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Zusammenfasung 
Niedrigbeladenen Edelmetall Katalysatoren wurden für die Herstellung von CH4 und 

CO mittels der Hydrierung von CO2 untersucht. Struktur-Reaktivität Beziehungen und 

Reaktionswege wurden anhand in-situ und ex-situ Charakterisierungen vorgeschlagen.  

Die CO2 Methaniesierung wurde an Ru/TiO2 und Ru/ZrO2 Katalysatoren recherchiert. 

Der Umsatzgrad des CO2 auf einen sol-gel synthetisierten 0.9 wt.% Ru/TiO2 Katalysator (100 

% CH4 Selektivität) übertraf die Leistung eines Ru/TiO2 Katalysators mit geringer Sauerstoff 

Defektzahl und gleichen Ru Beladung, der durch konventionelle Imprägnierung hergestellt 

wurde. Zusätzlich wurden für dieselbe Reaktion Ru/ZrO2 und MgO modifizierte Ru/ZrO2 

Katalysatoren verwendet, die durch Nassimprägnierung mit ca. 0.4 wt.% Ru hergestellt wurden. 

Der Katalysator mit einer größeren Menge an Sauerstoff Defekten (O-Defekten) mit 2.6 wt.% 

MgO zeigte wieder die höchste CH4 Reaktionsgeschwindigkeit. Gemäß in-situ Spektroskopien 

ist der Anstieg der CH4 Erzeugung auf die geförderte Destabilisierung der Zwischenprodukte 

(Formiat/Carbonyl) durch Elektronentransfer von O-Defekten zu aktiven Ru-

Grenzflächenstellen zurückzuführen. Außerdem, obwohl mehrere Ru-CO Spezies identifiziert 

wurden, erwies sich nicht die gesamte Ru-CO Schicht als aktiv gegenüber CH4.  

Für die Erzeugung von CO durch der umgekehrte Wasser-Gas-Shift Reaktion (RWGS) 

wurden Au/ZrO2 und Au/TiO2 Katalysatoren mit Au < 0.1 wt.% erforscht. Die Unterschiede 

zwischen den intrinsischen Aktivitäten wurden mit den verschiedenen elektronischen 

Wechselwirkungen an der Metall-Träger Grenze verbunden. Solche Interaktionen sind im Fall 

des höchstens defektives Au/TiO2 Katalysators stärker ausgeprägt worden. In-situ 

Charakterisierung Techniken bewiesen, dass sowohl Hydroxycarbonyl (HOCO) als auch 

Formiat Spezies Zwischenprodukte für CO-Entwicklung sind. Dennoch wird einen Aufstieg 

der Reaktionsgeschwindigkeit beobachtet, im Gegenteil zu CO2 Methaniesierung, wenn 

Formiat nicht als Primäres Zwischenproduckt gebildet wird. 

Die Dissertation besteht aus 4 Kapiteln. Stand der Technik (Power to X Begriff), 

Grundlagen der Thermodynamik, Katalysator Eigenschaften, Reaktion Mechanismen und 

photo- und elektrochemisch Ansätze für CO2 Aktivierung sind in Kapitel 1 bemerkt. Kapitel 

2 befasst sich mit der Beschreibung von Synthese Methoden und verschiedene in-situ und ex-

situ Charakterisierung Techniken für die Messung und Etablierung von Struktur-Reaktivität 

Beziehungen. Experimentelle Ergebnisse sind in Kapitel 3 diskutiert. Kapitel 4 erläutert 

sowohl die wichtigsten Schlussfolgerungen als auch die Perspektive der CO2 Hydrierung. 
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Abstract 
The production of CH4 and CO via CO2 hydrogenation was studied on catalysts with 

low precious metal loading. Structure-reactivity relationships and reaction pathways were 

proposed according to in-situ and ex-situ characterization results.  

The CO2 methanation was investigated on Ru/TiO2 und Ru/ZrO2 catalysts. The 

conversion of CO2 on a sol-gel prepared 0.9 wt.% Ru/TiO2 catalyst (100 % CH4 selectivity) 

overcome that of another less oxygen defective Ru/TiO2 catalyst with the same Ru loading 

prepared via conventional impregnation. In addition, the same reaction was studied on Ru/ZrO2 

and MgO modified Ru/ZrO2 catalysts prepared via wet impregnation with ca. 0.4 wt.% Ru. The 

catalyst with higher amount of oxygen vacancies (O-vacancies) with 2.6 wt.% MgO showed 

again the highest CH4 rate. The increase of the CH4 production is associated, according to in-

situ spectroscopies, to the promoted destabilization of intermediates (format/carbonyl) by the 

electron transfer from O-vacancies to active interfacial Ru sites. Moreover, although several 

Ru-CO species were identified, not all the formed Ru-CO layer was found active to CH4. 

The formation of CO via the reverse water gas shift reaction (RWGS) was studied on 

Au/ZrO2 and Au/TiO2 catalysts with < 0.1 wt.% Au. The differences in the intrinsic activities 

were associated to the distinct electronic interactions between the supported metal and the 

supporting matrix, being more pronounced in the case of the most active and defective Au/TiO2 

catalyst. In-situ characterization techniques indicated that hydroxycarbonyl (HOCO) and 

formate are intermediates in the reaction. However, in contrast to CO2 methanation, an increase 

in the reaction rate can be observed when formate like species do not participate as the main 

intermediates.  

The thesis is divided in 4 chapters. In chapter 1 the state of the art (Power to X concept), 

fundamental thermodynamic aspects regarding equilibrium limitations, catalyst properties, 

reaction mechanisms, and photo- and electrochemical approaches for activation of CO2 are 

mentioned. Chapter 2 is dedicated to the description of the synthesis methods and different ex-

situ and in-situ techniques used for the characterization and assessments of reactivity-structure 

relationships of the target catalysts. The results and discussion are presented in detail in 

Chapter 3. Chapter 4 puts forward the main conclusions and future perspectives of CO2 

hydrogenation.  
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Motivation and Objectives 
Intensive anthropogenic activities cause continuous accumulation of CO2 in the 

atmosphere. Natural sinks (plants, ocean, soil) cannot process these emissions at the same rate 

as they are produced by the human being. Consequently, the atmospheric CO2 concentration 

has shown an increasing trend during decades (Figure 1) and by 2022 reached an historical 

record of 414.7 ppm.1 The last report from the UN environment program (Emissions Gap 

Report 2021 (unep.org)) predicts an increase in the average global temperature of about 2.7 ℃ 

by the end of the 21st century. This is well above the goals of the Paris (2015) and Glasgow 

(COP26 2021) climate agreements and calls for more efficient policies and decisions come in 

practice. 

 

 
Figure 1. Surface average atmospheric CO2 concentration (ppm).1 

 

The burning of fossil fuels represents the highest contribution to CO2 emissions.2 

Around 80 % of the primary energy is provided by these energy sources (Energy Outlook | 

Energy economics | Home (bp.com)). Among them, the major fraction of CO2 arises from coal 

with ca. 46 % of the emissions followed by oil with 35 % and finally natural gas with about 14 

%.1 In addition, these fossil sources serve as raw materials for other production chains that 

generate further CO2 emissions.3, 4 Accordingly, reducing CO2 emissions via its conversion into 

valuable products, replacing fossil fuels, is one option to approach the problematic caused by 

this greenhouse gas. The reaction between CO2 and H2 can produce high energy density and 

feedstock molecules such as CH4, CO, CH3OH or C2+ compounds (short olefines, alcohols). If 

the capture and transformation of CO2 is focused on this type of strategical products, realistic 

advances in the mitigation of climate change could be foreseeable.5-9  

https://www.unep.org/resources/emissions-gap-report-2021
https://www.unep.org/resources/emissions-gap-report-2021
https://www.bp.com/en/global/corporate/energy-economics/energy-outlook.html
https://www.bp.com/en/global/corporate/energy-economics/energy-outlook.html
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The expansion of the use of renewable sources, e.g., wind and solar power, opens the 

door to such possibility. Electricity production by these seasonal means can surpass the demand 

in periods at which wind or solar irradiation are strong. Such excess energy can be stored in 

form of chemical energy carriers, e.g., H2, via water electrolysis. However, H2 is a molecule 

with low volumetric energy density of ca. 0.0107 MJ l-1 at normal conditions. Hence, its storage 

and transport demand for high pressure, and eventually, cryogenic conditions (~ -253 ℃). For 

example, the energy density at 700 bar for gaseous H2 reaches 5.6 MJ l-1 and at the same pressure 

but T ~ -253 ℃ increases to ca. 10 MJ l-1. These values are still far below than those of CH4 (9 

MJ l-1 at 250 bar) or liquid fuels (~ 33 – 34 MJ l-1 at normal conditions).10 That is, storing H2 is 

energy intensive, requires very specific infrastructure, and is not competitive with traditional 

energy carriers. This encourages the use of molecules with superior volumetric energy density 

and available efficient infrastructure for its transport and storage as solution for chemical 

storage of electric energy. In this sense, CH4 is highly attractive for this task as it possesses 

superior volumetric energy density than H2 and is chemically compatible with the actual natural 

gas transport infrastructure.5, 11-15  

Given the potential of CO2 methanation in the context of CO2 emissions mitigation, 

intensive research has been done to determine the requirements of reaction conditions and 

catalytic materials to optimize the process.16, 17 In general, due to heat release and equilibrium 

limitations, it is desirable to drive the reaction below 300 ℃.18, 19 At such conditions, the 

reaction rates could be very limited on many catalytic materials. However, Ru based catalysts 

are known to cover this need as they show excellent activity and selectivity at mild conditions 

when compared with catalysts based on more abundant active metals, e.g., Ni, Fe, Co.20 Yet, 

the high prices of this element and its precursors calls for minimizing the metal loading of Ru 

based catalysts to make them competitive for medium and large scale applications.19 Although 

TiO2 and ZrO2 have been shown to be adequate supports for Ru,21, 22 their use with Ru loading 

below 1 wt.% is barely found in the literature. This motivates to search for strategies to develop 

Ru/TiO2 and Ru/ZrO2 catalysts with such low Ru contents that can properly behave for CO2 

methanation at mild conditions.  

Besides CO2 methanation, the RWGS reaction represents another example of CO2 

valorization.23 CO is an important chemical feedstock in a variety of well-established catalytic 

processes at industrial scales, e.g., Fischer–Tropsch (FT) synthesis.24 Therefore, the search for 

stable, active, and selective heterogeneous catalysts to convert CO2 into CO is a worthwhile 

task to produce carbon neutral compounds, e.g., liquid fuels for the transportation sector, 

especially in decentralized compact plants for which the chemical processes can be relatively 
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easy electrified by renewable electricity.25 Au based catalysts are very suitable for the RWGS 

reaction since they can operate at mild conditions, i.e., < 400 ℃, with excellent activity and 

selectivity. Nevertheless, to implement them in CO2 hydrogenation at relevant scales requires 

also to minimize the Au loading while conserving high performance at low temperatures.26 

Au/TiO2 catalysts have been extensively studied,27-30 yet, information about these catalysts with 

Au well below 0.1 wt.% is so far not explored. Meanwhile, the establishment of structure-

reactivity relationships of Au/ZrO2 catalysts in this reaction is less widespread, even, for the 

case of typical Au loadings beyond 1 wt.%. Hence, Developing Au/TiO2 and Au/ZrO2 catalysts 

with Au loadings as low as 0.1 wt% is highly motivating to provide new insights into the 

reactivity-structure relationships of these materials for the RWGS reaction. Moreover, it is of 

high relevance to explore ways to promote CO selectivity under non-typical conditions for 

RWGS, e.g., at pressures greater than 1 bar and H2:CO2 ratio > 1:1, at which RWGS competes 

with methane or even methanol production.31   

It is the spirit of this thesis, instead of discouraging the implementation of precious 

elements in the catalytic transformation of CO2, to take advantage of associated electronic 

modifications induced by O-vacancies to design catalysts with minimized precious metal 

loadings but high activity and selectivity. Accordingly, this work is focused on the following 

aspects: 

 

i) Develop highly active and selective catalysts for CO2 hydrogenation to CH4 and 

CO at mild conditions by means of Ru and Au based catalysts with metal loading 

< 1 wt.% 

ii) Perform systematic investigations for the elucidation of the active sites, 

intermediates and reaction mechanisms involved in the transformation of CO2 

to the targeted products supported on multiple in-situ spectroscopies. 

iii) Highlight the role of oxygen defects in the respective structure-reactivity 

relationships. 
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1. State of the Art 

1.1.  Power to X concept: CO2 methanation and RWGS reaction in 

the practice 
The importance of reacting CO2 with renewable H2 as a solution for the storage of 

surplus electric energy was highlighted in the motivation section. However, the context of 

coupling CO2 and H2 is wider. This has been coined as “Power to X” and consists in the 

production of value-added high energy density compounds by recycling the generated CO2, 

mainly from combustion activities, decreasing the exploitation of fossil resources and 

advancing towards carbon-neutrality.32 A scheme of this approach is illustrated in Figure 2.   

 

 
Figure 2. Schematic representation of CO2 transformation to useful compounds by catalytic reaction 

with H2.  

 

Among the products of interest, C1 molecules (CH4, CO, CH3OH and formic acid) 

represent a first group with great potential in the short and medium terms. More complex 

molecules, with two or more carbon atoms, such as light olefins, which are very important in 

the chemical industry, represent a second group of interest that can be either produced via direct 

CO2 hydrogenation or in secondary processes by means of CO and methanol as intermediates.4, 

33 

As mentioned in the motivation section, CH4 is a versatile molecule that can be used 

directly in energy storage, industry, house-hold heating, or transportation sector without the 

need of substantial changes in the available infrastructure. Investments for the impulse of CO2 

methanation technologies (based on reaction R1) advance worldwide.  
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𝐶𝑂2 + 4𝐻2  ↔ 𝐶𝐻4 + 2𝐻2𝑂     ∆𝐻
𝑜 = −165 𝑘𝐽 𝑚𝑜𝑙−1         R1 

Thema et al.5 reviewed a data base of 153 projects in 22 countries that involve the 

methanation of CO2 with renewable H2. A total of 38 active projects were detected. These are 

executed in different countries and together amount a total installed capacity of 6 MW (based 

on low heating value of CH4) with 41 % electricity to gas efficiency. Moreover, the mean plant 

size and number of projects have increased since beginning of the 90’s decade with an 

accelerated growth from 2012 (Figure 3).  

 

 
Figure 3. Mean plant size (total, H2 projects, CH4 projects) and their floating means for the years 1993 

– 2018.5 

 

Although most of the plants are still at pilot – scale, in the order of kWel, in countries 

such as Germany scaling up to 1 MW installed electric power has been successfully proved.34 

Ongoing projects for commercial scale up to 100 MW installed electric power are nowadays 

prospects in research institutions as well as in industry.35 Predictions claim that through 

optimization and system engineering, synthetic CH4 could compete with conventional natural 

gas in an scenario of 40 €/MWh, especially in countries where this energy carrier is currently 

imported, e.g., Germany and Spain.36 Obviously these optimizations include the catalytic 

reactor which is the core of the process and this implicitly involves the development of efficient 

catalysts.19  
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On the other hand, CO is an important building block molecule in the chemical industry, 

e.g., in carbonylation and Fischer-Tropsch (FT) processes.3, 37 Contrary to methanation, the 

RWGS reaction (reaction R2) is still far from commercialization.  

𝐶𝑂2 + 𝐻2  ↔ 𝐶𝑂 + 𝐻2𝑂     ∆𝐻
𝑜 =  41 𝑘𝐽 𝑚𝑜𝑙−1          R2 

CO is commonly produced via reaction of coal, biomass and CH4 (natural gas) with 

steam. The resulting gas mixture is known as syngas and consists mainly in H2 and CO.38 The 

maturity of processes such as FT and the interest to decarbonize the chemical industry, however, 

make the RWGS very attractive as alternative route for CO production.  Bown et al.39 reported 

on different scenarios the profitability of RWGS by means of CO2 capture and utilization. With 

the use of grey and blue H2 (derived from fossil fuel without and with CO2 capture, respectively) 

and a price < 3 $ kg-1 the process is economically feasible whereas by using green H2 (derived 

from renewables) it is still not realizable (Figure 4). The evaluated scenarios consisted in:  

1) CO2 capture on site for an electrified process. 

2) CO2 capture on site for a gas heated process. 

3) Zero cost of CO2 capture on site for an electrified process. 

4) Zero cost of CO2 capture on site for a gas heated process. 

 

 
Figure 4. Simulation of process profitability for CO production. Conditions: 1:1 H2:CO2, 750 ℃, 1.013 

bar. Vertical lines indicate reported prices for grey, blue and green H2.39 
 

Although the implementation of the RWGS into the context of Power to X is still at its 

infancy, beyond the need of an economical feasible source of H2, the technical viability of the 

RWGS reaction also relies in the use of highly efficient thermal energy sources due to the 

endothermal nature of this reaction. Furthermore, competitive production of CH4 must be 
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minimized to avoid extra consumption of H2, otherwise CO2 emissions will increase if H2 

sources are different to renewables. Hence, the implementation of highly active and selective 

catalysts for this process is mandatory and, not surprisingly, nowadays a very active research 

field.40 

1.2.  Thermodynamics of CO2 hydrogenation 
 The hydrogenation of CO2 is an equilibrium limited reaction, i.e., the conversion of 

reactants will reach a maximum dictated by the respective temperature, pressure, and feed 

composition.  

The production of CH4 from CO2 (reaction R1) was performed at the beginning of the 

20th century by the French scientist Paul Sabatier who used finely divided nickel as catalyst. 

Since then, the process is also known as the Sabatier’s reaction.41 The reaction is exothermic, 

ΔHo = -165 kJ mol-1, with a change from 5 moles of reactants to 3 moles of products. That is, 

the equilibrium will shift towards the products with raising pressure and decreasing 

temperature. Furthermore, this reaction involves transfer of 8 electrons (C changes from 

oxidation state 4+ to 4-), which means that it is complex and exhibits significant kinetic 

limitations.42  

On the other hand, the reduction of CO2 to CO via reaction R2, contrary to reaction R1, 

is endothermic, ΔHo = 41 kJ mol-1, and involves the transfer of only 2 electrons (C changes 

from oxidation state 4+ to 2+). The equilibrium would shift to the products at high reaction 

temperatures and the process pressure has no net effect as the net mole change is zero. 

When CO2 and CO coexist in the reaction system, they can compete for H2. The 

reactions R3 – R7 represent complementary possible linear independent reactions that might 

take place during CO2 hydrogenation if R1 and R2 simultaneously occur.43, 44 The production 

of higher hydrocarbons and alcohols (C2+ products) is not considered as these types of 

compounds are normally not produced at the conditions of interest for the present study. 

𝐶𝑂 + 𝐻2  ↔ 𝐶 + 𝐻2𝑂     ∆𝐻
𝑜 = −131 𝑘𝐽 𝑚𝑜𝑙−1           R3 

𝐶𝑂2 + 2𝐻2  ↔ 𝐶 + 2𝐻2𝑂     ∆𝐻
𝑜 = −90 𝑘𝐽 𝑚𝑜𝑙−1         R4 

2 𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2     ∆𝐻
𝑜 =  −172 𝑘𝐽 𝑚𝑜𝑙−1                                R5 

𝐶𝑂2 + 3𝐻2  ↔  𝐶𝐻3𝑂𝐻 + 𝐻2𝑂     ∆𝐻
𝑜 = −50 𝑘𝐽 𝑚𝑜𝑙−1         R6 

𝐶𝑂 + 2𝐻2  ↔  𝐶𝐻3𝑂𝐻     ∆𝐻
𝑜 = −90 𝑘𝐽 𝑚𝑜𝑙−1          R7 

The catalyst selectivity is the property of highest importance when renewable H2 is 

pretended to be used. Water electrolysis is highly demanding in technical and economic sense, 

especially when renewable electricity is the energy source.45 Therefore, H2 should be selectively 
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consumed for the evolution of the target product to avoid important energy and economic 

losses. A primary criterion for selectivity is the process temperature. As seen, low temperatures 

favor CH4 while high ones lead to CO evolution. A precise definition of “low” and “high” 

temperature is provided by thermodynamic analysis. Therefore, a series of simulations has been 

conducted in this thesis using the Aspen Plus software, version 11. The calculations were based 

on the Gibbs free energy minimization method (see Appendix A1 for details). This consists in 

finding the composition for which the Gibbs free energy of the system is at a minimum for the 

given reaction conditions. In the simulation a reactor fed with 40 ml min-1 of CO2 and H2 

mixture at different temperatures, compositions, and pressures was taken as model. The 

equilibrium CO2 conversion and product selectivity were analyzed as function of H2:CO2 ratio, 

temperature and pressure (Figure 5), according to equations eq. 1 and eq. 2. F0_CO2 is the initial 

molar flow of CO2 at the reactor inlet and FCO2 the respective outlet flow. 

𝑋𝐶𝑂2 =
 𝐹𝐶𝑂2,𝑖𝑛− 𝐹𝐶𝑂2,𝑜𝑢𝑡

 𝐹𝐶𝑂2,𝑖𝑛
         eq. 1 

𝑆𝑖 = 
(𝐹𝑖)

(𝐹𝐶𝐻4+𝐹𝐶𝑂+𝐹𝐶𝐻3𝑂𝐻+𝐹𝐶) 
         eq. 2 

For stochiometric feed ratio of H2:CO2 = 1:1 the equilibrium CO2 conversion is not 

superior to 50 % and slightly improves with the increase of pressure for temperature up to ca. 

600 ℃ (Figure 5a).  

For H2:CO2 = 1:1 (Figure 5d) The formation of C is more favorable than that of CH4 

and CO for temperatures below 500 ℃. This aspect is important as carbon deposition might 

lead to catalyst deactivation, depending on the type and location of the carbonaceous deposit. 

Graphitic carbon deposited on the supported metallic nanoparticles leads to deactivation and 

modifies the selectivity whereas filamentous carbon and carbonaceous deposits on the 

supporting material have no effect on the catalytic behavior.46, 47 At T > 500 ℃ CO2 conversion 

increases again due to the pronounced enhancement of RWGS, particularly, at low pressure 

while C and CH4 start to decrease (Figure 5d). For H2:CO2 > 1 the CO2 conversion is increased 

favoring CH4 at temperatures below 400 ℃ and the increase in pressure further displaces the 

equilibrium towards CH4. CO production, in contrast, is predicted to appreciably contribute to 

the product mixture at T > 600 ℃ (Figure 5b, c, e, f). At those conditions carbon formation is 

suppressed with the increase in temperature whereas pressure changes exert only a slight effect 

(Figure 5e, f). In all cases no production of CH3OH is predicted (Figure 5d-f). 
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Figure 5. CO2 equilibrium conversion as function of temperature for distinct H2:CO2 ratios at 1 and 3 

bar (a-c). Equilibrium selectivity to CH4, CO, C and CH3OH as function of temperature for distinct H2:CO2 

ratios at 1 and 3 bar (d-f). The calculations were based on the Gibbs free energy minimization method using 

Aspen Plus V11. 

 

As mentioned, the methanation reaction would be preferable at H2:CO2 ratio > 1, high 

pressure and low temperature. As the CH4 selectivity can be in principle ca. 100 % at T < 400 

℃ with low dependence on the pressure, the main requirement for a methanation catalyst would 

be to operate below this limiting temperature and preferably at or near ambient pressure. 

 For the RWGS reaction, on the other hand, the requirements are more complex, 

especially because of the relative high temperature (T > 400 ℃). With H2:CO2 ratio of 1:1, low 
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pressures and T < 600 ℃, the formation of C cannot be disregarded.  This situation imposes the 

requirement of resistance to deactivation by carbon deposition and sintering. Accordingly, 

modern RWGS catalysts should be sufficiently highly active and selective to allow operation 

at T < 400 ℃ to decrease the complexity and costs of the process.18, 19 

1.3.  Catalysts for CO2 methanation and RWGS reaction 
CO2 methanation catalysts: The explored routes for CH4 production include biological, 

homogeneous, and heterogeneous processes. These last are preferred for large scale production 

due to facile handling, separation, reuse, and stability.48 A variety of transition metals (Ru, Rh, 

Pd, Co, Fe, Pt, Mo) supported on diverse oxides (Al2O3, SiO2, TiO2, CeO2, ZrO2, Nb2O5) has 

been found active for this reaction.49-52 However, the most attractive catalysts for technical 

applications are currently those based on Ni. Yet, Ru and Rh based catalysts are more active 

and stable than Ni catalysts.19, 20, 53-57 The disadvantage is that Ru and Rh precursors are more 

expensive than Ni ones.  

The use of reducible oxides has been found as the best option for supporting active metal 

nanoparticles. Several investigations point to the tailoring of O-vacancies in the support as an 

adequate strategy to adjust the electronic properties of catalysts that might result in the 

improvement of rate and selectivity during CO2 hydrogenation as these defects can transfer 

electrons via interfacial active metal sites to empty π* orbitals, affecting the activation of C-O 

bonds of key intermediates.21, 22, 58, 59 This allows for the reduction of the operating temperature 

while conserving high CO2 conversion rates.  

Particularly, on Ru based catalysts, the effect of oxygen vacancies on the promotion of 

the activity has been investigated for samples prepared by the typical wetness impregnation 

method and, commonly, using a Ru loading of ca. 2 wt.%.21, 60 Table 1 contains a survey of the 

methanation activity of distinct Ru catalysts supported on reducible oxides, considered as 

highly active for low temperature reaction. It is observed that although some catalysts with Ru 

loading below 1 wt.% have been reported, most of them rely on Ru amounts larger than this. 

Therefore, more efforts to limit Ru loading well below 1 wt.% are needed to render those 

catalysts competitive for industrial applications.61 
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Table 1. Highly active reported Ru based catalysts for CO2 methanation. 

Catalyst Synthesis method Reaction 

temperature / 

℃ 

H2:CO2 Activity: 

TOFCO2 / mass 

normalized 

Reference 

2.2 wt.% Ru/TiO2 (P-

25) 

Colloidal suspension 

deposition 

200 4:1 1.16 x 10-4 

molCH4 gRu
-1 s-

1 a 

62 

5 wt.% Ru/TiO2 

(rutile) 

Wet impregnation 160 4:1 6.0 x 10-3 s−1 63 

2.43 wt.% Ru 

(RuO2/TiO2-P25) 

Colloidal suspension 

deposition (Annealed at 

450 ℃ in static air 

before reaction) 

200 4:1 1.06 x 10-4 

molCH4 gRu
-1 s-

1 a 

64 

2.35-2.60 wt.% 

RuO2/TiO2 (50% 

anatase – 50 % rutile) 

Colloidal suspension 

deposition (Annealed at 

450 ℃ in static air 

before reaction) 

Up to 200 4:1 0.057 s-1 a 65 

2.1 wt.% Ru/TiO2 (P-

25) 

Wetness impregnation 190 4:1 6.0 x 10-5 

molCH4 gRu
-1 s-

1 a 

21 

2.2 wt.% Ru/TiO2 (P-

90) 

Wetness impregnation 190 4:1 1.2 x 10-4 

molCH4 gRu
-1 s-

1 a 

21 

0.8 wt.% Ru/TiO2 

(anatase) 

Barrel sputtering 160 4:1 8.5 x 10-3 s−1 66 

0.5 wt.% Ru/0.2 

wt.% Na-TiO2 

(anatase + rutile) 

Wet impregnation 250 4:1 0.16 s−1 67 

2.39 wt.% Ru/TiO2 

(anatase 001) 

Aqueous colloidal 300 4:1 7.24 x 10-2 s-1 68 

1.5 wt.% 

Ru/TiO1.85N0.15 

Impregnation-reduction 190 (under 

visible light 

irradiation) 

4:1 3.3 x 10-3 s-1a 69 

2.56 wt.% Ru/CeO2 Impregnation 190 4:1 7.41 x 10-3 s-1 70 
a Estimated from the respective data. 
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RWGS catalysts: Similar to the Sabatier’s reaction, a large list of active metals (Pd, Pt, 

Rh, Au, Fe, Ni, Co, Cu) and supports (TiO2, CeO2, SiO2, ZrO2, Nb2O5, MgO, Al2O3) has been 

investigated for the RWGS.52, 53, 71, 72 Special attention has been given to Pt, Pt-Co alloys and 

Au as they have shown very attractive activity and selectivity at distinct reaction conditions.52, 

73 The major disadvantage of the best active metals for the RWGS, e.g., Pt and Au, is again 

their scarcity and high cost. Therefore, the use of non-noble transition metal-based catalysts is 

a common practice in research and applied technologies.71 Their catalytic performance, 

however, is usually much below that of the noble metal-based catalysts. This issue becomes 

particularly important for low temperature reactions at which the reaction rates become slower. 

