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Abstract 
 

The promotion of Mn in Ni based catalysts was investigated for the application in two 
different hydrogenation reactions, namely the hydrogenation of levulinic acid towards γ-
valerolactone and the methanation of CO and CO2. The catalysts were synthesized via three 
synthetic routes and deposited on either SiO2 or TiO2. The full characterization on these 
catalyst was done and finally the catalysts were tested in the desired reactions. We found 
that the synthetic route was crucial to obtain bimetallic particles with the desired oxidation 
states of Ni and Mn. Synergetic effects between Ni and Mn were observed when supported 
on TiO2, but not on SiO2, indicating the importance of the support. No promotional effect of 
Mn was visible for the conversion of Levulinic acid towards γ-valerolactone. Many practical 
problems made the data obtained from the catalytic experiments unreliable. Nevertheless, 
the Ni-Mn catalyst on TiO2 which showed strong synergetic effects was as active as the Ni 
reference in both CO and CO2 methanation. The catalyst showed similar activity even though 
the Mn promotion caused significant surface blocking, thus decreasing the number of active 
sites where CO could adsorb. The CO adsorption, CO dissociation and CO methanation were 
investigated for deposition precipitation synthesized catalysts to unravel the methanation 
mechanism for the promoted system. The doping effect of Mn caused Ni-(CO)x adsorption 
sites to be blocked. The promotion of the surface with Mn showed that there is no surface 
smoothening effect upon temperature increase. Dissociative and associative reaction 
mechanisms were identified for Ni/TiO2 and Mn/TiO2 respectively. Ni-Mn/TiO2 is expected to 
both follow dissociative and associative reaction mechanisms, based on the intermediate 
species observed on the surface. 
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1 Importance of Manganese promotion 
 

1.1 The role of catalytic hydrogenation for sustainability 
 
The world will have to face the fact that oil-based energy and chemicals cannot provide the 
world’s needs in the future.1 Oil reserves are depleting and the increased prices of oil-based 
chemicals and energy is imminent.2 Not only does the economical point of view need to be 
considered, the environmental impact of the use of oil must not be neglected. Global 
warming,3 and marine pollution with oil-based plastics,4 are examples of societal problem 
that we face due to the chronic use of oil. The search for alternative energy and chemical 
sources is therefore of great importance in order to reverse global warming, scale back 
pollution, and to make our daily life sustainable. Unsurprisingly, renewable energy and 
chemicals have been a subject of considerable interest within the scientific community in the 
last decades. 
 

 
Figure: 1 two approaches using hydrogenation reactions to produce renewable chemicals 

The reduction of greenhouse gases in the atmosphere is of great importance to reverse 
global warming. The most prevalent greenhouse gas emitted into the atmosphere is CO2, 
which is responsible for 60 % of the increase of the temperature on earth and thus the 
capture and conversion of CO2 in useful chemicals is highly desired.5,6 The abundance of CO2 
can be exploited to convert this greenhouse gas in renewable chemicals and energy via 
direct routes such as Fischer-Tropsch and methanation or via indirect routes such as the 
conversion of biomass.7,8 For industrial processes, a concentrated stream of CO2 is 
mandatory for an economically feasible process. However, filtering CO2 from the 
atmosphere is too energy intense due low concentration at ca. 400 ppm.5,9 Nevertheless, 
certain industrial processes emit pure CO2 as a waste. For instance, the production of 
concrete is responsible for 5-7% of the emitted CO2 annually and produces a concentrated 



TU/E 
Master Thesis Bas Terlingen 

8 

 
CO2 stream.10 Such a CO2 stream can be directly converted into methane via CO2 
methanation.  
 

A more sustainable feedstock of chemicals is the conversion of biomass. Biomass is 
currently the fourth biggest energy resource after oil, coal and natural gas and it has the 
potential to replace existing energy resources.11 Not only would it address the issue of global 
warming, the dependency on oil-based products and energy would significantly reduce. 
Nature’s ability to filter CO2 from the atmosphere could be exploited to engineer a 
sustainable world. CO2 is converted via photosynthesis into biomass which can be harvested 
and worked up chemically. For instance, from lignocellulosic-based biomass, numerous key 
platform molecules can be derived which can be converted into many useful (fine) 
chemicals.11 The major advantages of biomass as a potential energy supply is the 
sustainability and versatility of the source. Biomass can be used as heat, power, liquid 
biofuels and bio-based products.12 

 
Catalytic hydrogenation is a powerful tool to produce a wide scope of chemicals with 

high atom efficiency.6,13 Often, only stoichiometric amounts of chemicals are needed to 
synthesize the desired products, resulting in small or no waste streams.6 Two promising 
catalytic hydrogenation reaction to synthesize renewable chemicals and energy are the 
methanation of CO and CO2, and the hydrogenation of levulinic acid (LVA) to γ-valerolactone 
(GVL), which will be introduced in section 1.2 and 1.3 respectively.  
 

1.2 An Introduction to methanation of CO and CO2 

 
At the beginning of the 20th century it was shown by Sabatier and Senderens that carbon 
oxides and H2 could be converted to methane.14 Two different methanation processes can 
be distinguished, CO and CO2 methanation respectively. Both reactions are exothermic and 
can be described by equations 1.1 and 1.2:15 
 

𝐶𝑂2 + 4 𝐻2  →  𝐶𝐻4 + 2 𝐻2𝑂      ∆𝑟𝐻 = −165
𝑘𝐽

𝑚𝑜𝑙
 

1.1 
 

𝐶𝑂 + 3 𝐻2  →  𝐶𝐻4 + 𝐻2𝑂            ∆𝑟𝐻 = −206
𝑘𝐽

𝑚𝑜𝑙
 

1.2 
 
Essentially, CO2 methanation is a combination of CO methanation and reverse water-gas 
shift (RWGS): 15 

𝐶𝑂2 + 𝐻2    ⇄  𝐶𝑂 + 𝐻2𝑂          ∆𝑟𝐻 = 41
𝑘𝐽

𝑚𝑜𝑙
 

1.3 
 

However, the two reactions have traditionally been used for different purposes. CO 
methanation was mostly employed to remove traces of CO that could act as a catalyst 
poison for e.g. ammonia synthesis catalyst.16 Nowadays it has gone from a gas cleaning 
method to a major chemical synthesis process for the ability to gasify coal,17 naphta,16 and 
biomass to produce synthetic natural gas.18 CO2 methanation is mainly used for the storage 
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of electricity. CO2 and hydrogen obtained from electrolysis are converted to synthetic 
natural gas which can again be converted to electrical power. Both CO and CO2 can be used 
for the production of synthetic natural gas (SNG) which can provide a renewable energy 
resource for the future.19,20   
 

Many different methanation processes are developed through the years with varying 
conditions and reactor types but the choice in catalyst is limited. Mainly group 8-10 metals 
have been found to be active in methanation. There are only few catalyst with yields, 
selectivities, and a stability high enough for industrial processes. The most used catalyst for 
methanation is nickel.18 Aside from its catalytic performance, nickel is also economically 
attractive due to its low cost. One drawback of nickel catalysts is carbon formation during 
the reaction and poisoning of the surface due to halogeneous and sulfurous compounds.21  
 

1.3 Introduction to the hydrogenation of levulinic acid  towards γ-valerolactone  

 
The first step to obtain LVA is to break down the lignocellulosic biomass into three major 
components: cellulose, hemicellulose and lignin. The breakdown of this lignocellulosic 
biomass occurs via a single step pyrolysis process which makes separation of the hundreds of 
different components inefficient. Pretreatment steps are promising in improving the 
efficiency and cost of the separation process.12 Subsequent depolymerization of 
(hemi)cellulose via HCl-driven hydrolysis of cellulose results in C5 and C6 sugars. Further 
dehydrolysis and hydrolysis of these sugars yields our reactant of interest, LVA.22 LVA can be 
converted to numerous useful chemicals that find uses in pharmaceuticals, plasticizers and 
additives. Amongst one of the most promising products of the conversion of LVA is GVL with 
the potential to act as a solvent, fuel/fuel additive or as a polymer. 12 The synthesis pathway 
from biomass to GVL is depicted in Figure 2.23 
  

 
Figure 2: Synthesis pathway from Lignocellulosic biomass to GVL 

In literature, two possible reaction mechanisms for the hydrogenation of LVA to GVL are 
described as shown in Figure 3. Reaction pathway 1 describes the hydrogenation of the 
ketone resulting in 4-hydroxypentanoic acid which is readily converted to GVL via an 
intramolecular acid catalyzed dehydration ring closure. The second reaction pathway first 
follows the intramolecular ring closure via an acid catalyzed dehydration before the C=C 
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bond is hydrogenated. Via this reaction pathway, intermediate species α/β-angelicalactone 
are observed.  

