 

methanation via gas-phase CO was observed only in the isothermal regime at 50 °C. 

TPPSR with pre-adsorbed 12CO2 

Next, we performed TPPSR in a H2 flow with catalysts on which CO2 was pre-adsorbed. This 

refers to the experiment sketched in Figure 4.2. 

Figure 4.7. Temperature-programmed hydrogenation of a feed of 12CO2/H2/Ar (volumetric ratio: 

1/100/275; flow rate 75 ml/min) on 5% Co/CeZrO4 on which 13CO2 was pre-adsorbed. The 

heating rate was 10 °C/min. The pulse duration was 90 µs at a frequency of 1 kHz, resulting in 

an energy density of 700 kJ/mol. 
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Figure 4.8.  TPPSR of CO2 adsorbed on different CeZrO4-based samples in a H2 flow: 

CeZrO4, 5% Cu/CeZrO4 and 5% Co/CeZrO4 at an energy density of 740 kJ/l. 

Table 4.3 shows that the amount of CO2 pre-adsorbed as determined from the breakthrough 

curves was similar for all three samples. This indicates that CO2 adsorption mostly takes place 

on the support. Figure 4.8 shows product formation as a function of time during the TPPSR 

experiment for CeZrO4, 5% Co/CeZrO4 and 5% Cu/CeZrO4. For CeZrO4, we observe that 

ignition of the plasma leads to desorption peaks of a CO2 and CO. As CO2 and CO desorption 

are nearly instantaneous, it is not likely that these features are due to heating of the catalyst. 

Instead, we attribute these desorption features to electron impact on the catalyst surface. 

Adsorption of CO2 on CeZrO4 materials will lead to the formation of various carbonates and 

formate species.[35,36] Their dissociation upon electron impact may lead to CO2 and CO. 

Although it is also possible that CO is formed by plasma conversion of desorbed CO2, Figure 

4.5a shows that the conversion of CO2 to CO in a similar plasma is much lower than in the 

experiment in Figure 4.8a. When the temperature is raised, a new CO2 desorption feature is 

seen. The amount of CO is much lower, suggesting that most of the formates have already been 

decomposed at this stage. Above 275 °C, CO formation commences, which is likely due to 

reverse water-gas shift catalyzed by the CeZrO4 surface. There are only very small amounts of 

CH4 formed in the isothermal regime and around 400 °C. 
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Table 4.3. Mass balance and product distribution for the TPPSR catalysts screening. Pulse 

duration 90 µs, frequency 1 kHz, heating ramp 10 °C/min. 

Catalyst 
Results of 

breakthrough 
adsorption of CO2 

( / ) 

Mass balance 

(%) 

Reactor outlet 

  CO2 CO CH4 

CeZrO4 0.160 66 66 31 3 

5% Cu/CeZrO4 0.157 75 32 43 25 

5% Co/CeZrO4 0.161 89 9 3 88 

When the same experiment is done with 5%Cu/CeZrO4, three CO2 desorption peaks are 

observed. The amount of CO2 and CO desorbed in the isothermal regime is lower than for 

CeZrO4, which might be due to the stronger binding of carbonates and formates close to the Cu 

nanoparticles. Further CO2 desorption occurs in two steps. This can be explained as follows. 

The onset of the first peak during the temperature ramp is the same as for CeZrO4. However, 

CO2 will be converted via reverse water-gas shift to CO at lower temperature on Cu/CeZrO4 

than on CeZrO4. We expect that this conversion is predominantly due to the conversion of 

carbonates and formates close to Cu particles. This can explain the second desorption peak 

during the temperature ramp, which is due to carbonate decomposition from parts of the surface 

where no Cu particles are in close proximity. CH4 is also formed above 200 °C and the CH4 

trace shows a maximum around 375 °C. The overall CH4 selectivity for 5% Cu/CeZrO4 is 

~25%, which is much higher than for CeZrO4. The difference is due to the presence of copper 

metal.  

With 5% Co/CeZrO4 as the catalyst, CH4 becomes the dominant reaction product. Whilst CO2 

and CO desorption are observed in the isothermal regime, CH4 formation already commences 

at this stage. As already suggested by the previous results in Figure 4.7, this finding implies 

that CO dissociation and hydrogenation can proceed during the plasma-catalytic reaction. 

Nevertheless, we should point out that heating of the catalyst cannot be excluded at this stage. 

In particular, in both of these experiments it is seen that CH4 formation is delayed compared to 

CO formation. In the temperature ramping regime, most of the adsorbed CO2 is converted to 

CH4. The CH4 profile shows a maximum below 200 °C.  

Furthermore, the TPPR method allows us to directly compare the activity (Figure 4.8a-c) and 

selectivity (Table 4.3) of catalysts in a plasma environment. Expectedly, the use of the CeZrO4 

support does not lead to any appreciable CH4 yield. The main product is CO and CO2 conversion 
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is rather moderate. Cu/CeZrO4 exhibits some CH4 selectivity above 350 °C with higher overall 

CO selectivity. The most effective catalyst for CO2 methanation is Co/CeZrO4 with a total CH4 

yield of ca. 90 %. The higher activity of cobalt than copper is in line with known activity trends 

reported for the Sabatier reaction.[1,2,37] 

 

Figure 4.9. a) CO2 desorption profile without plasma in helium flow; b) CO2 desorption 

profiles in hydrogen plasma under different conditions: 0, 100, 250, 500, 750, 1000 Hz. 5 % 

Co/CeZrO4 catalyst, pulse duration 90 µs. 