Although this limitation could be solved by increasing the metal loading,74 the probability of 

clustering also increases together with the possibility of segregation of the metal phase into 

large particles that might result in activity loss.74-78 The main reason is the loss in the activity 

for molecular H2 splitting.79, 80 While this process is markedly enhanced on nanoparticles and 

small clusters, bulk metals show inactive for H2 dissociation.26, 28, 81-85 Nevertheless, not only 

the supported metal properties must be considered. Several studies have shown that the rate of 

the RWGS reaction is highly dependent on the type of support since the activation of CO2 

mainly occurs at the oxide support or the interfacial sites between the metal and support.86 

Analogously to CO2 methanation, the RWGS reaction tends to be favored when the 

corresponding active metal is supported on reducible carriers, as CO2 can be more effectively 

stabilized/activated,87, 88 e.g., by O-vacancies.56, 72  

Au is excellent for the RWGS reaction and has therefore been extensively investigated 

while supported on several oxides, e.g., TiO2,26, 28, 89 ZrO2, Fe2O3, CeO2,26, 83 and Al2O3,28 at 

mild reaction conditions. A direct correlation between CO2 conversion and surface acidity has 

been determined, whereby TiO2, Fe2O3 and ZrO2 revealed the most promising results. This 

dependence of the activity on the acidic properties is associated to differences in the interaction 

between CO2 and the support, i.e., the weaker the adsorption of CO2 the higher is the 

hydrogenation activity.26 In these studies, however, Au loadings of minimum 1 wt.% typically 

operating at T > 250 ℃ have been used (see Table 2). The growing demand for 

CO2 hydrogenation requires Au catalysts with a much lower metal amount that can operate at 

milder conditions with high performance.26  
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Table 2. Highly active reported Au based catalysts for CO2 reduction to CO. 

Catalyst Synthesis 

method 

Reaction 

temperature 

/ ℃ 

Pressure / 

atm 

H2:

CO2 

CO 

selectivity 

/ % 

CO2 

conversion 

/ %  

Activity: 

mass 

normalized 

Reference 

2.4 wt.% 

Au@UiO-

67 

Wet 

impregnatio

n 

400 20 3:1 100 30 - 90 

3.93 wt.% 

Au-

Mo0.1/SiO

2 

Controlled 

surface 

reaction 

300 1 2:1 - - 261.5 

μmolCO2 

gAu-1 min-1 

91 

3.93 wt.% 

Au-

Mo0.1/SiO

2 

Controlled 

surface 

reaction 

300 1 2:1 - - 1238.5 

μmolCO2 

gAu-1 min-1 

(under 

visible light 

illumination

) 

91 

1 wt.% 

Au/TiO2 

Deposition-

precipitation 

400 1 9:1 > 99 50 - 89 

1 wt.% 

Au/TiO2 

Commercial 

catalyst 

400 - 4:1 100 35 - 28 

1 wt.% 

Au/TiO2 

Deposition-

precipitation 

250 8 3:1 93.2 16.1 150 

μmolCO2 

gcat-1 min-1 

92 

 

1.4. Catalysts properties that affect the hydrogenation of CO2  
The common fundamental challenge in any catalytic process for CO2 valorization is the 

activation of the highly stable C=O bond (energy of ca. 806 kJ mol-1).17 This calls for very 

efficient catalysts. However, selecting very active elements, e.g., Ru and Au, is not enough for 

this task. Tailoring the metal-support interface results in the modification of structural and 

electronic properties which can lead to the promotion of the catalytic performance of the 

supported entities. Hence, a discussion about the effect of supported nanoparticles size, oxygen 

vacancies, alkali promoters, and second metal phase on the hydrogenation of CO2 to C1 

compounds is provided. 

 

Supported particle size: The size of the supported particles has been found to influence 

the catalytic behavior during CO2 hydrogenation. In general, decreasing the particle size, i.e., 

increasing the dispersion, favors the RWGS reaction while the production of CH4 tends to 

increase with the particle size.93, 94 The catalytic changes have been associated to structural and 
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electronic effects.  On highly dispersed small entities, e.g., isolated metallic atoms, the 

functionality for activation of H2 is limited and hence the reduction of CO2 to CO is favored.93, 

95 This relates to the relative contribution of coordinated and undercoordinated sites. Well 

dispersed small entities expose larger fractions of edges and corner sites (exhibiting 

undercoordinated atoms)96 that are favorable for CO formation but less reactive for further 

hydrogenation than flat surfaces (exposing highly coordinated atoms) which are more effective 

for activating H2.51, 97 This suggests that the size of the supported metallic nanoparticles tailors 

the relative coverage of adsorbed reactive CO* and H*. However, the particle size can also affect 

the electronic properties. On small particles, the adsorption energy of adsorbates, e.g., CO, 

decreases because electronic back-donation from the supported metal is less pronounced.98 

Accordingly, the less stabilized CO* would preferably desorb as CO(g) instead of being 

activated, i.e., C-O cleavage would be less prone to occur. This insight has been corroborated 

in theory and practice over various supported catalysts.99, 100  

Although a trend in the CO2 hydrogenation behavior based on the particle size could be 

stablished, it is worth to annotate that the extend of interaction between the metal and the 

support is another factor that adds complexity to the understanding of structure-reactivity 

relationships. While a single site PtOx supported on TiO2 presents low activity towards CO(g) 

production, single atom Pt0 has been found very active for the same reaction.101 Contrary effect 

has been reported or atomically dispersed RuOx supported on CeO2 which was found highly 

selective to RWGS102 whereas single atom Ru0 can still selectively produce CH4.70 Therefore, 

other properties distinct to the particle size might be consider for understanding the reactivity 

of CO2 hydrogenation catalysts. 

 

Oxygen vacancies: Defects determine mechanical, chemical, electrical, and optic 

properties of materials. Oxygen vacancies (O-vacancies) are a kind of point defects with high 

influence on the reactivity of the surface of metal oxides. They can be considered as finger print 

of the electronic structure of oxides.103 Therefore, understanding their structure, distribution, 

and formation is indispensable for the development of efficient catalytic materials.104 O-

vacancies form in the following situations:105 

• Dehydration of hydroxylated surfaces. 

• Reduction of metal cations forming the oxide matrix. 

• Substitution of oxide cations by lower valence foreign cations. 

• Any combination of the previous cases.  
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As electrons can be released from the defect, the local charge density of the metal sites 

allocated at the perimeter interface can be increased. That is, O-vacancies influence the 

behavior of supported metal nanoparticles. In the case of d-block elements, charge back-

donation from the filled orbitals to the empty π* anti-bonding orbital of adsorbed molecules 

modifies the binding strength and hence the catalyst reactivity (activity/selectivity) can be 

altered.17, 22, 60 

Another important effect, also a consequence of electron density release from the 

support to the supported metal species, is the control of the metal-oxide bonding. The binding 

energy of atoms/clusters of neighboring O-vacancies is stronger than on defect free surfaces.106, 

107 Although this effect could be element dependent, i.e., may not be generalized for all 

transition elements,108 evidence has been found that nucleation processes are dominated by such 

kind of defects.109, 110 A consequence of this strong interaction is the prevention of migration 

and sintering of isolated atoms/crystallites.105, 111 That is, tuning the concentration of O-

vacancies can be explored to regulate metal dispersion and particle size distribution. 

A third effect of O-vacancies is that they facilitate the adsorption and activation of CO2. 

This has been corroborated by several investigations that correlated the methanation rate of CO2 

with the concentration/presence of O-vacancies.58, 59, 112  

In summary, O-vacancies influence the local electronic charge density of supported 

metal entities, control nucleation and/or sintering processes, and serve as activation sites for 

CO2. Hence, the tailoring of these defects is a valuable strategy for developing efficient CO2 

hydrogenation catalysts. This task is, however, very challenging as properties such as 

reducibility, nature of mainly exposed oxide facets, and/or impurities affect the formation 

barriers of these defects. Nevertheless, this also justifies systematic investigations focusing on 

the interplay between O-vacancies and supported metal particles as it is one aim of this thesis.  

 

Alkali additives: Elements of the group IA (Li, Na, K, Cs) have been investigated as 

additives for CO2 hydrogenation. Petala and Panagiotopoulou113 found that CH4 activity and 

selectivity on 0.5 wt.% Ru/TiO2 increased in the order unpromoted < Li ~ K < Cs < Na whereas 

5 wt.% Ru/TiO2 was insensitive to alkali addition. They associated the promotion to the electron 

donation from the alkali species to Ru sites which increased the local charge density on the 

small Ru particles enhancing C-O dissociation. Similar conclusion was reported by Gao et al.114 

who observed promoting effect of 0.92 wt.% Na on 0.95 wt.% Ru/ZrO2. They attributed the 

enhanced rate to lowering of C-O dissociation barrier at the metal-support interface active sites. 

In contrast, Heyl et al.115 reported on the hampering of CH4 formation and promotion of CO 
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evolution on K modified 0.34 – 0.5 wt.% Rh/Al2O3 catalysts. They proposed that K favored the 

formation of a highly active formate that rapidly formed weakly adsorbed CO on Rh particles. 

Similarly, Li et al.116 observed a switch from 100 % CH4 selectivity to 99 % CO selectivity 

during CO2 hydrogenation on 0.48 wt.% Ru/ZrO2 modified with ca 1 wt.% Na. They attributed 

the selectivity change to the preferred formation of carboxy (COOH*) intermediates and 

electron deficiency of Rh sites in presence of the alkali. Moreover, on 10 wt.% Ni/CeO2, Cs 

favored the RWGS reaction over CO2 methanation.117 This also contrasts with the results of 

Petala et al. for 0.5 wt.% Ru/TiO2. That is, the changes induced by alkali addition depend on 

the type of supported metal, particle size and support type.  

In summary, alkali elements have been used for tailoring the selectivity of CO2 

hydrogenation. Although some trends have been identified regarding the modification of 

adsorptive properties of the supported metals and supporting oxides, the dependence on the 

nature of the supported particles (element, loading, size, metal-support interface), calls for more 

systematic research in this branch. 

 

Second supported metal: Instead of using monometallic catalysts for CO2 

hydrogenation, the introduction of a second supported metal phase has also been explored. 

Metal alloying is a practice commonly reported for enhancing the productivity of poorly active 

catalysts based on metals such as Ni and Fe.118-120 Several examples demonstrating the interplay 

between the rate of CO and CH4 production on the presence of a second metal have been 

reported. Thus, Porosoff et al.88 proposed that the decrease of the d-band center correlated with 

the enhancement RWGS reaction. In addition, the incorporation of Fe oxides into low loaded 

Ni catalysts a Ni-FeOx phase was formed, that weakly interacts with adsorbed CO, favoring 

release of CO(g).118, 121 Another example is the incorporation of MnO. Vrijburg et al.119 showed 

for Ni-Mn catalysts that a fraction of segregated MnO likely covered Ni with the creation of 

new interfacial sites that facilitated the formation of adsorbed CO with lower C-O cleavage 

energy and resulted in increased CH4 rate. The incorporation of noble metals, e.g., Pt or Pd, has 

been found to enhance the dispersion of metals such as Ni and Co, that tend to sinter at harsh 

reaction conditions, with the subsequent enhancement of H2 activation and H spillover favoring 

CH4 rate.122-124 

1.5.  CO2 hydrogenation mechanisms 
Understanding the mechanisms of a reaction processes is of primary importance for 

developing new/improved catalysts. The high stability of free CO2 is provided by the linear 

structure of the molecule, bond angle 180°, and no net dipole moment. The electronic 
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configuration in the ground state is given by the sharing of 16 electrons distributed in molecular 

orbitals formed by the overlapping of the 2s and 2p orbitals of the C atom with 6 2p orbitals 

from the two O atoms. From these 16 electrons 12 contribute to bonding in the molecule while 

the remaining 4 do not participate in the bonding as they remain in the core level (Figure 6a). 

Such an electronic configuration in which the bonding orbitals as well as the non-bonding 

degenerate orbitals (1π*
g) are filled the free molecule remains almost inert. Yet, this unfavorable 

situation inertness can be reverted upon the interaction of CO2 with, e.g., a surface. The 

adsorption process implies a lowering in the energy level of the in-plane contribution of the 

2π*
u orbital (Lowest Unoccupied Molecular Orbital LUMO), more localized on the C atom. 

The interaction induces a change in the dipole moment increasing the electrophilic character of 

the C atom making it susceptible of an attack from an electron rich species, e.g., a supported 

metal particle. The eventual electron transfer to the LUMO breaks the linear symmetry of the 

molecule and a bent CO-
2 radical forms with 17 electrons from which 13 are distributed in the 

hybrid molecular orbitals formed by the overlapping of the C and O atoms (Figure 6b). The 

electron population of the O atoms is further enhanced which promotes their interaction with 

electron deficient centers This induces the bending of the molecule, making the C atom 

electrophilic.125 This can happen, for example, when the C atom binds to a supported metal 

nanoparticle (electron rich center) while one of the O atoms can interact with an electron poor 

center, e.g., oxide cation or an O-vacancy.58, 87, 126  Only at this state CO2 can be transformed 

into other molecules.  

 

 
 

Figure 6. a) Molecular orbital diagram of CO2 and b) Molecular orbital diagram of CO2
-  
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The hydrogenation pathway can vary depending on the catalyst and reaction 

conditions.41, 52, 112, 127 It is worth to anticipate, that no consensus has been reached in the 

determination of the reaction mechanism(s) for CO2 hydrogenation.  

Doubtless identification of key intermediates is frequently difficult as they might 

originate from different sources, i.e., formates (HCOO*) carboxalate (COOH*) and/or direct 

CO2 dissociation.70, 97, 128-130 Alternatively, this last could also dissociate into adsorbed CO* and 

O* without assistance of activated H*. The first type of process is known as associative route 

while the second as dissociative route.131 An overview of these reaction paths is illustrated in 

Figure 7 and summarized below. 

In the associative route that involves the formation of formate or carboxylate species, 

the following description can be given:  

i) In pathway I, HCOO* is hydrogenated to H2COOH* which decomposes into OH* 

and H2CO*. The subsequent hydrogenation could result either in H3CO* or 

H2COH*, i.e., path Ia and Ib, respectively. In both cases the addition of H can 

result in the formation of CH3OH. These hydrogenations compete with the 

rupture of the C-O bonding to produce either H2C* or H3C* that rapidly 

hydrogenate to CH4, steps Ib’ and Ia’, respectively. 

ii) Pathway II consists in the decomposition of HCOO* to CO* and OH*. The 

intermediate CO* can either desorb, producing CO(g) (RWGS reaction), or could 

be hydrogenated to HCO* (IIb) or COH* (IIb’). HCO* can be hydrogenated to 

HCOH* (IIc) or H2CO* (IId). On the other hand, COH* can further be reduced 

to HCOH* (IIc’) and subsequently to H2COH* (IIe). Alternatively, COH* might 

decompose into C* and OH* and finally result in CH4 evolution (IIf). 

Analogously, HCOH* can decompose into HC* and OH* and rise CH4 evolution 

(IIg). There is also the possibility of decomposing HCOO* into HCO* + O* / 

COH* + O* (pathways IIa’ and IIa’’, respectively). If HCO* forms, it could 

subsequently follow the routes IIc/IId. Whereas, if COH* forms, it will continue 

hydrogenation steps IIf/IIc’. 

In turn, for the hydroxycarbonyl mechanism the following description can be provided: 

i) HOCO* decomposes to CO* and OH*. The intermediate CO* can either desorb 

producing CO(g) (RWGS reaction) or could be hydrogenated to either HCO* (III) 

or COH* (IV).  
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ii) If the hydrogenation follows path III, the formation of H2CO* might result in the 

competitive evolution of CH3OH or CH4 by the already mentioned pathways Ia’, 

Ia’’, Ib’, Ib’’.  

iii) In the case that CO* is hydrogenated to COH* (pathway IIf) CH4 can be formed. 

Alternatively, further hydrogenation of COH* to HCOH* can proceed via IIg 

leading to CH4 production. On the other hand, the possible hydrogenation to 

H2COH* might end again in the competitive routes to CH4 (Ib’) and CH3OH 

(Ib’’). 

iv) A further possibility considers the hydrogenation of HCO* to HCOH* (IVa’) 

which would lead to the competence between routes IIg and IVb. 

Finally, upon the direct dissociation of CO*
2 to CO* and O* (dissociative route) the 

formed CO* can either desorb as CO(g) or be further hydrogenated to COH* (Va) or HCO* (Va’) 

which after 5 consecutive hydrogenation steps result in CH4. Note that in this dissociative 

sequence, C* could also be formed without H assistance, i.e., by further decomposition of CO* 

(Vb). Following this last reaction path, two routes involving 6 hydrogenation steps are required 

to obtain CH4 (Vb’ or Vb’’). 

It is observed that all mechanisms involve the participation of HxCyOz like intermediates 

which in several cases can be common initiators in the generation of distinct products. That is, 

competitive routes can occur starting from the same intermediate. The preferred reaction 

pathway would thus depend on the relative strength of interaction between the adsorbates and 

the catalyst surface.17 Such interactions are susceptible to be tuned upon structural and 

electronic modifications of the metal-support perimeter, e.g., by manipulating the supported 

metal nanoparticle size, use of a second metal, doping with foreign additives and/or creation of 

oxygen defects in the support.17, 21, 22, 52, 67, 70, 93, 102, 119, 120, 132-135 Furthermore, in all mechanisms 

the reaction route is initiated by adsorbed species (CO*
2 and H*), i.e., all cases can be described 

by the Langmiur-Hinshelwood model.  Not surprisingly, rate equations based on this model 

accurately fit empirically collected kinetic and thermodynamic data.19, 97, 136



 
Figure 7. CO2 hydrogenation mechanisms. Modified from references41, 52, 53, 137 

 

 

 

 



1.6. CO2 hydrogenation by approaches different to thermal catalysis 
As mentioned above, the activation of CO2 implies the bending of the molecule, charge 

separation and electron/H transfer to the adsorbed CO*
2. This can be done via thermal, 

photochemical or electrochemical processes.125 So far, the discussion has involved only the first 

type of activation. Although the scaling-up of the alternative approaches to relevant scales of 

CO2 capture and utilization (CCU) processes is less developed than in case of thermal catalysis, 

their investigation is highly intense in the scientific and academic communities. In the 

following, photochemical and electrochemical principles of CO2 activation are shortly 

described. 

 

Photocatalysis: In a photocatalytic reaction the process is typically mediated by a 

semiconductor material that absorbs light. If the energy of the absorbed photon (hν) is equal or 

greater than the band gap of the semiconductor, an electron and a hole (h+) pair is produced. 

The electron is promoted to the conduction band (CB) while the hole stays in the valence band 

(VB). When CO2 (dissolved in liquid) adsorbs on the surface of the semiconductor catalyst the 

electron can be transferred to produce the activated radical (reaction R8). To complete the 

process, a complementary oxidation reaction is required, which is commonly the oxidation of 

water (reaction R9).125, 138 The principle and an example of the photocatalytic process are 

illustrated in Figure 8. The perspective research in this area is currently focused on the 

development of efficient stable photocatalysts and fundamental understanding of 

mechanisms.138  

𝐶𝑂2 + 𝑒
−  
ℎ𝜈
→  𝐶02

.− + ℎ+             R8 

𝐻2𝑂 + ℎ
+ → 0.5𝑂2 + 2𝐻

+ + 2𝑒−                        R9 

 

 
Figure 8. a) Principle of photoexcited electron-hole pair formation. Taken from Álvarez et al.125 and b) 

schematic example of photochemical cell to produce compounds from CO2 photocatalysis. Taken from Chang et 

al.138  
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Electrocatalysis: Analogously to photocatalysis, the activation of CO2 is mediated by 

the electron transfer between a cathode and dissolved CO2 in the liquid media. The difference 

is that in electrocatalytic processes the cathode is commonly a metallic (conductor) material. 

The process is completed also at another electrode (anode) where oxidation reaction(s) occur. 

A schematic representation of an electrochemical cell is shown in Figure 9. 

 

 
Figure 9. a) Scheme of laboratory electrochemical cell used for CO2 hydrogenation and b) cathode 

materials and main products obtained during CO2 electro-reduction. Taken from Kondratenko et al.139 
 

A limitation of photo- and electrochemical processes is the difficult to control the 

selectivity. Besides the simultaneous formation of several CO2 reduction products, the 

evolution of H2 on the cathode contributes further to reducing the faradaic efficiency of the cell. 

Increasing efforts have been focused on increasing the efficiency of CO2 dissolution and on 

improving cathode properties such as roughness, defects, porosity to have a better control of 

the selectivity, specially to hydrocarbons and alcohols, and to reduce the overpotential 

(difference between the thermodynamic and actual voltage to drive the reaction).139-141 

 

2. Experiments and Methods 
The previous chapter discussed the need to understand the physicochemical properties 

critical for the catalytic behavior that correlate with mechanistic observations, e.g., 

composition, particle size and/or presence of defects. However, other properties such as specific 

surface area, pore size, pore volume, support polymorphs among others are also of vital 

importance as they can influence these critical properties and determine the suitability of a 

catalyst for a certain reaction. This is highly dependent on the preparation procedure, i.e., the 

nature of the precursors (organic, inorganic), the mode of mixing (dropwise, stirring), 

heating/cooling rates, pH, solvent, calcination, reduction, etc. That is, the preparation method(s) 
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should be carefully selected to obtain adequate catalyst formulations. Hence, a detailed 

knowledge of the physical and chemical effects behind the synthesis procedure is helpful for 

the rational design of catalysts with defined characteristics. Therefore, the first part of this 

chapter is focused on the description of procedures and methodologies used for the preparation 

of supports and catalytic materials. The second part is dedicated to the description of the 

principles of the characterization techniques used in this investigation for extracting valuable 

information about the state of selected catalysts before, during and after the catalytic cycles of 

interest in this this thesis. 

2.1.  Materials preparation 
The methods used for preparing the materials used in this work were sol-gel, wetness 

impregnation, precipitation, co-precipitation, and deposition-precipitation. Before describing 

the preparation procedures, a summary of the main characteristics of each method is provided. 

Sol-gel preparation: This process involves first the formation of a sol phase followed 

by a gel. Typically, colloidal dispersions or inorganic precursors are used as starting 

materials.142A sol is a liquid suspension of solid particles ranging from 1 nm to 1 μm obtained 

by the hydrolysis and partial condensation of an inorganic salt or metal alkoxide. Further 

condensation of the sol particles into a 3-D network produces the gel, i.e., the solid encapsulated 

by the liquid solvent. The latter can be removed by evaporative drying (xerogel) or supercritical 

extraction (aerogel). The sol-gel chemistry can be described by reactions R10 – R11.143 R10 

represents the hydrolysis step and R11 the condensation. R can be an alkyl group and X could 

be either an alkyl or H. 

−𝑀 − 𝑂𝑅 + 𝐻2𝑂 →  −𝑀 − 𝑂𝐻 + 𝑅 − 𝑂𝐻                   R10 

−𝑀 − 𝑂𝐻 + 𝑋𝑂 −𝑀 →  −𝑀 − 𝑂 −𝑀 + 𝑋 − 𝑂𝐻                                                  R11 

The main advantages to highlight from this method are the high purity of the product 

and the ability to introduce several components in a single step.142, 143 In the present thesis TiO2 

was prepared by supercritical extraction to support Ru on an area enriched with O-vacancies 

for the methanation of CO2. 

Sol-gel prepared materials  

Supports: For the preparation of the TiO2 support, Ti(IV) isopropoxide (3.75 

mL) and ethyl acetoacetate (EAcAc) (1.62 mL) were mixed and magnetically stirred at 

20 ℃ for 1 h. Afterwards HNO3 (2.25 ml of 0.1 M) was dropwise added at 20 ℃ under 

continuous stirring to form a transparent gel by hydrolysis. The gel was subsequently 

extracted by supercritical ethanol (30 ml) in an autoclave (T = 245 ℃, p = 60 bar) during 

10 min to create an aerogel which was then calcined at 500 ℃ for 3 h in static air.  
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Catalysts preparation: For the synthesis of the Ru/TiO2 sol-gel catalyst 

(Ru/TiO2-SG), RuCl3•H2O (0.16 g) dissolved in anhydrous ethanol (8.75 ml) was added 

to a mixture of Ti(IV) isopropoxide (3.75 mL) and ethyl acetoacetate (1.62 mL) at 20 

℃. Subsequently, the followed procedure was identical to that described for 

synthesizing the bare TiO2 support.  

 

Wetness impregnation preparation: Impregnation consists in introducing a solution of 

a metal precursor into the pore space of a support. Ideally the precursor has no interaction with 

the solid surface. Two types of impregnation can be distinguished: capillary and diffusional. In 

the first the precursor pores are filled with air (after a drying pre-treatment). In the second the 

pore space is previously filled with the precursor solvent from the impregnation solution. In 

this thesis the former approach has been selected. It has the advantage that after contact between 

the previously dried solid (support) and the impregnation solution (active metal precursor) the 

pore volume barely changes, i.e., the pore structure and surface area remains almost 

unchanged.143 This method was used to prepare Ru/TiO2 for CO2 methanation and its 

performance is further compared to their sol-gel counterpart.  

Wetness impregnation prepared material  

Catalyst preparation: Typically, RuCl3•H2O (0.018 g) dissolved in ultrapure 

water (13 ml) was homogeneously distributed on the surface of the sol-gel prepared 

TiO2 support (0.5 g) using a syringe. The impregnated sample was left for 4 days at 20 

℃ and afterwards calcined in synthetic air at 500 ℃ during 3 h.  

 

Precipitation and co-precipitation preparation: Precipitation is the most common 

method for preparing supports. The key step in precipitation preparation is the nucleation of the 

solid from a homogeneous solution. The formation of a particle is governed by the free energy 

of agglomerates of solution constituents, equation eq. 3,143 in which ∆𝐺𝑏𝑢𝑙𝑘 is the free energy 

difference between solution species and solid species, ∆𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the free energy change 

related to the formation of the interface, and ∆𝐺𝑜𝑡ℎ𝑒𝑟𝑠 contains free energy changes due to 

contributions from other factors, e.g., impurities. 

∆𝐺 = ∆𝐺𝑏𝑢𝑙𝑘 + ∆𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + ∆𝐺𝑜𝑡ℎ𝑒𝑟𝑠  (𝐽 𝑚𝑜𝑙
−1)                                                  eq. 3 

If ∆𝐺 < 0, the agglomeration will occur. Since ∆𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 > 0 and if ∆𝐺𝑜𝑡ℎ𝑒𝑟𝑠 ~ 0, the 

spontaneity of the process will depend on the contribution of ∆𝐺𝑏𝑢𝑙𝑘 which is always negative. 

Assuming the formation of spherical particles, this term will increase proportional to r3 while 
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∆𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 will increase proportional to r2. Equation eq. 3 can be rewritten as equation eq. 4, 

in which ∆𝜇𝑙𝑠 represents the volumetric change in the chemical potential between the liquid and 

the solid (J mol-1 m-3) and 𝛾𝑙𝑠 the surface free energy at the liquid-solid interface (J mol-1 m-2). 

