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1  

INTRODUCTION 

1.1 The Need for Energy Storage Systems and the Power-to-Gas 

Technology 





1.2 About Support Effects in CO2 Methanation - Objectives of this The-

sis 



 



 

 

1.3 About this Thesis 





2  

CO2 METHANATION - CURRENT STATE OF RESEARCH 

2.1 Thermodynamics of CO2 Methanation 

↔

∆



∆

CO2 + 4 H2  ↔ CH4 + 2 H2O
−165

CO + 3 H2 ↔ CH4 + H2O
−206

2 CO + 2 H2 ↔  CH4 + CO2 −247

CO2 + H2 ↔ CO + H2O 41

2 CO ↔ C + CO2  −172

CO + H2 ↔ C + H2O −131

CO2 ↔ C + 2 H2O −90

CH4 ↔ C + 2H2 75

n CO + (2n + 1) H2 ↔ CnH2n+2 +

      n H2O  
n CO + 2n H2 ↔ CnH2n + n H2O





2.2 Catalysts for CO2 Methanation 

γ

2.2.1 Active Components 







2.2.2 Support Materials 
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2.2.3 Promoters 



2.2.4 Catalyst Preparation Methods 





γ



2.3 Reaction Mechanisms 

• 

• 

• 

 



 







2.4 Catalyst Deactivation 







3  

SYNTHESIS STRATEGIES FOR CATALYSTS DERIVED BY 

SOL-GEL TECHNIQUES 



3.1 Fundamentals 





3.2 The Epoxide-Addition Method 

[M(OH2)]z+ ↔ [M(OH)](z−1)+ + H+ ↔ [M = O](z−2)+ + 2H+





3.2.1 Expanding the Epoxide-Addition Method I – The Ammonium Carbonate 

Method 



3.2.2 Expanding the Epoxide-Addition Method II – The Citric Acid Method 



3.3 Excursus – Doped Sm2O3 Xerogels for the Oxidative Coupling of 

Methane 



≤

▪ 

▪ 

3.3.1 The Effect of Low-Valence Dopants 



3.3.2 The Effect of High-Valence Dopants 
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ESTABLISHING SUPPORT-ACTIVITY CORRELATIONS BY 

DECOUPLING SIZE AND SUPPORT EFFECTS 

4.1 What to Expect from this Chapter. 
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4.2 Catalysts 



4.3 Structural Characterization by XRD 

̅ γ ̅ ̅



̅

γ ̅

̅

4.4 Structural Characterization by N2 Physisorption  





4.5 Structural Characterization by TEM 



4.6 Determination of the Basicity 











ω

4.7 Catalytic Experiments 



≈



4.8 Operando DRIFTS 

4.8.1 Over Lewis and Brønsted Basic Supported Catalysts 



̇





̇



4.8.2 Over Lewis but Non-Brønsted Basic Supported Catalysts 





̇



 ̇





̇

 ̇



4.8.3 Over Non-Lewis but Brønsted Basic Supported Catalysts 



Ru-Al2O3

̇



̇





Ru-MgO

̇



4.8.4 Over Non-Lewis and Non-Brønsted Basic Supported Catalysts (Ru-SiO2) 



Ru-SiO2

̇

ν ν ν

4.9 Interim Conclusions 





 





5  

AN UNCONVENTIONAL CATALYST SYSTEM – HIGHLY 

ACTIVE NI-SM2O3 CATALYSTS 

5.1 What to Expect from this Chapter 



 

 

 

5.2 Catalysts 



5.3 Characterizations 

5.3.1 Structural Characterizations by XRD 

𝐈𝐚�̅�



3 𝑁𝑖𝑂 → 𝑁𝑖 + 𝑁𝑖2𝑂3



)



5.3.2 Structural Characterizations by TEM 



5.3.3 Structural Characterizations by N2 physisorption 



5.3.4 Characterization of the Reducibility by H2-TPR 





5.3.5 Determination of Adsorption Capacities by Pulsed H2 and CO2 Chemisorp-

tion 



5.4 Catalytic Performance 

5.4.1 Influence of Ni loading 





ρ

ρ

5.4.2 Comparison with Reference Catalysts 

• 

• 

γ



• 







5.5 Interim Conclusions 

 