 
Figure 3:  Two reaction pathways for the hydrogenation of LVA towards GVL.

24
 

Many different heterogeneous and homogeneous catalysts have been reported in literature, 
but Ru-based homogeneous catalysts are amongst the most active examples.25 The field of 
biomass conversion is relatively new and not many processes have yet been industrialized 
due to the high cost of the catalyst. There is an ongoing search for replacement of these 
expensive noble metal catalysts for the hydrogenation of LVA towards GVL.  
 

1.4 Developing novel hydrogenation catalysts 

1.4.1 The use of noble metals in hydrogenation reactions 

 
The elements in group 8-10 are well known for their good hydrogenation properties. 
Especially noble metals exhibit improved conversion and stability at milder conditions than 
their transition metal counterparts. Many papers in heterogeneous26–31 and homogeneous 
catalysis25,32–34 report the use of noble metals in hydrogenation chemistry and their excellent 
catalytic performance. Even though homogeneous catalysts often have higher turnover 
frequencies (TOFs) than heterogeneous catalyst, their industrial application is limited. The 
expensive homogeneous catalyst is difficult to separate from the reaction mixture since the 
catalyst and reaction mixture are in the same phase.35,36  
 

According to Mills and Steffgen,37 the activity of metals in methanation can be 
ordered from Ru > Fe > Ni > Co > Mo while the selectivity can be ordered from Ni > Co > Fe > 
Ru. Not only is the activity better of Ru, it is also more resistant to coke formation and 
particle sintering compared to Ni.21 Considering the arguments given, Ru would be the 
catalyst of choice at low temperatures. Nevertheless, Ru is not used as a commercial catalyst 
for methanation due to its high cost of this precious metal. 

 
A systematic study was executed by Manzer et al.38 showing the superior 

performance of noble metal based catalysts in terms of conversion and selectivity in the 
catalytic hydrogenation of LVA towards GVL.  Ir, Rh, Pd, Ru, Pt, Re and Ni were supported on 
carbon and tested under the same reaction conditions. The conversion and selectivity of the 
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noble metals was superior to the Ni reference. The most active catalyst reported was the 
Ru/C with 80 % conversion and 90 % selectivity at mild conditions while the nickel catalyst 
only reached <5 % conversion with 20 % selectivity towards GVL. Again, the high cost of 
these expensive noble metals are limiting these catalysts from industrial application. 

1.4.2 Bimetallic particles for enhanced catalytic performance 

 
Surface properties of a monometallic catalyst can be adjusted by the addition of a second 
metal. Geometric structure as well as electronic structure can be tuned by the addition of a 
second metal. Tuning of the surface properties is important for catalysis, since it determines 
the binding strength of the adsorbates. Different synthetic routes can be applied to obtain 
bimetallic particles with many different morphologies, tuned to the desired specifications. 
The formation of core-shell particles, alloyed structures and porous structures have been 
reported in literature to be active in catalysis.39 The work reported by Liu et al.40 shows the 
importance of surface structure in relation to activity. Surface defects are introduced by 
doping the catalyst with a second metal. The number of surface defect sites was determined 
to increase 3 fold in bimetallic catalysts.  Both activity and stability were enhanced due to 
the doping of Ru on Ni/SiO2.  
 
 The reactivity of the catalyst also depends on the combined electronic structure of 
the two metals on the surface. Fundamental understanding of the process is key to design 
the right catalyst. D-Band theory can be applied to understand the combined effect of the 
two metals. The combination of two metals cause the d-bands to hybridize and change the 
electronic configuration. The filling of the d-band is essential for the adsorption strength of 
the adsorbate since it determines if the bonding and/or antibonding orbital gets filled. An 
increase in the occupation (i.e. donation of e- from the metal d-orbital to the antibonding 
MO of the adsorbing molecule) will lead to a weaker intramolecular bond, but a stronger 
metal-adatom bond. The weaker intramolecular bond enhances bond cleavage, which can 
then induce higher activities for certain reactions such as hydrogenations 39 
 

In recent years, many papers have been published on the synthesis, characterization 
and testing of bimetallic catalysts for hydrogenation.28,29,31,41,42,43 The activity, selectivity and 
reaction conditions could be greatly improved compared to their monometallic 
counterparts. Synergetic effects between the two metals are essential for the improved 
catalytic activity, where both metals exhibit a different function. For this cooperative 
function between the two metals is crucial to optimize the metal:metal ratio . Recent work 
in our group reported that Re promoted Pt/TiO2 catalysts exhibited enhanced activity 
towards selective hydrogenation of methyl and ethyl esters to alcohols under mild 
conditions. Under optimized Pt:Re ratios, the addition of rhenium improved the conversion 
by almost a threefold. Interestingly, Re itself was not active in the reaction, showing that Re 
acts as a coordination center on the surface. It was hypothesized that Re interacts with the 
oxygen atom of the carbonyl group of the ester, which facilitated the hydrogenation by 
Pt/TiO2.41 

 
 The concept of bimetallic particles can be applied to improve the performance of 
monometallic transition metal catalysts. Doping with either a noble metal or transition metal 
can enhance activity, selectivity and stability to such an extent where these bimetallic 
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catalyst can compete with noble metal based catalysts. The application of cheap transition 
metal can offer cheap alternatives since the costs of noble metals can be several orders of 
magnitude. It is generally accepted Ni is the best replacement for noble metals in many 
hydrogenation reactions.39 A comprehensive overview of Ni promoted systems and their 
corresponding reaction is given  by De et al.39, showing the wide variety of reactions that can 
be catalyzed by Ni systems.  
 

Yet to be published work from our group also investigated the potential of Ni 
promoted bimetallic system for the hydrogenation of methyl esters and acids towards 
alcohols under mild conditions. The addition of Re to Ni/TiO2 showed increased activity 
compared to solely Ni/TiO2 or Re/TiO2. Furthermore, synergetic effects induced by the ratio 
of metals greatly influenced the conversion and selectivity towards alcohols. In the paper, it 
is stated that Ni-Re/TiO2 systems are able to compete with Pt-Re and Pd-Re systems for the 
difficult reduction of methyl esters and acids. 
 

1.5 Manganese as a hydrogenation catalyst 

 
Following this trend, the question arises is if Re can be replaced by the transition metal in 
the same group, namely manganese. The use of Mn in heterogeneous catalysis as a 
hydrogenation catalyst would come with many advantages. The low cost, abundance and 
biocompatibility could offer great possibilities for industrial applications.44,45 However, the 
field of manganese hydrogenation is very new and only few papers have been published in 
the field of homogeneous catalysis on Mn hydrogenation.  

1.5.1 Literature on Manganese hydrogenation 

 
Literature on manganese (de)hydrogenation reactions is limited to homogeneous catalysis. 
The first publication on dehydrogenative coupling of alcohols and amines to imines was 
recently reported by Milstein et al. only in the beginning of 2016.46 It was the first time that 
the (de)hydrogenating properties of manganese are reported. Shortly thereafter, the first 
publications were reported on the hydrogenation of ketones to alcohols. 47,48 Since then, the 
number of publications on Mn (de)hydrogenation has grown.49–52 Work done in our group 
showed that non-pincer type Mn catalyst are capable of catalysing the difficult 
hydrogenation of  carboxylic acid esters under mild conditions.49 The mild reaction 
conditions, ease of catalyst synthesis and the cost make it promising for industrial 
application. The crucial factor in the (de)hydrogenating properties of Mn seems to be the 
oxidation state. In the reported papers, often an oxidation state of 1+ was applied.  