∆𝐺 = 
4

3
𝜋𝑟3∆𝜇𝑙𝑠 + 4𝜋𝑟

2𝛾𝑙𝑠                                                                                               eq. 4 

There is hence a critical size rc at which the precipitation will begin which is inversely 

dependent on the precursor concentration, equation eq. 5.143  

𝑟𝑐 = 
2𝛾𝑙𝑠

∆𝜇𝑠𝑙
                                                                                                                      eq. 5 

It is desirable to precipitate the target material in such a manner that the counterions of 

the precursor salts and the precipitation agent can easily be removed by a calcination step. 

Hence, the main advantage of this method is the high purity of the prepared materials while the 

main disadvantages are the requirement of relatively large volumes of salt containing solution 

and separation time. 

Meanwhile, co-precipitation is usually applied in the preparation of materials based on 

more than one component. It consists in the simultaneous precipitation of a soluble components 

contained in the same solution.143 This method is very suitable for the generation of 

homogeneous solids with a well-defined stoichiometry. After a pre-treatment step, e.g., 

calcination, the final product is normally composed by mixed crystallites of the components. In 

this work precipitation and co-precipitation were used for the synthesis of ZrO2 and ZrO2-MgO 

supports, respectively. These matrixes were subsequently impregnated with RuCl3 solution to 

produce CH4 active catalysts (Ru/ZrO2 and Ru/ZrO2-MgO) which activities are compared based 

structural differences, especially O-defects contents, induced by the incorporation of MgO in 

the ZrO2 lattice after co-precipitation of the oxides. 

 Precipitation / co-precipitation prepared materials 

Supports preparation: The ZrO2 support was prepared by precipitation. For the 

synthesis, 50.7 g of ZrOCl2.8H2O (Alfa-Aesar, 98% purity) were dissolved in ca. 2 l of 

distilled water. A solution of 1 M NaOH was subsequently dropwise added under 

stirring at 500 rpm at 20 ℃ until a pH of 12 was reached. The resulting slurry was aged 

during 1 h at 20 ℃. Thereafter, the precipitate was separated by vacuum filtration and 

washed with distilled water until the pH of the filtrate reached 7. The solid was dried 

overnight at 100 ℃ and then calcined at 500 ℃ during 3 h under a flow of ca. 40 ml 

min-1 of synthetic air (2 ℃ min-1 heating ramp).  

The MgO-ZrO2 support was synthesized by co-precipitation. Typically, 48.9 g of 

ZrOCl2.8H2O (Alfa-Aesar, 98% purity) plus 4.3 g of MgN2O6.6H2O (Sigma – Aldrich, 
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99% purity) were dissolved together in ca. 2 l of distilled water. The synthesis procedure 

followed the same steps as in the case of ZrO2 preparation. The obtained solid was dried 

overnight at 100 ℃ and then calcined at 500 ℃ during 3 h under a flow of ca. 40 ml 

min-1 of synthetic air (2 ℃ min-1 heating ramp). 

Catalysts preparation: For preparing Ru/ZrO2 and Ru/MgO-ZrO2 catalysts, typically 3 

g of the corresponding calcined support were added to a solution of 67.3 mg of 

RuCl3.xH2O (Sigma – Aldrich) dissolved in 40 ml of distilled water under stirring at 

450 rpm at 20 ℃ during 3 h. Afterwards, the solid was separated by vacuum filtration 

and washed with distilled water (ca. 2 l). Finally, each material was dried overnight at 

100 ℃ and calcined at 500 ℃ during 3 h under a flow of ca. 40 ml min-1 synthetic air 

(5 ℃ min-1 heating ramp). 

 

Deposition-precipitation preparation: It is normally difficult to systematically vary the 

size of active particles while maintaining a narrow particle size distribution by using a method 

such as wetness impregnation. However, by deposition-precipitation it is possible to disperse 

the active components uniformly over the surface of a support exerting a more stringent control 

on the phase particle size. This can be achieved by sufficiently strong interaction between the 

nuclei of an insoluble active precursor and the surface of a suspended support by changing the 

pH, the valence state of the active precursor or the concentration of a complexing agent.143 The 

change in the free energy when considering the interaction of a hemispherical nucleus with the 

solid support is given by equation eq. 6. In which 𝛾𝑙𝑠 represents the surface free energy at the 

liquid-solid interface and 𝛾𝑠𝑠 at solid-solid interface (J mol-1 m-2). Meanwhile ∆𝜇𝑠𝑙 represents 

the volumetric change in the chemical potential between the solid and the liquid solution (J mol-

1 m-3) 143. 

∆𝐺 = 
3

2
𝜋𝑟3∆𝜇𝑠𝑙 + 2𝜋𝑟

2𝛾𝑙𝑠 +  𝜋𝑟
2𝛾𝑠𝑠        eq. 6 

Hence the critical size for precipitation in this case is given by equation eq. 7. 

𝑟𝑐 = 
4(𝛾𝑙𝑠+𝛾𝑠𝑠)

9∆𝜇𝑠𝑙
                                                                                                              eq. 7 

This equation indicates that the critical size of nuclei for initiating the precipitation 

rapidly decreases with the concentration of the precursor solution upon significant interaction 

with the surface of the support. This manner of precipitation within the pores will be more 

effective as the particles will tend to growth at smaller sizes than in the case of simple 

precipitation.143 This is highly desirable in the preparation of stable (non-sintering) highly 
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dispersed precious based catalysts. In this work, this methodology is used to the fabrication of 

highly active ultra-low loaded Au/TiO2 and Au/ZrO2 catalysts for the RWGS reaction. 

 

Precipitation / deposition-precipitation prepared materials 

Supports preparation: Aeroxide TiO2 P25 was provided by Evonik Industries 

and used as received. Pure ZrO2 was synthesized by precipitation in aqueous solution at 

20 ℃. 1 M NaOH (99.1 %, Fisher Chemical) was added dropwise to 200 mL of 0.1 M 

ZrOCl2.8H2O (98%, Alfa Aesar) under stirring at 450 rpm at 20 ℃. The precipitate was 

left for 1 h in contact with the mother liquor and then filtered, washed with distilled 

water, and dried at 100 ℃ for 12 h. The dried material was ground and calcined at 500 

℃ (at 2 ℃ min-1) for 3h under synthetic air flow.  

Catalysts preparation: Au/TiO2 and Au/ZrO2 catalysts with a nominal Au 

loading of 0.1 wt.% were prepared by a deposition–precipitation method. Typically, 1.0 

g of the support powder were added to 20 mL of an aqueous solution of HAuCl4 

(99.995%, Sigma-Aldrich). The pH of the solutions was then adjusted to ∼ 9 by adding 

0.1 M NaOH dropwise. The suspensions were stirred at 450 rpm art 20 ℃ for 2 h, 

filtered and washed thoroughly with deionized water. Finally, the samples were dried at 

80 ℃ for 12 h, and then used without any further heat treatment. 

2.2.  Characterization techniques 
Infrared (IR) spectroscopy: The IR radiation is characterized by electromagnetic waves 

with energy between 1.2 – 1240 meV or, equivalently, wavelengths in the range 1000 – 1 

μm.144A molecule is said to be IR active when its electric dipole moment changes upon 

interaction with IR radiation.  

At a certain distance between the atoms with mass m1 and m2 the potential energy is at 

a minimum (ground state). Upon radiation incidence deviations from this equilibrium state can 

occur. For small deviations, vibrational excitations can be explained upon the harmonic 

oscillator model, equation eq. 8. V(r) is the interatomic potential, r the distance between the 

vibrating atoms, req the equilibrium distance between the atoms and k the force constant of the 

vibrating bond.  

𝑉(𝑟) =  
1

2
𝑘(𝑟 − 𝑟𝑒𝑞)

2                     eq. 8 

The harmonic oscillator potential energy in function of the distance separation between 

two atoms is illustrated in Figure 10. This model, however, is valid only for small deviations 

from the equilibrium and only transitions corresponding to Δn = 1 are allowed. Atoms in a 
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molecule could be separated until their bond is broken and transitions with Δn > 1 (overtones) 

are commonly observed. Hence, a more realistic model is provided by the anharmonic 

oscillator, equation eq. 9. 𝐷𝑒𝑞 is the dissociation energy of the vibrating bond and 𝑎 is a 

parameter that controls the steepness of the potential well. 

𝑉(𝑟) = 𝐷𝑒𝑞(1 − 𝑒
−𝑎(𝑟−𝑟𝑒𝑞))2                               eq. 9  

 

 
Figure 10. Scheme of the harmonic and anharmonic potential. The arrows represent the allowed transitions. 

 

Molecules in the gas phase have rotational freedom and can be IR active if their electric 

dipole is affected by radiation. In that case the energy levels are represented by vibrational (n) 

and rotational (j) quantum numbers together with the moment of inertia I. Selection rules allow 

transitions corresponding to Δn = ±1, ±2, ±3… and Δj = ±1 for diatomic molecules and 

anharmonic motion. The energy of the discrete rotational energy levels as function of the 

rotational quantum number and moment of inertia are described by equations eq. 10 and eq. 11. 

 𝐸𝑛 = (𝑛 +
1

2
) ℎ𝑣 + 

ℎ2

8𝜋2𝐼
𝑗(𝑗 + 1) [𝐽]                                                                                eq. 10 

𝐼 =  𝜇𝑟2                                                                                                                                eq. 11 

The IR absorption spectrum is described as a function of the intensity of the scattered 

radiation (𝑅∞) from a sample of infinite thickness in a range of frequencies. This is related to 

the ratio between the absorption coefficient (𝑘) and the scattering coefficient (𝑆) of the sample 

equation eq. 12, also known as Kubelka Munk function.  

𝑓(𝑅∞) =  
(1−𝑅∞)

2

2𝑅∞
= 

𝑘

𝑆
                   eq. 12 
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In the present study, IR spectroscopy was a very important technique that allowed for 

the identification of adsorbed intermediates and spectator species under reaction conditions. 

The gathered information served as initial insight for the proposal of reaction mechanisms in 

the studied system. Particularly, the form of IR spectroscopy known as diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS) is the one used for the investigations in this 

work. Upon this technique the sample of interest can be measured as a loose powder.  

Description of performed IR experiments: The equipment used for DRIFTS 

measurements during CO2 methanation consisted in a Nicolet 6700 FTIR spectrometer 

using a high-temperature Praying Mantis reaction cell (Harrick) with CaF2 windows 

equipped with a temperature control unit (Eurotherm) and connected to a gas dosing 

system with mass-flow controllers (Bronkhorst).  

Each spectrum was recorded with a resolution of 4 cm-1 and consisted of the 

average of 50 scans. Typically, 20 mg catalyst powder diluted with 60 mg α-Al2O3 (pre-

calcined at 900 ℃ in synthetic air for 8 h) were deposited over a layer of 80 mg pure α-

Al2O3 within the sample cup. This dilution was necessary to reduce light absorption of 

the pure dark catalyst. The cell was flushed with 30 ml min-1 He after the oxidative pre-

treatment while the temperature was increased to 300 ℃ at a rate of 15 ℃ min-1. 

Subsequently, the temperature was decreased at the same rate and background spectra 

were taken for each reaction temperature. The reaction was performed in a temperature 

range between 190 - 300 ℃ under 4:1 H2:CO2 (22.4 ml min-1 H2, 5.6 ml min-1 CO2, 2 

ml min-1 He). The intensity of the signals is given in log(1/R) scale. The gas outlet was 

connected to a quadrupole mass spectrometer (Omnistar, Pfeiffer Vacuum GmbH) for 

online product analysis. 

In addition to recording spectra at reaction conditions, with the aim to obtain 

more information about the adsorptive properties and the nature of the Ru surface 

species on the two catalysts, CO adsorption at 30 ℃ was performed. After reaction and 

subsequent flushing at 150 ℃ with He, the DRIFTS system was cooled down to 30 ℃ 

in He atmosphere. Once the target temperature was reached, a gas mixture consisting of 

5 vol.% CO/He (30 ml min-1, atmospheric pressure) was fed into the reaction cell for 1 

h (until saturation) and CO adsorption was followed by recording DRIFT spectra during 

this time with the same resolution as used for operando-DRIFTS assessments described 

before.  

Meanwhile for the RWGS investigation the spectra were obtained in a Nicolet 

iS10 (Thermo Fischer Scientific) also with a high-temperature Praying Mantis reaction 
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cell (Harrick) with CaF2 windows equipped with a temperature control unit (Eurotherm) 

and connected to a gas dosing system with mass-flow controllers (Bronkhorst). The set-

up is shown in Figure 11. 

Each spectrum consisted in an average of 64 scans recorded with a resolution of 

4 cm-1. Typically, ca. 50 mg of catalyst powder were deposited over a layer of 80 mg 

pure calcined SiC. Before reaction, the catalyst surface was cleaned under synthetic air 

(30 ml min-1) at 140 ℃ to remove physisorbed atmospheric contaminants during 30 

min. Thereafter, the cell was flushed with He (30 ml min-1) while the temperature was 

increased to 270 ℃ at a rate of 10 ℃ min-1. Subsequently, the temperature was 

decreased at the same rate and background spectra were taken for each reaction 

temperature. The reaction was performed in a temperature range between 140 – 270 ℃ 

with a 4:1 H2:CO2 ratio (16 ml min-1 H2, 4 ml min-1 CO2, 10 ml min-1 He). The intensity 

of the signals is given in log(1/R) scale.  

 

 
Figure 11. Setup for DRIFTS assessments. Inset: praying mantisTM high temperature reaction 

chamber. 
 

Raman spectroscopy: In IR spectroscopy the energy transitions in vibrational and 

rotational energy states occur upon absorption of photons. It is also the case that a photon with 

energy hνo instead of being absorbed, collide with a molecule with vibration energy (hνvib), and 
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result scattered either with the same (νo), lower (vo – vvib) or higher (vo + vvib) frequency than 

before the collision.145 This is schematically shown in Figure 12a.  

 

 
Figure 12. a) Light scattering from an oscillating molecule and b) schematic example of Raman active 

and Raman inactive transitions for CO2 stretch changes upon interaction with a photon. 

 

In the first case, the molecule that was excited to an energy level (hνo) returns to the 

original state, i.e., no net energy is exchanged in the collision. That is known as Rayleigh 

scattering. In the second case, the molecule after the excitation returns to an energy level above 

its original state since it gains energy from the photon. Hence, the scattered photon transferred 

energy to the molecule and its frequency shifts vvib below the incidence frequency. Meanwhile 

in the third case, the excited molecule returns to a lower energy state as it transfers energy to 

the photon. Therefore, this last is scattered with a frequency shifted vvib above the incidence 

frequency. The last 2 cases represent the Raman effect. In a Raman spectrum the signals 

recorded from the scattered photons correspond to vibration energy transitions. Like the case 

of IR spectroscopy, not all transitions can be observed. A molecule is said Raman active only 

in the case when its polarizability changes.146 (Figure 12b). This technique is complementary 

to IR spectroscopy in the sense that changes in symmetrical molecules, e.g., H2, N2, O2, are 

observable. It results also useful in the case when vibrations tend to occur at frequencies of 

difficult access to IR spectrometers, as in the case of M-O bonds in some transition metal 

oxides.144 In the present work, Raman spectroscopy has been ex-situ implemented to identify 

differences in the TiO2 polymorphs in presence of RuO2 added via sol-gel and wetness-

impregnation procedure. The equipment consisted in a Horiba Jobin Yvon LabRam micro-

spectrometer iHR 550 spectrometer using a 633 nm laser source. 

Description of performed Raman experiments: Ex-situ Raman spectra were 

obtained at ambient temperature and pressure. Spectra were acquired from different 

areas of the sample to check for sample homogeneity, using a laser power of 0.1 mW to 
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10 mW with a power density of 2.8 x 105 W*cm-2. Data analysis was performed by 

LabSpec 6, Jobin Yvon Horiba, built-in software. 

 

Electron paramagnetic resonance (EPR) spectroscopy: Catalysts and/or reactive 

species can adopt paramagnetic states (one or various unpaired electrons). It results useful to 

follow the corresponding transitions of such electrons before, during and after reaction of such 

kind of systems. This can be done upon so called “quasi in-situ” or in-situ studies147 The 

difference is that in the first case the spectra are recorded after treatment of the sample while in 

the second case the registration is performed simultaneously with the chemical process. Useful 

information that can be obtained by EPR in catalytic systems includes:147-151 

• Oxidation states, e.g., of transition metal ions (d-block). 

• Presence of defects, e.g., O-vacancies. 

• Detection of radical species (organic and inorganic). 

• Type of coordination geometry and associated changes of surface complexes. 

• Aggregation state of supported species, e.g., isolation/clustering. 

• Transference of electrons from defects to adsorbed species.  

The fundamentals of this technique are explained below. 

Paramagnetism is induced by the spin (angular momentum vector S) of unpaired 

electrons in half-filled orbitals.147, 149 When an external magnetic field (Bo) is applied, a 

difference between the spin states of an unpaired electron (spin- up vs spin down) can be created 

(Zeeman interaction), Figure 13a.  

Upon absorption of electromagnetic radiation, e.g., microwaves, a transition between 

these spin states can be induced while sweeping the external magnetic field until the microwave 

radiation matches the energy difference between the states (resonance), Figure 13b. The spin 

Hamiltonian in this simple case is given by equation eq. 13. Where 𝑔𝑒 = 2.0023 is the g factor 

of the free electron, 𝛽 the Bohr magneton (9.27401*10-28 J G-1) and Sz represent the spin 

quantum numbers ms = ± 1/2. 

𝐻 = 𝑔𝑒𝛽𝑆𝑧𝐵0                                                                                                                     eq. 13 
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Figure 13. a) Alignment of the spin vector of a free electron (S = 1/2) with the direction of the external magnetic 

field; b) energy levels of free electron in an external magnetic field with the expected EPR signal. 

 

When the paramagnetic center is surrounded by other atoms the coordination sphere of 

the associated unpaired electron is not anymore isotropic and an anisotropic spin density 

distribution takes place. The transition energy, i.e., position and shape of the spectrum, will 

depend on the orientation of the paramagnetic complex with respect to the external magnetic 

field. In that case the Hamiltonian will then be represented by equation eq. 14, in which �⃗�  is a 

vector containing the components of the magnetic field. 𝒈 is a tensor (3x3 matrix) with non-

zero diagonal components gxx, gyy and gzz. �̂� is the total electron spin matrix. In such a case the 

EPR spectrum would depict an asymmetrical shape and more than one sub-signal. 

𝐻 =  𝛽�⃗� ⦁𝒈⦁�̂�                                                                                                                     eq. 14 

The energy of the paramagnetic electron(s) will also be affected by the nuclear magnetic 

moment of the nucleus of the associated atom as well as by the spin(s) of neighboring unpaired 

electrons (typical case of transition metal ions TMI). In the first case, the coupling of the 

electron with the nuclear magnetic moment of the atom it belongs to, gives place to additional 

energy levels (spectrum lines) known as hyperfine structure lines (hfs). In the second case, the 

interaction with more than one unpaired electron (S > 1/2) gives place to other additional energy 

levels (spectrum lines) known as fine structure lines (fs). The spin Hamiltonian expression must 

consider these interactions, as shown by equation eq. 15. In which D is the tensor accounting 

for the mutual interactions between electrons, A the tensor accounting for the electron-nuclear 

spin interactions, and 𝐼 is the total nuclear spin matrix.147   

𝐻 =  𝛽�⃗� ⦁𝒈⦁�̂� + �̂�⦁𝑫⦁�̂� + �̂�⦁𝑨⦁𝐼                                                                                        eq. 15 

In Figure 14 a situation is shown in which one paramagnetic electron is contained in an 

atom with nuclear spin I = 1. Each energy of the electron spin splits in 2I+1 = 3 new energy 
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levels (quantum numbers -1, 0, 1). The transitions result in three lines separated by a distance 

“a” in magnetic field, also known as hyperfine coupling constant.  

The spectra become more complicated with the complexity of the surrounding 

environment around the paramagnetic centers, in such cases. 

 

 
Figure 14. Energy splitting, transitions and expected EPR spectrum in the situation of a paramagnetic electron 

interacting with a nucleus with nuclear spin = 1. 

 

In the present study this technique has been used for the in-situ detection of O-vacancies 

and electron transfer from these defects to surrounding metals in the support matrixes 

as well as to adjacent supported metal sites. The equipment employed for EPR 

measurements consisted in an ELEXSYS 500-10/12 X-band cw spectrometer (Bruker) 

using a modulation frequency of 100 kHz, microwave power of 6 - 10 mW and 

amplitude up to 5 G. The set-up and the quartz reactor are shown in Figure 15. 

Description of performed EPR experiments: For CO2 methanation, typically, 

100 mg of sample were loaded in a quartz plug-flow reactor connected to a gas dosing 

unit equipped with mass flow-controllers (Bronkhorst) at the inlet while the outlet gases 

were conducted to a quadrupole mass spectrometer (Omnistar, Pfeiffer Vacuum GmbH) 

for online product analysis. In-situ EPR spectra were recorded in a temperature range 

between 190 – 270 ℃, in a flow of 28.8 ml min-1 H2 + 7.2 ml min-1 CO2 + 4 ml min-1 

Ar after pre-oxidation in 40 ml min-1 5 vol.% O2/He followed by He flushing (40 ml 

min-1) at 150 ℃. After the reaction, the temperature was cooled down to ca. -173 ℃, 

and the corresponding spectra of the spent sample were recorded.  

For RWGS Typically, 65 mg catalyst were placed inside a quartz plug-flow reactor. 

Spectra of fresh catalysts were first recorded at ca. -173 ℃ under a flow of 13 ml min-1 

He. Afterwards, the gas mixture was switched to 50 vol.% H2/He (13 ml min-1) while 

the temperature was increased to 280 ℃. Under these conditions, the catalyst was 

reduced for 2 h. Subsequently, the temperature was decreased again to ca. -173 ℃, and 

the corresponding spectra of the reduced sample were recorded. Next, the temperature 
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was increased to 250 ℃ in a flow of 13 ml min-1 He. Once the desired temperature was 

reached, the gas was set to the reaction mixture (9.0 ml min-1 H2, 3.0 ml min-1 CO2, 

6.0 ml min-1 He, 2.0 ml min-1 Ne). At these conditions, spectra were recorded for 2 h. 

After the reaction, the temperature was cooled down to ca. -173 ℃, and the 

corresponding spectra of the spent sample were recorded.  

 

 
Figure 15. a) Set-up for in-situ EPR assessments and b) quartz reactor. Photo in b) taken from Bonke et al.149 

 

X-ray photoelectron spectroscopy (XPS): Processes in heterogeneous catalysis occur 

on the materials surface. Therefore, surface sensitive techniques are of primary importance in 

this field. In this regard, techniques that utilize electrons, ions and atoms as exciting input 

provide the more detailed surface information as these particles are strongly absorbed or 

scattered and therefore their penetration depth is limited to the first few atomic layers.152 In 

XPS most of the emitted electrons escape from depths up to 10 nm.153 This technique is useful 

for determining material properties such as elemental composition and electronic properties of 

species on the surface.145 In a XPS experiment the sample is exposed to a focused 
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monochromatic X-ray beam with an energy of about 1.5 keV (Al Kα (1486.3 eV) / Mg Kα 

(1253.6 eV)).145 When a photon (E = h𝑣) with sufficient small wavelength (energy) is absorbed 

a core or valence electron with binding energy Eb can be excited to an empty state with an 

ejection kinetic energy Ek, as illustrated in Figure 16. This last variable can be measured using 

an energy selective electron detector. To determine the binding energy of the emitted 

photoelectron equation eq. 16 is used, in which φ represents the work function of the 

spectrometer. The binding energy is related to the atomic and molecular environment 

surrounding the absorbing atom.  The binding energy is characteristic of each element, that is, 

all elements, except H2 and He, can be detected by XPS.144 

𝐸𝑏 = ℎ𝑣 − (𝐸𝑘 + 𝜑)                    eq. 16 

Although this technique provides highly valuable surface information, scattering of 

electrons due to collisions with molecules in gas environments reduces their elastic mean path 

(< 1 mm) as they travel through condensed matter.152 Hence, the measurements must commonly 

be performed in vacuum to avoid interferences related with the high absorption capacity of gas 

molecules, e.g., N2 and O2 from air.145 Because of this drawback, information of the catalyst 

surface under relevant reacting environments is hardly obtained. Nevertheless a technique 

named near ambient X-ray photoelectron spectroscopy (NAP-XPS) has emerged to analyze 

systems at pressures up to about 2500 Pa.153 The main difference with the conventional XPS is 

the addition of electrostatic lenses that refocus the electron trajectories into the apertures 

communicating the differential pumping stages. For more details the reader can consult 

reference.152 NAP-XPS has been useful in this thesis to determine the distinct stability of 

formate-like species participating in the CO2 methanation on Ru/TiO2 catalysts. 

In this thesis, XPS has been used to identify changes in the oxidation state of supported 

nanoparticles as well as for the identification of carbonaceous intermediates that participate in 

the reactions. 

Description of performed XPS experiments: Ex-situ XPS assessments were 

performed on an ESCALAB 220iXL (Thermo Fisher Scientific) with monochromated 

Al Kα radiation (E = 1486.6 eV). The catalysts are prepared on a stainless-steel holder 

with conductive double-sided adhesive carbon tape. The electron binding energies were 

obtained with charge compensation using a flood electron source and referenced to the 

C 1s core level of carbon at 284.8 eV (C-C and C-H bonds). For quantitative analysis, 

the peaks were deconvoluted with Gaussian-Lorentzian curves using Unifit for windows 

version 2021. The peak areas were normalized by the transmission function of the 

spectrometer and the element-specific sensitivity factor of Scofield.154 
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Figure 16. Excitation of a core electron (photoelectron) by the absorption of a photon with energy E = 

h𝑣. 

 

Description of performed NAP-XPS experiments: NAP-XPS were recorded on 

a laboratory NAP-XPS (SPECS Surface Nano Analysis GmbH, Germany). The setup 

is equipped with a differentially pumped Phoibos 150 electron energy analyser with a 

nozzle of 500 µm, a monochromated Al Kα radiation source (E = 1486.6 eV) and a 

laser heating system for sample heating. The analysis chamber was connected to three 

mass flow controllers (Brooks, GF40) for dosing reaction mixtures up to a total 

pressure of 2 mbar. Reaction gases (4:1 H2:CO2) and formed products were monitored 

by a quadrupole mass spectrometer (QMS, MKS e-vision 2) attached to the lens system 

of the spectrometer. The powder samples were pressed on a stainless-steel sample plate 

using a laboratory press with 5 mm diameter and a load of about 0.5 t. Temperature 

was monitored by a thermocouple on the sample plate pressed to the sample surface. 

The electron binding energies were referenced to the C 1s core level of carbon at 284.8 

eV (C-C and C-H bonds). For analysis, the peaks were deconvoluted into Gaussian 

Lorentzian curves using the software Unifit 2021. The peak areas were normalized by 

the transmission function of the spectrometer and the element-specific sensitivity 

factor of Scofield.154 

 

Scanning transmission electron microscopy (STEM): Electron microscopies make use 

of an electron beam to yield information on the local chemistry and structure of a sample from 

macroscopic to atomic detail as the characteristic wavelength of electrons is below 1 Å. In 
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Figure 17 it is schematically shown which kind of signals that can be obtained from electron 

microscopy. The main knowledge from these techniques includes:144 

• Particle size, shape and distribution of supported nano particles and supporting 

phases. 

• Chemical composition and internal structure of the solid (bulk, surface).  

• Crystallographic information. 

In this thesis only STEM and energy dispersive X-ray analysis (EDX) were used for 

analyzing the size, distribution, and chemical composition of the investigated catalysts before 

and after reaction. 

 

 
Figure 17. Scheme showing the interaction between an electron beam with a sample and the type of 

generated signals during a typical electron microscopy experiment. 

 

In a TEM experiment a sample is exposed to an electron beam with energy in the range 

100 – 400 keV. After passing through a system of condenser and electromagnetic lenses the 

electrons from the primary beam impinge the sample. The transmitted electrons are used to 

form a two-dimensional projection of the sample that is subsequently magnified to produce the 

bright field image, which requires the sample to be very thin. Meanwhile, the diffracted 

electrons are used to produce the dark field image. When these two modes of operation are 

combined with the use of scanning coils the technique is known as STEM. 