The TPPR method also allows studying the influence of the plasma parameters on the surface 

processes like plasma-induced desorption and comparing plasma-induced processes to 

conventional TPR. Figure 4.9 shows a comparison between thermal and plasma-assisted 

desorption of CO2. In a He flow CO2 desorption profile has two broad features at 200 °C and 

400 °C. A small amount of CO is desorbed at 200 °C and 400 °C. Such strong adsorption can 

be attributed to the high oxygen storage capacity of CeZrO4.[38] Desorption profile of CO2 in a 

H2 flow (Figure 4.9b) in the absence of plasma is similar to the experiment in a He flow. The 

CO2 desorption peak is centered at 200 °C. Clearly, desorption of CO2 at 50 °C in the presence 

of plasma was more pronounced. But the amount of desorbed CO2 is much smaller compared 

to the experiment in He flow. Most of the strongly adsorbed CO2 was reduced to CO2 and CH4.  
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Figure 4.10. a) and b) CO and CH4 formation profile at different frequencies: 0, 100, 250, 

500, 750 and 1000 Hz; c) Temperature of the maximum CH4 formation profile; d) Product 

distribution and mass balance. Catalyst 5 % Co/CeZrO4, pulse duration 90 µs. 

Figure 4.10 shows the effect of plasma discharge frequency on the catalytic performance of 5 

% Co/CeZrO4 in CO2 hydrogenation. The temperature maximum of CH4 production (i.e., 

catalytic activity) was shifted to significantly lower temperature with increasing discharge 

frequency. In literature, such an increase in activity upon plasma treatment is usually explained 

by electron-induced reactions, or the change of catalyst properties in the strong electric field 

and the formation of radicals on the catalyst surface. However, an effect of catalyst overheating 

in plasma cannot be eliminated at this stage. 

Using the TPPR method, we could also nearly close the mass balance using the breakthrough 

curves of CO2 and the total amount of reactants and products leaving the reactor. The adsorbed 

amounts of CO2 for 5% Co/CeZrO4 are displayed in Figure E4 and similar for all experiments, 

implying high reproducibility of the measurements. The product distribution and the mass 

balance for the different experiments without and with plasma are shown in Figure 4.10d as 
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well. The identical product distribution in TPPR experiments at different discharge frequencies 

and without plasma indicates that the mechanism of surface reactions is not changed in a plasma 

environment, as compared to thermal catalysis. On the contrary, TPPR experiments in a flow 

of CO2 and H2 (Figure 4.6) show significant differences in the product distribution, which 

proves that the products of plasma-catalysis are very strongly affected by chemical processes 

occurring in the plasma. 

 

Figure 4.11. Maximum temperature of CH4 formation for CO2 hydrogenation in the presence 

of 5 % Co/CeZrO4 and 20 % Co/CeZrO4 catalysts. 

Catalysts with different metal loadings can be also compared by the TPPR method (Figure 

4.11). The maxima of CH4 formation are shifted to the lower temperatures with increasing metal 

loading. This can be explained by the fact that CO2 pre-adsorbed in close proximity to cobalt 

particles is easily hydrogenated. It has been shown that CO2 can be activated on the ceria-

zirconia support to form carbonates, which can be further hydrogenated using H atoms deriving 

from dissociative H2 adsorption on the supported metal particles.[36] Therefore, a higher metal 

loading will favor the methanation reaction of adsorbed CO2. 

CO hydrogenation followed by TPPR  

CO is an intermediate of CO2 hydrogenation. It can be obtained either by reduction of CO2 with 

H2 on the catalyst surface or by plasma-induced dissociation in the gas phase.  To better 

understand the role of CO during CO2 hydrogenation, we performed TPPR experiments with 

pre-adsorbed CO.  
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Figure 4.12. CO hydrogenation in the presence of 20 % Co/CeZrO4 and 20 % Co/SiO2 

catalysts by the TPPR method: a) TPPR profiles at different frequencies: 0, 500 and 1000 Hz; 

b) maximum temperatures of CH4 formation. Pulse duration 90 µs. 

Results depicted in Figure 4.12 demonstrate that CO adsorbed on Co/CeZrO4 and Co/SiO2 can 

be easily hydrogenated in a plasma at a frequency of 1 kHz without external heating. A 

difference between silica and ceria-zirconia Co supported catalysts is the occurrence of a high-

temperature feature for Co/CeZrO4, which is most probably due to the formation of carbonates 

and/or formates strongly bound to the surface of the support. These surface-adsorbed species 

are the result of oxidative adsorption of CO. This high-temperature feature is absent for Co/SiO2 

because the silica support cannot form these species.[36] Therefore, we can assign the main 

feature of CH4 formation, which does not depend on the support, to hydrogenation of CO on 

the Co metal. Finally, we note that the temperature maximum in CO hydrogenation depends 

more strongly on temperature than the temperature maximum in CO2 hydrogenation. 

Temperature profiles 

The DBD plasma can generally induce dielectric overheating of the catalyst particles and 

therefore increase the apparent catalytic activity. Some recent publications have described the 

effect of overheating in plasma-catalysis using an ethanol thermometer,[25] XAFS 

spectroscopy,[23] and infrared thermography.[24] To evaluate the impact of dielectric heating on 

the activity of the catalysts, we measured the temperature profiles by using a conventional 

thermocouple. We placed a thermocouple into the catalyst bed, and measured the temperature 

right after the plasma was switched off. A rather significant overheating of up to 100 °C was 

observed with plasma in the isothermal period (Figure E5), while without plasma a certain 

constant lag (~40 °C) between the oven temperature and the actual bed temperature was 
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observed. Nevertheless, the actual maximum of CH4 production for conventional heating was 

approximately at 240 °C, while for the plasma-catalytic process it was about 200 °C, at least 40 

°C lower (Figure 4.13). Therefore, the observed synergy in plasma-catalytic methanation of 

CO2 cannot be explained only by the overheating of the catalyst bed and an actual intrinsic 

positive effect of plasma is demonstrated. It should also be noted that above 250 °C the 

temperature with and without plasma is fairly similar. The plasma-induced overheating effect 

in our DBD reactor mainly takes place in the range from 50 to 250 °C. In any case, temperature 

measurements for catalytic material in plasma are very important to distinguish the plasma-

induced chemical effects and thermal catalysis. It is challenging to measure the temperature of 

the catalytic bed in a plasma because of limited options for temperature sensors suitable for the 

high-voltage environment. Moreover, insertion of any temperature sensor inside the plasma-

catalytic bed will influence the electric field and discharge properties. Application of 

pyrometers is also complicated, because ceramic materials, mainly used for DBD reactor 

(quartz, alumina), are not transparent to the IR light. There is a clear need, therefore, to develop 

new methods for temperature measurements in plasma-catalytic settings. 