1.5.2 From homogeneous to heterogeneous 

 
Even though the homogeneous catalyst reported in the previous section are highly active in 
the hydrogenation of a wide variety of chemical bonds, the use of homogeneous catalyst is 
undesirable due to the high cost that are accompanied with the separation. A 
heterogeneous variant is highly desired since it would be easy to separate and can 
potentially replace expensive noble metals used in hydrogenation. To our knowledge, no 
papers have been published yet on the heterogeneous hydrogenation via Mn based 
catalysts. As mentioned before, the oxidation state of the Mn is crucial for the catalytic 
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activity in hydrogenation chemistry. It is expected that oxidation states of Mn1+ and Mn0 are 
also crucial in design of the heterogeneous catalyst. These oxidation states are quite exotic 
and not stable in air, meaning that it is mandatory to work in an oxygen free atmosphere.  It 
is not possible to reduce Mn2+ to a lower oxidation state with H2 since temperatures above 
1300 °C are required.53 
 

1.6 Research Scope 
 
In this thesis, bimetallic nickel manganese nanoparticles were synthesized and catalytically 
tested in two different hydrogenation reactions, namely the hydrogenation of LVA towards 
GVL and CO & CO2 methanation. The crucial factor in the design of the catalyst is the 
oxidation state of the Mn. 
 

The theory and procedure of the synthesis techniques such as Deposition-
Precipitation, Impregnation and Chemical Vapor Deposition to obtain bimetallic particles in 
their metallic states will be discussed in chapter 2. An overview of the synthesized catalyst 
will be given, followed by the theoretical background and procedures of the characterization 
techniques applied in chapter 3. In the last section, the procedure of the catalytic testing will 
be given.  
 

The full characterization of these synthesized catalyst will be given in chapter 3, 
where ICP, CO chemisorption, TPR, TEM, XRD and XPS will be applied. The bimetallic 
character, synergetic effects between the two metals and oxidation states will be the focus 
point in this chapter. An overview of each synthesized material is given together with a small 
graphical representation of the synthesis technique and subsequent reduction.  

 
The synthesized and characterized catalyst will be tested in two different reactions, 

The catalytic data will be presented in chapter 4, starting with the hydrogenation of LVA. 
Then the methanation reaction is discussed with the CO methanation first followed by the 
CO2 methanation. The catalytic data will be linked to the synergetic effects and oxidation 
states observed in chapter three.  

 
Finally, an FTIR study is performed on the catalysts synthesized by the Deposition-

Precipitation approach. CO absorption, CO dissociation and in-situ methanation will be 
analyzed and general trends will be discussed. Even though the last chapter still needs 
further analysis, already important conclusions can be drawn from the presented data.  
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2 Theory and experimental conditions 
 
The theoretical background and experimental conditions of the synthesis and 
characterization techniques will be discussed in this chapter. In the first section, a theoretical 
background of the different synthesis routes is given together with the experimental 
conditions. In the second section, a short theoretical background is given together with the 
experimental set-up of the characterization technique. Lastly, the setup for the catalytic 
testing will be described together with the experimental conditions. 
 

2.1 Synthesis of supported metal nanoparticles 

For the synthesis of the bimetallic nanoparticles, a number of different synthesis techniques 
were applied. Background and experimental information for deposition-precipitation, 
impregnation, and chemical vapor deposition, is given below.  

2.1.1 Deposition Precipitation 

 
Theory 
For deposition-precipitation (DP), the deposition and precipitation of metal hydroxides on 
the surface of an oxidic support is facilitated by a change in pH. The key step in DP is the 
homogeneous increase of the pH, initiated by decomposition of urea in the solution 
described by equation 2.1: 54 
 

𝐶𝑂(𝑁𝐻2)2(𝑎𝑞) + 3𝐻2𝑂 → 𝐶𝑂2(𝑔) + 2 𝑁𝐻4
+(𝑎𝑞) + 2 𝑂𝐻−(𝑎𝑞)  

2.1 
 

A solution containing the metal precursor(s), support, and urea is prepared and the 
pH is brought below the point zero charge (PZC) by the addition of an acid. When the pH of 
the solution is below the PZC of the support, the surface is positively charged and the metal 
cations in the solution experience repulsion from the support. Raising the temperature of 
the solution above 90 °C leads to the decomposition of urea, and therefore a gradual 
homogeneous increase in the pH of the solution. Upon approaching the PZC, a transition 
from a positively to a neutrally charged surface is occurring. When the pH is further 
increased, the surface becomes negatively charged. This process can be seen in Figure 4. 
 

 
Figure 4: Graphical representation of the influence of the pH on the surface of the support. The blue, red and white are Ti, O 
and H respectively.  



TU/E 
Master Thesis Bas Terlingen 

16 

 
At this point, the metal cations are attracted by the negatively charged surface. 

Meanwhile, Hexaqua complex exchanges H2O ligand for OH-, to form a hydroxyaqua 
complex54–57 due to the decomposition of urea which react with the support and follow a 
polymerization reaction equation set 2.2:  
 

𝑀(𝑂𝐻2)6
2+(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞) ⇌ 𝑀(𝑂𝐻)(𝑂𝐻2)5

+ + 𝐻2𝑂 
2.2.1 

𝑀(𝑂𝐻)(𝑂𝐻2)5
+ + 𝑂𝐻−  ⇌  𝑀(𝑂𝐻)2(𝑂𝐻2)4

0 
2.2.2 

𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛: 𝑁𝑖 − 𝑂𝐻 + 𝑁𝑖 − 𝑂𝐻2 ⟶ 𝑁𝑖 − 𝑂𝐻 − 𝑁𝑖 ↠ 𝑁𝑖(𝑂𝐻)2 
2.2.3 

 
The precipitated metal hydroxide forms a nucleation seed on the surface of the 

support which causes growth of the metal hydroxide phase. 56 The driving force for the 
deposition of the metal on the surface of the support is the change in overall Gibbs free 
energy change given by equation 2.3: 
 

 ∆𝐺𝑡𝑜𝑡 = 3
4⁄ 𝜋𝑟3∆𝜇𝑠𝑙 + 4𝜋𝑟2 

2.3 
In equation 2.3, r, ∆𝜇𝑠𝑙 and 𝛾 are the particle radius, difference in thermodynamic 

potential of solid and solute (<0) and the surface free energy of the solid in contact with 
solution or support (>0) respectively. During the precipitation, the difference in 
thermodynamic potential increases and surface free energy change decreases so that the 
change in Gibbs free energy becomes larger which is favorable for nucleation of the metal 
ions on the support surface.   
 

Synthesis of supported Ni catalysts via DP on SiO2 was extensively studied by Burattin 
et al. 54–57 and identical methods were employed in our study for SiO2 and TiO2 supported 
catalysts.  
 
Experimental conditions DP 
Nickel nitrate hexahydrate (Ni(NO3)2 • 6 H2O), manganese acetate tetrahydrate 
(Mn(CH3COO)2 • 4 H2O), urea (CO(NH2)2) and nitric acid (HNO3, 68 %) were obtained from 
Sigma Aldrich. Titania P-25 was obtained from Degussa and Silica Sipernat 50s was obtained 
from Evonik.  
 