Furthermore, the emitted X-rays from the interactions between absorbed electrons and 

the sample provide information about the chemical composition of the illuminated region and 

this is known as EDX. Other useful information, not in the scope of the present thesis, includes 

the use of secondary electrons (surface analysis); backscattered electrons that carry information 
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from subsurface regions; Auger and loss electrons used for composition analysis; diffraction 

patterns from crystals formed by diffracted electrons.144, 155 

Description of STEM performed experiments: The micrographs were obtained 

with an aberration-corrected JEM-ARM200F (Jeol, Corrector: CEOS) at 200 kV. It is 

equipped with a Gatan Enfinium ER electron energy loss spectrometer (EELS). A 

High-Angle Annular Dark Field (HAADF) and an Annular Bright Field (ABF) detector 

were used for STEM imaging, while during EELS acquisition, the Annular Dark Field 

(ADF) detector was used to acquire the positional reference image. The catalysts were 

deposited without further treatment onto a copper grid with holey carbon support (mesh 

300), which was then transferred to the microscope. 

 

X-ray diffraction (XRD): XRD probes the bulk (ordered) structure of materials. It is 

applied to identify crystal structures, estimate particle sizes and follow in-situ structure 

transitions at different stages/conditions of the catalyst.145 It depends on the constructive 

interference of scattered radiation by relatively large parts of the sample, i.e., this technique is 

applicable for long range order.144 Atoms in a periodic lattice elastically scatter X-rays. When 

the scattered X-rays are in phase constructive interference takes place and the path difference 

is equal for any integer number of the incoming X-ray wavelength wave (Bragg´s condition), 

as given by equation eq. 17, where d is the space between planes, θ the incidence angle, λ the 

wavelength of the incident X-ray. This is schematically illustrated in Figure 18. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)                   eq. 17 

 

 
Figure 18. Principle of XRD (Bragg´s condition). 

 

In this thesis XRD has been used to identify the polymorphs constituting the supporting 

materials (TiO2, ZrO2) and the oxides of the supported nanoparticles, e.g., RuO2.  

Description of XRD performed experiments: The XRD patterns were recorded 

using a PANalytical X’Pert PRO diffractometer equipped with a X’Celerator RTMS 
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detector using Ni-filtered Cu-Kα radiation (1.544 Å) at 40 kV and 40 mA. Samples were 

mounted on silicon zero background holders, and the data were acquired stepwise 

(0.021º s-1) between 5-100º with a divergence slit of 2º. Peak positions and profiles were 

fitted with a Pseudo-Voigt function using the HighScore Plus software package 

(Panalytical). Phase identification was done using the PDF-2 database of the 

International Center of Diffraction Data (ICDD). 

 

H2 Temperature programmed reduction (H2-TPR): In a typical temperature 

programmed experiment a reaction is monitored while the temperature is linearly increased. 

Provided that the temperature interval is properly chosen, characteristic phase transformations 

can be detected. These will depend on the nature of the system under study and on factors 

affecting the kinetics of the transformation, e.g., flow rate of gaseous reactants, heat/mass 

transfer effectiveness between the catalyst and the surroundings, particle size, pore structure, 

chemical composition, among others.155 The advantages of these techniques include 

straightforward qualitative interpretation and the rather simple and inexpensive instrumentation 

when compared to other spectroscopic methods.144 The fundamentals of these the techniques 

are explained below. 

Reduction is a mandatory step in the preparation of metallic catalysts. Knowing how to 

perform a reduction is of primary importance to obtain a catalyst at optimum state, e.g., 

avoiding sintering.144 During H2-TPR the catalyst, normally in an oxidic state, is exposed to an 

H2 containing stream while temperature is raised. The rate of reduction is continuously 

measured by monitoring the composition of the outlet gas. The reduction of the metal oxide 

MOn by H2 is described by the reaction R12.  

𝑀𝑂𝑛 + 𝑛𝐻2  → 𝑀 + 𝑛𝐻2𝑂                                                                                                  R12 

As water is produced in this process, its effective removal is crucial for during the 

experiment since it can re-oxidize the metal. The ratio between the partial pressure of H2 and 

H2O determines the feasibility of the process. This is given by the equation eq 18 for the free 

Gibbs energy change. As long as it is negative, i.e., the equilibrium ratio is larger than the actual 

ratio the reduction will proceed.144 This is the case for most group VIII oxides, which constitute 

a vast amount of metallic catalytic phases.  

∆𝐺 = 𝑛𝑅𝑇𝑙𝑛(
(
𝑝𝐻2𝑂
𝑝𝐻2

)

(
𝑝𝐻2𝑂
𝑝𝐻2

)
𝑒𝑞

)                   eq. 18   
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The effluent gas is monitored via a thermal conductivity detector (TCD). The principle 

consists in the transfer of heat from a hot wire, situated in a gas, at a rate proportional to the 

thermal conductivity of the gas. The main information given by plotting the TCD signal in 

function of temperature is related with the temperature(s) of reduction of the investigated 

material. Upon comparing different H2-TPR patterns for similar catalysts, it is possible to 

qualitatively determine the extent of metal-support interaction, distinct oxidic phases at the 

initial state or formation of bi-metallic alloys.144, 155 

The usefulness of this characterization technique in the present thesis was to determine 

differences in the reducibility (peak temperature) of Ru when supported on oxidic carriers with 

different concentration of O-vacancies.  

Description of H2-TPR performed experiments: For assessing the H2 

consumption on sol-gel prepared TiO2 (TiO2-SG), 100 mg of bare support were loaded 

in U shaped quartz reactor. The H2-TPR run was carried out from RT to 800 ℃ in a 5% 

H2/Ar flow (30 ml min-1) with a heating rate of 10 K min-1. In the case of the Ru/TiO2 

catalysts, 50 mg were loaded and heated from RT to 700 ℃ with a heating rate of 20 ℃ 

min-1. The hydrogen consumption signals were recorded using a TCD detector.  

In case of ZrO2 and ZrO2-MgO materials for a typical H2-TPR run 150 mg of the 

corresponding as received sample were placed in a quartz U-shaped reactor. The 

temperature was increased from room temperature (RT) up to 700 ℃ with a heating rate 

of 10 K min-1 in a 5 vol.% H2/Ar flow (30 ml min-1). A thermal conductivity detector 

(TCD) was used to monitor the consumption of H2.   

 

Low temperature N2 physisorption: In heterogeneous catalysis the knowledge of the 

catalyst surface area and pore properties (volume and size) is highly important as they influence 

the dispersion of the supported nanoparticles. Physical adsorption or phyisisorption of N2 is the 

main technique used to determine the specific surface area of solid materials. The technique is 

based in the principle of the weak (non-dissociative) interaction between N2 and the solid 

surface. The number of adsorbed molecules is measured and by knowing the area occupied by 

one molecule the surface area is determined.145 

In a typical experiment, a known amount of sample is placed in a chamber that is 

evacuated to remove water and air and liberate the pores of the material. Afterwards a known 

amount of N2 is admitted to the chamber and when the system reaches equilibrium pressure the 

amount of adsorbed gas can be estimated. The amount of gas adsorbed at equilibrium pressure 

is given as the difference between the amount of gas admitted and the amount of gas required 
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to fill the space around the adsorbent. By admission of successive charges of gas at a constant 

temperature as series of points can be constructed, this is known as the adsorption isotherm 156.  

The physisorption occurs in three different stages. The first is known as monolayer 

adsorption, all the adsorbed molecules are in contact with the surface layer of the solid. In the 

second stage, multilayer adsorption additional layers accommodate, but they are not in contact 

with the solid surface. The this stage is known as pore condensation and it occurs when the gas 

condensates in the pores at a pressure lower than the saturation pressure of the liquid phase of 

the adsorbent.156 Only the information contained in the first stage is of interest for determining 

the surface area and pore properties.  

The physisorption data are reported as the amount of adsorbed gas (mol g-1) as function 

of the pressure ratio p/po, with po the saturation pressure of the pure gas at the corresponding 

temperature. The most common method for determining the specific surface area is the BET 

(Brunauer, Emmett, and Teller). This model assumes that the first layer adsorbs with heat of 

adsorption ΔHads while the subsequent layers adsorb with a heat of adsorption equal to the heat 

of condensation – ΔHcond. The BET equation is given by eq. 19.157 In which 𝑛𝑎 is the amount 

of adsorbed gas, 𝑛𝑚𝑎  the monolayer capacity and C a constant related with the enthalpy of 

adsorption in the first layer. From the plot of 𝑝

𝑛𝑎(𝑝𝑜−𝑝)
 in function of 𝑝

𝑝𝑜
 the last parameters can 

be obtained. 
𝑝

𝑛𝑎(𝑝𝑜−𝑝)
= 

(𝐶−1)

𝑛𝑚
𝑎 𝐶

𝑝

𝑝𝑜
+ 

1

𝑛𝑚
𝑎 𝐶
                   eq. 19 

By knowing 𝑛𝑚𝑎  the specific surface area S (m2 g-1) can be determined by equation eq. 

20. N is the Avogadro number, σ the area occupied by a single N2 molecule (0.162 nm2 

molecule-1) and m the mass of sample used in the experiment. 

𝑆 =  
𝑛𝑚
𝑎 𝑁𝜎

𝑚
                    eq. 20 

Description of the N2 physisorption performed experiments: In this work 

surface area measurements of the samples were performed on a Micromeritics ASAP 

2010 device. For the assessments, 150 mg of sample were placed in the analysis tube 

and outgassed at 200 ℃ for 4 h prior to the exposure to the adsorptive N2 atmosphere. 

BET surface area and pore volume were calculated from N2 adsorption isotherms 

measured at -196 ℃. The average pore diameters were calculated from the desorption 

branch of the isotherm using the BJH method.  

Inductively coupled plasma optical emission spectroscopy (ICP-OES): It is important 

to quantify the real amount of active metal as its composition could vary with respect to the 

nominal/expected quantity. Moreover, this allows for normalization of the reaction rates by 
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weight of active metal which is helpful to compare the catalytic behavior among distinct 

samples regardless the preparation methodology. The determination of metals in a variety of 

different sample matrices can be performed upon ICP-OES. The technique upon the 

spontaneous emission of photons from atoms and ions excited in a radio frequency (RF) 

discharge. Solid samples require the digestion in acid media to dissolve the analytes. Afterwards 

the sample solution is converted to an aerosol and directed to the central plane of the plasma 

which sustains a temperature ca. 1000 K. The elements liberated as free atoms in gaseous state 

transform into atoms in excited states which relax by emission of a photon with elemental 

specific wavelength. The number of photons is proportional to the concentration of the element 

from which they origin.158 

Description of the ICP-OES performed experiments: For this investigation the 

bulk elemental composition of the materials was determined using a 715-ES ICP 

emissions spectrometer (Varian, Palo Alto, CA, USA). Prior to analysis, test samples 

were subjected to a microwave-assisted digestion process in a mixture of HF and aqua 

regia at 200 ℃ and 60 bar. 

 

Temporal analysis of products (TAP): Processes in heterogeneous catalysis are 

complex and could occur at so short time scales that changes cannot be observed by steady state 

assessment techniques. To close this gap transient techniques have been developed. Transients 

are introduced into a system by perturbing one or more state variables (temperature, pressure, 

composition, flow rate) and then the relaxation/response of the system is analyzed. These 

techniques are highly useful to detect short-lived intermediates or estimating rate constants of 

elementary steps.159, 160 TAP belongs to this type of techniques.  

The most basic experiment consists in a single pulse (1013 - 1015 molecules) introduced 

to the packed bed reaction chamber. At the experiment conditions (2*10-6 – 2*10-4 bar) the 

intramolecular collisions are negligible, and the diffusion mechanism can be modelled by the 

Knudsen diffusion regime, equations eq. 21 and eq. 22, in which 𝜀 is the fractional bed voidage, 

𝑑𝑖 internal diameter of channels between particles, 𝜏 the bed tortuosity, 𝑟𝑝 radius of particles, 𝑇 

the temperature in K, 𝑅 the universal gas constant and 𝑀 the molecular weight of the gas. The 

outlet gas is analyzed in a mass spectrometer.160  

𝐷 =  
𝜀

𝜏

𝑑𝑖

3
√
8𝑅𝑇

𝜋𝑀
                    eq. 21 

𝑑𝑖 = 
4𝜀

3(1−𝜀)
𝑟𝑝                    eq. 22 



 
 

41 
 

Description of the TAP performed experiments: In this work TAP has been 

useful to determine the relative strength of adsorption of CO2 and CO on Au/ZrO2 and 

Au/TiO2 during RWGS reaction. Transient tests were performed in a temporal analysis 

of products (TAP-2) reactor described in detail elsewhere.159-161 Typically, 41 mg of a 

310-750 µm sieve fraction of each catalytic material was packed between two layers of 

quartz particles (sieve fraction of 250−355 μm) in a quartz microreactor. Before the 

transient tests, catalytic materials were heated in an H2 (3 ml min-1) and Ar (3 ml min-1) 

flow from room temperature to 300 ℃ and kept under these conditions for 30 minutes. 

Then, the reactor was evacuated to about 10−5 Pa. Hereafter, mixtures of CO:Ar = 1:1 

or CO2:Ar = 1:1 were pulsed at the same temperature. The feed mixtures were prepared 

using CO (Messer Grießheim, 4.7), CO2 (Air Liquide, 4.5), and Ar (Air Liquide, 5.0) 

without additional purification. Transient responses related to the feed components and 

reaction products were monitored at the reactor outlet with a quadrupole mass 

spectrometer (HAL RD 301 Hiden Analytical) at m/z signals related to reactants, 

reaction products, and argon, with the latter being an inert standard: 44 (CO2), 32 (O2), 

28 (CO2, CO) and 40 (Ar). For each m/z, pulses were repeated 10 times and averaged 

to improve the signal-to-noise ratio. 

Using a model-free approach developed for this technique,161 the experimental 

responses of CO2, CO and Ar were transformed into the dimensionless form according 

to equations eq. 23 – 25. Such transformation allows unambiguously determining the 

type of interaction of pulsed reactant with catalyst (diffusion, reversible or irreversible 

adsorption). 

𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑓𝑙𝑜𝑤 =
𝐹𝑙𝑢𝑥(𝐶𝑂𝑥)∗𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ

2

𝑝𝑢𝑙𝑠𝑒 𝑠𝑖𝑧𝑒∗𝐷
𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓

(𝐶𝑂𝑥)
                          eq. 23 

𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑡𝑖𝑚𝑒 =
𝑡∗𝐷(𝐶𝑂𝑥)

𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ2
                           eq. 24 

𝐹𝑙𝑢𝑥(𝐶𝑂𝑥) = 𝐼(𝐶𝑂𝑥)
𝑁(𝐶𝑂𝑥)

∫ 𝐼(𝐶𝑂𝑥)
𝑡
0

                 eq. 25 

I(COx), N(COx), and 𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓 (COx) are the experimental mass spectroscopic 

signal intensity, the size of pulse, and the effective Knudsen diffusion coefficient of CO 

or CO2, respectively. To determine the diffusion coefficients of CO and CO2, the 

diffusion coefficient of Ar was initially derived by fitting the experimental response to 

the Knudsen diffusion model as described elsewhere.162, 163  Equation eq. 26 was used 

to obtain the required coefficients with 𝑀(𝐴𝑟) and 𝑀(𝐶𝑂𝑥) are the molecular weights 

of Ar and COx, respectively. 
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𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓

(𝐶𝑂𝑥) = 𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓

(𝐴𝑟)√
𝑀(𝐴𝑟)

𝑀(𝐶𝑂𝑥)
                eq. 26 

 

Catalytic evaluation: The catalytic screening experiments were performed at 

differential reaction conditions, i.e., conversion of CO2 (XCO2) of maximum ca. 20 %. This 

parameter was calculated using eq. 27, where FCO2,in and FCO2,out corresponds to the initial and 

outlet molar flow rate of CO2.  

𝑋𝐶𝑂2 =
 𝐹𝐶𝑂2,𝑖𝑛− 𝐹𝐶𝑂2,𝑜𝑢𝑡

 𝐹𝐶𝑂2,𝑖𝑛
                     eq. 27 

The rate of formation of product i (ri) was calculated upon eq. 28, where Fi,out 

corresponds to the molar flow of compound i in the effluent gas and mM to the absolute mass of 

active metal as determined by ICP-OES. 

𝑟𝑖 =
𝐹𝑖,𝑜𝑢𝑡

𝑚𝑀
                                             eq. 28 

The selectivity to product i (Si) was calculated from eq. 29, where Fi,out represents the 

molar flow of the corresponding compound in the effluent gas. Also, the selectivity can be 

calculated when comparing the rate of the interest product i with respect to the sum of rates of 

competing products j. 

𝑆𝑖 =
 𝐹𝑖,𝑜𝑢𝑡

 𝐹𝐶𝑂2,𝑖𝑛− 𝐹𝐶𝑂2,𝑜𝑢𝑡
= 

𝑟𝑖

∑ 𝑟𝑗𝑗
                                 eq. 29  

The turnover frequencies (TOFs) were calculated by eq. 30 using the molar mass of 

active metal (MM) and its dispersion (DM) obtained from either TEM or H2 chemisorption. In 

case of the first option, eq. 31 and 32 should be applied. In eq. 31 dk is the estimated size of 

metal nanoparticles in nm estimated from a set of different micrographs. nk is the percentage of 

particles with a size dk. Analogously, νM is the volume of a metal atom in Å3 and SM the its 

respective surface area in Å2.164 

TOF =
𝑟iMM

DM
= (

𝑚𝑜𝑙𝑒𝑠𝑖

𝑔𝑐𝑎𝑡∗𝑠
)/(

𝑚𝑜𝑙𝑒𝑠𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑚𝑒𝑡𝑎𝑙

𝑔𝑐𝑎𝑡
)                            eq. 30 

 𝑑𝑣𝑎 = (
∑ 𝑛𝑘𝑑𝑘

3
𝑘

∑ 𝑛𝑘𝑑𝑘
2

𝑘
)                      eq. 31  

DM = 10 (
6𝑣𝑀

𝑆𝑀
) (

1

𝑑𝑣𝑎
)                     eq. 32  

If data from H2 chemisorption are used, equations eq. 33 – 35 must be applied, when 

assuming spherical shape of the nanoparticles.164 In eq. 33 𝜌𝑀 the density of the metal (g cm-

3), 𝑆𝑀 the specific surface area of metal (m2 g-1).  In eq. 34 and 35 𝑉𝑎𝑑 the chemically adsorbed 

volume of H2 (ml), 𝑆𝐹 the stoichiometric factor assuming that one atom of H is adsorbed per 

each atom of Ru (1), 𝑁𝐴 Avogadro´s number, 𝑅𝐴 the atomic cross sectional area of metal (nm2), 
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𝑊𝑠 the weight of the sample (g), wt% the percentage of supported metal in the sample (wt.%) 

and 𝑉𝑚 the molar volume of H2 at standard conditions (22414 ml mol-1).  

𝑑𝑀 = 
6∗103

𝑆𝑀𝜌𝑀
                                       eq. 33                            

𝑆𝑀 = 
𝑉𝑎𝑑𝑆𝐹𝑁𝐴𝑅𝐴𝑀𝑀

𝑀𝑀𝑉𝑚
                           eq. 34 

DM =
𝑉𝑎𝑑𝑀𝑀𝑆𝐹

𝑤𝑡%𝑉𝑚
∗ 100                         eq. 35               

Description of activity measurements on Ru/TiO2 catalysts: The kinetic 

experiments were performed in a fixed-bed quartz tube micro-reactor (with 4 mm inner 

diameter) at atmospheric pressure under a total gas flow of 40 ml min−1 with a 4:1 

H2:CO2 gas mixture (32 ml min-1 H2, 8 ml min-1 CO2). The catalyst was diluted in a ratio 

of 1:10 with inactive and thermally stable α-Al2O3 powder (calcined at 900 ℃ for 24 h) 

to ensure differential reaction conditions (conversion < 20%). In total, about 200 mg of 

the diluted catalyst was used during the measurements. After oxidative pre-treatment, 

the catalyst was in-situ reduced after switching to the reaction mixture. The influent and 

effluent gases were analyzed by online gas chromatography with a CO detection limit 

of ca. 5 ppm (DANI 86.10), using thermal conductivity detectors (H2 used as carrier 

gas) and a standard test gas mixture for calibration. 

 

Description of activity measurements on Ru/ZrO2 and Ru/ZrO2-MgO 

catalysts: The performance of the catalysts was determined in a U-shaped fixed-bed 

quartz tube micro-reactor at atmospheric pressure. Typically, 50 mg of sample with 

particle size ca. 325 μm were loaded in the center of the reactor and fixed by 225 mg of 

pure calcined SiC at both sides. Before reaction, the catalyst was pre-treated under 

synthetic air (30 ml min-1) at 140 ℃ during 30 min to remove contaminants from the 

surface. After this oxidative pre-treatment the reaction gas mixture was admitted into 

the reactor. The reaction flow (30 ml min-1) consisted in 16 ml min-1 H2, 4 ml min-1 CO2 

and 10 ml min-1 N2. The flow rate was controlled with respective mass-flow controllers 

(Bronkhorst). Each gas had a purity ≥ 99.99%. The effluent gases were analyzed by on-

line gas chromatography (Schimadzu 2014) equipped with thermal conductivity and 

FID detectors. Two columns were used to separate the gases. The first column (Molsieve 

5 Å, Agilent) used to separate CO, O2 and H2 and the second column (PoraPLOT Q, 

Agilent) to separate CO and CO2. The Ru-mass-normalized reaction rates were 
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calculated for differential reaction conditions, i.e., conversion of CO2 (XCO2) of 

maximum ca. 20 %. 

 

Description of activity measurements on Au/TiO2 and Au/ZrO2 catalysts: 

Catalytic measurements were conducted in the temperature range of 250 – 350 ℃ at a 

total pressure of 3 and 20 bar. The catalysts were pressed, crushed, and sieved to 310 – 

750 μm. Typically, the reactor (i.d. 4 mm) was filled with 200 mg of catalyst diluted 

with 800 mg SiC. Reduction of catalysts was performed at 300 ℃ in 50 vol.% H2/N2 

with a flow rate of 13 ml min-1. After cooling to reaction temperature, the reacting 

mixture CO2/H2/N2 = 1/3/2 was fed at a flow rate of 17.5 ml min-1. The reaction products 

were detected with an on-line Agilent HP 7890 gas chromatograph equipped with both 

FID (FFAP and AL/M columns) and TCD (HP-Plot Q and Molsieve 5A columns).  

 

3. Results and Discussion 

3.1.  CO2 methanation on Ru/TiO2 catalysts 
Ru was selected as the active metal for the methanation of CO2. As already discussed, 

CH4 production on Ru catalysts represents a great potential for the development of CO2 

utilization technologies. Although their performance (activity and selectivity) can overcome 

that of typical Ni based catalysts, the use of Ru must be minimized for allowing economic 

feasibility and competitiveness in applications at relevant scales. Therefore, two samples with 

comparable Ru loading below 1 wt.%, i.e., ca. 0.9 wt.% were prepared by different methods. 

One preparation followed the sol-gel route (by now identified as Ru/TiO2-SG) while the other 

consisted on the typical wetness impregnation (by now identified as Ru/TiO2-imp). Meanwhile, 

in both cases the supporting matrix was the same TiO2 prepared via sol-gel (by now identified 

as TiO2-SG).  

 

Support and catalysts characterization: The Ru loading and textural properties from 

N2 physisorption, i.e., mean pore diameters, pore volumes and BET specific surface area (BET 

SSA) of the distinct samples are shown in Table 3. For The bare TiO2-SG support a BET SSA 

of 141 m2 g-1, a mean pore diameter of ca. 5 nm and a pore volume of 0.26 cm3 g-1 were 

determined. For the fresh Ru/TiO2-SG the lowest SSA (61 m2 g-1) and pore volume (0.17 cm3 

g-1) with intermediate mean pore diameter (8-9 nm) were found. In contrast, for Ru/TiO2-Imp, 

BET SSA dropped only slightly (136 m2 g-1) while the pore diameter (12 nm) and volume (0.43 
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cm3 g-1) increased significantly with respect to the bare support. Although the Ru content was 

virtually the same, these structural differences suggest that incorporation of Ru via sol-gel 

methodology caused a partial disruption of the mesoscopic structure of TiO2-SG. However, the 

increase in the pore diameter and volume in Ru/TiO2-Imp provides a hint that Ru NPs grew 

comparatively more in this case. Considering that all samples, including the bare support, have 

experienced the same pretreatment after the synthesis (3h calcination at 500 ℃ in air) it can be 

assumed that the marked differences in BET SSA and pore volume between were not caused 

by this thermal pretreatment but might be due to special interactions of the Ru component with 

the support resulting from the preparation route. 

 
Table 3: Pore and surface properties of the fresh TiO2-SG support and Ru/TiO2-SG and Ru/TiO2-Imp 

catalysts 

Sample Ru loading / wt.% 
BET SSA / 

 m2 g-1 
Pore diameter / nm 

Pore volume / 

cm3 g-1 

TiO2-SG - 141 5 0.26 

Ru/TiO2-SG 0.90 61 8-9 0.17 

Ru/TiO2-Imp 0.91 136 12 0.43 

 

The SSA and pore volume/area as a function of the pore size are plotted in Figure 19. 

The N2 isotherms of all samples showed the typical shape of isotherms of type IV with a 

hysteresis loop, characteristic of mesoporous materials (Figure 19a-c).156, 165  The pore 

volume/area distribution is narrower for the bare support, wider for Ru/TiO2-Imp and 

intermediate for Ru/TiO2-SG (Figure 19d-f).  

The XRD powder patterns of the bare support and catalysts are shown in Figure 20a. 

TiO2-SG showed only typical reflections of the anatase (101), (004) and (200) planes at 2θ = 

25.3º, 37.9º and 48.0º, respectively (ICDD 01-075-2547). Meanwhile, the pattern of the 

Ru/TiO2-SG catalyst showed additional reflections of rutile TiO2 at 2θ = 27.4º, 36.1º and 41.2º 

corresponding to rutile planes (110), (101) and (111) (ICDD 00-021-1276), respectively. This 

phase change has been ascribed to the similarity between the lattice constants of RuO2 and rutile 

TiO2.166 This was also reported by Kim et al. who detected the formation of rutile TiO2 upon 

coverage of mesoporous TiO2 (anatase) with RuO2 nanoparticles after annealing at 250 ℃.167 

In contrast, no rutile formation was observed in the Ru/TiO2-Imp catalyst. This suggests that 

intimate mixing of TiO2 and Ru precursors, which is typical for the sol-gel method, promotes 

incorporation of Ru in Ti lattice positions of TiO2 and induces crystal phase transitions.  
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The weight fraction of rutile TiO2 in the fresh Ru/TiO2-SG (calculated by the method of 

Zhang and Banfield 168) amounts to 18.6 wt.%, which is similar to commercial P-25 (80 wt.% 

anatase, 20 wt.% rutile).62 Reflections of RuO2 (110) and (101) planes (ICDD 01-088-0322) at 

2θ = 28.1º and 35.1º were present in both as-prepared Ru catalysts. The spent catalysts, on the 

other hand, did not show any RuO2 reflections (Figure 20b), however, the reflections of TiO2 

rutile (19 wt.%) were still observed. Metallic Ru0 crystallites were evidenced by a small peak 

at 2θ = 44.1º which was most pronounced for the spent Ru/TiO2-SG sample. 

 
Figure 19. N2 adsorption isotherms of a) fresh bare TiO2-SG support; b) fresh Ru/TiO2-SG; c) fresh 

Ru/TiO2-Imp. Pore volume and specific pore area of d) fresh bare TiO2-SG support; e) fresh Ru/TiO2-SG; f) 

fresh Ru/TiO2-Imp. 

 

Ex-situ Raman spectra of the fresh TiO2 and catalyst samples are shown in Figure 20c. 