 

Figure 4.13. Temperature measurements for CO2 hydrogenation in the presence of 5% 

Co/CeZrO4 with and without plasma. 

4.4. Conclusions 

A new TPPSR method to compare the performance of plasma-catalytic systems was presented. 

This method can provide a solid understanding of the plasma-catalyst interactions, which can 

facilitate further development of efficient plasma-catalytic processes. The approach should be 

applicable to a wide range of plasma-catalytic reactions, such as dry reforming, NOx removal, 

VOC oxidation and CO2 hydrogenation. Moreover, the influence of dielectric and adsorption 
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properties of catalytic materials and discharge parameters can be accurately compared with 

TPPSR. The main requirements for the design of meaningful TPPSR experiments are (i) to 

avoid extensive conversion of reactants in the gas phase and (ii) to ensure reasonable adsorption 

of at least one of the reactants on the catalytic surface. We illustrated the potential of TPPSR to 

decouple the gas-phase plasma processes and the surface plasma-induced reactions in CO2 

hydrogenation. Using TPPSR in combination with isotopically labelled CO2, we could 

understand the role of surface and gas phase processes in Co and Cu catalyzed plasma-enhanced 

methanation and to assess the impact of plasma parameters on these processes. We also 

emphasized the influence of plasma-induced overheating as a contributor to the enhanced 

performance. It was found that the plasma-induced gas-phase dissociation of CO2 favors a low-

temperature reaction pathway. 
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4.6. Appendix E 

Figure E1. Scheme of plasma setup with DBD reactor. CV – check valve; FC – flow 

controller; HV – hand actuated valve; PI – pressure indicator; MS – mass spectrometer; GC 

– gas chromatograph. 

 

 
Figure E2. Voltage – current characteristics for an empty reactor and a reactor filled with 

PbTiO3. 
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Figure E3. TEM images (left) CeZrO4; (right) 5%Co/CeZrO4. 

 

Figure E4. Results of breakthrough adsorption of CO2 for 5% Co/CeZrO4 catalyst at 50 °C. 

 

Figure E5. Temperature profiles of the catalytic bed with and without plasma (1000 Hz) for 

typical TPPSR experiment with 5%Co/CeZrO4 in H2 flow. 



Chapter 5. Mechanistic Study of Catalytic CO2 

Hydrogenation in a Plasma by Operando DRIFT 

Spectroscopy 

 

Plasma-enhanced heterogeneous catalysis offers a promising alternative to thermal catalysis for 

many industrially relevant processes. There is only a limited mechanistic understanding about 

the relation between the interactions of highly energetic electrons and excited molecules with 

heterogeneous catalysts in a plasma and their catalytic performance. In this study, a novel 

operando IR spectroscopy cell has been developed to investigate surface intermediates during 

CO2 hydrogenation upon exposure of a catalyst to plasma. The cell, which consists of PEEK 

with an embedded quartz reactor, is operated at atmospheric pressure and allows heating of the 

catalyst samples up to 250 °C. Accurate temperature monitoring within the catalyst bed 

combined with operando IR and UV-Vis spectroscopy analyses allowed us to obtain new 

experimental insights into the plasma-catalyst synergy for the CoCZ system. Plasma-enhanced 

CO2 methanation at the catalyst surface at room temperature was demonstrated for the first 

time.  
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5.1. Introduction 

Plasma-enhanced heterogeneous catalysis differs from conventional thermal gas-phase 

catalysis by the interaction of the catalyst surface with a plasma. Plasma activated gas contains 

not only molecules, but also highly reactive species such as radicals, excited species, ions and 

electrons.[1,2] There remains a lack of mechanistic understanding about the influence of such 

reactive species on the action of heterogeneous catalysts. Evaluating catalyst performance in 

plasma is complicated by the intricate nature of the plasma-catalyst system: the properties of 

the plasma depend on the catalyst material (e.g., an increase of the dielectric constant enhances 

the electric field)[3] and vice versa (e.g., permittivity and polarization of a catalyst are 

determined by the plasma parameters). Unlike in conventional heterogeneous catalysis, 

mechanistic studies of catalysts in plasma catalysis are hampered by the fact that the reactions 

occur both at the catalyst surface and in the plasma.  

Several new characterization methods have already been developed to gain a better 

understanding of the interaction of solid catalysts with plasma. Among others, isotopic labelling 

in catalytic experiments,[4] electron paramagnetic resonance (EPR) spectroscopy,[5] chemical 

looping[6–10], computational methods,[11] and IR spectroscopy have been used for this purpose. 

IR spectroscopy is an important tool in heterogeneous catalysis, because it allows to probe 

reaction intermediates at the surface and, in principle, above the surface, in an in situ and even 

operando manner. However, there are various challenges associated with carrying out IR 

spectroscopy experiments in, for instance, a dielectric barrier discharge (DBD) plasma. The 

major problem is how to properly insulate the high-voltage electrode from the IR dome and 

other conductive elements. Several approaches have already been developed to tackle this issue. 