All DP catalysts were prepared in a 1.5 L glass vessel, equipped with glass stirrer, thermostat, 
and only pH meter. The salt solution was prepared in the glass vessel by dissolving either 
Ni(NO3)2·6H2O (2.97 g) or Mn(CH3COO)2·4H2O (2.81 g) to 1.3 L deionized water under 
stirring. Nitric acid (2.4 ml) was added until to obtain a concentration of 0.02 M. The support 
(19.8 g SiO2 or TiO2) was added to the glass vessel to give a concentration of 15.2 g/L. Under 
rigorous stirring, the temperature was increased to 90 °C to decompose the urea. The pH 
was monitored to determine the start of the DP, which was marked by a sudden pH increase. 
The reaction was continued for 2 h. The samples were filtered, washed 3 times with 
deionized water, and dried in an oven at 110 °C overnight. Samples prepared by DP are 
referred to as DP-M/S (M = metals present, S= support). 
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2.1.2 Impregnation 

 
Theory 
Impregnation is traditionally separated into two approaches: impregnation (I) and incipient 
wet impregnation (IWI), also called dry impregnation. In the case of incipient wet 
impregnation, the driving force for the uptake of solution is osmotic pressure which forces 
the solution into the pores58. The pore volume is first determined with N2 physisorption or 
water uptake. Then, a solution of the solvent with the dissolved precursor is added to the 
support according to the maximum volume uptake. The drying process causes the 
concentration to increase above the saturation limit and the ions to nucleate and deposit on 
the support. 

 
 In the case of impregnation, an excess of solution with dissolved metal precursor is 

added to the support. The driving force is diffusion which is considerably slower than with 
IWI. After the impregnation, the slurry is dried and the dissolved metal salts will deposit on 
the support since the concentration increases to a point beyond the saturation 
concentration.58,59 In both cases, only weak bonds are formed between metal and support 
because there is no chemical interaction present. Impregnation was used to sequential 
deposit Mn on reduced Ni/TiO2 and to co-deposit Ni and Mn on TiO2. The Ni/TiO2 was 
reduced beforehand since the final catalyst should consist of Ni0 and Mn0. Deposition of the 
Mn0 precursor on the unreduced Ni could cause oxidation of the Mn. 
 
Experimental conditions Sequential Impregnation of Mn0 onto Ni/TiO2 
Mn2(CO)10 was obtained from Sigma-Aldrich. All the experimental steps are conducted in an 
oxygen-free environment using Schlenk techniques in an argon atmosphere. Ni/TiO2 (1 g) 
obtained from the DP method was reduced for 4 hours at 450 °C (tramp = 2.5 °C/min) under 
10% H2/He and added to a 3-necked 100 mL Schlenk round-bottomed flask (RBF). An excess 
of toluene was added and the manganese precursor (0.100 g) was added. Then, the 
dispersion was stirred at 500 rpm for 2 hours and the toluene was slowly evaporated 
overnight by flushing Ar through the RBF. Finally, the remaining solvent was removed under 
vacuum. Samples prepared by impregnation are referred to as Imp Mn on DP Ni/S (M = 
metals present, S= support). 
 
Experimental conditions Co-impregnation of Ni0 and Mn0 onto TiO2 
Ni(COD)2 and Mn2(CO)10 were obtained from Sigma-Aldrich. All the experimental steps are 
conducted in an oxygen free environment using Schlenk techniques. The TiO2 (1 g) was 
evacuated before use to remove any adsorbed water and oxygen from the surface. An 
excess of toluene was added and Ni(COD)2 (0.140 g) and Mn2(CO)10 (0.100 g) were. Then, the 
dispersion was stirred at 500 rpm for 2 hours and the toluene was slowly evaporated by 
flushing Ar through the RBF. Finally, the impregnated catalyst was evacuated under vacuum 
to remove any remaining solvent. Samples prepared by co-impregnation are referred to as 
Co-Imp-M/S (M = metals present, S= support). 
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2.1.3 Chemical Vapor Deposition (CVD) 

 
Theory 
CVD is a technique where atoms can be deposited on a solid via the gas phase. It is a 
technique that is frequently applied to synthesize mono-layers of atoms on a support.59 The 
metal precursor is brought into the gas phase and the chemical vapor reacts with the 
reactive groups (e.g. hydroxyls) on the support surface. When all the reactive groups on the 
surface of the support are depleted, no further deposition can occur. In this thesis, a very 
simple variant of CVD is applied where the carbonyl precursor is heated to the gas phase and 
decomposition of the carbonyl species occurs. The metal is deposited on the surface of the 
support and free carbonyl species are present in the gas phase. In this particular case of CVD, 
no strong bonds between the support and metal exist since the deposition occurs due to the 
decomposition of the precursor and not due to a chemical bond with the support. The 
adjusted CVD technique applied in this thesis is further investigated in chapter 3.3. CVD was 
used to deposit Mn on reduced Ni/TiO2. The Ni/TiO2 was reduced beforehand since the final 
catalyst should consist of Ni0 and Mn0. Deposition of the Mn0 precursor on the unreduced Ni 
could cause oxidation of the Mn. 
 
Experimental conditions of CVD Mn0 onto Ni/TiO2 
All the experimental steps are conducted in an oxygen free environment using Schlenk 
techniques. Ni/TiO2 (1 g) obtained from the DP method was reduced for 4 hours at 450°C 
under 10% H2/He and added to a flask. The Mn2(CO)10 (0.100 g) was added and the flask was 
evacuated. The flask was put in the oven at 110 °C for X hours. Finally, the flask was flushed 
with argon. Samples prepared by CVD are referred to as CVD-Mn on Ni/TiO2. 

2.1.4 Overview of synthesized catalyst 

 
Since many different catalyst have been synthesized, an overview is given in Figure 5. The 
scheme gives an overview of the synthesis route and the metal precursors that have been 
used. TiO2 as a support was more heavily investigated than SiO2. In total of 9 (reference) 
catalysts were synthesized for either COx methanation or levulinic acid hydrogenation. The 
DP catalysts on TiO2 were used for both reactions; the DP SiO2 catalysts for CO2 
methanation; Imp Ni-Mn/TiO2, CVD Mn on Ni/TiO2 and Imp Mn on Ni/TiO2 for the 
hydrogenation of levulinic acid. 
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Figure 5:  Synthesis routes towards bimetallic nickel-manganese particles and the references. 

 

2.2 Characterization Techniques 
 

A brief theoretical background of each characterization technique used in this thesis is given, 

followed by the procedure and equipment properties.  

2.2.1 Temperature Programmed Reduction (TPR) 

 
Theory 
To determine the reducibility of the catalysts, TPR was employed. In TPR, a quantitative 
amount of H2 is flowed over the catalyst bed while the temperature of the bed is linearly 
increased. At certain temperatures, metals in their oxidized state will consume hydrogen and 
reduce to their metallic state. The consumption of H2 is measured using a thermal 
conductivity detector (TCD).  
 
Procedure 
TPR was performed in a Micromeritics Autochem II 2920 equipped with fixed-bed U-tube 
reactor, a computer controlled oven, and a thermal conductivity detector. Prior to TPR, the 
catalyst was pretreated at 110 °C in He for 4 hours to remove any physisorbed molecules. 
TPR was subsequently performed on the catalyst against by linearly heating (10 °C/min) the 
catalyst to 1000 °C in  4 % H2 in N2 at 50 mL/min. Gas consumption was monitored using a 
TCD. The H2 signal was calibrated using a CuO/SiO2 (26.2 wt.% Cu) reference catalyst. For air 
sensitive samples, an insert with valve was used to prevent the catalyst from oxidizing. 

2.2.2 Chemisorption 

 
Theory 
Chemisorption is applied to determine the specific surface area of the active phase. Probe 
molecules such as CO and H2 are chemisorbed on the surface on the active metal. The 



TU/E 
Master Thesis Bas Terlingen 

20 

 
amount of adsorbed species can directly be correlated to the number of absorption sites. 
However, dissociation of the probe molecules must be taken into account in chemisorption 
since a dissociated species can occupy more than one active site. Also, in the case of CO, 
bridged species can occur on the surface and needs to be corrected for accordingly. The 
metal surface per gram can be determined using chemisorption. 60,61 
 
Procedure 
Prior to the chemisorption, the catalyst was reduced in H2 for 4 hours with a ramp rate of 2.5 
°C/min at 450 °C. The system was evacuated to a pressure below 1 x 10-6 bar. Chemisorption 
isotherms were measured at 35 °C. 