Typical vibration modes of anatase at 144, 196, 397, 514 and 639 cm-1 were detected in the 

spectrum of the bare support.169 For Ru/TiO2-SG weak signals at 447 and 611 cm-1 were also 
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resolved. These three spectral features were associated with the R-Eg and R-A1g vibration modes 

of planar O-O and Ti-O stretching in rutile, respectively.170, 171 On the other hand, these weak 

signals were not evident in the spectrum of the Ru/TiO2-Imp which, in agreement with XRD 

(Figure 20a), resembled that of bare anatase TiO2. 

 

 
Figure 20. a) XRD powder patterns of the fresh TiO2-SG support and fresh Ru catalysts; b) XRD powder 

patterns of Ru catalysts after 6h reaction in H2:CO2=4:1 flow up to 270 °C; c) Raman spectra of the fresh materials; 

d) H2 TPR spectra of the bare TiO2-SG support, Ru/TiO2-SG and Ru/TiO2-Imp catalysts. 

 

The reducibility of TiO2-SG and Ru/TiO2-Imp samples has been evaluated by H2-TPR 

measurements (Figure 20d). While for the bare support only a weak single peak at ca. 552 ℃ 

was detected, Ru/TiO2-SG was characterized by several H2 consumption peaks between 170 

and 520 ℃. The spectra suggested that Ru species differed in their oxidation states and/or the 

strength of their interaction with the carrier, being more pronounced in the case of Ru/TiO2-

SG. For instance, the total consumed amount of H2 for this catalyst was ca. 9 times higher than 

the stoichiometric amount that would be needed to reduce all Ru4+ in the sample to Ru0 (given 

that all reducible Ru was present as RuO2). This means that not only Run+ species but also Ti4+ 

ions from the support were reduced. This may indicate that, after reducing RuOx species, H2 is 
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split into atoms on the surface of the formed Ru0 particles from which spills H atoms over to 

the metal-support interface where they reacted with lattice oxygen to form water. This should 

lead to partial reduction of the support and would agree with previous observations on supported 

metal/TiO2 catalysts in which the reduction of Ti4+ was promoted by the vicinity of the metal. 

In contrast, for Ru/TiO2-Imp only a narrow reduction peak at 157 ℃ was detected and the 

amount of consumed H2 was much lower, ca. 21 % of that observed for Ru/TiO2-SG. As 

mentioned above, the reason may be that in this case the interaction between Ru/RuOx and TiO2 

is weaker than in Ru/TiO2-SG. 

HAADF-STEM and Ru EDX analysis of the as-prepared catalysts are presented in 

Figure 21. It was observed that the two catalysts contained relatively large and not uniformly 

distributed Ru particles. This was better visualized after selecting specific parts of the 

micrographs to record EDX spectra (Figure 21b, d). The zones marked as “1” in Figures 21a, 

c were found representative of regions with low or non-detectable signals from Rulα/Rulβ (2.40 

– 2.70 keV in Figure 21b, d), while the zones labeled as “2” depicted strong signals of Ru. This 

means that, globally, no big differences in the distribution of Ru might be expected among the 

two synthesis procedures.  

 

 
Figure 21. HAADF-STEM images and selected EDX spectra of fresh Ru/TiO2-SG a, b) and fresh 

Ru/TiO2-Imp c, d). 
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A better visualization of the distribution of Ru could be obtained by comparing 

representative STEM images at smaller scale. Apparently, Ru/TiO2-SG initially contained 

many small highly dispersed Ru species than Ru/TiO2-Imp for which large crystallites of RuO2 

were easily observed, compare Figure 22a, b (fresh Ru/TiO2-SG) and Figure 22c, d (fresh 

Ru/TiO2-Imp). This suggested that the support and the supported species presented differences 

in their interactions. 

 

 
Figure 22. HAADF-STEM images of a, b) fresh Ru/TiO2-SG and c, d) Ru/TiO2-Imp. The red arrows 

indicate big particles/conglomerates formed on Ru/TiO2-Imp.  

 

This was corroborated when observing micrographs recorded after reaction. The 

dispersion of Ru species was more effective than on Ru/TiO2-Imp, compare Figure 23a, b 

(spent Ru/TiO2-SG) and Figure 23c, d (spent Ru/TiO2-Imp). This enhanced dispersion is also 

suggested by NAP-XPS insights shown later. Hence, on Ru/TiO2-SG a more intimate electronic 

interaction at the metal-support interface can anticipated. Such an effect could be related with 

the promotion in the concentration of O-vacancies (shown below by EPR spectra).  
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Figure 23. HAADF-STEM images of a, b) spent Ru/TiO2-SG and c, d) Ru/TiO2-Imp. The red arrows 

indicate big particles/conglomerates formed on Ru/TiO2-Imp.  

 

Activity assessments: Temperature screening tests were performed in the temperature 

window 140 – 350 ℃ (Figure 24a). The selectivity to CH4 was always 100% for both catalysts. 

At all conditions, the performance of Ru/TiO2-SG was found superior. Methane formation rates 

at differential conditions, i.e., CO2 conversion < 20 % on both catalysts are plotted in Figure 

24b. The rate on Ru/TiO2-SG was ca. 4-fold higher than on Ru/TiO2-Imp already at 190 ℃. 

Similarly, when compared with other Ru/TiO2 (P-90 or P-25) catalysts loaded with about 2 wt.% 

Ru,21, 62 CH4 rate on Ru/TiO2-SG was still found to be 2-7 times higher at relatively low 

temperatures, i.e., 190 – 200 ℃. The apparent activation energies (Figure 24c) were in the 

order of magnitude reported for this reaction on distinct Ru based catalysts (~ 50 – 80 kJ mol-

1).50, 70, 97, 172 In the case of Ru/TiO2-SG (88.5 kJ mol-1), however, it was superior than on the 

less active Ru/TiO2-Imp (50.7 kJ mol-1). 

Subsequently, the stability of the catalysts was also evaluated at 190 ℃. The rates of 

CH4 formation normalized on the Ru mass were determined on both catalysts during ca. 1000 

min (17 h) on stream (Figure 24c). While Ru/TiO2-SG passed an activation period of about 

200 min after which it reached roughly three times higher CH4 formation rate the impregnated 

control catalyst Ru/TiO2-Imp did not show such activation though such an effect has been 
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observed previously also for other Ru/TiO2 catalysts.60 This behavior has been ascribed to the 

reduction of oxidized Ru and the creation of O-vacancies in the support. Moreover, this 

difference is in alignment with H2-TPR results (Figure 20d) where it was determined that 

reduction of RuO2 on Ru/TiO2-SG required higher temperatures (peak maximum 204 ℃) than 

on Ru/TiO2-Imp (157 ℃). The net deactivation was around 6 % for Ru/TiO2-SG while it was 

ca. 19 % Ru/TiO2-Imp. The more pronounced decay in the activity of this last sample might, in 

part, be explained by the presence of bigger particles/ agglomerates, as shown by HAADF-

STEM images (Figure 23), that resulted in a lower active surface area.  

 

 
Figure 24. a) CO2 conversion and CH4 selectivity on Ru/TiO2-Imp and Ru/TiO2-SG; b) CH4 formation 

rates at different temperatures normalized on the Ru mass in Ru/TiO2-Imp and Ru/TiO2-SG; c) Apparent 

activation energy for CH4 formation on Ru/TiO2-Imp and Ru/TiO2-SG; d) Ru mass normalized methane rate on 

Ru/TiO2-Imp and Ru/TiO2-SG assessed at 190 ℃ during 1000 min. Gas mixture: H2:CO2 = 4:1 (24 ml min-1 H2, 

6 ml min-1 CO2). 

 

To facilitate comparison of catalysts with different properties, e.g., metal loadings, a 

common basis is needed. Such a comparison can be referred to the turn-over frequency (TOF). 

This refers to the amount of turn-overs per catalytic site per time avoiding the rate normalization 

by mass of supported metal. In heterogeneous catalysis the number of atoms exposed on the 



 
 

52 
 

surface of the active metal nanoparticles must be estimated. This is not straightforward for 

polycrystalline materials and different values can be obtained depending on the selected 

plane(s) for the calculation.173 A series of TEM images was selected (representative examples 

in Figure A1a-c). Around 300 particles were measured to obtain a particle size distribution as 

shown in Figure A1d. With the use of equations eq. 31 and eq. 32 a volume-area averaged 

diameter of 6.6 nm and a dispersion of 19.3 % was obtained that corresponded to a TOF of 

0.029 s-1.174 When using the methodology of Abe et al., which requires to assume the exclusive  

exposition of Ru(001) plane, the amount of surface atoms amounts to ca. 1.739 * 1019 atoms m-

2.66 The corresponding TOF was equivalent to 0.032 s-1. Further details about this calculation 

procedure can be found in the respective reference.66 Both methods led to comparable TOF 

estimations. However, the first procedure is found more suitable for polycrystalline materials 

as it does not require the assumption of a preferentially exposed plane. The calculated TOFs up 

to 210 ℃ are shown in Table 4. Already at 160 ℃, it was observed that the activity was by 3.4 

times higher than that determined by Abe et al. for a 0.8 wt.% Ru/TiO2 at the same reaction 

conditions.66 These TOFs are among the highest reported for CO2 methanation up to 210 ℃ 

(compare with Table 2). Hence, the adopted sol-gel method allows to maximize the 

methanation performance while decreasing the Ru loading. The sections below focus on 

determining the structural factors behind this attractive catalytic behaviour of Ru/TiO2-SG. 

  

Table 4. Reported activity of CO2 methanation on the Ru/TiO2-SG catalyst at distinct temperatures and H2:CO2 
ratio = 4:1. 

Reaction temperature / ℃ aTOFCO2 / s-1 

140 0.017 
160 0.032 
170 0.099 
190  0.14 
200 0.46 
210 0.69 

aCalculated with equation eq. 30 

 

NAP-XPS measurements: The XP spectra recorded at different conditions are shown 

in Figure 25. The C 1s signal at 284.8 eV from adventitious carbon was used as reference for 

all binding energies. The fresh catalysts without any pre-treatment (Figure 25a, g) showed that 

initially Ru consisted predominantly in metallic Ru0 (3d5/2 peaks at 279.9 eV in Ru/TiO2-SG 

and 280.3 eV in Ru/TiO2-Imp).175, 176 Small signals of Ru4+ at ca. 281.3 eV (Ru/TiO2-SG) and 

281.4 eV (Ru/TiO2-imp)177 were resolved together with satellite peaks of Ru 3d5/2 at 281.7 eV 

(Ru/TiO2-SG) and 282.3 eV (Ru/TiO2-Imp).178, 179 The signals at 288.5 eV (Ru/TiO2-SG) and 
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288.7 eV (Ru/TiO2-Imp) along with the shoulders at 286.5 eV (Ru/TiO2-SG) and 286.3 eV 

(Ru/TiO2-Imp) can be attributed to organic surface deposits with C-O and O=C-O moieties.180 

After ca. 30 min oxidative pre-treatment at 150 ℃ in a flow of 5 vol.% O2/He, the Ru0 peak 

disappeared while a Ru4+ signal at 280.8 eV grew on both catalysts (Figure 25b, h). This 

indicated oxidation of Ru0 to RuO2. Still, a contribution from the Ru 3d5/2 satellite at 282.3 eV 

was observed. Upon switching to the reaction mixture (H2:CO2=4:1) at 190 ℃, reduction of 

RuO2 occurred again, as reflected by strong peaks at 280.8 eV for Ru/TiO2-SG (Figure 25c) 

and 279.8 eV for Ru/TiO2-Imp (Figure 25i). Moreover, two new C1s signals were 

distinguished. The one at 293.1 eV from gaseous CO2,132 while the peaks at 287.5 eV (Ru/TiO2-

SG) and 287.0 eV (Ru/TiO2-Imp) likely belonged to formate species.181 The binding energies 

at ca. 288.7 – 288.8 eV, on the other hand, were associated to carbonates.181 No further 

significant changes were detected upon stepwise raising the reaction temperature to 270 ℃. It 

is worth to mention that no methoxy/methanol species were detected as it was the case in other 

reports.97, 132 Hence, this type of intermediate/route is discarded for the present case. After 

stopping the CO2/H2 supply and cooling to room temperature, the formate signals disappeared 

on Ru/TiO2-SG (Figure 25f). They were still visible on Ru/TiO2-Imp (Figure 25l). This 

suggested, in agreement with the DRIFTS results discussed below, less stability on the more 

active Ru/TiO2-SG. This keeps relation other studies that highlighted the role of these 

compounds as intermediates for the reduction of CO2 at similar conditions.128, 129, 182 
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Figure 25. NAP-XP Spectra in the Ru 3d and C1s region of Ru/TiO2-SG and Ru/TiO2-Imp catalysts at 

different conditions: a, g) Fresh catalysts at RT in He; b, h) Pre-oxidation at 150 ℃ in 5 vol.% O2/He; c-k) Reaction 

in H2 :CO2 = 4:1 at different temperatures. Experimental (black line) and fitted (green line) NAP-XPS spectra at a 

total pressure of 2 mbar, including deconvoluted sub signals. 
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The surface Ru/Ti ratios were calculated from the quantitative analysis of Ru3d and Ti 

2p signals and shown in Table 5. For Ru/TiO2-SG the ratio was always higher. This pointed to 

a higher percentage of Ru surface species accessible to reactants which probably increased even 

more with rising reaction temperature and might be one reason for the higher activity when 

compared to Ru/TiO2-Imp (Figure 24).21, 60, 183, 184 That is an important factor that proofs 

differences at the metal-support perimeter between the catalysts and that partially explains the 

distinct catalytic performances.  

 
Table 5. Ru:Ti surface ratio estimated from NAP-XPS at different stages for Ru/TiO2-SG and Ru/TiO2-Imp 

catalysts.  

Catalyst Stage Temperature / 
℃ Ru:Ti ratio / - 

TiO2-SG 

Fresh RT 0.027 
Calcined 150 0.025 

Reaction 
190 0.034 
230 0.041 
270 0.044 

Spent RT 0.043 

Ru/TiO2-Imp 

Fresh RT 0.013 
Calcined 150 0.014 

Reaction 
190 0.025 
230 0.026 
270 0.023 

Spent RT 0.023 
 

In-situ EPR assessments: In TiO2 Ti3+ (3d1) cations are formed by trapping electrons 

from oxygen vacancies, e.g., O2− + 2Ti4+ → Ov + 1/2O2 + 2Ti3+. The presence of these defects 

has been shown to have a direct impact in the catalytic cycle during CO2 methanation on 

Ru/TiO2.21 Therefore, it is important to determine if the activity promotion of Ru/TiO2-SG 

could be correlated with these species. As EPR spectroscopy is a unique technique to detect 

species with paramagnetic properties that might be involved in the reaction path, in-situ 

assessments were performed to uncover any differences between the two catalysts under study.  

The spectra of both catalysts at different stages are shown in Figure 26. First, before 

reaction at 150 ℃ a line at giso = 2.000 associated to F-centers (an oxygen vacancy occupied by 

a single electron)185 was resolved in both cases. With the increase of temperature and at reaction 

conditions its intensity decreased for the two samples. During the reaction, except of giso, no 

more signals were observed (Figure 26a).  The spectra of Ru/TiO2-Imp, on the other hand, still 

showed a pronounced axial signal of reduced Ti3+ species with g1*
Ʇ = 1.950 and g1*

‖ = 1.928 

(Figure 26b). This points to differences of the dynamics of electrons between the catalysts at 

the metal-support interface. In Ru/TiO2-SG, electrons released from the anion vacancies after 

O removal were preferentially transferred to Run+ species at the interface. Meanwhile in 
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Ru/TiO2-Imp Ti4+ cations tend to trap these electrons to form Ti3+ (Ti4+ + e-(O-vacancy) → 

Ti3+). To improve the resolution, complementary spectra were recorded at low temperature (-

173 ℃) (Figure 26c, d). These spectra were recorded under an Ar atmosphere. As in this gas 

line traces of O2 could exist, the formation of superoxide anion radicals (O2
-) might provide 

additional insights about the electronic properties of the samples. Indeed, the bare fresh TiO2 

support showed the typical axial signal with g1
||=2.012 associated to O2

- species. The respective 

g1
⊥ component may be superimposed on the typical signal from F-centers (black line in Figure 

26c). Additionally, an axial signal with g2
Ʇ=1.984 and g2

‖=1.930 was also resolved and has been 

assigned to Ti3+.186-189 Both signals also appeared in the case of the spent bare support, yet in 

this case they were slightly more intense, probably, due to the absence of other centers 

(Run+/Ru0) that could compete with Ti4+ for electrons released from O-vacancies (black line 

Figure 26d).  

 

 
Figure 26. a, b) EPR spectra of Ru/TiO2-SG and Ru/TiO2-Imp catalysts up to 270 ℃ at different stages. 

The corresponding temperature at which the spectra were recorded is indicated in the figure; c) EPR spectra of 

the as received samples; d) EPR spectra of the samples after 6h reaction up to 270 ℃. All spectra in c) and d) 

were recorded at -173 ℃. 
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The EPR spectra of fresh Ru/TiO2-Imp (red line in Figure 26c) showed similar signals 

as the bare support but with lower intensity. This may be related to partial electron transfer from 

F-centers and surface Ti3+ ions to Run+ species, which were in turn reduced to EPR-silent Ru0. 

An additional weak axial feature was resolved with g2*
‖ = 1.961 while its perpendicular 

component might be superimposed at g2
Ʇ=1.982. Such g values are characteristic for Ti3+ ions 

located at regular lattice positions of anatase with moderate tetragonal distortion,186 i.e., they 

are embedded in the support matrix. On the other hand, in Ru/TiO2-SG (blue line in Figure 

26c), the signal of F-centers at g = 2.000 was more intense while the O2
- feature at g1

‖ = 2.010 

was weaker when compared with Ru/TiO2-Imp. Several poorly resolved features occurred 

between g2
⊥= 1.980 and g2

‖ = 1.924. As mentioned above, they may arise from g2
‖ signals of 

Ti3+ ions with lower axial distortion embedded in lattice positions of TiO2. No signals from 

paramagnetic Ru3+ and/or Ru+ species190 could be observed in the fresh catalysts, indicating that 

Ru in these materials might be present as EPR silent Ru4+ and/or Ru0. For the spent catalysts 

(Figure 26d) no clear difference in the intensity of the signal related with oxygen vacancies 

was noted. In contrast, even at these cryogenic conditions, Ti3+ could not be detected in 

Ru/TiO2-SG while the corresponding g components of axial Ti3+ were resolved in Ru/TiO2-

Imp. These spectral differences demonstrated that a fraction of the electrons released from 

defects in the less active Ru/TiO2-Imp were trapped by Ti4+ which might limit their transfer to 

Run+ and, thus, the formation of active Ru0 species. By the contrary, this electron exchange at 

the perimeter interphase of Ru/TiO2-SG was more facile leading to a major population of active 

Ru0 species. Evidence of these differences are corroborated by the distinct adsorptive properties 

determined upon DRIFTS assessments shown below. 

 

In-situ DRIFTS measurements: The formation of surface adsorbates and intermediates 

during the catalytic reaction was examined by in-situ DRIFT spectroscopy at 150 ℃ (Figure 

27). The band intensity of gaseous CH4, located ca. 3016 cm-1,191 was always much higher on 

Ru/TiO2-SG than on Ru/TiO2-Imp (Figure 27a, d), in line with the higher methane rate on the 

former catalyst. Signals at 2872 – 2887 cm-1 resolved for catalyst Ru/TiO2-Imp could be 

associated with C-H stretching vibrations of formate species (Figure 27d).128 The small signal 

ca. 2958 cm-1 may correspond to the combination between C-H bending vibrations and 

symmetric νas(O-C-O) vibrations of formate species.128, 192 In the spectra of Ru/TiO2-SG, such 

bands were obscured by the strong CH4 bands (Figure 27a).  

More interesting differences, however, were observed in the spectra of the respective 

carbonyl regions. For Ru/TiO2-SG a very broad feature was resolved between 2050 and 1870 
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cm-1. This is attributed to the superposition of CO adsorbed on different Ru sites (Figure 27b). 

In literature, bands around 1960 cm-1 have been related to terminal CO adsorbed on Ru sites at 

the metal support interface,51, 193 while bands around 1990 cm-1 were attributed to monodentate 

CO species on Ru sites of different oxidation states, including reduced Ru sites.51, 194-196 Also, 

the range 1990 – 1960 cm-1 could contain contributions from CO adsorbed on isolated metallic 

Ru sites surrounded by partially oxidized Ru.67, 197 This is in agreement with H2-TPR (Figure 

20d) spectra, that showed the presence of partially oxidized Ru at these conditions. The most 

obvious difference between Ru/TiO2-SG and Ru/TiO2-Imp was the fact that the latter showed 

negligible band intensity in the C-O range around 1998 cm-1 (Figure 27e), indicating a much 

lower ability of the Ru sites to adsorb CO and/or a smaller number of such species accessible 

for reactants/intermediates on this catalyst. Although not as obvious, another key difference 

was the resolved weak band at 2064 cm-1 in case of Ru/TiO2-SG (Figure 27b) that was not 

present in the spectra of Ru/TiO2-Imp (Figure 27e). This could be due to CO linearly adsorbed 

on electronically modified Ru sites located at the periphery interphase.22, 198  

Finally, spectral differences were also analyzed for the region between 1200 and 1700 

cm-1 (Figure 27c, f). The band at 1304-1305 cm-1 belonged to CH4 which was more intense in 

Ru/TiO2-SG. The band at 1618 cm-1 might be associated with bidentate bicarbonate species.199 

Bands at 1363 and 1553 cm-1 stem from symmetric νs(O-C-O) and asymmetric νas(O-C-O) 

vibrations of formate species.128, 192 They appeared with higher intensity on sample Ru/TiO2-

Imp, on which also a band at 1380 cm-1 from C-H bending vibrations of formates was 

evident.128, 192 This band was missing on Ru/TiO2-SG. Apart from the above discussed bands, 

there were weak features in Ru/TiO2-SG at 1437 cm-1 from bicarbonate species.191, 200 The 

bands at 1552 cm-1 and 1339 cm-1 likely stem from asymmetric νas(O-C-O) and symmetric νs(O-

C-O)  vibrations of bidentate carbonate species.118 They may be located as spectators on the 

TiO2-SG support. On the other hand, they could also have formed after CO2 adsorption on O-

vacancies in the vicinity of active Ru species, from where they were finally hydrogenated. On 

sample Ru/TiO2-Imp, the band at 1339 cm-1 was less pronounced, possibly due to the lower 

concentration of O-vacancies.  

From this information, a second insight about the distinct reactivity of the catalysts was 

obtained, i.e., formate-like species might be the source of the active carbonyl species that further 

hydrogenates to CH4.112 However, formate signals could not be clearly distinguished on 

Ru/TiO2-SG as the intensity and signal to noise ratio of the respective spectra were rather low 

for this catalysts, even at such mild temperature (150 ℃). If it is the case that formates actively 
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participate in the reaction path, they quickly reacted on Ru/TiO2-SG while on Ru/TiO2-Imp 

were more stable. This keeps tight relation with NAP-XPS results (Figure 25j, l). 

 

 
Figure 27. In-situ DRFT spectra recorded at 150 ℃. Left side: Spectra of Ru/TiO2-SG a) C-H region, 

b) C-O region, c) O-C-O region. Right side: Spectra of Ru/TiO2-Imp d) C-H region, e) C-O region, f) O-C-O 

region. From bottom to top: 0-90 min. Flow conditions: H2:CO2 = 4:1 (22.4 ml min-1 H2, 5.6 ml min-1 CO2, 2 ml 

min-1 He). 

 

It was already determined that on Ru/TiO2-Imp clustering of Ru nanoparticles occurred 

while smaller entities were preserved on Ru/TiO2-SG. Moreover, these spectral differences 

indicated that the active CO species producing CH4 might be different. That is, these DRIFT 

data reflect the observations from HAADF-STEM and EPR assessments. Ru/TiO2-SG presents 
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a larger Ru-support interface and the electronic (adsorptive) properties were more easily 

modified in this catalyst. 

A summary of the observed bands and assignments from DRIFTS is given in Table 6. 

 
Table 6. Infrared absorption bands and assigments for adsorbate species observed during CO2 

hydrogenation on Ru/TiO2-SG and Ru/TiO2-Imp catalysts. 

Surface species Wavenumber / cm-1 Assigment Reference 

Formate 2958 δ(CH) + νas(O-C-O) 128 2887 – 2872 ν(CH) 

 
Carbonyl  

1960 Metal-support interface 51, 193 

1998 - 1990 Linear Ru-CO on top of Ru 
particles 

51, 194-196 

2064 Ru-CO at electronically 
modified sites located at 
the periphery interphase 

22, 198 

Bidentate bicarbonate 1618 δ(OH) 199 

Formate 
1363 νs(O-C-O) 

128, 192 1557 νas(O-C-O) 
1380 δ(CH) 

Bicarbonate 1552 νas(O-C-O) 191, 200 1339 νs(O-C-O)   
 

Complementary information about the adsorptive properties of Ru on these catalysts 

was obtained upon CO adsorption at 30 ℃ recorded after reaction conditions at 150 ℃ for 5 

min and 6 h, respectively. The spectrum of Ru/TiO2-SG after 5 min reaction (Figure 28a), 

showed a band at 2130 cm-1 related to geminal CO adsorbed on low coordination Ru atoms.96 

The band at 2069 cm-1 may stem from CO adsorbed on high coordination Ru0 sites which is 

blue-shifted due to higher CO coverage with respect to the situation at reaction conditions.201 

Alternatively, the signal ca. 2069 cm-1 might be assigned to CO linearly adsorbed on Ru sites 

located at the perimeter interface,198 which might be electronically modified by close interaction 

with the support.22 Finally, the band at 2001 cm-1 is typical for carbonyl groups adsorbed on top 

of Ru0 clusters.202 In principle, the same bands were observed also for Ru/TiO2-Imp, yet they 

were all shifted to higher wavenumbers (Figure 28). This indicated that the C≡O bond on the 

latter catalyst was likely stronger than on Ru/TiO2-SG. The reason may be a more effective 

electron transfer from oxygen vacancies to Ru in the SG catalyst, as suggested by the in-situ 

EPR results (Figure 26). This might promote backdonation of electron density from occupied 

d orbitals of Ru to antibonding 2π* orbitals of adsorbed CO, which weakened the C≡O bond in 

the SG catalyst. After 6h time on stream (Figure 28b) this shift to lower wavenumbers was 

even more pronounced in the most active Ru/TiO2-SG catalyst, confirming the above discussed 

electron transfer.  Remarkably, almost no CO is adsorbed on the less active Ru/TiO2-Imp after 
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6h on stream. This may be due to a partial diffusion of exposed Ru species into subsurface 

layers where they were not accessible anymore for CO (also suggested by a lower Ru:Ti surface 

ratio, see NAP-XPS measurements below). Analogously, the partial increase of the Ru particle 

size that caused the decrease in the population of sites in the periphery interface constitutes 

another reasonable explanation for this limited adsorption of CO on Ru/TiO2-Imp. 

 

 
Figure 28. In-situ DRIFT spectra during CO adsorption at 30 ℃ on the spent Ru/TiO2-SG and 

Ru/TiO2-Imp catalysts after 5 min reaction a) and on the spent catalysts after 6 h reaction b).  Flow conditions: 

30 ml min-1 5 vol.% CO/He. 

 

Reactivity-structure relationships: Upon applying multiple spectroscopic 

measurements it was identified that the superior CH4 production on Ru/TiO2-SG was driven by 

O-vacancy-Ru sites with intimate electronic interactions. Such intimacy, was less pronounced 

on the less active Ru/TiO2 prepared by impregnation, as proved by in-situ EPR assessments. 