Stere et al. designed a dedicated diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) cell with an embedded plasma jet.[12] This approach is indeed suitable for the post-

situ plasma catalysis (PPC) studies, in which the catalyst is placed in the downstream of plasma 

reactor.[13] In a few FTIR studies focusing on in-situ plasma catalysis (IPC), lower than 

atmospheric pressure was employed and mostly no heating was implemented.[13–15] Another 

way to overcome the insulation challenge is to manufacture a cell out of dielectric materials 

such as polytetrafluoroethylene,[16] polyether ether ketone (PEEK), or quartz. Quartz IR cells 

for PPC and IPC were reported by Azzolina-Jury et al., although these cells were operated at 

low pressure resulting in a glow discharge plasma and not DBD plasma due to the configuration 

of the electrodes.[17,18] 
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Another relevant operando characterization technique is X-ray absorption spectroscopy (XAS) 

that allows investigating the structure and the oxidation state of the active phase under plasma-

catalysis conditions. Gibson et al. developed an operando plasma-catalysis XAS cell to address 

a well-known challenge of plasma-catalysis – overheating of the catalyst upon exposure to 

plasma. Mean-squared thermal disorder parameter (σ2), obtained from the operando EXAFS 

analysis of a Pd/Al2O3 catalyst in methane oxidation reaction, was used to determine the actual 

temperature of the metal nanoparticles.[19] Due to the general low availability of the synchrotron 

radiation this method is not often used to estimate temperature of plasma-catalysts, although 

the number of alternative methods is limited. Other methods to monitor the temperature of 

plasma catalysts are IR thermography in the combination with sapphire DBD reactor[20], ethanol 

thermometer[21] or measurements with a thermocouple after the plasma is switched off. 

In this chapter, a design of a novel DRIFTS cell manufactured out of PEEK with embedded 

quartz DBD reactor is demonstrated. The configuration of the cell allowed operando IR, UV-

Vis and temperature measurements upon exposure catalytic materials to plasma at atmospheric 

pressure. The developed plasma DRIFTS cell was used to study the mechanism of plasma-

assisted CO2 hydrogenation in the presence of a Co/Ceria-Zirconia (CoCZ) catalyst. The 

operando spectroscopic data revealed unique catalytic pathways taking place in plasma. In 

addition, accurate temperature measurements of the catalyst bed demonstrated that 

spectroscopically observed results can be attributed to the plasma-induced phenomena rather 

than just energy dissipation. 
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5.2. Experimental 

Design of operando Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS) plasma cell 

A novel DRIFTS cell was developed for operando measurements in a plasma environment. In 

order to implement the high-voltage circuit in an FTIR spectrometer, a Praying MantisTM 

diffuse reflection accessory was modified. A schematic presentation of the Praying MantisTM 

modified for the high-voltage environment is shown in Figure 5.1. 

 

Figure 5.1. Design of operando DRIFTS cell for plasma environment incorporated in the 

modified Praying MantisTM diffuse reflection accessory. 1 – high voltage electrode; 2 – 

insulation between high voltage electrode and ellipsoidal mirrors; 3 – ellipsoidal mirror; 4 – 

holder; 5 – operando DRIFTS cell; 6 – dielectric barrier discharge quartz reactor. 
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Insulator (2) made of polyether ether ketone (PEEK) was introduced to prevent plasma 

discharges between the high-voltage electrode (1) and the ellipsoidal mirrors (3). High-voltage 

electrode (1) was a stainless-steel rod with a diameter of 3 mm and it was connected to a home-

made microsecond-pulsed power supply (discharge frequency [f, (s-1)] up to 1 kHz with variable 

pulse duration, voltage up to 20 kV, identical to the power supply used in Chapter 4) connected 

via a flexible coaxial cable with double shielding. The holder (4) was extended due to the larger 

size of the plasma DRIFTS cell than a conventional high-temperature DRIFTS cell. The 

modified Praying MantisTM cell was embedded in a Faraday cage for electromagnetic shielding. 

The cell compartment was purged with nitrogen prior to experiments to limit the contribution 

of H2O and CO2 gases to the IR spectra. A detailed design of the DRIFTS cell (5) is shown in 

Figure 5.2. 

 

Figure 5.2. Design of operando DRIFTS cell for plasma environment. 1 – high-voltage 

electrode; 2 – IR beam; 3 – CaF2 window; 4 – catalyst powder; 5 – ground electrode; 6 – 

dome of the cell; 7 – quartz DBD reactor; 8 – gas outlet; 9 – base. 
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The cell was made of PEEK and consisted of a base (9), a cylindrical dome (6), and a quartz 

dielectric barrier discharge reactor (7). The dome was equipped with two CaF2 windows (3), 

allowing IR and UV-Vis measurements and also suitable for IR temperature sensors operating 

in the NIR and MIR range. A quartz tubular dielectric barrier discharge reactor (7) was 

incorporated inside the base (9). The outer diameter of the reactor was 8 mm and the inner 

diameter – 4 mm (Figure 3), allowing the insertion of a rod-like heater inside the reactor. The 

top of the reactor was a 19 mm quartz plate with a thickness of 2 mm. The ground electrode (5) 

was placed directly underneath the plate. The gas mixture was introduced from the bottom of 

the DBD reactor. 

 

Figure 5.3. Drawings of quartz DBD reactor for DRIFTS plasma-cell: top (a) and bottom (b) 

parts; c) photograph of the reactor with the inserted heater. 
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The DBD zone was located between the high-voltage electrode and the ground electrode placed 

under a dielectric plate. The catalyst powder (4) was placed on top of the quartz grid, which is 

underneath the high-voltage electrode. The gap between the high-voltage electrode and the 

catalyst powder was kept constant (1 mm). The catalyst sample was in the form of powder 

(<125 µm) slightly pressed into the sample holder in order to avoid its spreading under the gas 

flow and plasma. Prior to IR measurements, the catalyst sample was reduced at 500 °C in 

hydrogen and passivated in 1% O2 in He in a conventional plug-flow reactor. Then, it was 

transferred to the DRIFTS cell and re-reduced in H2 at 250 °C. DBD plasma parameters for the 

DRIFTS cell were kept the same for all experiments, i.e. a pulse frequency of 1000 Hz, a pulse 

length of 50 µs, and a voltage of 8 kV. Due to the specific geometry it was not possible to insert 

voltage and current probes close enough to the cell in order to measure the power density. 

A Nicolet NEXUS 670/870 FTIR Spectrometer equipped with a liquid nitrogen cooled mercury 

cadmium telluride (MCT) detector was used to record the IR spectra in the 4000 – 1000 cm−1 

range with a resolution of 4 cm−1. Spectra were acquired with and without plasma at room 

temperature. All the experiments were carried out at atmospheric pressure. 