6  

THE AMBIVALENCE OF BASIC SITES - DEACTIVATION 

MECHANISM OF NI-SM2O3 XEROGEL CATALYSTS 

6.1 What to Expect from this Chapter. 



6.2 Catalysts, Characterizations and Standard Reaction Conditions 

• 

• ̇



• 

• 

• 

• 

𝑎rel(𝑡) =
𝑋𝐶𝑂2,𝑡

𝑋𝐶𝑂2,𝑡=0
,

6.3 Catalytic Results 

6.3.1 Catalytic Results I - Activation Energies Before and After an Aging Period 

• 

• 



̇

6.3.2 Catalytic Results II - Influence of the Reaction Conditions 
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6.3.3 Identification and Stability of Surface Adsorbates by DRIFTS 



6.3.4 Reactivating the Catalyst 



6.4 Putting the Pieces Together – A Sound Deactivation Mechanism  



6.5 Interim Conclusions 





7  

EXTENDED OUTLOOK – TOWARDS THE INFLUENCE OF 

THE STRUCTURAL PROPERTIES 



7.1 The Beneficial Effect of a Porous Network 

 

 





7.2 Controlling the Porosity of Sm2O3 Xerogels 

7.2.1 Feasible Strategies 





7.2.2 Comparing the Effect of Different Structure-Directing Agents 









7.2.3 Tailoring the Structural Properties – The Influence of the Amount of 

PEG8000 







7.3 Interim Conclusion 





8  

CONCLUSION 

• 

• 



• 







APPENDICES



A. CATALYTIC SET-UP AND STANDARD TECHNIQUES 

A.1 Catalytic Set-Up 

τ

 



 



A.2 Standard Characterization Techniques 

θ θ

α λ λ

θ

α λ

θ

ε



 



B. ADDITIONAL EXPERIMENTAL DETAILS AND RESULTS – 

CHAPTER 4 

B.1 Characterization 

�̇�tot





μ

B.2 Catalytic Experiments 



𝑟𝑥 =
�̇�𝑥,𝑖𝑛−�̇�𝑥,𝑜𝑢𝑡

𝑚𝑅𝑢
.

𝑆𝐶𝐻4
=

𝑟𝐶𝐻4

𝑟𝐶𝑂2

.

B.3 Additional Characterizations 

 

B.4 Additional Catalytic Results 

 



 
𝑊𝑃 =

𝑟𝑒𝑓𝑓𝜌𝑐𝑎𝑡𝑑𝑐𝑎𝑡
2

4𝑐𝐶𝑂2
𝐷𝐶𝑂2

𝑒𝑓𝑓
< 1. (

ρ ρ

ρ ρ ρ

ρ ρ

ρ

 

 



 



 



 

 



 

Ru-Sm2O3

�̇�𝐭𝐨𝐭

�̇�𝐭𝐨𝐭 = 𝟏𝟎𝟎 𝐦𝐋 𝐦𝐢𝐧−𝟏



�̇�𝒕𝒐𝒕 =

𝟏𝟎𝟎 𝐦𝐋 𝐦𝐢𝐧−𝟏

�̇�𝒕𝒐𝒕 = 𝟏𝟎𝟎 𝐦𝐋 𝐦𝐢𝐧−𝟏

 



C ADDITIONAL EXPERIMENTAL DETAILS AND RESULTS – 

CHAPTER 5 

C.1 Catalyst Synthesis 

C.2 Characterization Methods 



𝑆𝑁𝑖 =
𝑁𝐻2 𝑁𝐴 𝑧

𝑚𝑐𝑎𝑡 𝜎𝑁𝑖

σ

𝐷𝑁𝑖 =
𝑁𝐻 𝑧 𝑀𝑁𝑖

𝑚𝑐𝑎𝑡 𝑤
.