Furthermore, the use of CO molecule as probe for adsorptive differences suggested a larger 

population of electronic modified sites at the interface of Ru/TiO2-SG than on Ru/TiO2-Imp, in 

accordance with in-situ EPR. The adsorption of CO on these sites was also stronger on Ru/TiO2-

SG facilitating the rupture of the weakened C≡O bond by activated H. Moreover, DRIFTS and 

NAP-XPS spectra suggested that CH4 evolution followed the formate pathway, yet the low 

stability of such species on the Ru/TiO2-SG complicated their unambiguous identification. In 

addition, micrography evidence indicated the enhancement in the dispersion of supported Ru 

entities before and after reaction on Ru/TiO2-SG which can be associated with the pinning effect 

of O-vacancies that suppresses agglomeration of particles after nucleation. All in all, the 

evidence indicated that the formation of moieties containing tiny Ru species neighboring O-
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vacancies is responsible for the high activity to CH4 of Ru/TiO2-SG catalyst. A dual role of O-

vacancies is proposed for this reaction:  

i). In the initial state of their formation, the electrons released by removal of oxygen 

atoms are quickly transferred to Run+ species at the metal-support interface, forming Ru0 sites 

for H2 activation.  

ii). The resulting empty O-vacancy acts as adsorption and activation site for CO2.58, 69, 

203 This stabilized CO2 is quickly hydrogenated to oxygenated intermediates (likely formate 

species) that decompose to CO which is enough strongly attached at Ru-support interfacial sites 

to finally produce CH4.  

Accordingly, the following catalytic cycle is proposed: after oxidative pre-treatment 

with 5 vol.% O2 in He at 150 ℃, the catalyst contains oxidic Ru particles of ca. 3-4 nm mean 

diameter (confirmed by NAP-XPS and HAADF-STEM) and a negligible number of O-

vacancies in the support (Figure 29a). In the initial stage of the reaction, H2 reduces RuO2 to 

metallic Ru and removes lattice oxygen from the support to create O-vacancies (Figure 29b). 

Since no Ti3+ ions were detected by in-situ EPR and NAP-XPS, the electrons released by the 

removed O2- species are most probably trapped by interfacial Run+ sites instead of Ti4+, thus 

forming catalytically active Ru0 atoms at the metal-support interface. Subsequently, CO2 

adsorbs with one of its O atoms in the oxygen vacancy (Figure 29c). This process weakens the 

C-O bond and makes it prone for facile hydrogenation by activated H species (Figure 29d).  
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Figure 29. Schematic representation of formation of O-vacancies and metallic Ru (A, B) and their role 

for activation of CO2 (C) and H2 (D). 

 

3.2. CO2 methanation on Ru/ZrO2 and MgO modified Ru/ZrO2 
Despite the clear benefits of O-vacancies for the methanation of CO2, the nature of 

active sites/species that facilitate CH4 evolution and their direct relation with O-defects lacks 

understanding. It was already shown that this becomes even more complicated on very active 

catalysts (with abundant O-vacancies) for which the signal to noise ratio, e.g., during in situ 

FTIR analysis, is small. In those cases, the reactivity of the HxCyOz and Ru-CO intermediates 

formed under reaction conditions is not easily correlated with CH4 evolution. Hence, executing 

experiments to unambiguously determine key intermediates on Ru based catalysts is a difficult 

task that still needs deeper exploration to successfully accomplish the rational design of such 

materials.  

The interactions between Ru and O-vacancies depend on the nature of the supporting 

oxide. While these interactions are very pronounced with TiO2, for the case of the less reducible 

ZrO2 they are moderate as the energy cost for the removal of surface O is larger in this case.111 
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Consequently, less charge transfer from ZrO2 to the supported Ru particles occurs (assuming 

similar surface area, Ru loading and Ru particle size) resulting in a lower catalyst activity.204 

The moderate Ru-ZrO2 interaction is expected to be advantageous for the identification of key 

intermediates. Meanwhile, the formation of O-vacancies in ZrO2 can be tailored by 

incorporation of foreign cations of lower valence than Zr. When ZrO2 is mixed with MgO a 

fraction of this second oxide can dissolve to form defective solid solutions as Mg2+ substitutes 

Zr4+ in its lattice positions due to the similar ionic radii. In view of the relative wide solubility 

window of MgO in ZrO2 (1 – 20 mol%),205-208 a mixed ZrO2-MgO with a moderate amount of 

MgO of 2.6 wt.% (6.5 mol%) has been prepared. This way two supports with distinct 

concentration of O-vacancies while the same loading of Ru is impregnated on them have been 

prepared. Following this strategy, changes in the catalytic behavior can be strongly related to 

differences in the chemisorption properties at the metal-support interface.209  

 

Supports and catalysts characterization: The results of N2 physisorption on the fresh 

bare supports and supported catalysts as well as the respective contents of Mg and Ru are 

summarized in Table 7. The addition of MgO to ZrO2 resulted in an increase in the specific 

surface area (SSA) by ca. 50 %. This increase in presence of MgO can be explained by the 

formation of smaller pores (Figure A2a, c). Meanwhile, Ru impregnation caused only a slight 

decrease in SSA without affecting the pore size distribution of the respective support (Figure 

A2b, d). The N2 adsorption isotherms were found typical of mesopore materials156, 165 and 

showed no remarkable changes with Ru addition (Figure A3). 

 
Table 7. Structural properties, Mg and Ru loading of Ru/ZrO2 and Ru/ZrO2-MgO catalysts. 

Sample Ru loading / wt.% Mg loading / wt.% BET SSA / 
m2 g-1 Pore diameter / nm 

ZrO2 - - 81 6.3 
Ru/ZrO2 0.43 - 75 6.4 

ZrO2-MgO - 1.54 123 3.3 
Ru/ZrO2-MgO 0.39 1.54 120 3.5 

 

XRD powder patterns of fresh ZrO2 and Ru/ZrO2 (Figure 30a) revealed a predominant 

monoclinic structure of ZrO2 (ICDD 00-037-1484) with minor contribution of reflections from 

orthorhombic ZrO2 at 2θ ca. 30.3° and 60.0° (ICDD 01-071-6425). Reflections of RuO2 were 

not resolved in Ru/ZrO2, possibly due to superposition with sharper peaks of monoclinic ZrO2 

at 2θ 28.2° and 54.2°, respectively. In contrast, the patterns of ZrO2-MgO and Ru/ZrO2-MgO 

(Figure 30b) mainly showed reflections of a cubic ZrO2-MgO solid solution (ICDD 01-078-

1809) together with two signals of tetragonal RuO2 at 2θ close to 28.1° and 54.4° (ICDD 01-
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074-6233). The presence of divalent impurities and O-vacancies which favor the stabilization 

of the cubic phase explains the change in the pattern after addition of MgO.210  

 

 
Figure 30. XRD powder patterns of a) fresh ZrO2 and Ru/ZrO2; b) fresh ZrO2-MgO and Ru/ZrO2-MgO. 

 

H2-TPR (Figure 31) was recorded to determine the reducibility of the materials. The 

bare supports showed no reduction peaks below 600 ℃ (Figure 31a). In Ru/ZrO2 the sharp 

peak at 185 ℃ corresponds to the reduction of RuO2
211, 212 while the peak at 430 ℃ and the 

poorly resolved shoulder around 516 ℃ may be attributed to the reduction of ZrO2 upon 

interaction with H* activated and spilled over from Ru to the support.213 In the case of Ru/ZrO2-

MgO, the corresponding reduction peaks appeared at higher temperatures. However, similarly, 

they can be attributed to the reduction of RuO2 (219 – 259 ℃)211 and the support (473 ℃ and 

570 ℃). In addition, the influence of the different support properties on the reducibility of the 

RuO2 particles59, 70, 214 is also suggested by the detection of two reduction maxima (219 – 259 

℃). This may be related with the location of RuOx (x ≤ 2) on different zones of the support that 

differ in their ZrO2/MgO distribution. Further evidence, from in-situ EPR assessments (shown 

below), indicates that the Ru oxidic species requiring high temperatures for reduction are 

closely related with MgO/ZrO2-MgO. 
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Figure 31.  a) H2-TPR and b-e) CO2-TPD spectra of the fresh supports and supported Ru catalysts up to 

350 ℃. Blue, green, and purple peak represent the deconvoluted signals. The numbers indicate the peak 

temperature of each desorption signal. 

 

CO2-TPD analysis and deconvolution of the desorption rate spectra has been performed 

to quantify the desorbed CO2 in the range up to 350 ℃ (Figure 31b-e). The complete spectra 

up to 750 ℃ with their respective deconvolution are shown in Figure A4. Peaks at 100 – 200 

ºC and 200 – 350 ℃ have been assigned to weak and medium-strong adsorption sites, 

respectively. The peak desorption temperatures of the deconvoluted sub-signals do not differ 

much, suggesting that the relative strength of the CO2 adsorbates is similar in all samples 

(numbers in Figure A4b-e). However, in the presence of MgO the amount of desorbed CO2 

was higher (left y axis in Figure A4b-e).  
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Further examination of the catalysts was done by High-Angle Annular Dark Field-

Scanning Transmission Electron Microscopy (HAADF-STEM) and EDX spectroscopy (Figure 

32). For the as prepared Ru/ZrO2-MgO catalyst (Figure 32a, c), a non-homogeneous 

distribution of RuO2/Ru (red color) with large separate Ru containing particles was observed. 

This is well seen by EDX spectra recorded at different regions (Figure 32b). The zone marked 

as “1” is representative of a region relatively enriched with MgO in which the signals of Ru Lα 

and Ru Lβ at about 2.56 and 2.68 keV were not clearly detected. In the case of zone “2”, ZrO2 

prevailed and strong signals of Ru were observed. In region “3”, it is seen that RuO2/Ru is also 

present but separated from the support as no signal of Zr and Mg can be observed in the EDX 

spectra. Here, the intense O K signal implies the presence of RuO2. In the case of spent 

Ru/ZrO2-MgO, i.e., after reaction at 270 ℃, the inhomogeneous distribution of Ru prevailed 

(Figure 32d-f). The EDX spectrum of region “1” shows predominantly ZrO2 with only little 

Mg and no Ru. However, extended zones, where Ru and Mg are present without Zr are detected 

(Figure 32e, f). The EDX spectrum of region “2” (Figure 32e) suggests a contact between Ru 

and Mg, which might be beneficial for the catalytic performance.  

 

 
Figure 32. Representative HAADF-STEM images, EDX spectra recorded on selected regions and EDX 

map of fresh (a – c) and spent Ru/ZrO2-MgO (d – f) (Zr: green, Ru: red, Mg: yellow). The spent material was 

investigated after reaction at 270 ℃. 

 

These results would explain the resolved H2-TPR spectra of Ru/ZrO2-MgO (Figure 

31a) where the detection of at least two peaks between 219 and 259 ℃ might point to the 

reduction of RuO2 located in zones with distinct ZrO2 and ZrO2-MgO contributions.  
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Activity assessments: The methanation behavior of the catalysts normalized by the Ru 

mass was evaluated in the temperature range 140 – 300 ℃. The rates and the conversion were 

comparable up to 220 ℃ while the selectivity to CH4 was 100 % in the whole explored 

temperature window for both catalysts (Figure A5). Once the temperature increased above 220 

℃ the rate of CH4 formation was clearly larger on Ru/ZrO2-MgO (Figure 33a). It increased by 

ca. 1.9 times at 250 ℃ on Ru/ZrO2-MgO while at 300 ℃ the difference was slightly more 

pronounced, i.e., 2.8 times in favor of Ru/ZrO2-MgO. The respective CO2 conversions at these 

conditions were of 21 % in the case of the MgO containing catalyst and of only 8 % on the 

unmodified catalyst (Figure 33c). As the conversion of CO2 was below the thermodynamic 

limit at all temperatures (Figure A6), the reaction was under kinetic control in all cases.  

The calculated apparent activation energies in the range 220 – 300 ℃ (Figure 33b) were 

in the expected order of magnitude as reported for this reaction on distinct Ru based catalysts 

(~ 50 – 80 kJ mol-1).50, 70, 97, 172 However, in case of Ru/ZrO2 (EA = 58.1 kJ mol-1) was lower 

than on Ru/ZrO2-MgO (EA = 79.1 kJ mol-1). This apparent contradiction can be solved by 

accounting for the pre-exponential factors. From the linear fitting of rates in Figure 33b, the 

logarithms of the pre-exponential factors corresponded to 5.6 and 11.0 for Ru/ZrO2 and 

Ru/ZrO2-MgO, respectively. This can be interpreted as a relatively larger fraction of exposed 

active sites on Ru/ZrO2-MgO. This compensates the high activation energy for the reaction on 

this catalyst. Wang et al also noted a lower apparent activation energy for 0.5 wt.% Ru/Al2O3 

when compared to 5 wt.% Ru/Al2O3, being this last the most active catalyst. Despite the lower 

activation energy of the low Ru loaded catalyst, the higher fraction of inactive sites when 

compared with the high Ru loaded catalyst was the driver for the different activities.97 
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Figure 33.  a) Ru mass normalized CH4 formation rate on Ru/ZrO2 (black diamonds) and Ru/ZrO2-MgO 

(red stars)  in the temperature range 220 – 300 ℃; b) Arrhenius plot and activation energies for Ru/ZrO2 (black 

diamonds) and Ru/ZrO2-MgO (red stars) in the temperature range 220 – 300 ℃; c) CO2 conversion and selectivity 

to CH4 on Ru/ZrO2 (black diamonds) and Ru/ZrO2-MgO (red stars) for 24 h reaction at 250 ℃; d) CO2 conversion 

and selectivity to CH4 on Ru/ZrO2-MgO for ca. 100 h reaction at 300 ℃ (black squares) and 350 ℃ (red circles). 

Inlet gas flow conditions in all cases: 16 ml min-1 H2, 4 ml min-1 CO2, 10 ml min-1 N2. 

 

The stability of the catalysts was also evaluated. First, at 250 ℃ during ca. 24 h (Figure 

33c) it was observed an induction time before reaching the maximum conversion after which a 

slight decline occurred. For Ru/ZrO2, the induction time to reach maximum conversion was 

about 2 h while for Ru/ZrO2-MgO ca. 8 h were needed. This difference can be explained by the 

H2-TPR results (Figure 31a) where it was determined that reduction of RuO2 on Ru/ZrO2-MgO 

required higher temperatures (peak maximum 260 ℃) than on ZrO2 (185 ℃). The net 

deactivation during ca. 24 h under these conditions was around 1 %, independently on the 

presence or absence of MgO, i.e., the slight deactivation is not affected by the incorporation of 

MgO. Since RuO2 reduction on Ru/ZrO2-MgO required higher temperatures, its catalytic 

performance and stability were also evaluated at 300 – 350 ℃ during a long-term experiment 

of ca. 100 h (Figure 33d). The catalyst showed a higher catalytic performance, high stability 

and shorter induction times to reach its maximum conversion in comparison with those obtained 
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at lower temperatures (Figure 33d). At 300 ℃, the net deactivation at the end of the experiment 

was only 2%, while at 350 ℃ the CO2 conversion decreased by 5 % (from ca. 41 % to 36 %) 

without any effect on the selectivity to CH4, which was 100 % during the whole experiment.  

H2 chemisorption was performed to estimate the particle size distribution and dispersion 

of Ru. The calculations were performed by equations eq. 33 – 35 and the results presented in 

Table 8.  

 
Table 8. Particle size, specific surface area and dispersion of Ru on Ru/ZrO2 and Ru/ZrO2-MgO 

catalysts. 

Sample Mean Ru particle size / 
nm 

Ru specific surface area 
/ m2 g-1 

Ru dispersion / 

% 

Ru/ZrO2-spent 46.8 8.54 2.04 

Ru/ZrO2-MgO-spent 4.93 81.1 19.4 

 

With this information TOFs were calculated and are shown in Table 9. The activity per 

active surface site compensates the mass normalized rate in the case of the catalyst with bigger 

Ru particles. As CH4 productivity is not in alignment with the TOF trends, this suggests that 

not all exposed Ru atoms on the surface are active. This fact has been previously demonstrated 

when observing that catalysts (Ru/TiO2 and Ru/Al2O3) with similar Ru dispersion exhibited 

distinct CH4 activity.21, 215, 216 Furthermore, Guo et al. showed for a series of Ru/CeO2 catalysts 

that with an optimum Ru particle size of around 1 nm better activity can be obtained than with 

single Ru atoms and Ru clusters of ca. 4 nm.70 Therefore, effects distinct to Ru dispersion, 

contribute in major extent to the promotion of CH4 activity on the Ru/ZrO2-MgO catalyst. This 

is in alignment with the formation of domains on which Ru preferably interacted with ZrO2-

MgO in the spent catalyst (Figure 32e, f) that suggests that the metal-support interaction might 

be drastically affected by the presence of MgO, thus, leading to these catalytic differences.  

 
Table 9. Rates of reaction calculated at steay state in the range 220 – 300 ℃ on Ru/ZrO2 and Ru/ZrO2-

MgO catalysts. 

Temperature / ℃ Catalyst Rate / molCH4 g-

1Rus-1 
aTOF / 

s-1 
220 

Ru/ZrO2 
1.9*10-4 0.95 

250 4.3*10-4 2.15 
300 1.4*10-3 6.90 
220 

Ru/ZrO2-MgO 
2.6*10-4 0.13 

250 8.1*10-4 0.42 
300 3.9*10-3 2.03 

   a: calculated with equation eq. 30 
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X-ray photoelectron spectroscopy: Ex-situ XPS spectra were recorded for the as 

prepared and spent catalysts. Since Ru 3d signals strongly overlap with those from C 1s species 

(Figure A7a-d), thus the oxidation state before and after reaction was determined using the 

Ru 3p spectra (Figure 34a-d). The fitted spectra of Ru 3p species clearly showed that Ru 

initially was present in its oxidized state, as the binding energy in the range 463.1 – 463.0 eV 

is typical for RuO2. In addition, a second signal corresponding to the satellite of RuO2 was also 

resolved at 465.7 eV.177 This agrees with XRD patterns (Figure 30a, b) and additional STEM 

images (Figure A8a, c) that allowed to observe rather big RuO2 nanoparticles in the fresh 

materials. Meanwhile, after reaction dispersed Ru particles formed. This last in alignment with 

the downshift in the binding energy to values between 461.6 – 461.4 eV, i.e., typically reported 

for metallic Ru.177 

 

 
Figure 34.  XP spectra in the Ru 3p region of the fresh and spent Ru/ZrO2 catalyst (a, b) and of fresh 

and spent Ru/ZrO2-MgO catalyst (c, d). The spectra corresponding to the spent catalysts were recorded after 

reaction at 270 ℃. 

 

The quantification of the surface atomic Ru composition suggested a better dispersion 

of Ru on Ru/ZrO2-MgO. The surface concentration of Ru was higher on Ru/ZrO2-MgO before 

and after reaction (Table 10). This is further supported by STEM images (Figure A8b, d) 
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where nanoparticles of Ru appeared more dispersed on Ru/ZrO2-MgO. According to N2 

physisorption, the SSAs of the MgO modified support and catalyst were ca. 40 % larger thus, 

the possible enhancement in the dispersion of Ru might not be surprising. However, this 

promotion in the SSA/Ru dispersion by itself is probably not the main reason for the distinct 

reactivity behavior exhibited by the catalysts.  

 
Table 10.  Surface atomic concentration of Ru quantified from Ru 3d XPS signals before and after 

reaction on Ru/ZrO2 and Ru/ZrO2-MgO catalysts. 

Sample Surface Ru / at.% 

Ru/ZrO2-spent 0.34 

Ru/ZrO2-MgO-spent 1.31 

 

In-situ electron paramagnetic resonance: It is worth to note that XRD patterns (Figure 

30) revealed the formation of a solid ZrO2-MgO solution. Therefore, an enhancement in the 

concentration of oxygen vacancies might be expected. Nevertheless, surprisingly, Zr3+ 

formation was not observed by XPS (Figure A9). The resolved signals showed maxima with 

binding energy about 182.2 eV typical of Zr4+.217 As the measurements were performed ex-situ, 

it is possible that re-oxidation with atmospheric air would be the cause of this observation. Since 

EPR is more sensitive to paramagnetic species we performed assessments using this technique 

on the samples at in-situ conditions to uncover the involvement of O-vacancies/Zr3+ in the 

present cases. First, spectra were recorded at -173 ℃ for the bare supports after oxidative 

pretreatment (black lines in Figure 35a, b). A typical signal of electrons trapped in O-

vacancies218 was resolved at giso = 2.003 in both cases, although being ca. 1.8-fold more intense 

in the presence of MgO. A second axial signal (g2
⊥ = 1.974 and g2

 = 1.963), that was associated 

to Zr3+,218-220 was only clearly resolved in case of the MgO modified ZrO2. This effect was 

already anticipated due to the expected formation of extra O-vacancies in the ZrO2-MgO solid 

solution, which could release electrons to Zr4+ to form Zr3+ (Zr4+ + e-(O-vacancy) → Zr3+). That 

is, the insertion of Mg2+ in the structure of ZrO2, as suggested by the XRD patterns, is 

corroborated by EPR spectra. The corresponding spectra of the fresh catalysts (red lines in 

Figure 35a, b) revealed further differences. The impregnation of Ru on ZrO2 resulted in the 

detection of a new axial signal (g1
⊥ = 2.067 and g1

 = 1.890) that is likely related with 

paramagnetic Ru species, presumably Ru3+.221, 222 Moreover, after Ru addition, Zr3+ could be 

detected, represented by the axial signal (g2
⊥ = 1.974 and g2

 = 1.963) (red lines in Figure 35a). 

For Ru/ZrO2-MgO a new axial signal (g3
⊥ = 2.097 and g3

 = 1.907) was resolved (red spectra 
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in Figure 35b). Probably this signal is representative of Ru species that interact with the support 

in regions containing a MgO/ZrO2-MgO solid solution (see Figure 30), as also evidenced by 

EDX mapping (Figure 32) and is a further indication of distinct electronic/structural properties 

induced by MgO. Signals representing Zr3+ (g2
Ʇ = 1.974 and g2

‖ = 1.963) were also clearly more 

pronounced when compared with the bare ZrO2-MgO support corroborating that the presence 

of Ru induced the formation of defects in the supports.  

 

 
Figure 35. EPR spectra recorded at -173 ℃ of a) ZrO2 and Ru/ZrO2; b) ZrO2-MgO and Ru/ZrO2-MgO. 

The black lines represent the spectra of the bare supports while the red lines represent the spectra of the catalysts. 

All the spectra were recorded in He atmosphere after oxidative pre-treatment. 

 

The reaction was in-situ followed at 250 ℃ (Figure A10). Besides the changes in the 

first 2 min of reaction associated to reduction of Ru and increase in O-vacancies, no further 

differences could be resolved in the next hour at these conditions. To observe the changes after 

reaction with greater detail, spectra were also recorded at -173 ℃ (Figure 36a, b). The most 

remarkable difference was the appearance of a new signal with g = 2.008 that overlapped with 

the oxygen vacancy signal at giso = 2.003 in Ru/ZrO2-MgO. Previously, a similar effect was 

reported for Au/ZrO2 catalysts and was attributed to the formation of carbonate/bicarbonate 

species219, 223 upon the interaction of CO2 with O-vacancies and surface hydroxyl groups.224 

The presence of such a signal only in the MgO modified catalyst suggests that interactions 

between the surface and molecules from the gas phase are more pronounced in this case. 

Another key difference between the spectra is that signals from Zr3+ could not be resolved in 

case of Ru/ZrO2-MgO while in Ru/ZrO2 still the perpendicular component (g2
⊥ = 1.974) could 

be observed. A third aspect to highlight is the presence of partially oxidized Ru still after 
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reaction in Ru/ZrO2-MgO (g1
⊥ = 2.067 and g3

⊥ = 2.109). This agrees with H2-TPR (Figure 31a) 

that showed the need of higher reduction temperatures to further reduce strongly interacting 

RuOx with the ZrO2-MgO support and was also reflected by STEM. In summary, regarding the 

activity-structure relationships, EPR results indicated that the promotion of O-vacancies by 

incorporation of MgO facilitated the interaction of CO2 with the catalyst.  

 

 
Figure 36. EPR spectra recorded at -173 ℃ of a) ZrO2 and Ru/ZrO2; b) ZrO2-MgO and Ru/ZrO2-MgO. 

The black lines represent the spectra of the bare supports while the red lines represent the spectra of the catalysts. 

All the spectra were recorded after reaction and under H2:CO2 = 4:1 atmosphere. 

 

In-situ DRIFTS measurements: The formation of surface adsorbates and intermediates 

was examined by in-situ DRIFT spectroscopy. Spectra recorded at 250 ℃ are shown in Figure 

37a, b. In the case of Ru/ZrO2 (Figure 37a) two main bands were identified in the carbonyl 

zone. The first, in the range 2059 – 2055 cm-1, has been commonly associated to CO linearly 

adsorbed on Ru clusters (Rux-CO).198, 201 The second signal appearing near 1981 cm-1 could be 

assigned to bridge-like CO adsorbed on adjacent metallic Ru sites, e.g., Ru2-(CO).97, 197 In 

contrast, for Ru/ZrO2-MgO (Figure 37b), the spectra in the carbonyl region were more 

complex. Two main bands centered at ca. 2033 and 1959 cm-1 dominate the spectrum. They 

represent the asymmetric and symmetric stretching of two carbonyls attached to one Ru atom 

(Ru-(CO)2).195 The band at 2064 cm-1 might be attributed to CO linearly adsorbed on 

electronically modified Ru sites located at the periphery interphase.22, 198 Meanwhile, the new 

extra signals in the range 1990 – 1960 cm-1 could contain contributions from CO adsorbed on 

isolated metallic Ru sites surrounded by partially oxidized Ru.67, 197 This is not surprising, as 



 
 

75 
 

H2-TPR (Figure 31a) and in-situ EPR (Figure 36b) assessments suggested that some fractions 

of partially oxidized Ru might remain on Ru/ZrO2-MgO at these conditions. The band with 

frequency at 2052 cm-1 likely represents CO linearly adsorbed on Ru clusters (Rux-CO), as in 

the case of Ru/ZrO2. The lower vibration is, however, an indication that the Ru sites could have 

a higher local electronic density in presence of MgO. Such electronic enrichment might occur 

by the facile interaction of these Ru sites with neighboring O-vacancies/Zr3+ as determined by 

in-situ EPR measurements.  

 

 
Figure 37. DRIFT spectra recorded at 250 ℃ on a) Ru/ZrO2 and b) Ru/ZrO2-MgO. The total reaction 

time was set to 1 h (from bottom to top). Inlet gas flow conditions: 16 ml min-1 H2, 4 ml min-1 CO2, 10 ml min-1 

He. 

 

When analyzing the region below 1800 cm-1 a strong band was observed for Ru/ZrO2 at 

ca. 1550 cm-1 (Figure 37a). This signal could be associated with the asymmetric O-C-O 

stretching vibration, νas(O-C-O), of formate species (HCOO-*). The sign “*” denotes adsorbed 

species. The corresponding symmetric stretching signal for this species, νs(O-C-O), might be 

represented by the band around 1361 cm-1.128, 225 Moreover, the difference between νas(O-C-O) 

and νs(O-C-O) (Δν = 189 cm-1) points to a bidentate like formate (b-HCOO-*).226 In the case of 

Ru/ZrO2-MgO (Figure 37b) the corresponding signals associated to formate appeared at ca. 

1580 and 1361 cm-1 for νas(O-C-O) and νs(O-C-O), respectively. The difference between νas(O-

C-O) and νs(O-C-O) (Δν = 219 cm-1) still suggests formation of a bidentate formate (b-HCOO-

*).226, 227 The location of the asymmetric vibration of b-HCOO-* at higher frequencies in 

Ru/ZrO2-MgO is another indication of the distinct reactivity of intermediates in the MgO 
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modified catalyst. Further corroboration that these signals are related to formates is given by 

spectra in the CH stretching region (Figure A11) in which signals at 2883 – 2887 cm-1 together 

with bands at 2744, and 2970 – 2979 cm-1 under reaction conditions can be associated to bi-

dentate formates.225 These bands become occluded at T ≥ 220 ℃ by the rotational modes of 

CH4 and absorption bands from water vapor. The corresponding CH bending bands, δCH, are 

indicated by the vibration frequencies at 1384 – 1386 cm-1 (Figure A12). 