Temperature monitoring 

 

Figure 5.4. Temperature maps of the quartz DBD reactor upon conventional heating 

acquired by an IR temperature sensor: a) side view and b) top view. 

The important advantage of the developed cell is the possibility to thermally pretreat the catalyst 

sample. A DRIFTS cell for operando DBD plasma measurements described by Rodrigues et 

al.[16] made of polytetrafluoroethylene (PTFE) did not allow the pretreatment of samples at 

elevated temperature. Here, the incorporation of quartz reactor inside the cell made of PEEK 

allowed heating of the catalyst bed up to 250 °C (Figure 5.4) without degradation of the cell. 
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The temperature in the absence of plasma was controlled by a thermocouple placed on top of 

the dielectric plate. 

 

Figure 5.5. UV-Vis spectra of rutile TiO2 acquired at different temperature in absence of 

plasma. 

An IR temperature sensor was used to monitor the catalyst temperature in the plasma. However, 

the spatial resolution of the IR temperature sensor was too low. Therefore, another method was 

employed to measure the catalyst temperature in order to exclude the possibility of local 

overheating of the sample with the plasma turned on. We chose a method based on the 

thermochromic properties of rutile titanium dioxide.[22,23] First, the rutile TiO2 powder was 

dehydrated in a nitrogen flow at 250 °C. Then, the thermally induced changes of the absorption 

intensity at 420 nm in the UV-Vis spectrum were measured without plasma (Figure 5.5), 

followed by similar measurements with plasma on. This approach was also applied for the DBD 

reactor used in the Chapter 4 and compared with the temperature profiles obtained using a 

thermocouple connected directly after switching off the plasma. The UV-Vis method led to 

similar results as obtained with a thermocouple (Figure F1). The advantage of the novel 

approach based on the thermochromic material are (i) the possibility to measure the catalyst 

temperature in situ in plasma and (ii) absence of additional elements in the discharge zone (such 

as a thermocouple) that can affect the electromagnetic field within the DBD reactor. Moreover, 

this method is much easier to implement as compared to previously reported synchrotron-based 

temperature-measurement techniques.[19] 
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5.3. Results and Discussion 

The developed DBD plasma DRIFTS cell was applied to study the mechanism of CO2 

hydrogenation in the presence of a 10% CoCZ catalyst, for which a synergetic plasma-catalytic 

effect has been observed in a tubular DBD plasma reactor (Figure F2). First, in order to 

distinguish the temperature- and plasma-induced effects, UV-Vis temperature measurements 

using rutile as a thermochromic material were carried out in a CO2 flow without external heating 

(Figure 5.6a). The measurements demonstrated a slight increase of absorbance at 280 nm 

compared to the spectra measured upon conventional heating. This absorption feature is 

assigned to ozone formation.[24] The formation of ozone by plasma-induced CO2 dissociation 

in the absence of hydrogen has been reported before.[25] The absorption feature at 420 nm, 

decreased only slightly in plasma as compared to the case of externa heating to 170 °C, pointing 

at a small temperature difference. A nearly negligible increase of temperature inside the plasma 

reactor was confirmed by the IR temperature sensor (temperature 31 °C), while the dielectric 

plate remained unheated (Figure 5.6b). Therefore, the spectroscopic changes observed by the 

developed operando plasma DRIFTS cell can be exclusively attributed to plasma-induced 

phenomena and there will be no influence of overheating of the catalyst bed and the DBD 

reactor on the catalytic performance. 

 

Figure 5.6. Temperature measurements of the DRIFTS cell using the UV-Vis method with 

TiO2 as the thermochromic material (a) and using an IR temperature sensor (b) in a CO2 flow 

(5 ml/min) in the presence of plasma (1000 Hz, 50 µs pulses, 8 kV). 
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For the referencing purposes, KBr powder was first exposed to a plasma under CO2 

hydrogenation conditions (Figure 5.7a). The plasma was switched on at room temperature and 

the difference spectra showed that upon plasma exposure CO2 was converted into CO, which 

is typical for plasma-induced non-catalytic CO2 hydrogenation.[6] Other regions of the spectra 

remained unchanged. When KBr was replaced by 10% CoCZ passivated sample, which was re-

reduced at 250 °C, consumption of CO2 and formation of a larger amount of CO was observed 

upon exposure to plasma. During conventional thermocatalytic CO2 hydrogenation over the 

same 10% CoCZ catalyst, surface carbonyls on metallic cobalt nanoparticles were observed 

(Chapter 3.3). These carbonyl bands were not present during the plasma-catalytic 

measurements (Figure 5.7b). After the plasma was switched off, a broad feature appeared at 

2046 cm-1, which is due to CO adsorbed on metallic cobalt. Likely conversion of CO (formed 

in the gas-phase during CO2 dissociation) on the cobalt surface was immediately terminated 

when plasma was switched off, while residual CO molecules still present in the gas-phase gave 

rise of surface carbonyls. Gas-phase CO was fully purged after 2 min when plasma was 

switched off. 

There were no changes in the formate region of IR spectra, indicating that formate species are 

not involved in the conversion of CO2. Sharp features at 3150 cm-1 observed in plasma likely 

represent an artifact of the plasma discharges rather than surface adsorbed species. The location 

of this artifact was demonstrated to be dependent on the high voltage frequency and the 

interferogram sampling frequency.[26] 
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Figure 5.7. Plasma CO2 hydrogenation with (a) a reference KBr and (b) 10% CoCZ catalyst 

followed by IR spectroscopy in the absence and presence of plasma (1000 Hz, 50 µs pulses, 

CO2/H2=1/4, total flow 12.5 ml/min); c) schematic comparison of carbonyl (green) and 

formate (blue) mechanisms. 