C.3 Catalysis and Reference Kinetics 



𝑋𝐶𝑂2
= 1 −

𝑐𝐶𝑂2,𝑜𝑢𝑡

𝑐𝐶𝑂2,𝑜𝑢𝑡 + 𝑐𝐶𝐻4,𝑜𝑢𝑡 + 𝑐𝐶𝑂,𝑜𝑢𝑡
,

𝑌𝐶𝐻4
=

𝑐𝐶𝐻4,𝑜𝑢𝑡

𝑐𝐶𝑂2,𝑜𝑢𝑡 + 𝑐𝐶𝐻4,𝑜𝑢𝑡 + 𝑐𝐶𝑂,𝑜𝑢𝑡
,

𝑆𝐶𝐻4
=

𝑌𝐶𝐻4

𝑋𝐶𝑂2

.

̇
ν

𝑟 =

(
O

)

(
O

)

𝑘0 3.46 ∗ 10−4 mol bar−1s−1gcat
−1 𝐴H2

0.44 bar−0.5

𝐸𝐴 77.5 kJ mol−1 ∆𝐻H2
−6.2 kJ mol−1

𝐴OH 0.5 bar−0.5 𝐴mix 0.88 bar−0.5

∆𝐻OH 22.4 kJ mol−1 ∆𝐻mix −10 kJ mol−1



C.4 Additional Characterization Results 
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C.5 Additional Catalytic Results 

 

̇

 





C.6 Characterization of the Industrial Ni-Al2O3 Catalyst 

• 

• 

• 

• 

• 
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D ADDITIONAL EXPERIMENTAL DETAILS AND RESULTS – 

CHAPTER 6 

D.1 Experimental Description - DRIFTS  

D.2 Influence of Ni loading 



�̇�𝐭𝐨𝐭𝐚𝐥

D.3 Influence of Preparation Method 



�̇�𝐭𝐨𝐭𝐚𝐥



D.4 Additional Characterizations by XRD 

α

D.5 Additional Catalytic Results 



 



E TIME-ON-STREAM BEHAVIOR UNDER TRANSIENT REAC-

TION CONDITIONS 

E.1 Catalysts and Reaction Conditions 

• 

• 

• 

• 

• 

• 

• 



E.2 Catalytic Results I - Stepwise H2 Supply @400°C 

�̇�

E.3 Catalytic Results II - Transient Temperatures 



E.4 Catalytic Results III - Periodic Regeneration Experiments – Inter-

mittent CO2 Supply 
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F ADDITIONAL EXPERIMENTAL DETAILS – CHAPTER 7 

F.1 Synthesis procedures  

• 

• 

o 

o 

o 

o 

o 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

F.2 Structural Characterizations 



NOTATION 

𝐷𝐶𝑂2

𝑒𝑓𝑓

�̇�

�̇�total



∆

∆

∆ω

𝜈𝑗

ρ

𝜎𝑁𝑖

τ





BIBLIOGRAPHY 



  





ƚ



















 



 



 

 

Declaration 

Erklärung 


	1  Introduction
	1.1 The Need for Energy Storage Systems and the Power-to-Gas Technology
	1.2 About Support Effects in CO2 Methanation - Objectives of this Thesis
	1.3 About this Thesis

	2  CO2 Methanation - Current State of Research
	2.1 Thermodynamics of CO2 Methanation
	2.2 Catalysts for CO2 Methanation
	2.2.1 Active Components
	2.2.2 Support Materials
	2.2.3 Promoters
	2.2.4 Catalyst Preparation Methods

	2.3 Reaction Mechanisms
	2.4 Catalyst Deactivation

	3  Synthesis Strategies for Catalysts Derived by Sol-Gel Techniques
	3.1 Fundamentals
	3.2 The Epoxide-Addition Method
	3.2.1 Expanding the Epoxide-Addition Method I – The Ammonium Carbonate Method
	3.2.2 Expanding the Epoxide-Addition Method II – The Citric Acid Method

	3.3 Excursus – Doped Sm2O3 Xerogels for the Oxidative Coupling of Methane
	3.3.1 The Effect of Low-Valence Dopants
	3.3.2 The Effect of High-Valence Dopants