2.2.3 Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) 

 
Theory 
ICP-OES is used to determine metal concentrations in solutions. It is based on the 
phenomena that atoms and ions in excited state emit photons in a radio frequency induced 
argon plasma. Liquids and gases can be injected directly while solids have to be solubilized 
so that the analytes will be present in a solution. The sample is converted to an aerosol and 
injected in to the inductively coupled plasma (ICP). Due to the high temperature of the 
plasma, the aerosol is quickly vaporized. The plasma excites the free atoms to the excited 
state which may also result into excited ions. Relaxation of the excited state takes place 
which consequently emits a photon. The energy of the photon, and thus wavelength, is 
characteristic to the element and its excited state. The number of photons emitted is directly 
proportional to the concentration of atoms. This way, elements can be distinguished and 
their corresponding concentration can be determined.62 
 
Procedure 
Ni and Mn content was analyzed using a Spectro CIROS CCD spectrometer. Measurements 
were taken at λmax = 242.795nm and λmax = 267.595nm. The TiO2 supported catalyst (ca. 25 
mg) were melted in K2S2O8 and further dissolved using H2SO4. The SiO2 supported catalyst 
(ca. 25 mg) were dissolved in 1.5 mL HF/HNO3/H2O (1:1:1) solution.  

2.2.4 X-Ray Diffraction  

 
Theory 
XRD is used to characterize the bulk structure of a material. The x-rays are not adsorbed but 
elastically scattered by the electrons of atoms. When an x-ray hits an electron, the atom will 
start to oscillate with the same frequency as the incoming beam. In the case of crystalline 
materials, all atoms are aligned in a repetitive structure. Under certain angles, the incoming 
beam will cause the atoms to oscillate in phase and cause constructive interference. The 
incoming x-ray beam will be diffracted into various characteristic angles. The diffracted 
beam is detected by a positive sensitive detector which detects the energy of the diffracted 
x-rays under different angles. In the case of an amorphous material, no repetitive structure 
is present and destructive interference takes place. The incoming x-ray beam is scattered 
into random directions and its energy will be lost. 63 
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Procedure 
XRD diffractograms were measured with a Bruker D2 powder diffraction system. Samples 
were ground and pressed into sample holders for measurements. XRD patterns were 
recorded on a Bruker D2 Phaser diffractometer using CuKα radiation with a wavelength of 
1.54 Å. The 2θ angles were measured between 10-80° with a scanning speed of 0.02°/step 
°at 0.5 s/step 

2.2.5 Transmission Electron Microscopy (TEM) 

 
Theory 
In general, a transmission electron microscope consists of a high energy electron beam 
source, condenser lens, sample holder, a series of lenses and the detector. The incoming 
electron beam can either go through the sample or interact with it. In the case of 
interaction, different absorption/scattering events can occur represented in Figure 6. A 
number of scattering events can occur which can be divided into two categories; elastically 
scattered electrons and inelastically scattered electrons. The difference between those two 
events is that in the case of an elastic scattering event, no energy is lost. 
 

 
Figure 6: Scattering events occuring through different interactions with the sample due to the high energy electron beam. 
Elastic scattering events are represented by a blue arrow, Inelastic scattering events are represented by a red arrow. 

In the case of bright field TEM, the direct beam is recorded and not the elastically 
scattered electrons. The intensity of the incoming beam is correlated to the mass thickness 
of the sample by the lambert-beer type absorption. Different elements can be visualized 
since their mass thickness is deviating. The beam is collected on a phosphor screen which is 
converted to an image by an image recording system. 64 

 
The resolution of a TEM is limited by the lens aberration. The quality of the lens is 

directly related the plane of least confusion which means that the beam cannot be perfectly 
focused into one point. This causes the resolution of the TEM to be lower than the 
theoretical diffraction limit. TEM can be used to visualize the synthesized catalyst and 
determine particle size and shape. In combination with other techniques, e.g. elemental 
analysis and 3d imaging can be executed.  
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Procedure 
TEM images were acquired on a FEI Tecnai 20 transmission electron microscope at an 
acceleration voltage of 200kV with a LaB6 filament. Typically, the black precipitates were 
suspended in pure ethanol, sonicated and dispersed over a Cu grid with a holey carbon film.  

2.2.6 X-ray Photo-electron Spectroscopy (XPS) 

 
Theory 
The X-rays generated in XPS excite core shell electrons and eject them into the continuum 
(photoelectric effect). A monochromatic X-ray beam is generated with an energy 
significantly larger than the energy required to excite a core shell electron. The energy of an 
electron can be calculated with equation 2.4: 
 

 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 − 𝑊 

2.4 
 

Where 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔,  𝐸𝑝ℎ𝑜𝑡𝑜𝑛,  𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 , 𝑊  are the binding energy of the electron, the energy of 

the photon, kinetic energy of the electron and the spectrometer work function respectively. 
The kinetic energy of the emitted photoelectrons is detected by the electron detector. 

 
Although x-rays techniques can be considered a bulk technique since the x-rays can 

penetrate the bulk, XPS is strictly a surface characterization technique. The photoelectrons 
can only escape depths of less than 5nm since the photoelectrons interact strongly with 
matter. Nevertheless, important material properties can be determined such as element 
composition of the surface, oxidation state and surface atom.65 
 
Procedure 
The XPS measurements are carried out with a Thermo Scientific K-Alpha, equipped with a 
monochromatic small-spot x-ray source a 180° double focusing hemispherical analyzer with 
a 128-channel detector. Spectra were obtained using an aluminium anode (Al Kα = 
1486.6eV) operating at 72W and a spot size of 400µm. Survey scans were measured at a 
constant pass energy of 200eV and region scans at 50eV. The background pressure was 2 x 
1—9 mbar and during measurement 3 x 10-7 mbar Argon because of the charge 
compensation dual beam source. XPS spectra were fitted with CasaXPS. 

2.2.7 Fourier Transform  Infra-Red spectroscopy (FTIR) 

 
Theory 
IR spectroscopy is based on the principal that a molecule can absorb IR light which cause 
molecular vibrations. Upon infrared light absorption, the molecule is excited from the 
vibrational ground state to the first excited state. The energy absorbed is related to the force 
constant of the molecular bond. Consequently, each bond has a characteristic vibrational 
energy (expressed in wavenumbers, cm-1) which is representative for the type of bonding. IR 
light can be divided in 3 regions namely near, mid and far IR. In this research, the mid-IR 
range (4000 cm-1 – 400cm-1) was looked into since organic molecules have their rotational 
and vibrational vibrations in this region. The number of vibrational modes can be 
determined by the following equation for linear molecules 3N – 5 = number of modes and 
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3N-6 for non-linear molecules, where N is the number of atoms in the molecule. Infrared 
spectra can only be collected if the dipole moment of the molecule changes during 
excitation. The vibrational modes of a 3 atomic molecule is given in Figure 7.    
 

 
Figure 7: Vibrational modes of a 3 atomic molecule. (A) Symmetrical stretching, (B) Asymmetrical stretching, (C) Rocking 
(deformation in-plane), (D) Scissoring (deformation in-plane), (E) Wagging (deformation out-of-plane), (F) Twisting 
(deformation out-of-plane) 

FTIR spectroscopy is a characterization technique where either the absorption or 
emission spectrum is measured from a solid, liquid, or gas. The name Fourier transform is 
related to the mathematical operation which can transform the obtained signal into a 
spectrum.  