Spectra for the bare supports were recorded during reaction at 250 ℃ (Figure A13a, b). 

In these last cases no signals in the carbonyl region were resolved, as expected due to the 

absence of Ru. Only clear signals were detected in the O-C-O region. Moreover, no CH4 was 

detected, corroborating the kinetic assessments. 

A summary of the bands observed during in-situ DRIFTS is seen in Table 11. 

 
Table 11. Infrared absorption bands and assigments for adsorbate species observed during CO2 

hydrogenation on Ru/ZrO2 and Ru/ZrO2-MgO catalysts. 

Surface species Wavenumber / cm-1 Assigment Reference 

Formate 
2979 – 2970  δ(CH) + νas(O-C-O) 

128, 225 2887 – 2883  ν(CH) 
2744 δ(CH) + νs(O-C-O) 

 
Carbonyl  

2064 
Ru-CO at electronically 
modified sites located at 
the periphery interphase  

22, 198 

2059 – 2055 Ru-CO on top of Ru 
clusters 

198, 201 

              2033 asymmetric stretching of 
(Ru-(CO)2) 

195 

1981 Ru2-(CO) 97, 197 
 

1990 – 1960 

CO adsorbed on isolated 
metallic Ru sites 

surrounded by partially 
oxidized Ru 

67, 197 

 1959 symmetric stretching of 
(Ru-(CO)2) 

195 

Bidentate bicarbonate 1618 δ(OH) 199 

Bidentate formate 
1361 νs(O-C-O) 

128, 192 1580 – 1550  νas(O-C-O) 
1386 – 1384  δ(CH) 

Bicarbonate 1552 νas(O-C-O) 191, 200 1339 νs(O-C-O)   
 

Dynamic experiments were performed to determine which Ru-CO species could be the 

source of CH4. First, after reaction, the spent catalysts were left under He overnight at 20 ℃ 

and then heated up to 250 ℃. After 3 h in He atmosphere, the gas feed was changed to a mixture 

of 16 ml min-1 H2 and 14 ml min-1 He. Spectra were recorded during 30 min for each sample 

(Figure 38a, b). Adsorbed CO on Ru was still present before starting the experiment (first 
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spectrum from top to bottom). Once H2 was admitted to the reaction cell the typical signal of 

CH4 at ca. 3014 cm-1 appeared. At the same time of H2 entrance, the corresponding Ru-CO 

signals (2064 – 2036 cm-1) began to decrease and shifted to lower wavenumber. In both 

catalysts the CH4 signal disappeared together with the Ru-CO signal at highest frequency (2064 

– 2050 cm-1 on Ru/ZrO2 and 2056 – 2036 cm-1 on Ru/ZrO2-MgO).  

 

 
Figure 38. DRIFT spectra recorded at 250 ℃ on the spent catalysts: a) Ru/ZrO2 and b) Ru/ZrO2-MgO 

after He purge overnight at RT and 3 h purging also in He at 250 ℃. The first spectrum from top to bottom 

correspond to the catalyst before H2 admission. The total time was set to 30 min. Inlet gas flow conditions after 

switch (second spectrum from top to bottom): 16 ml min-1 H2, 14 ml min-1 He. 

 

These changes, however, occurred at different rates. While this carbonyl band vanished 

together with CH4 after ca. 20 min on Ru/ZrO2, for Ru/ZrO2-MgO only 5 min were needed. 

Although low frequency Ru-CO species (< 2000 cm-1) were still detected after the decay of the 

high frequency one, no evolution of CH4 could be detected despite the presence of H2. This 

situation is observed from the normalized temporal decay of these signals, shown in Figure 39. 

The normalization was referred to the intensity of the respective band before the admission of 

H2 to the reaction cell. No correlation between the decay of CH4 and Ru-CO (1992 – 1984 cm-

1) signals was observed. On the other hand, the signal of Ru-CO (2064 – 2056 cm-1) followed 

almost the same decay of CH4.  
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Figure 39. Normalized integral decay of the bands resolved in the spectra recorded at 250 ℃ during the 

dynamic experiment presented in Figure 38. a) Ru/ZrO2 and b) Ru/ZrO2-MgO. The total time was set to 30 min. 

Inlet gas flow conditions after switch: 16 ml min-1 H2, 14 ml min-1 He. 

 

During a second dynamic experiment, using spent catalyst, the source of the reactive 

Ru-CO was determined. After a purge during 30 min in H2/He atmosphere, the gas mixture was 

exchanged to 4 ml min-1 CO2 in 26 ml min-1 He. Spectra were again recorded during 30 min 

(Figure 40a, b). Contrary to the previous experiment, no pre-existing carbonyl species were 

present before the admission of CO2 (first spectrum from top to bottom) because they were 

eliminated during the 30 min in H2/He purge. Once CO2 was admitted to the chamber, CH4 

evolved. This occurred together with the formation of Ru-CO as well as of formate, bicarbonate 

and carbonate species. Methane disappeared after ca. 10 min on Ru/ZrO2, while it took only 

about 4 min for Ru/ZrO2-MgO.  

The normalized integrated signals showed that the steepest increase in the intensity of 

the carbonyl with absorption frequency at ca. 2060 cm-1 coincided with the maximum in the 

intensity of formate species and with the disappearance of the CH4 signal (Figure 41a, b). In 

contrast, the temporal behavior of the bands assigned to bicarbonates and carbonates showed 

no correlation with CH4 and Ru-CO (2060 cm-1) bands in any case. Hence, these last species 

seem to play a role of spectators. 
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Figure 40. DRIFT spectra recorded at 250 ℃ after switching from H2/He to CO2/He: a) Ru/ZrO2 and b) 

Ru/ZrO2-MgO. The first spectrum from top to bottom corresponds to the catalyst before CO2 admission. The 

total time was set to 30 min. Inlet gas flow conditions after switch (second spectrum from top to bottom): 4 ml 

min-1 CO2, 26 ml min-1 He. 

 

In summary, the in-situ IR measurements during reaction and during dynamic 

experiments allowed to distinguish the role of bi-dentate formate as intermediate of active Ru-

CO species. Particularly, the behavior of the species with absorption ca. 2060 cm-1 (associated 

with electronically modifies sites) correlated with CH4 evolution. In contrast, the carbonyl 

species with vibrations below this value, e.g., Ru2-CO, and have been found inert for CH4 

evolution, according to other investigations.97, 195 Moreover, the stability of the active Ru-CO 

was controlled by the presence of MgO. The reason that might explain this behavior is the facile 

electron transfer from the support to Ru sites. Back-donation of electrons from metal d-orbitals 

to the anti-bonding orbital of adsorbed CO (d(M)→ π*(CO)) might result in strengthened metal-

carbon (M-CO) bonding while weakening the C≡O bonding,60, 100 increasing its instability. 

Surprisingly, on Ru/TiO2-SG, also a Ru-CO signal ca. 2060 cm-1 was detected and was the 

main difference with Ru/TiO2-imp catalyst (Figures 27 and 28). However, on the highly active 

Ru/TiO2-SG its intensity was too low to unambiguously relate it with CH4 evolution.  
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Figure 41. Normalized integral decay of the bands resolved in the spectra recorded at 250 ℃ during the 

dynamic experiment presented in Figure 40. a) Ru/ZrO2 and b) Ru/ZrO2-MgO. The normalization was referred 

to the intensity of the maximum of respective band after the admission of CO2 to the reaction cell. The red dotted 

line indicates the coincidence between the maximum intensity of the formate with the stepped increase of the 

CH4 active Ru-CO band. The total time was set to 30 min. Inlet gas flow conditions after switch: 4 ml min-1 CO2, 

26 ml min-1 He. 

 

Reactivity-structure relationships: Complementary spectroscopy assessments provided 

extra information of the enhanced Ru-support interaction in presence of MgO. The following 

observations summarize the main findings in this study: 

i) EPR measurements evidenced that extra O-vacancies/Zr3+ sites were present in the 

MgO containing support. These species might easily release electrons to the 

periphery, e.g., neighboring Ru sites. This was evidenced by the absence of a Zr3+ 

signal in Ru/ZrO2-MgO after reaction, while it was still resolved in Ru/ZrO2 catalyst 

at the same conditions. Furthermore, the presence of an additional signal in the spent 

Ru/ZrO2-MgO catalyst (g = 2.008) was an indication of the facilitated interaction 

between electrons released from paramagnetic centers to surrounding species. 

Analogously, such a signal was not resolved in the case of Ru/ZrO2.  

ii) In-situ DRIFT spectra suggested the same source of CH4 in both catalysts, i.e., Ru-

CO species with a vibrational frequency in the range 2064 – 2055 cm-1 that was 

produced from bidentate formate (b-HCOO*-) species. However, the stability of the 

involved species was found different. First, b-HCOO*- showed a higher O-C-O 

asymmetric stretching frequency νas(O-C-O) on the Ru/ZrO2-MgO catalyst, likely 

due to the interaction between one O atom with Mg2+ replacing Zr4+. Second, the 

promoted release of electronic charge from MgO-ZrO2 paramagnetic centers to Ru 

sites strengthened Ru-C while facilitating the breaking of the C≡O bonding of 
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carbonyl intermediate. The high reactivity of intermediates helps to keep a larger 

fraction of active sites available for reaction. 

iii) H2-TPR suggested the more pronounced interaction between RuOx and the MgO 

containing support as higher temperatures were required to reduce the oxidic Ru. 

HAADF-STEM micrographs and EDX spectroscopy as well as ex-situ XPS 

corroborated this effect by suggesting a major dispersion of Ru/RuO2 after reaction.  

iv) N2 physisorption measurements determined a larger surface area of the MgO 

modified materials, which correlated also with the enhanced dispersion of the 

supported metal after heating.  

v) XRD patterns suggested the formation of a solid solution between ZrO2 and MgO, 

i.e., effective incorporation of Mg2+ in the lattice of ZrO2 that resulted in the 

enhanced presence of support defects. 

Mechanisms for CO2 methanation on distinct Ru based catalysts propose that HCOO-* 

acts as carbonyl source,129, 182, 228 e.g., following the equilibria in reaction R12.129 In the present 

case, we also would expect that the reactive Ru-CO (~ 2060 cm-1) to come from formates that 

form at the support near Ru atoms at the metal support interphase (MSI) (reactions R12 and 

R13). As already determined, the rate at which the resulting carbonyl is further hydrogenated 

to CH4 is controlled by the local electronic charge released from O-vacancies/Zr3+ centers 

neighboring the respective Ru atom.22  

𝐻𝐶𝑂𝑂𝑠
−∗ ↔ 𝐶𝑂𝑠

∗ + 𝑂𝐻𝑠
−           R12 

𝐶𝑂𝑠
∗ + 𝑅𝑢𝑀𝑆𝐼  ↔  𝑅𝑢 − 𝐶𝑂𝑀𝑆𝐼

∗           R13 

Moreover, similar to Ru-CO bonding, the higher band vibration frequency of O-C-O νas 

(1574 cm-1) in case of Ru/ZrO2-MgO when compared to Ru/ZrO2 (1558 cm-1) might also be 

associated with the distinct activity of the catalysts. This observation coincides with NAP-XPS 

results of Ru/TiO2, that showed that formate-like species became less stable at the same time 

as CH4 rate increased on a highly active O-vacancy enriched Ru/TiO2 catalyst. It can be thus 

expected that the promotion in the methane activity of Ru/ZrO2-MgO is given by the 

modification in the stability of bidentate formate due to interaction of one of the O atoms of 

CO2 via a weaker bond with modified metal sites from the support, e.g., Mg2+ instead of Zr4+. 

Meanwhile, the other O atom would occupy an O-vacancy. A representation of the bidentate 

formate in both situations is shown in Figure 42. The weaker the O-M bond the higher the 

vibration frequency of O-C-O.  
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Figure 42. Representation of b-HCOO adsorbed on Ru/ZrO2 and Ru/ZrO2-MgO (Ru not shown) and 

the corresponding νas(O-C-O) as determined by DRIFTS during reaction at 250 ℃. 

 

The faster rupture of the weaker O-C-O bonding on Ru/ZrO2-MgO catalyst might 

facilitate the formation of the highly reactive Ru-CO. Accordingly, a proposal of the structure-

activity relationship is represented in Figure 43, which illustrates the steps from CO2 adsorption 

until Ru-CO formation.  

Another route that might led to M-CO is the carbide pathway, initiated by the direct 

activation of CO2 on the metal phase (CO2 → CO* + O*).41, 118, 229 However, this mechanism 

has normally not proposed for precious (Ru, Pd) based catalysts.97, 112, 129, 182 Furthermore, our 

spectroscopic evidence supports the formate pathway. Yet, it is possible that alternative routes 

could also be operative although not detectable by the used techniques and must not be 

discarded. 

The activation of the C-O bond is a structure-sensitive reaction, which means that, the 

rate is affected by the size of the Ru nanoparticles. The amount of active sites depends on this 

parameter and eventually, a maxima in the rate as a function of particle size might be 

observed.230 Similar effect was reported for CO2 methanation on distinct Ru/CeO2 catalysts. 

For supported Ru particles of ca. 1 nm size optimal CH4 activity was detected, while for larger 

particles of ca. 4 nm the activity decreased.70 Our results are consistent with this trend, showing 

higher activity on the catalyst with better dispersion. That is, the enhanced methane rate upon 

MgO modification was the result of two effects: i) the bigger number of active sites formed on 

the extended metal-support perimeter and ii) changes in the adsorptive/electronic properties 

which depend on the concentration of O-vacancies. Since CO binding energy (chemisorption) 

is regarded as the key descriptor for this reaction,17, 118, 182 this electronic effect is expected to 

predominate over geometric/structural effects for the enhancement of CH4 formation.  
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Figure 43.  Proposed mechanism for CO2 adsorption, b-HCOO*- and Ru-CO formation on Ru/ZrO2-

MgO. Further steps of Ru-CO hydrogenation to CH4 are not shown. Dashed circle represents O-vacancy. 

 

3.3. Summary of results of CO2 methanation on Ru catalysts  

The methanation of CO2 was performed on catalysts with relative low loading of Ru, 

i.e., below 1 wt.%. It was possible to highlight the importance of O-vacancies and to identify 

the nature of elusive intermediates during this reaction. Upon multiple spectroscopic 

techniques, it was shown how the electronic modification of the perimeter leads to changes in 

the chemisorption properties, boosting the methanation activity despite the minimized Ru 

concentration on the catalysts.   

First, Ru/TiO2 catalysts were investigated. Two catalysts with Ru around 0.9 wt.% were 

prepared by two different routes, i.e., sol-gel and wetness impregnation. Both catalysts showed 

100 % selectivity for CH4, yet the rates were very different. The Ru-mass normalized reaction 

rate and TOF of Ru/TiO2-SG resulted superior and even surpassed the values reported for other 

Ru/TiO2 catalysts. Already at a temperature as low as 200 ℃, TOF was found to be at least 400 

% higher than that of catalysts with higher more Ru contents under similar conditions. This 

superior methane activity was associated with the creation of strongly interacting O-vacancy-

Ru0 sites at the metal-support perimeter interface. Although the results demonstrated the 

suitability of the sol-gel preparation route for obtaining unique structural and electronic effects, 

required for maximizing the catalytic performance while minimizing the noble metal contents, 

the fast transformation of intermediates to CH4 complicated the identification of the chemical 

identity of key intermediates.  



 
 

84 
 

Accordingly, a second study was performed by using catalysts with moderate activity. 

However, again the modification in the contribution of O-vacancies played a central role. 

Hence, two catalysts for the hydrogenation of CO2 were prepared following a simple wet 

impregnation method, using ZrO2 and MgO modified ZrO2 as support. The Ru loading was 

similar in both cases (ca. 0.4 wt%). An enhancement in the CH4 activity upon incorporation of 

MgO by ca. 3-fold in a Ru mass normalized basis was observed. This better activity was 

attributed to changes in the stability of CH4 intermediates governed by electronic interactions 

at the metal-support interface, more pronounced upon increasing Ru dispersion on the most O-

defective material. The fast process of bidentate formate decomposition to CO and its further 

fast hydrogenation to methane (b-HCOO-
ads → COads → CH4) helped to keep a larger fraction 

of available active sites than in the case of the unmodified Ru/ZrO2.  

 

3.4. The RWGS reaction on ultra-low Au loaded Au/TiO2 and 

Au/ZrO2 catalysts 
In section 1.1 the potential relevance of the RWGS reaction in the context of Power to 

X was discussed together with the suitability of Au based catalysts for this reaction. Also, the 

need to minimize the Au loading to assure competitiveness of this type of catalyst was 

highlighted. Herein, the role of O-vacancies on two reducible supports, i.e., TiO2 and ZrO2 has 

been explored as an approach to produce highly active and selective RWGS catalysts with ultra-

low supported Au amount.  

 

Supports and catalysts characterization: The Au loading, the specific surface area, 

average pore size, and total pore volume of the samples (catalysts and supports) are listed in 

Table 12. It was observed that the after addition of Au, the specific surface areas were virtually 

equal. Same could be said regarding the average pore sizes of the supporting oxides.  

 
Table 12. Structural properties of pure supports and gold catalysts 

Sample Au 
loading / wt.% 

BET 
SSA / m2 g-1 

Pore 
diameter / nm 

Pore volume 
/ 
cm3 g-1 

TiO2 - 62 21 0.42 
Au/TiO2 0.05 66 19 0.40 
ZrO2 - 79 4.2 0.12 
Au/ZrO2 0.08 81 4.3 0.12 

 

An obvious difference between Au/TiO2 and Au/ZrO2 was observed in the size and 

volume of the pores. N2 adsorption-desorption isotherms are shown in Figure 44a, b. TiO2 and 
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Au/TiO2 exhibited typical Type II isotherms macroporous materials156, 165 (Figure 44a). 

Meanwhile type - IV isotherms for ZrO2 and Au/ZrO2 with hysteresis loops, indicating the 

mesoporous nature of these samples,156 were observed in Figure 44b. Such hysteresis loops in 

all cases may be attributed to N2 condensation in the corresponding pores. The possible 

incidence of this structural difference in the catalytic behavior is discussed in the next 

subsection. 

 

 
Figure 44. N2 adsorption isotherms of a) fresh bare TiO2 and Au/TiO2; b) fresh bare ZrO2 and Au/ZrO2; 

c) XRD powder patterns of the fresh TiO2 support and fresh Au/TiO2 catalyst; d) XRD powder patterns of the 

fresh ZrO2 support and fresh Au/ZrO2 catalyst. 

 

The XRD patterns of TiO2, ZrO2, and the corresponding Au-loaded catalysts are shown 

in Figure 44c, d. The crystal structure of TiO2 was a mixture of anatase and rutile (Figure 44c). 

The reflections at 2θ 25.5, 37.5, 47.8, 53.8, 54.9 and 62.8º were assigned to the anatase 

structure. Meanwhile the reflections at 2θ 27.5 and 36.4º were associated to rutile structure.228 

Both bare TiO2 and Au/TiO2 samples exhibited the same diffraction pattern without obvious 

changes. Same situation was determined for the XRD patterns of ZrO2 and Au/ZrO2 (Figure 
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44d). These last were characterized by the presence of a mixed phase of tetragonal (30.2, 35.3, 

and 60.2º) and monoclinic (17.5, 24.2, 28.2, 31.5, 34.2, 38.5, 40.7, 50.1, and 54.1º) phases.231 

No reflections related to Au particles were resolved in the patterns of the catalysts, as expected 

for such low Au contents. 

HAADF-STEM was used to probe the existence of gold entities with different sizes, 

i.e., nanoparticles (NPs), clusters, and single-sites. Representative STEM images of the 

Au/TiO2 catalyst are shown in Figure 45a-c. Au species existed almost exclusively as small 

nanoparticles with an average particle size of 2-3 nm (for more images, see Figure A15). Due 

to the low particle density, it was not feasible to acquire sufficient data for statistical analysis. 

On the other hand, representative HAADF STEM images of the Au/ZrO2 catalyst are shown in 

Figure 45d-f. According to the high-magnification image (Figure 45e, f), many well dispersed 

bright dots were detected on the surface of zirconia, indicating that most of the Au species were 

distributed as single sites. For clarity, some Au atoms are indicated by cyan arrows (Figure 

45e, f). A minor fraction of Au species was also found as Au NPs and clusters (Figure A16).  

 

 
Figure 45. HAADF STEM images of the (a-c) Au/TiO2 and (d-f) Au/ZrO2 catalysts. 

 

EELS measurements were only performed to investigate the electronic structure of the 

Au/TiO2 catalyst (energy loss levels for Zr are not suitable for such an analysis,). EEL spectra 

of the catalyst before reaction were collected over the central and interface/surface region of 

the particles, as marked in Figure 46. EELS oxidation state maps have been calculated from 

the spectrum imaging dataset by multiple linear least square fits of model spectra from reference 

areas marked as “1” and “2” in Figure 46a. The oxidation state map of Ti (Figure 46b) 
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suggested that the interface and edge regions of the particles are dominated by Ti3+. The contrast 

gradient indicated a shell-like distribution. The spectra showed a difference in the 

fine structure of the Ti L2,3-edge (Figure 46c) which revealed the presence of two distinct Ti 

species. In the bulk region (red) the typical split of the L2,3 signal was similar to the Ti L2,3-edge 

fingerprint of the rutile structure in which Ti species exists as Ti4+. 232, 233 In contrast, at the 

interface region, the spectrum (cyan) contained two not split peaks, indicating the potential 

presence of Ti3+ species.232 

 

 
Figure 46. a) STEM-ADF image of the fresh Au/TiO2 catalyst depicting the area used for spectral 

imaging; b) the corresponding EELS phase maps of Ti4+ (red) and the unknown surface species (cyan); c) EELS 

obtained in the two positions marked in a) with the corresponding color. 

 

HAADF and EELS measurements were also performed for the spent Au/TiO2 catalyst 

after 158 h (Figure 47). No notable changes in the Au particle size were visible.  EELS-

based elemental mapping revealed the presence of carbon at the interface/surface (yellow 

color), indicating the existence of strongly adsorbed carbon containing species (e.g., carbonate 

and formate species) and/or formation of a small amount of deposited carbon after reaction.  

 



 
 

88 
 

 
Figure 47. a) STEM-HAADF image of the spent Au/TiO2 catalyst; b) EELS oxidation state and 

elemental maps with Ti4+ in red, the potential Ti3+ phase in cyan and carbon in yellow; c) corresponding STEM-

ADF image of spectrum imaging region with marks for the extracted spectra; d) EELS spectra obtained in the 

two positions marked in c) with corresponding colors. 

 

Activity assessments: The catalytic performance for the RWGS reaction was evaluated 

in the temperature range of 250 to 350 ℃ (Figure 48). At 250 ℃ Au/TiO2 showed a 

CO2 conversion of 4.6%. In contrast, Au/ZrO2 showed a poor CO2 conversion of only 0.8 % at 

that temperature. For both catalysts, the conversion increased monotonically as the reaction 

temperature increased from 250 to 350 ℃, being ca. 3-fold higher on Au/TiO2 (Figure 48a). 

Furthermore, while on this last catalyst the selectivity to CO sustained at 100 %, on Au/ZrO2 

such high selectivity was reached only at 350 ℃ (Figure 48b). The rate of CO formation over 

the Au/TiO2 catalyst at 250 ℃ was 69 mmol.g-1
Au.min-1, which is almost 10 times higher than 

that over Au/ZrO2 catalyst (6.8 mmol.g-1
Au.min-1) (Figure 48c). The activity of Au/TiO2 raised 

to ~ 216 mmol.g-1
Au.min-1 when the temperature increased to 350 ℃. As seen, the differences 

in activity are clear.  

 

 



 
 

89 
 

 
Figure 48. a) CO2 conversion; b) CO selectivity; c) rate of CO formation as a function of the testing 

temperature on the supported Au catalysts; d) Arrhenius plots of the rate of CO formation in the temperature 

range 250–350 °C, over Au/TiO2 (black) and Au/ZrO2 (red). Reaction conditions: Ptotal = 3 bar, CO2: H2: N2 = 

1:3:2, 17.5 ml min-1. 

 

Considering the very low Au loading, the intrinsic activity of this Au/TiO2 is much 

higher than that of other Au-based catalysts (Table 2) and is by ca. 2-fold that of Cs modified 

Ni/CeO2 (10 wt.% Ni) at the same temperature.117 That is, the current Au/TiO2, even surpasses 

the activity of RWGS catalysts with 200 times higher load of active metal. 

 The apparent activation energy over both catalysts was determined between 250 and 

350 oC (Figure 48d). On Au/TiO2 this was 31 kJ mol-1, which is the same value previously 

reported for a 1 wt% Au/TiO2 catalyst.28 In contrast, for Au/ZrO2 the EA was estimated ca. 2-

fold higher (53 kJ mol-1). Such distinct apparent activation energies may suggest a change in 

the reaction pathways and thereby different rate-determining steps. The CO2 conversions at the 

conditions for EA calculations were well below 20 % for both catalysts (Figure 48a), thus the 

process occurred under kinetic control and diffusional limitations can be discarded.  
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As diffusion effects seem to be neglective the very different pore structures (see Table 

11) might play a minority role. Analogously to CO2 methanation the promotion in the activity 

can be associated with differences in the metal-support interactions. On the one hand, HAADF-

STEM demonstrated big differences in the Au particle size (Figure 45). On the other hand, the 

almost half EA of Au/TiO2, which points to mechanistic differences in the route to CO evolution, 

is another indication of big contrast between the chemisorption properties (electronic 

properties) of these two materials. This is deeply analyzed below upon XPS, TAP, DRIFTS and 

EPR assessments.  

The catalysts were also evaluated at conditions at which the CH4 evolution could be 

thermodynamically favored. Therefore, catalytic tests were carried out at 20 bar with H2:CO2 

ratio of 3:1 (Figure 49). On Au/ZrO2 the CO2 conversion was almost twice that obtained at 3 

bar for T ≥ 300 ℃, while for Au/TiO2 the conversion was not affected by the pressure increase. 

Meanwhile, no changes in CO selectivity were noticed in any case. Analogously to the test at 3 

bar, this experiment was also carried out at differential reaction conditions (kinetic control). 

With this in mind, the enhanced activity of Au/ZrO2 at 20 bar could be explained by the 

increased coverage of carbon-containing intermediates. The depreciable effect in CO selectivity 

with the increase in pressure over both catalysts can be explained by the weak adsorption of the 

formed CO on Au sites and supports, as proven later by the TAP experiments. 

 

 
Figure 49. a) CO2 conversion and b) CO selectivity as a function of the testing temperature on the 

supported Au catalysts. Reaction conditions: Ptotal = 20 bar, CO2: H2: N2 = 1:3:2, 17.5 ml min-1. 

 

XPS assessments: The chemical nature of gold species was investigated via the Au 4f 

XP spectra of the catalysts (Figure 50). The binding energies of Au 4f7/2 in the XP spectra of 

Au/TiO2 and Au/ZrO2 were found to be 83.4 and 83.9 eV, respectively. The binding energy 
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(BE) for Au0 is ca. 84.0 eV.234 That is, in case of Au/ZrO2, the oxidation state of Au particles 

was closer to the metallic character. The lower BE in case of Au/TiO2, by ca. 0.5 eV, might be 

correlated with the presence of partially negative supported Au species (Auδ−). Such a change 

can be induced by charge transfer from the oxygen vacancies surrounding Au on TiO2. Similar 

effect was already reported by Wang et al. for distinct Au/TiO2 catalysts.235 In that case it was 

observed that when Au was supported on a highly defective support, the Au particles adopted 

a partial negative charge. As the size of Au was dependent on the support (Figure 45), it might 

also be reasonable to assign the shift to final state effects, e.g., screening and delocalization of 

the hole formed during the photoionization of the core electrons.236 Hence direct comparison of 

the shift in BE for different dispersions might in principle not be completely reasonable. 