	4  Establishing Support-Activity Correlations by Decoupling Size and Support Effects
	4.1 What to Expect from this Chapter.
	4.2 Catalysts
	4.3 Structural Characterization by XRD
	4.4 Structural Characterization by N2 Physisorption
	4.5 Structural Characterization by TEM
	4.6 Determination of the Basicity
	4.7 Catalytic Experiments
	4.8 Operando DRIFTS
	4.8.1 Over Lewis and Brønsted Basic Supported Catalysts
	4.8.2 Over Lewis but Non-Brønsted Basic Supported Catalysts
	4.8.3 Over Non-Lewis but Brønsted Basic Supported Catalysts
	4.8.4 Over Non-Lewis and Non-Brønsted Basic Supported Catalysts (Ru-SiO2)

	4.9 Interim Conclusions

	5  An Unconventional Catalyst System – Highly Active Ni-Sm2O3 catalysts
	5.1 What to Expect from this Chapter
	5.2 Catalysts
	5.3 Characterizations
	5.3.1 Structural Characterizations by XRD
	5.3.2 Structural Characterizations by TEM
	5.3.3 Structural Characterizations by N2 physisorption
	5.3.4 Characterization of the Reducibility by H2-TPR
	5.3.5 Determination of Adsorption Capacities by Pulsed H2 and CO2 Chemisorption

	5.4 Catalytic Performance
	5.4.1 Influence of Ni loading
	5.4.2 Comparison with Reference Catalysts

	5.5 Interim Conclusions

	6  The Ambivalence of Basic Sites - Deactivation Mechanism of Ni-Sm2O3 Xerogel Catalysts
	6.1 What to Expect from this Chapter.
	6.2 Catalysts, Characterizations and Standard Reaction Conditions
	6.3 Catalytic Results
	6.3.1 Catalytic Results I - Activation Energies Before and After an Aging Period
	6.3.2 Catalytic Results II - Influence of the Reaction Conditions
	6.3.3 Identification and Stability of Surface Adsorbates by DRIFTS
	6.3.4 Reactivating the Catalyst

	6.4 Putting the Pieces Together – A Sound Deactivation Mechanism
	6.5 Interim Conclusions

	7  Extended Outlook – Towards the Influence of the Structural Properties
	7.1 The Beneficial Effect of a Porous Network
	7.2 Controlling the Porosity of Sm2O3 Xerogels
	7.2.1 Feasible Strategies
	7.2.2 Comparing the Effect of Different Structure-Directing Agents
	7.2.3 Tailoring the Structural Properties – The Influence of the Amount of PEG8000

	7.3 Interim Conclusion

	8  Conclusion
	A. Catalytic Set-Up and Standard Techniques
	A.1 Catalytic Set-Up
	A.2 Standard Characterization Techniques

	B. Additional Experimental Details and Results – Chapter 4
	B.1 Characterization
	B.2 Catalytic Experiments
	B.3 Additional Characterizations
	B.4 Additional Catalytic Results

	C Additional Experimental Details and Results – Chapter 5
	C.1 Catalyst Synthesis
	C.2 Characterization Methods
	C.3 Catalysis and Reference Kinetics
	C.4 Additional Characterization Results
	C.5 Additional Catalytic Results
	C.6 Characterization of the Industrial Ni-Al2O3 Catalyst

	D Additional Experimental Details and Results – Chapter 6
	D.1 Experimental Description - DRIFTS
	D.2 Influence of Ni loading
	D.3 Influence of Preparation Method
	D.4 Additional Characterizations by XRD
	D.5 Additional Catalytic Results

	E Time-on-Stream Behavior under Transient Reaction Conditions
	E.1 Catalysts and Reaction Conditions
	E.2 Catalytic Results I - Stepwise H2 Supply @400 C
	E.3 Catalytic Results II - Transient Temperatures
	E.4 Catalytic Results III - Periodic Regeneration Experiments – Intermittent CO2 Supply

	F Additional Experimental Details – Chapter 7
	F.1 Synthesis procedures
	F.2 Structural Characterizations

	Notation
	Bibliography