 
The surface structure of a catalyst can be studied using probe molecules. Molecules 

such as CO, NO and pyridine can be adsorbed on the surface. The corresponding metal on 
which the probe molecule is adsorbed interacts differently depending on the metal used. 
This way, shifts in wavenumbers and intensity of peaks can be studied when modifying the 
surface due to e.g. doping with another metal. Fourier transformation infrared spectroscopy 
was applied to study the CO adsorption, CO dissociation and in situ methanation on a 
number of prepared catalyst.61 
 
Procedure 
 The spectra were recorded using a Bruker Vertex 70V spectrometer. The pellet was made by 
pressing 25mg of catalyst between two silicon wafers at a pressure of 3,000 kg. The pellet 
was transferred into the FTIR and reduced at 450°C for 4 hours in 10 % H2/He. Subsequently, 
the chamber was evacuated at 300 °C for half an hour to remove any adsorbed water. The 
chamber was cooled down to 50 °C and the testing could be commenced. CO was pulsed in 
the chamber and spectra were recorded between pulsations. The chamber was filled to 
3mbar of CO. Then, a temperature ramp was employed with step sizes of 25 °C to 300 °C and 
a spectrum was recorded after each step. When 300 °C was reached, the temperature was 
dwelled for half an hour and every 5 minutes a spectrum was recorded. The chamber was 
evacuated at 300°C to remove chemisorbed CO. Then, the temperature was brought down 
to 50°C and the chamber was filled with 60 mbar H2 and 30 mbar CO. Then, a temperature 
ramp was employed with step sizes of 25 °C to 300 °C and a spectrum was recorded after 
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each step. When 300 °C was reached, the temperature was dwelled for half an hour and 
every 5 minutes a spectrum was recorded. 
 

2.3 Procedure catalytic testing  

2.3.1 Levulinic acid (LVA) hydrogenation to γ-valerolactone (GVL) 

 
Procedure 
The hydrogenation of LVA to GVL was performed in batch. A 10 ml stainless steel autoclave 
was brought into the glovebox and loaded with 23 mg of catalyst, 4 ml of solvent, 0.44 mmol 
of substrate and internal standard. The autoclave was purged 3 times with hydrogen (30 bar) 
before filling the vessel to the desired pressure with hydrogen (40 bar). Using a hot plate 
equipped with magnetic stirring capability, the autoclave was gradually heated to 180 °C 
before stirring at 1000 rpm was commenced. A schematic representation of the autoclave 
can be found in Figure 8. On completion of the reaction, both heating and stirring were 
stopped, the autoclave was removed from the hot plate and then cooled in a cold water 
bath. Once cooled, the content of the autoclave was filtered using an organic-based polymer 
frit and a sample was prepared for GC-FID analysis (Thermo GC-FID ‘Focus GC’ with a 
Stabilwas-DA column Cat. #11055 240/250 °C). Calibration was performed using known 
concentrations of all reactants and products in order to determine correct response factors. 
 

 
Figure 8: Schematic representation of the mini autoclaves used for the testing of Levulinic acid hydrogenation 

 

2.3.2 Flow reaction CO and CO2 Methanation 

 
Procedure 
CO and CO2 methanation reactions were performed under flow conditions in high 
throughput. The high throughput set-up can be used to measure up to 10 catalysts in gas 
phase reactions. In Figure 99, pictures were taken of the reactor section of the high 
throughput and the corresponding glass reactor tube that goes into the reactor. The whole 
set-up is heated so that all the reactants and products stay in the gas phase. Each reactor 
could be analyzed separately by GC and MS measurements, meaning that 10 different 
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catalysts can be measured simultaneously. With the use of mass flow controllers, the total 
flow of gases could be set accurately. The mini autoclave set-up made it possible to load the 
reactors inert so the catalysts synthesized with Schlenk techniques could also be tested. 

 
Figure 9: Section of the high throughput set-up with (left) the reactor unit with the disconnected top piece. A top view into 
the reactor is also shown in the left image. Loaded reactor tubes (right) could be loaded into the reactor. 

The catalyst were first pressed and sieved with a 75-125 µm fraction to control the pressure 
drop over the tubular reactors. Then, 50 mg of catalyst was mixed with 150 mg of SiC to 
improve heat and mass transfer. Reactors were tested to ensure that their pressure drops 
were equal. The reactors were filled and the same pressure drop was realized for all the 
reactors. The catalyst were reduced (50ml flow 10% H2/He, 5°C/min, 4 hours at reduction 
temperature given in chapter 3) and the reactor line was flushed before introducing the 
reactants to the reactor. The total GHSV per reactor was 50,000 h-1 with a carbon oxide 
concentration of 2% v/v.  For the hydrogenation of COx, the reactor could not be loaded 
inert and only DP synthesized catalyst could be used since they could be reduced in the 
reactor. In this case, Mn0 could not be tested since it easily oxidizes in air and is not 
reducible below 1300 °C.   
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3 Catalyst characterization 
 

3.1 Characterization: Deposition Precipitation 

 
The DP approach was applied for Ni, Ni-Mn, and Mn on both TiO2 and SiO2. First the catalysts 
supported on TiO2 will be discussed followed by those supported on SiO2. Both TiO2 and SiO2 

were investigated to study the effect of the support on the material characteristics.  

3.1.1 Characterization of TiO2 supported catalysts 

 
The aim of the synthesis was to obtain 3 wt% Ni and a 1:1 molar ratio for Ni-Mn which would 
mean 2.8 wt% Mn. The weight loadings of the synthesized catalysts were determined with 
ICP-OES, given in Table 1Error! Reference source not found.. The Mn loading of Mn/TiO2 
was not determined. It can be seen that the achieved weight loadings do not correspond 
well to the intended loadings. This suggests that there is a problem with the synthesis 
procedure since the procedure was reported for SiO2 supported catalysts54–57. The PZC of 
TiO2 reaches a value of around 7 at elevated temperatures66 while the PZC of SiO2 is around 
2. 56 The surface charge necessary to induce attraction of the cation to the surface was not 
high enough to ensure a complete deposition. Especially for Ni-Mn/TiO2, the achieved 
weight loading for Mn was far off.  
 

 CO chemisorption was carried out for the three catalyst given in Table 1Error! 
Reference source not found.. Ni/TiO2 has the highest CO uptake of the three catalysts while 
Mn/TiO2 has no CO uptake at all. This explains why the CO uptake is significantly lower for 
Ni-Mn/TiO2 compared to Ni/TiO2. A part of the manganese is likely covering or blocking the 
nickel where CO can adsorb.  

 
Table 1: ICP-OES and CO chemisorption results for Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2 

Sample Ni loading (wt.%) Mn loading (wt.%) 
CO chemisorption 

(m2/gmetal) 

Ni/TiO2 2.5  133 

Ni-Mn/TiO2 2.3 1.3 54 

Mn/TiO2  n.m. 0 

 
 The reducibility and metal reduction temperature was determined with TPR. In Figure 
1010, the TPR profiles of Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2 are shown. From literature it is 
known that MnO cannot be reduced to metallic Mn under temperatures up to 1300 °C in a 
hydrogen atmosphere.53 The fact that Mn/TiO2 gave a negligible hydrogen consumption can 
therefore be explained. The Ni/TiO2 does show a distinct reduction peak with its maximum 
at 330 °C with a shoulder at around 400 °C. The peak and shoulder can be attributed to the 
reduction weakly bound and more strongly bound NiO to the support respectively. 67 
 

For the TPR profile of Ni-Mn/TiO2, a small peak at 250 °C and a large peak at 360 °C 
with a shoulder at around 400 °C are visible. It is expected that the same NiO species as in 
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Ni/TiO2 are present since the beginning and end of the peaks at 330 °C and 360 °C are quite 
similar. The small peak at 250 °C can be assigned to the reduction of bulk NiO. 68 

Interestingly, a large hydrogen consumption is observed. It is expected that Ni2+ is 
reduced to metallic nickel but it cannot be exclusively bulk NiO since the peak position is 
shifted compared to Ni/TiO2. A stronger interaction with another phase causes the reduction 
temperature to shift to higher temperatures. 69,70 
 

The peak areas were integrated and the hydrogen consumption was determined. For 
Ni/TiO2, the H2/Ni ratio ratio is around 1 which means that the Ni2+ species are fully reduced 
to Ni0. Interestingly, for Ni-Mn/TiO2 H2/Ni ratio was 3.18 meaning that more hydrogen was 
consumed than theoretically needed to fully reduce the Ni2+ to Ni0. Since Mn cannot be 
reduced at these temperatures, this effect may be assigned to hydrogen spillover effect. The 
hydrogen is adsorbed and dissociated on the donor phase and transferred to the acceptor 
phase. Another possibility is the reduction of the support, but later it is shown with XPS that 
the support is not reduced at 450 °C under H2/He. Due to the shift of the reduction peak 
together with the hydrogen spill-over observed for Ni-Mn/TiO2, it is hypothesized that a 
nickel manganese phase is formed.   