In Chapter 4, it was demonstrated by isotope exchange that, upon plasma exposure at room 

temperature, the formation of methane involves the dissociation of CO2 to CO in the gas-phase, 

followed by hydrogenation to CH4 on the metallic cobalt surface. In turn, CO2 pre-adsorbed on 

the CZ support in the form of carbonate and formate species was not involved in the catalytic 

cycle, unless the sample was heated. The obtained operando DRIFTS results are in line with 

these previous conclusions, since plasma-assisted CO2 hydrogenation at low temperature 

follows the carbonyl pathway. Clearly, the formate pathway requires a higher reaction 

temperature (Figure 5.7c). The occurrence of plasma-assisted CO/CO2 hydrogenation on the 

cobalt surface at room temperature is a remarkable result, which cannot be obtained in the 

conventional catalysis. We attribute this to high-energy electrons, the electric field and radicals 

on the surface during the plasma exposure.[2,27] It has been speculated before that electron-
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induced dissociation of the C – O bond can occur,[28] which can promote CO/CO2 

hydrogenation at the catalyst rather than in the gas-phase. We should mention here that in actual 

DBD reactors, in which a higher energy density is applied, overheating is usually more 

substantial than in the plasma DRIFTS cell. Such overheating can accelerate plasma-assisted 

formation of methane via the formate route as well.  

As it was demonstrated in Chapter 2 and in Chapter 3.3, the CZ support and Co-CZ interface 

plays an important role in CO2 hydrogenation. Strong metal-support interactions and facile 

oxygen vacancy formation in CoCZ lead to higher CO2 hydrogenation activity via the formate 

pathway in which generation and healing of oxygen vacancies play an important role. 

Therefore, the redox properties of the 10% CoCZ catalyst and CZ support were also studied in 

a plasma using in situ IR and UV-Vis spectroscopy (Figure 5.8).  

Exposure of 10% CoCZ sample to a hydrogen plasma for 30 min at room temperature results 

in the formation of oxygen vacancies at the ceria surface. The formation of oxygen vacancies 

in samples that were calcined at 400 °C, to remove most of the carbonates, occurred at 

temperatures higher than 150 °C in hydrogen (Chapter 2). In the plasma DRIFTS cell 

carbonates cannot be removed due to temperature limitations (250 °C). Presence of carbonates 

on the surface hampers the oxygen vacancy formation (Figure F3). Nonetheless, the plasma-

assisted oxygen vacancy formation can still be observed at room temperature for non-calcined 

sample.  

UV-Vis spectroscopy also showed that a hydrogen plasma treatment effected the support  as 

well (Figure 5.7b). For these measurements only bare support was investigated due to the high 

absorbance of cobalt in the UV-Vis region. For the bare CZ a new absorption feature around 

450 nm developed during the hydrogen plasma treatment. This phenomenon has been observed 

before for ceria exposed to hydrogen peroxide, leading to the formation of surface radicals.[29,30] 

It is therefore likely that hydroxyl radicals are formed on the CZ surface in a hydrogen DBD 

plasma. 

To summarize, electron-induced CO2 dissociation, facile formation of oxygen vacancies and 

hydroxyl radicals at the surface can contribute to the unusual activity of 10% CoCZ in CO2 

hydrogenation at low temperature in plasma. Combined with earlier results (Chapter 4), we 

speculate that the dominant pathway appears to be CO2 dissociation in the gas phase followed 

by plasma-induced CO dissociation on metallic cobalt particles, possibly involving electron 

impact. Accordingly, we expect a lower performance of 1% CoCZ sample in plasma-enhanced 
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CO2 hydrogenation, because this sample does not contain metallic cobalt nanoparticles. For this 

purpose, we employed a tubular DBD reactor operated at 150 °C as described before (Chapter 

4). The 1Co500 sample that contains a small amount of relatively small cobalt particles 

demonstrated a low activity in plasma-assisted CO2 hydrogenation with CO as a main product. 

CO is most likely obtained via gas-phase plasma-assisted CO2 dissociation, as we observed the 

activity of 1Co500 to be similar to that of the bare CZ support (Figure F4). This result indicates 

that operating in plasma does not allow to overcome the low activity of the 1Co500 sample as 

compared to the 1Co300 containing small cobalt clusters in CoO matrix and 10Co500 

containing larger cobalt particles. 

 

 

Figure 5.8. Redox behaviour of CZ support upon hydrogen plasma exposure for 30 min at 

room temperature (1000 Hz, 50 µs pulses, H2 flow 5 ml/min). 

The 1Co300 sample, which contained very small cobalt clusters with a strong affinity towards 

hydrogen, demonstrated a higher activity only when the plasma frequency was increased above 

600 Hz (Figure 5.9a). Methane formation was observed under such conditions (Figure 5.9b). 

This dependence suggests that the observed activity is due to overheating of the sample in the 

plasma. As established before, CO2 is converted via a formate mechanism on this 1Co300 

sample (Chapter 3.3), which in a plasma requires elevated temperature operation as compared 

to the metal-catalyzed pathway. Thus, different from thermal catalysis we do not observe the 

unusual structure sensitivity with respect to the reduction temperature for the 1% CoCZ sample.  
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Figure 5.9. CO2 conversion (a) and CO selectivity (b) for plasma-assisted CO2 hydrogenation 

for 1% CoCZ samples reduced at 300 °C and 500 °C in a DBD reactor (150 °C, 90 µs pulses, 

18 mJ per pulse, CO2/H2=1/4, total flow 25 ml/min).  

5.4. Conclusions 

An in situ/operando DRIFTS cell suitable to study catalytic materials under plasma condition 

was developed. The design is a modification of a Praying MantisTM DRIFTS cell, implementing 

a DBD configuration using quartz and PEEK materials to prevent plasma discharges between 

the high-voltage electrode and the essential parts of the cell. The assembly was placed in a 

Faraday cage. The cell allows thermal and reductive pretreatment of the catalysts up to 250 °C 

prior to plasma-catalytic testing. Operando IR and UV-Vis spectroscopic measurements during 

plasma exposure were demonstrated. The temperature of the powder catalyst was monitored as 

well. The new cell was employed to study the mechanism of plasma-induced CO2 

hydrogenation at the surface of a well-reduced 10% CoCZ catalyst. 