However, in-situ EPR assessments (Figures 55 and 56) suggest that the transfer of electrons 

from O-defects to Au in Au/TiO2 was maybe more feasible as in Au/ZrO2. That is, the electron 

delocalization in Au/TiO2, i.e., downshift in Au 4f BE might rather be due to the nature of the 

support rather than to the Au particle size.  

 

 
Figure 50.  Au 4f XP spectra of a) Au/TiO2 and b) Au/ZrO2. 

 

Single pulse TAP assessments: The interaction of CO2 with the reduced catalysts was 

investigated by injecting a single pulse of a CO2/Ar mixture (CO2: Ar = 1:1) at 300 oC. A 

distinct pulse of 100% Ar was used as reference. The dimensionless responses to the respective 

pulses are shown in Figure 51. In both cases no gas-phase CO could be observed. This 

unambiguously revealed that CO2 cannot dissociate to CO under such conditions. Later, it is 

shown that this observation was also consistent with the in-situ DRIFT studies (Figures 52 and 

53). The shape of the response to the CO2 pulse on Au/TiO2 was broader than the respective 
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response to the Ar pulse (Figure 51a). That could be attributed to the desorption and re-

adsorption of CO2, i.e., moderate interaction of CO2 with the catalyst.237 In contrast, the very 

weak response to the CO2 pulse on Au/ZrO2 (Figure 51b) suggested a stronger adsorption 

strength of CO2 compared to Au/TiO2. This difference in the CO2-catalyst interaction might 

correlate with the observed activity behavior of the catalysts. According to the Sabatier 

principle, the strong interaction of CO2 with Au/ZrO2 might decrease its reactivity while for the 

moderate interaction with Au/TiO2 a higher activity might be observed. On the other hand, the 

dimensionless responses to pulses of CO (CO: Ar = 1:1) and Ar over the reduced catalysts 

revealed no noticeable differences between the catalysts (Figure 51c, d). This is a fingerprint 

for very weak adsorption of CO which might be the reason for the unprecedented CO selectivity 

observed over both catalysts even at pressure as high as 20 bar (Figure 49b). 

 

 
Figure 51. Single-pulse responses of CO2 compared with the Ar response at 573 K over a) Au/TiO2; b) 

Au/ZrO2. Single-pulse responses of CO2 compared with the Ar response at 573 K over c) Au/TiO2; d) Au/ZrO2. 

 

In-situ DRIFTS assessments: In-situ DRIFTS experiments were performed to follow 

the evolution of adsorbed species during the reaction. The temporal evolution during the 

reaction at 250 ℃ and 3 bar is observed in Figure 52. For Au/TiO2 (Figure 52a) the spectra 
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exhibit a doublet centered at 2142 cm-1 typical of gaseous CO. In addition, several bands 

attributed to the formation of bidentate formate and carbonate species were also resolved. Bands 

at 1560 and 1357 cm-1 were assigned to the asymmetric (νas) and symmetric (νs) OCO stretching 

vibrations of adsorbed bidentate formate (HCOO-*) species, respectively.118, 238-241 Meanwhile 

the band at 1380 cm-1 was assigned to the CH bending (δ(CH)) vibration of the same species. 
118, 238-241 Bands at 1522 and 1339 cm-1 can be assigned to the antisymmetric (νas) and symmetric 

(νs)OCO stretching vibrations of bidentate/unidentate carbonate (CO3
2-) species, 

respectively,238, 241whereas the band at 1622 cm-1 could be attributed to the formation of 

bicarbonate or to a δ(OH)-vibration of adsorbed water.242, 243 Carbonate and bicarbonate species 

are generally generated from the interaction of CO2 molecules with the 

coordinatively unsaturated O2- of a metal oxide (cus-O2-) and the surface hydroxyl groups of 

support respectively.243, 244 

For Au/ZrO2 (Figure 52b), the bands at 1580, 1383, and 1359 cm-1 suggested the 

formation of formate species.239, 245 Meanwhile, signals at 1522 and 1470 cm-1 suggested the 

existence monodentate carbonates.118, 238, 243 In addition, the spectra also depicted signals typical 

for bicarbonate like species (HCO3
∗-) 1622 νas(OCO), 1328 νs(OCO), and 1223 cm-1 

δ(HOC).199, 238, 243 These can arise from the interaction of CO2 with the surface hydroxyl groups 

of the ZrO2 support.243, 244  

 

 
Figure 52. In-situ DRIFT spectra of the RWGS reaction over a) Au/TiO2 and b) Au/ZrO2 catalysts. 

Reaction conditions: P = 3 bar, H2: CO2: N2 = 3:1:2; total flow rate = 17.5 ml/min, T = 250 ℃. 
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At the beginning of the reaction, carbonate and bicarbonate formed rapidly already after 

1 min. With prolonged reaction time, the bicarbonate-related bands (1622 and 1223 cm-1) 

gradually began to decline, while the formate-related bands simultaneously grew. This suggests 

that the formate species might be formed from the reduction of bicarbonate species, in 

agreement with previous studies.28, 97, 246 As the activation of H2 over ZrO2 is negligible,
243 the 

reduction of bicarbonate to formate species should occur by activated 

hydrogen spilled over from the gold species. In contrast, the carbonate and formates bands were 

barely visible until 10 min on Au/TiO2.  

DRIFT experiments were also performed for the bare supports (TiO2 and ZrO2) (Figure 

A16). Remarkably, the intensities were much lower when compared to Au/ZrO2. The 

significant improvement of CO2 adsorption over Au/ZrO2 compared with ZrO2 might be related 

to the generation of oxygen vacancies as proved further by in-situ EPR. This observation 

highlighted the important role of oxygen vacancies for CO2 adsorption and activation.  

DRIFTS results corroborated the observations of TAP assessments (Figure 51). The 

adsorption of CO2 was greatly enhanced on Au/ZrO2 in comparison with Au/TiO2. Sakurai et 

al.26 attributed this behavior to the difference in the acid-base properties of the supports. They 

showed that Au NPs supported on acidic oxides, e.g., TiO2, presented higher CO2 conversion 

than those supported on less acidic supports, e.g., ZrO2.26 The relatively strong adsorption of 

CO2 on less acidic supports like ZrO2 resulted in a lower CO2 hydrogenation activity.26 

Further experiments were also performed at 300 and 350 ℃ (Figure 53). The spectra 

were compared with those obtained at 250 ℃ at steady state. On both catalysts, with the increase 

in temperature from 250 to 350 ℃, the signal intensity of bidentate formate species 

gradually decreased. In contrast, the signals related to bidentate/unidentate carbonates 

increased. These results indicated that the formate species could be intermediate species during 

the reaction whereas carbonates may act as spectators. Nevertheless, it is important to note that 

the intensities of the formate species on Au/TiO2 (Figure 53a) remained much lower than on 

Au/ZrO2 (Figure 53b). Hence, it seems obvious from DRIFTS that a formate mechanism might 

not be the main reaction pathway on Au/TiO2. This is in agreement with spectrokinetic 

investigations on Pt/CeO2 catalysts, that concluded minor role of formates in the evolution of 

CO(g) during the RWGS reaction.247 
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Figure 53. In-situ DRIFT spectra of the RWGS reaction over a) Au/TiO2 and b) Au/ZrO2 catalysts. 

Reaction conditions: P = 3 bar, H2: CO2: N2 = 3:1:2; total flow rate = 17.5 ml/min. 

 

A summary of the in-situ DRIFTS signals is seen in Table 13. 

 
Table 13. Infrared absorption bands and assigments for adsorbate species observed during RWGS 

reaction on Au/TiO2 and Au/ZrO2 catalysts. 

Surface species Wavenumber / cm-1 Assigment Reference 

CO(g) 2142  
 

 
Bicarbonate 1622 – 1618  νas(OCO) 242, 243 

Bidentate formate 
1359 – 1357 νs(O-C-O) 

118, 238-241 1580 – 1560  νas(O-C-O) 
1383 – 1380   δ(CH) 

Carbonate/Bicarbonate 
1522 νas(O-C-O) 

199, 238, 243 1339 – 1328 νs(O-C-O)   
1322 δ(HOC) 

 

In-situ EPR assessments: The spectrum of TiO2 (Figure 54a) showed two EPR signals. 

One isotropic signal at giso = 2.003 associated to the formation of O-vacancies with single 

trapped electrons185, 228 and a second axial signal with gꞱ = 1.976 and g‖ = 1.926 attributed to 

the formation of  Ti3+ sites.188, 228, 248 After reduction with H2, the signal intensity of O-vacancies 

and Ti3+ slightly increased. With the feeding of the CO2/H2 mixture (spent form), the vacancy 

signal strongly increased. In contrast, no appreciable change in the EPR signals of Ti3+ was 

observed, suggesting that O-defects mostly trapped the unpaired electrons. This was more 

pronounced after reaction due to the exposure of the catalyst to hydrogen-rich atmosphere (75% 

H2) for further 2 h. In case of Au/TiO2 (Figure 54b) it is important to note that the intensity of 

the oxygen vacancy signal was much lower as in the case of bare TiO2 (Figure 54a) while the 
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axial signal of Ti3+ sites at g⊥ = 1.973 became much stronger together with a broadening in the 

parallel component g‖ = 1.905. This indicated that Au nanoparticles significantly boosted the 

generation of different Ti3+ species by H2 activation and subsequent spillover to the TiO2 

support. On the second hand, this information also suggests the possibility of electron transfer 

from oxygen vacancies to gold sites located at the perimeter interphase. This is consistent with 

XPS results which proved the formation of electron-enriched Au species (Auδ-). After the 

reaction, the intensity of the Ti3+ signal slightly decreased, pointing to the 

partial transformation of Ti3+ to Ti4+ by re-filling the oxygen vacancies with CO2.  

 

 
Figure 54. In-situ EPR spectra obtained at -173 ℃ for the as-obtained fresh, reduced (at 280 ℃ in 50% 

H2/He for 2h), and spent samples of a) pure TiO2 and b) Au/TiO2. Reaction conditions: P = 1 bar H2: CO2 = 3:1; 

total flow rate = 17.5 ml min-1, T = 250 ℃. 

 

For ZrO2 two main EPR signals were observed (Figure 55a). The lines at g⊥ = 1.974 

and g∥ = 1.961 were assigned to paramagnetic Zr3+ species with axial symmetry,220, 221 whereas 

the one at giso = 2.002 was attributed to a single electron trapped in an O-vacancy. Only a slight 

increase in the intensity of Zr3+ was observed when comparing the reduced and spent forms of 

the pure ZrO2. The EPR spectrum of the fresh Au/ZrO2 catalyst (Figure 55b) showed the 

vacancy signal at giso = 2.003 besides an axial signal with g⊥ = 1.974 and g∥ = 1.954 due to 

Zr3+ sites. After reduction, the Zr3+ signal did not change while the O-vacancy signal increased 

slightly. A further increase in the intensity of O-vacancy signal was detected for spent catalyst 

together with a line broadening and the appearance of a neighboring shoulder. This last 

observation indicated the superposition of two EPR signals.  
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Figure 55. In-situ EPR spectra obtained at -173 ℃ for the as-obtained fresh, reduced (at 280 ℃ in 50% 

H2/He for 2h), and spent samples of a) pure ZrO2 and b) Au/ZrO2; c) second derivative of the in situ EPR spectra 

obtained at -173 ℃ for the spent Au/ZrO2 catalyst. Reaction conditions: P = 1 bar H2: CO2 = 3:1; total flow rate 

= 17.5 ml min-1, T = 250 ℃. 

 

For a better resolution, the second derivative of the EPR spectrum was recorded and is 

presented in Figure 55c. The presence of an additional signal at a higher g value (2.008) was 

clearly observed. This could be attributed to the formation of adsorbed bicarbonate/carbonate 

radicals.223 The bicarbonate radicals are most likely formed by the interaction of CO2 with the 

surface OH groups in the presence of O-vacancies.224 These results suggested that both 

the surface hydroxyl groups and oxygen vacancies play a crucial role in the reaction 

mechanism of RWGS reaction over Au/ZrO2. The strong increase of the intensity of the 

vacancy signal after exposing the reduced catalyst to the CO2/H2 reaction mixture may be 

explained by the appearance of EPR-active defects that were EPR silent at previous stages. The 

transfer of the trapped electrons to CO2 molecules leading to bicarbonate/carbonate radicals 

would “dilute” the paramagnetic vacancies and thus reduce their mutual magnetic interactions. 
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A similar conclusion was also drawn by Gionco et al. who noticed that most of the formed O-

vacancies on ZrO2 were EPR silent and transformed to EPR active ones upon interaction with 

O2 molecules. They attributed this spectral change to the electron transfer between the EPR-

silent oxygen vacancies and the adsorbed O2 molecule.220  

 

Structure-reactivity relationship: Considerable differences in the reaction mechanism 

between Au/TiO2 and Au/ZrO2 can be concluded. On Au/ZrO2 in-situ DRIFT spectra showed 

clear signals from bicarbonate and formate species that could act as intermediates for the RWGS 

reaction while carbonate species may be spectators although their participation in the reaction 

mechanism, cannot be excluded. Based on this information, the evolution of CO on Au/ZrO2 is 

proposed to via the formation of bicarbonate species due to the interaction of CO2 with hydroxyl 

groups adjacent to O-vacancies. These bicarbonates lead to formates upon hydrogenation from 

activated H on Au, restoring OH on the surface of the support. The formates further react to 

CO, e.g., following the route IIa shown in Figure 7. The corresponding catalytic cycle is shown 

in Figure 56a. 

On Au/TiO2, on the other hand, the observation of possible intermediates was not clear 

from DRFTS assessments which showed weak OCO signals at reaction conditions. Also, TAP 

results indicated that CO2 adsorption was weaker than on Au/ZrO2. Moreover, HAADF-STEM 

images revealed the predominant formation of Au NPs (DAu = 2-3 nm) on Au/TiO2, while the 

gold species were mainly distributed as single sites on Au/ZrO2 with very few contribution of 

Au NPs. It is known that H2 activation barriers tend to be higher on clusters and single sites 

than on metal nanoparticles.249-251 Accordingly, it is expected that during reaction the 

population of activated H was much larger on Au/TiO2 than on Au/ZrO2 and, hence, the 

adsorbed CO2 rapidly hydrogenated to intermediates that decomposed very fast to be clearly 

detected at the conditions of the DRIFTS assessments. This facile decomposition of 

intermediates agrees with the lower EA estimated from kinetic screening. Therefore, it is 

possible that the catalytic route for the RWGS reaction on Au/TiO2 was different to that on 

Au/ZrO2. Rodriguez et al.252 proposed the formation of hydroxycarbonyl (OCOH) as an active 

intermediate on Au/TiO2 interface which, however, had a very short lifetime on the 

gold surface and hence cannot be detected by DRIFTS assessments.28, 253 Bobadilla et al.28 also 

suggested the formation of this species as key intermediates for RWGS. They proposed that 

oxygen vacancies facilitated the formation of hydroxycarbonyl (OCOH) intermediates, which 

eventually decomposed to form CO and H2O. The possibility of this pathway on the current 

Au/TiO2 can be explained by the activation of CO2 on the electron-enriched Au (Auδ-)82, 254-256 
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adjacent to Ov-Ti3+ sites. This activated CO2 formed OCOH that decomposed to weakly 

adsorbed CO on the Au surface leaving OH that further hydrogenated to H2O regenerating the 

O-vacancies (Figure 56b).  

Although the current experimental evidence is not conclusive about the formation of 

CO2
● radical and CO2

¯ species, the involvement of the redox system (OV-Ti3+↔ O-Ti4+) in the 

reaction mechanism during CO2 reduction cannot be ruled out. The CO2
● radical and CO2

¯ 

species are expected to form by reducing CO2 molecules by transferring one and two electrons 

from support defects. Likewise, the participation of formate species also cannot be excluded, 

although their contribution to the overall catalytic reaction is expected to be small.  

 

 
Figure 56. Proposed reaction mechanisms of the RWGS reaction over a) Au/ZrO2 and b) Au/TiO2 

Catalysts. The dashed circle represents an O-vacancy. 
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4. General Conclusions and Outlook 
The performance of low loaded precious metal heterogeneous catalysts for the 

hydrogenation of CO2 has been discussed along this thesis. The focus has been centered in 

determining if the enhancement in O-vacancies can promote the rate of production of the 

desired compounds (CH4/CO) while minimizing the load of active metals (Ru/Au). 

Spectroscopic data gathered at relevant process conditions were determining for understanding 

the effect of these defects on the nature and stability of the key intermediates. Also, 

complementary techniques such as micrography and elemental mapping were helpful in 

observing structural features that can be attributed to the interaction between the supported 

particles and the O-vacancies. It was shown how the chemisorption properties of the catalysts 

were affected and subsequently modified the behavior of key intermediates: formates/CO (for 

CH4 evolution) and hydroxycarbonyl (for CO evolution). The evidence suggested the 

creation/promotion of M1
δ−–Ov–M2

n+ sites, with M1
δ− (electron rich interfacial supported metal) 

and M2
n+ (reduced support metal cation), in the promoted catalysts. This corroborated the 

importance of enhancing the defect concentration for favoring the rates of CO2 conversion. 

Nevertheless, it was also observed that a highly defective support by itself is not enough to 

prepare highly active CO2 hydrogenation catalysts. It is required to adequately prepare the 

catalysts in such a manner that the metal-O-vacancy interplay becomes effective. This was the 

case of the implementation of the sol-gel methodology to synthesize methanation catalysts. The 

so-called Ru/TiO2-SG catalyst was more effective than the Ru/TiO2 catalyst prepared by 

impregnation of the Ru precursor on a highly defective sol-gel prepared TiO2 support. That is, 

another important outcome of this thesis is the benefit of searching for alternative preparation 

routes that may potentially allow for the obtention of more efficient catalysts.  

The application of catalytic processes in CO2 capture and utilization has started to 

intensively investigate the production of more complex molecules such C2+ alcohols and short 

olefines. These compounds are very desirable as energy vectors due to their high energy density 

and importance in extensive fossil fuel consuming and CO2 producer transportation sector.257 

As such processes also require harsher conditions (temperature and pressure) than the 

production of C1 compounds, the work is focused in the enhancement of catalysts to allow C-

C coupling and suppressing C-O scission before hydrogenation.258 These could also be 

modulated by O-vacancies (support reducibility),259 hence increasing the knowledge about the 

influence of these defects is highly desirable in the race against global warming to create the 

carbon-neutral circular economy.  
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Appendix 

A1. Gibbs free energy minimization method 
In systems with multiple reactions each reaction has its reaction extent, ζ.260 The amount 

of each substance can be expressed as a function of the extent of the respective reactions it is 

participating in, equation eq. A1. In which 𝑛𝑖_𝑖𝑛 represents the initial moles of compound i, 𝜗𝑖 

the stoichiometric coefficient of compound i in the reaction j and 𝜁𝑗  the extend of reaction j. 

The composition at equilibrium will be determined when the Gibbs free energy of the system 

reaches a minimum at determined combination of the extent of distinct reactions, equation eq. 

A2. ∆𝐺𝑓,𝑖0  represents the standard free Gibbs energy of formation of each compound in the 

system, 𝑓𝑖 is the fugacity of species i and 𝑓0 the fugacity at standard state. The method of free 

energy minimization is based in finding the minimum of this function while simultaneously 

satisfying the atom balance, equation eq. A3.  

𝑛𝑖 = 𝑛𝑖_𝑖𝑛 + ∑ 𝜗𝑖𝑗𝜁𝑗𝑖                                                                                               eq. A1 

𝐺 =  ∑ 𝑛𝑖(∆𝐺𝑓,𝑖
0 + 𝑅𝑇𝑙𝑛(

�̂�𝑖

𝑓0
))𝑖                  eq. A2 

∑ 𝑛𝑖_𝑖𝑛𝑎𝑖𝑘_𝑖𝑛𝑖 − ∑ 𝑛𝑖_𝑜𝑢𝑡𝑎𝑖𝑘_𝑜𝑢𝑡𝑖 = 0                                       eq. A3 

Under the assumption of ideal gas, equation eq. A2 can be written as equation eq. A4. 

In which 𝑃0 the standard pressure, 𝑦𝑖 the mole fraction of each element at equilibrium, 𝑃 the 

total system pressure.  

𝐺 =  ∑ 𝑛𝑖(∆𝐺𝑓,𝑖
0 + 𝑅𝑇𝑙𝑛(

𝑦𝑖𝑃

𝑃0
))𝑖                  eq. A4 

𝑦𝑖 = 
𝑛𝑖

𝑛𝑡𝑜𝑡𝑎𝑙
                                                                                                                     eq. A5 

𝑛𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑛𝑖𝑖                    eq. A6 
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A2. Additional information for chapter 3 

 

Supplemantary data for CO2 methanation on Ru/TiO2 catalysts 

 

 
Figure A1. a-c) Representative Selected HAADF-STEM micrographs of the spent Ru/TiO2-SG; d) 

respective Ru particle size distribution and dispersion calculated after measuring ca. 300 particles. The 

micrographs were recorded after subjecting the fresh catalysts to the reaction conditions with up to 270 ℃ in 

H2:CO2 = 4:1 (28.8 ml min-1 H2 + 7.2 ml min-1 CO2 + 4 ml min-1 Ar).  
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Supplemantary data for CO2 methanation on Ru/ZrO2 and Ru/ZrO2-MgO 

catalysts 
 

 
Figure A2. N2 physisorption isotherms of a) ZrO2 (black) and Ru/ZrO2 (red); b) ZrO2-MgO and 

Ru/ZrO2-MgO. 

 

 

Figure A3. N2 physisorption isotherms of a) ZrO2 (black) and Ru/ZrO2 (red); b) ZrO2-MgO and Ru/ZrO2-MgO. 
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Figure A4. Deconvolution of the CO2 desorption rates for a) ZrO2, b) Ru/ZrO2, c) ZrO2-MgO, d) 

Ru/ZrO2-MgO. 

 

 
Figure A5. a) Ru mass normalized CH4 formation rate on Ru/ZrO2 (black diamonds) and Ru/ZrO2-

MgO (red stars) in the temperature range 220 – 300 ℃; b) CO2 conversion on Ru/ZrO2 (black diamonds), 

Ru/ZrO2-MgO (red stars), and selectivity to CH4 (blue circles) in the temperature range 220 – 300 ℃. 
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Figure A6 Comparison between kinetic experimental data (squares, circles and stars) with the 

respective expected thermodynamic values (doted lines). Inlet gas flow conditions: 16 ml min-1 H2, 4 ml min-1 

CO2, 10 ml min-1 N2. 
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Figure A7. XP spectra of the C 1s region of the fresh and spent Ru/ZrO2 catalyst (a, b) and of fresh and 

spent Ru/ZrO2-MgO catalyst (c, d). The green line represents the fitting curve. The spectra corresponding to the 

spent catalysts were recorded after reaction at 270 ℃. 

The spectra in the C1s and Ru3d were deconvoluted accounting for the contribution of 

C-C (284.8 eV), C-OH (286.5 – 286.9 eV) and O-C=O (288.8 – 289.0 eV) for C1s.261 For 

Ru 3d, contributions from Ru4+ (280.6 – 281.1 eV), Ru4+ (satellite) (282.1 – 282.0 eV) and Ru0 

(279.8 – 280.0 eV) were considered.177 
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Figure A8. Selected HAADF-STEM micrographs of fresh and spent Ru/ZrO2 (a, b) and fresh and spent 

Ru/ZrO2-MgO. In Ru/ZrO2 spent some small Ru particles are observed (slightly brighter particles), while in 

Ru/ZrO2-MgO spent, much more of these particles are visible (the better contrast here is because of the presence 

of these Ru particles on MgO instead of ZrO2). The micrographs of the spent materials were recorded after 

reaction at 270 ℃. 
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Figure A9. XP spectra of the Zr3d region of the fresh and spent Ru/ZrO2 catalyst (a, b) and of fresh and 

spent Ru/ZrO2-MgO catalyst (c, d). The spectra corresponding to the spent catalysts were recorded after reaction 

at 270 ℃. 

 

 
Figure A10. EPR spectra recorded at 250 ℃ of a) Ru/ZrO2 and b) Ru/ZrO2-MgO during reaction 

(H2:CO2 = 4:1) 
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Figure A11. DRIFT spectra recorded between 140 – 270 ℃ in the CH region recorded for Ru/ZrO2 a-e) 

Ru/ZrO2-MgO f-j). The total reaction time at each temperature was set to 1 h (top to bottom spectra as indicated 

by the arrows). Inlet gas flow conditions: 16 ml min-1 H2, 4 ml min-1 CO2, 10 ml min-1 He. 
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Figure A12. DRIFT spectra recorded between 140 – 270 ℃ in the O-C-O region recorded for Ru/ZrO2 

a-e) Ru/ZrO2-MgO f-j). The total reaction time at each temperature was set to 1 h (top to bottom spectra as 

indicated by the arrows). Inlet gas flow conditions: 16 ml min-1 H2, 4 ml min-1 CO2, 10 ml min-1 He.  

 

The analysis of the spectral IR characteristics in the O-C-O region at 250 ℃ is 

complemented here. First, on Ru/ZrO2 (Figure 37a), the weak shoulder observed around 1612 

cm-1 could be attributed to adsorbed bidentate bicarbonate (b-HCO-*
3).199 The weak bands 

located around 1510 and 1463 cm-1 might correspond to polydentate carbonate species (p-CO3
-

*).199, 200 The weak shoulder about 1340 cm-1 might be a contribution from bidentate carbonate 

species (b-CO3
-*) 118. A signal ca. 1304 cm-1 is associated to CH4.  For Ru/ZrO2-MgO (Figure 

37b) the corresponding asymmetric stretching of bidentate bicarbonate (b-HCO-*
3) was barely 

resolved ca. 1620 cm-1.262 The band ca. 1424 cm-1 might be related to the symmetric stretching, 
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νs(O-C-O), of bicarbonate species.262, 263 Finally, the bands ca. 1340 cm-1 as well as ca. 1304 

cm-1 representative of b-CO3
-* and CH4, respectively. It is worth to note that the signal at 1424 

cm-1 was selected at the center of a rather broad line that might also include other types of 

bicarbonate species identified in the literature.128, 199, 227, 262 

The spectra of the bare supports evidenced the formation of the same species (formates 

and/or carbonates/bicarbonates).199, 227, 264 The absence of the CH4 related signals ca. 1304 cm-

1 and 3016 cm-1 corroborated the inactivity of the bare supports. From this information the 

unique certainty is the need of Ru to bind CO that subsequently hydrogenates to CH4. However, 

no conclusion about the role of formates, bicarbonates and carbonates can still be obtained.  

 

 
Figure A13. DRIFT spectra recorded at 250 ℃ on a) ZrO2 and b) ZrO2-MgO. The total reaction time 

was set to 1 h (from bottom to top). Inlet gas flow conditions: 16 ml min-1 H2, 4 ml min-1 CO2, 10 ml min-1 He. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

112 
 

Supplemantary data for RWGS reaction on Au/TiO2 and Au/ZrO2 

catalysts 
 

The signals at 1344 cm-1 and 1449 cm-1 were attributed to adsorbed carbonate species 

on TiO2 (Figure A16a).265 Bands centered around 1550, 1379, and 1359 cm-1 likely correspond 

to formate species.  

Analogously, the spectra over ZrO2 (Figure A16b) showed the evolution of bicarbonate 

(1328 cm-1), carbonate (1470 cm-1), formate (1569 and 1375 cm-1), and bicarbonate (1622 cm-

1) species. 

 
Figure A14. In-situ DRIFT spectra of the RWGS reaction over a) TiO2 and b) ZrO2 bare supports. 

Reaction conditions: P = 3 bar, H2: CO2: N2 = 3:1:2; total flow rate = 17.5 ml/min, T = 250 ℃. 
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Figure A15. STEM-HAADF images of the reduced Au/TiO2 catalysts. 

 

 
Figure A16. STEM-HAADF images of the reduced Au/ZrO2 catalysts. 
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