 
Figure 10: TPR profile of Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2 with their corresponding H2/Ni ratio. 

 Ni/TiO2 and Ni-Mn/TiO2 were visualized with TEM. Figure 11 contains two images of 
Ni/TiO2, one image of Ni-Mn/TiO2 and the P-25 support reference. It becomes clear that 
highly disperse, sub-nanometer particles are formed with DP on TiO2. 67 The surface of the 
support is covered with particles of undefinable size. Since the particles were so small, no 
reliable particle size could be determined with this resolution. As can be seen in the image of 
Ni-Mn/TiO2, it is not possible to distinguish between nickel and manganese, which could 
indicate that bimetallic particles have formed. No other particle sizes were noticed in other 
TEM images.  
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Figure 11: TEM images of Ni/TiO2 (top left and top right), Ni-Mn/TiO2 (bottom left) and P-25 reference (bottom right) 

 
The XRD diffractograms of fresh and reduced & passivated Ni/TiO2, Ni-Mn/TiO2 and 

Mn/TiO2 are given in Figure 12 where the range from 10 to 80° is visible on the left side and 
the square box in the left image is enlarged on the right side. The peaks are labeled from 1 to 
7 and their corresponding phase is given in Table 2, except for the rutile and anatase 
reflections of P-25 TiO2. The fresh catalyst do not show any unexpected phases. For Mn 
containing catalyst, reflection 1 is visible which was a good match with MnCO3 but this is 
unlikely since a manganese acetate precursor was used. Nevertheless, it corresponds to an 
oxidic Mn phase.  No NiO or Ni(OH)2 was visible for Ni containing catalysts. Interestingly, a 
high intensity reflection was observed with its maximum at 43.8° for Ni-Mn/TiO2 which was a 
good match with several Ni-Mn phases. Literature reports that introduction of a smaller 
atom into the crystal lattice, the lattice parameters become smaller which causes a shift 
towards larger angles. This could also be the case here, where the NiO reflection is shifted 
due to the incorporation of the smaller Mn atom. It is therefore plausible that a Ni-Mn phase 
is synthesized.  
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 After the reduction and passivation, new phases were formed. For Ni/TiO2, a small 
Ni0 reflection at 44.5° could be identified but again, no NiO was observed at 43.2°. For 
Mn/TiO2, two new phases were observed namely MnO and MnTiO3. For Ni-Mn/TiO2, Ni0 was 
identified and the reflection at 43.8° still remains even after reduction and passivation. No 
NiO, MnO and MnTiO3 phases were observed after reduction which were observed in the 
monometallic catalysts. The absence of these phases together with the possible shift in 
lattice parameters suggest that bimetallic Ni-Mn particles have formed. However, the exact 
phase was not identified. 

 
Figure 12: XRD diffractograms of of fresh and reduced and passivated Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2. The letters A and R 
represent the rutile and anatase phase respectively. The numbered peaks in the right graph can be found in Table 2. 

Table 2: the numbers labeled in Figure 12 are assigned to their corresponding phase and the exact reflection position is 
given. 

Number  Position (2θ) Corresponding phase 

1 31.4 MnCO3 

2 32.0 MnTiO3 

3 34.9 & 40.5 MnO 

4 43.2 NiO 

5 43.8 Ni-Mn phase 

6 44.0 Rutile 

7 44.5 Ni0 

 
 The oxidation state of the metals and surface ratios between the atoms were 
determined with XPS. The XPS spectra of the TiO2 supported catalysts are given in supporting 
information section S.I. 1.1. For Ni/TiO2 and Ni-Mn/TiO2, the oxidation state of the Ni shows 
a transition from Ni2+ to Ni0 which is expected from TPR. The Mn in Ni-Mn/TiO2 and Mn/TiO2 
is not reduced under the reduction conditions. The exact oxidation state cannot be 
accurately determined by the XPS spectra of Mn 2p. The Mn 3s orbital was measured to 
determine the exact oxidation state, but due to the lower sensitivity factor spectra were too 
noisy to obtain usable data. The low signal-to-noise ratio could be due to the low Mn weight 
loading present in these catalysts.  
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 The XPS atom surface ratios given in Table 3 indicate that Ni is covered by the TiO2 
during the reduction at 450 °C. The Ni/Ti ratio for Ni/TiO2 decreased by more than a tenfold. 
The same counts for Mn/Ti in Mn/TiO2, but to a lesser degree. Mn is partly covered by TiO2. 
The formation of MnTiO3 during the reduction may account for the lower Mn/Ti ratio 
compared to the fresh sample. In the case of Ni-Mn/TiO2, both Ni and Mn show a lower ratio 
with respect to Ti. Although the weight loading of manganese is almost half of the nickel 
loading, manganese is more present on the surface.  
 
Table 3: Surface ratios determined from XPS of Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2.  

Catalyst + state Ni/Mn Ni/Ti Mn/ Ti 

Ni/TiO2         Fresh  0.225  

Ni/TiO2         Reduced  0.021  

Ni-Mn/TiO2 Fresh 0.822 0.137 0.166 

Ni-Mn/TiO2 Reduced 0.358 0.029 0.082 

Mn/TiO2      Fresh   0.103 

Mn/TiO2      Reduced   0.083 

 
Summary Ni/TiO2 

It was possible to synthesize Ni/TiO2 with a weight loading close to the desired weight 
loading. TPR shows that the Ni phase could be reduced to Ni0. The reduction temperature 
was determined at 450 °C. Small Ni(OH)2 particles were formed during the deposition 
precipitation which could be fully reduced to Ni0. No other phase besides Ni0 was formed 
during the reduction and subsequent passivation. The reduction induced a surface 
reorganization which caused the Ni to be covered or incorporated into the TiO2 due to strong 
metal support interactions (SMSI). In Figure 13, a graphical representation is proposed 
including the synthesis and reduction. 

 
Figure 13: Synthesis and reduction step of DP Ni/TiO2 with (1) the DP synthesis step where the green color represents Ni

2+
 

and (2) the reduction step where the encapsulation of reduced Ni is visible. 

Summary Mn/TiO2 
The weight loading of Mn on titania was not determined. The MnO could not be reduced by 
H2 TPR, which is also reported in literature. The catalyst were reduced at 450 °C, just like 
Ni/TiO2 for comparison sake. However, the reduction of Mn/TiO2 caused surface 
reorganization where the MnO2 phase disappeared and a MnTiO3 phase was formed. The 
occurrence of surface reorganization was also visible in the surface atom ratio of Mn/Ti 
before and after reduction. After the reduction, the Mn/Ti ratio decreased which can be 
explained by the formation of MnTiO3, where a part of the Mn is lost in the bulk. The exact 
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oxidation state of the Mn before and after the reduction remains unknown. When 
measuring Mn 2p, it is hard to distinguish between MnO, Mn3O4, Mn2O3, and MnO2. It was 
tried to measure Mn 3s but due to the low sensitivity factor, the signal-to-noise ratio was 
too high to accurately determine the exact oxidation state. In Figure 14 a graphical 
representation is proposed including the synthesis and reduction. 