Most profoundly, it was observed that cobalt particles on a CZ support can hydrogenate CO2 in 

plasma at ambient conditions. The following observations were made: (i) ambient CO2 

hydrogenation involves CO as an intermediate on metallic cobalt particles, (ii) Ce3+ formation, 

pointing to ceria oxygen vacancy generation, in a hydrogen plasma, and (iii) formation of 

radicals, likely hydroxyls. In situ temperature monitoring demonstrates that these effects can be 

attributed to the plasma and not the overheating. The findings indicate that CO2 is activated in 

the gas phase yielding CO, which adsorbs on the reduced cobalt surface. CO is then dissociated 

and hydrogenated on the metal surface, which is only possible in the plasma.  

The unusual structure sensitivity of the 1% CoCZ sample with respect to the reduction 

temperature was also investigated. Although 1Co300 shows a high activity in thermal CO2 
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hydrogenation, the plasma-catalytic performance was rather poor. This result is explained by 

the need for a higher temperature, as increased performance is related to the formate 

mechanism. 1Co500 is inactive in plasma-assisted CO2 hydrogenation, likely because the 

plasma does not influence the chemisorptive properties of hydrogen on the cobalt surface. 

The use of a modified DRIFTS cell allows for combined DRIFTS, UV-Vis and temperature 

measurements to investigate the nature of plasma-catalyst interactions, essential to further 

development of efficient plasma-enhanced catalytic processes. 
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5.6. Appendix F 

 

Figure F1. Temperature in the DBD reactor as a function of time measured by thermocouple 

and new UV-Vis approach based on the thermochromic properties of rutile TiO2. 1000 Hz, 90 

µs pulse, energy per pulse 18 mJ. 

 

Figure F2. Plasma-catalytic CO2 hydrogenation in DBD reactor in the presence of 10Co500 

(150 °C, 0 – 1000 Hz, 90 µs pulses, 18mJ per pulse, CO2/H2=1/4, total flow 25 ml/min). 
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Figure F3. Temperature-dependent evolution of oxygen vacancy formation for 10% CoCZ 

sample followed by IR spectroscopy. 

 

 

Figure F4. Plasma-catalytic CO2 hydrogenation in DBD reactor in the presence of 1Co500, 

bare CZ support and in empty reactor as a reference (150 °C, 0 – 1000 Hz, 90 µs pulses, 

18mJ per pulse, CO2/H2=1/4, total flow 25 ml/min). Only CO was observed as a product of 

the reaction. 
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Summary 
 

Insights into conventional and plasma-assisted catalysis for 

carbon dioxide hydrogenation 

 

CO2 methanation is one of the promising reactions for the development of Power-to-Gas 

technologies. In order to achieve high activity and selectivity in this process efficient catalysts 

are required. Nickel-based catalysts are preferred for the Sabatier reaction because of their low 

price, while ruthenium-based catalysts are usually considered the most active ones. One of the 

main drawbacks of nickel-based catalysts is that a relatively high temperature is required for 

industrial applications. Cobalt-based catalysts exhibit a better performance at milder conditions, 

which implies a benefit in developing small-scale applications for energy storage by CO2 

hydrogenation using renewable hydrogen. The aim of this thesis is therefore to optimize cobalt-

based catalysts, whilst addressing important aspects relevant to modern heterogeneous catalysis 

such as structure sensitivity, metal-support interactions (MSI) and enhancement of catalytic 

reactions by a plasma. The material of choice in this work is Co/CeZrO4 (CoCZ). The first part 

of this thesis is dedicated to the optimization of metal-support interaction (MSI) between cobalt 

and the ceria-zirconia (CZ) support. Tuning the MSI allows optimizing the activity and stability 

of CoCZ catalysts. The interface between cobalt metal and cobalt oxide and ceria can help to 

overcome conventional structure sensitivity in cobalt catalysts. While usually relatively large 

nanoparticles of cobalt are needed for optimum C-O bond cleavage reaction rates, optimizing 

the metal support interactions and reducing at low temperature leads to improved activity at a 

lower cobalt content. Another approach considered in this thesis is plasma-enhanced CO2 

hydrogenation. As the origin of plasma-induced surface reactions is still under debate, 

fundamental mechanistic studies are in high demand for the further development of this 

promising technology.  

In the first part of this thesis, the influence of MSI was investigated for Co/CeZrO4 catalysts. 

Chapter 2 discusses a simple approach to control the strength of MSI by varying the size of 

primary CZ support particles. The optimal particle size of CZ of approximately 20 nm led to 
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efficient anchoring of cobalt nanoparticles on the support, resulting in superior sintering 

resistance during reduction at 500 °C. It was shown that the Co-CZ interface is involved in 

reverse oxygen spillover by oxygen vacancy formation, reduction of ceria via hydrogen 

spillover and healing of oxygen vacancies upon CO/CO2 exposure via oxygen spillover. The 

nanoscale properties of the optimized Co-CZ interface were correlated with a high activity in 

CO2 hydrogenation. CoCZ catalysts with enhanced MSI were more active at relatively low 

temperatures (200 – 300 °C) than state-of-the-art nickel-based catalysts.  

In Chapter 3 we studied the influence of MSI on the structure sensitivity of CoCZ catalysts 

with varied Co particle size in CO2 hydrogenation. The reduction temperature was chosen as a 

parameter to control the extent of metal-oxide interface formation for CoCZ catalysts. It was 

demonstrated that the catalysts reduced at high temperature exhibit a size – activity dependence 

typical for structure-sensitive CO2 hydrogenation (high activity only for large enough cobalt 

nanoparticles). In turn, partial reduction allowed overcoming conventional structure sensitivity 

limitations of metallic cobalt nanoparticles in CO2 hydrogenation. The small cobalt particles 

achieve turnover frequencies as larger cobalt nanoparticles. By a combination of advanced 

spectroscopy, it was demonstrated that the active phase in such mildly reduced CoCZ catalysts 

with a low cobalt content consisted of cobalt oxide covered with extremely small metallic cobalt 

clusters. IR spectroscopy of adsorbed CO supported by density functional theory calculations 

indicate that these cobalt clusters consist of a few atoms of reduced cobalt dispersed on cobalt 

oxide. We also observed that CO2 hydrogenation on small mildly reduced nanoparticles 

exclusively occurs via the formate mechanism, whereas on large nanoparticles both carbonyl 

and formate mechanisms contributed to the catalytic performance. Heterolytic activation of 

hydrogen on the interface sites was responsible for the high activity of the mildly reduced small 

nanoparticles. Thus, the approach of mild reduction resulting in very small metal clusters in 

contact with reducible oxide surfaces such as cobalt oxide and CZ allow overcoming 

conventional structure sensitivity.  

Chapter 4 dealt with the use of non-thermal plasma to enhance the catalytic performance of 

CoCZ catalysts. Plasma-enhanced catalysis is a promising approach to enable catalysis at low 

temperature. The combination of a dielectric barrier discharge (DBD) plasma reactor with the 

previously developed CoCZ catalysts was compared to conventional thermal CO2 

hydrogenation. Synergetic effects observed in plasma-enhanced catalysis are attributed to high 

energy electrons, the presence of an electric field, and the generation of excited molecules and 

their dissociation in the plasma. In order to investigate the origin of the observed synergy a 
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novel chemical looping approach was developed: temperature-programmed plasma surface 

reaction (TPPSR). Using this method in combination with isotopic labelling experiments, 

reactive processes in the plasma could be separated from surface plasma-induced reactions and 

temperature-induced reactions. Thus, it was possible to show that low-temperature activity is 

mainly related to CO2 dissociation to CO in the plasma followed by further plasma-assisted 

hydrogenation of CO on the metallic cobalt surface. 

Chapter 5 focused on the mechanism of plasma-catalytic CO2 hydrogenation over CoCZ 

catalysts. A novel operando IR spectroscopy cell was designed to study surface intermediates 

during plasma-enhanced catalysis. The cell made of PEEK with an embedded quartz DBD 

reactor can be operated at atmospheric pressure and allows pretreating catalysts prior to plasma 

exposure. An IR temperature sensor and UV-Vis spectroscopy based on the thermochromic 

properties of TiO2 were used to monitor the temperature of the catalyst bed during the IR 

measurements. It was demonstrated that overheating is negligible and plasma enhancement 

observed in this study could therefore be explained by plasma-induced processes rather than 

energy dissipation. Thus, it could be shown that carbonyl species were actively involved in the 

catalytic cycle in a plasma environment. Formates, on the other hand, were not influenced by 

plasma operation. CO/CO2 hydrogenation can occur via a plasma-assisted carbonyl pathway on 

metallic cobalt at ambient conditions, while the formate pathway requires higher temperatures. 

The developed catalyst design strategies described in Chapters 2-3 provide insight into the 

optimization of MSI and highlight the role of very small cobalt clusters for efficient CO2 

hydrogenation. Further developments are however required to turn these systems into a 

practical application. For instance, relatively expensive ceria-zirconia used in this study could 

be replaced by a cheaper support like titania, which is also known to display SMSI phenomena. 

Chapter 3 indeed showed that Co/TiO2 catalysts demonstrated a decrease of the properties after 

reduction above 400 °C. It is interesting to explore mild reduction for these catalysts. 

Comparison of CZ with other reducible supports is also important from the fundamental point 

of view, for instance to understand whether the specific interface chemistry explored in 

Chapter 3 is specific to CoCZ or more general. Can other supports be used and, perhaps more 

importantly, can other transition metals also give rise to such unusual behaviour? Moreover, it 

is also important to explore these novel catalysts for other reactions such as ammonia synthesis? 

Answering these questions will greatly contribute to the development of a better-filled 

heterogeneous catalysis toolbox. 
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Another important aspect of the optimization of CoCZ catalysts is increasing the cobalt loading, 

especially for the low-loaded samples consisting of small nanoparticles (1 wt.%). Higher 

loading is usually required for the industrial catalysts. In order to achieve high cobalt dispersion 

at higher loading, it is necessary to explore other preparation methods. Deposition-precipitation 

or ligand-assisted precipitation techniques can be considered for these purposes. Moreover, the 

minimum cobalt particle size of approximately 3 nm investigated in this thesis can be further 

decreased in order to maximize the ratio of exposed surface atoms to the bulk. The possibility 

of single atom cobalt atoms on a dispersed cobalt oxide phase can be targeted. A final topic in 

this part not addressed in this thesis is the stability of mildly reduced catalysts under industrially 

relevant conditions. It may be expected that the elevated hydrogen pressure can lead to further 

reduction of the very small cobalt clusters. Promotion by oxyphilic elements (Mn, Re, Fe) may 

be considered to inhibit this reduction process. 

The mechanistic study of plasma-enhanced catalytic CO2 hydrogenation (Chapters 4-5) 

demonstrated the feasibility of plasma-induced processes on the metallic cobalt surface, while 

interface sites were inactive for this case. Deeper understanding of the origin of the observed 

differences is required for the further development of efficient plasma-catalytic systems. If 

plasma-assisted dissociation occurs due to the local charge of metallic nanoparticles, then the 

increase of metal dispersion can be considered a viable option. In the present work, the plasma 

approach could not be combined with optimized small cobalt clusters on cobalt oxide stabilized 

by CZ. This requires a deeper investigation, possibly involving other metals and supports 

especially as it is expected that small cluster might be more substantially influence by high-

energy electrons and the electric field associated with a plasma. Although the plasma-enhanced 

effects are promising for further applications in catalysis, it should be noted that it can be still 

applied only at a relatively small scale. Scaling up of plasma-catalytic reactors remains a 

considerable challenge. 
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