 
Figure 14: Synthesis and reduction step of DP Mn/TiO2 with (1) the DP synthesis step where the pink color represents Mn

2+
 

and (2) the reduction step where the formation of a new phase is visible. 

Summary Ni-Mn/TiO2 
The deposition of Ni and Mn was not as accurate as anticipated beforehand. Especially the 
weight loading of manganese was far below the calculated weight loading (theoretical 
2.8wt% vs 1.3wt% actual). It is expected that the urea concentration was too low to form 
enough hydroxide ions to both induce surface charge and form metal hydroxide. The excess 
hydrogen consumption with respect from TPR indicates that there is a hydrogen spill-over, 
suggesting that there is an synergetic interaction between Ni, Mn, and TiO2. Also, an 
increase in reduction temperature was measured, indicating a stronger interaction between 
two phases. The interaction between nickel and manganese can only exist is the atoms are in 
close proximity to each other. The reduction temperature was determined at 450 °C. Small 
particles are visible in TEM but it could not be distinguished if there were two separate 
particles. From XRD it became clear that bimetallic particles were formed. The absence of 
distinct NiO, MnO and MnTiO3 reflections before reduction suggests that some Ni-Mn phase 
has formed. The reduction of the fresh catalyst did not cause new phases to form but did 
influence the surface atom ratios. Both Ni/Ti and Mn/Ti ratio decreases compared to the 
fresh catalyst which indicates that the metals are encapsulated or incorporated into the 
TiO2. In Figure 15 a graphical representation is proposed including the synthesis and 
reduction. 

 
Figure 15: Synthesis and reduction step of DP Ni-Mn/TiO2 with (1) the DP synthesis step where the green and pink color 
represents Ni

2+
 and Mn

2+
 respectively and  (2) the reduction of Ni and encapsulation of the particles is visible. 
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3.1.2 Characterization of SiO2 supported catalysts 

 
The deposition of the metals was successful for SiO2 supported samples. The obtained 
weight loadings were analyzed with ICP-OES and the results are given in Table 4. In contrast 
to TiO2 supported catalysts, weight loadings close to the desired weight loadings were 
obtained; 3 wt% for Ni and 2.8 wt% for Mn. The difference in P.Z.C. is thought to explain the 
difference in success of the deposition between TiO2 and SiO2.56,66 Unfortunately, traces of 
Ni were found in Mn/SiO2 due to improper cleaning of the reaction vessel after deposition of 
a Ni containing catalyst.  
 
Table 4: ICP-OES results for Ni/SiO2, Ni-Mn/SiO2 and Mn/SiO2 

Catalyst Ni loading (wt.%) Mn loading (wt.%) 

Ni/SiO2 3.2  

Ni-Mn/SiO2 2.8 2.6 

Mn/SiO2 0.1 2.5 

  
The reduction temperature and hydrogen consumption was determined with TPR. As 

can be seen from Figure 16, Ni/SiO2 shows a broad reduction peak with its maximum at 550 
°C with a shoulder at 370 °C which can be assigned to the reduction of the nickel 
phyllosilicate phase and supported nickel oxide to metallic nickel respectively.54 For 
Mn/SiO2, no reduction peak was observed which was expected since manganese oxide 
cannot be reduced under 1300°C in H2.53 The TPR profile of Ni-Mn/SiO2 shows a minor 
reduction peak at 330 °C and two main reduction peaks at 520 °C and 650 °C. Burattin et al54 
investigated the reduction of two different nickel phyllosilicate phases where the 2:1 nickel 
phyllosilicate phase was harder to reduce than the 1:1 phyllosilicate phase. The interaction 
with the support was stronger for 2:1 and therefore harder to reduce. Similar effect may 
happen with the addition of Mn where a Ni-Mn-SiO2 phase is formed which is harder to 
reduce than Ni-SiO2. The absence of bulk NiO is another indication that bimetallic particles 
have formed.  
 

The degree of reduction was determined by calculating the H2/Ni ratio. Ni-Mn/SiO2 
shows a H2/Ni ratio over 1 which indicates that a small hydrogen spill-over is present. Ni/SiO2 
shows a ratio of 0.93 thus almost all the nickel is fully reduced. Even though only a small 
hydrogen spill-over was observed, still a different TPR profile between Ni/TiO2 and Ni-
Mn/TiO2 was obtained. No bulk NiO was observed and Mn changes the ease of reduction of 
the Ni atoms. This is a good indication that bimetallic particles have formed on the surface of 
the support. 
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Figure 16: TPR profile of Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2 with their corresponding H2/Ni ratio. 

The XRD diffractograms of fresh and reduced and passivated Ni/SiO2, Ni-Mn/SiO2 and 
Mn/SiO2 are given in Figure 17 where the range between 10 and 80° visible on the left side 
and the square box in the left image is enlarged on the right side. The reflections are labeled 
from 1 to 3 and their corresponding phase is given in Table 5. The fresh catalyst do not show 
any unexpected phases. For Mn containing catalyst, reflection 1 is visible which was a good 
match with MnCO3 but this is unlikely since a manganese acetate precursor was used. 
Nevertheless, it corresponds to some oxidic Mn phase.  No NiO or Ni(OH)2 was visible for Ni 
containing catalysts. Interestingly, a high intensity reflection was observed with its maximum 
at 43.8° for Ni/SiO2 and Ni-Mn/SiO2 which has been discussed in chapter 3.1.1 for TiO2 
supported catalysts. The presence of the reflection at 43.8° suggests that this reflection 
cannot be assigned to a Ni-Mn phase. In all cases, no match was found with a nickel 
phyllosilicate phase while it is expected considering the TPR results. 

 
 New phases were formed upon reduction and passivation for the three catalysts. For 
Ni/SiO2, a small Ni0 peak could be identified but again, no NiO was observed. For Mn/SiO2, a 
MnO phase was formed. The same accounts for Ni-Mn/SiO2 where Ni and MnO was formed. 
A Ni-Mn phase is more unlikely in this case since two separate phases are present. For all 
catalysts, a reflection at 43.8° is visible, making correct assignment of this reflection 
problematic. This observation is in contrast to what was found for TiO2 supported catalysts, 
where this peak was only visible for Ni-Mn/TiO2. The nature and origin of this peak remains 
unknown. 
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Figure 17: XRD diffractograms of of fresh and reduced & passivated Ni/SiO2, Ni-Mn/ SiO2 and Mn/ SiO2 . The numbered 
peaks in the right graph can be found in Table 5. 

 
Table 5: the numbers labeled in Figure 17 are assigned to their corresponding phase and the exact peak position is given. 

Number  Position (2 theta) Corresponding phase 

1 31.4; 51.2 MnCO3 

2 34.9; 40.5; 58.3 MnO 

3 43.8 Ni-Mn phase 

 
The oxidation state of the metals and surface ratios between the atoms were 

determined with XPS. The XPS spectra of the SiO2 supported catalysts are given in supporting 
information section S.I. 1.2. For Ni/SiO2 and Ni-Mn/SiO2, the reduction at 550 °C does not 
result in the full reduction of Ni2+ to Ni0 while still Ni2+ is present. The Mn in Ni-Mn/SiO2 and 
Mn/SiO2 is not reduced under the reduction conditions. The exact oxidation state cannot be 
accurately determined by the XPS spectra of Mn 2p but it is clear that manganese is still in an 
oxidized state.  
 
 The XPS atom surface ratios given in Table 6 reveal that Ni is 3x more present on the 
surface before the reduction. Since SiO2 is a non-reducible support, sintering must be 
responsible for the decrease in signal. The same counts for Mn/Si for Mn/SiO2 but to a lesser 
degree. Interestingly, more Mn is present on the surface for Ni-Mn/SiO2 than Mn/SiO2 
although the weight loadings are similar. Also, Mn is more present on the surface than nickel 
after the reduction. The reduction of the silica supported catalysts causes a surface 
reorganization, where Ni is covered by Mn. 
 
Table 6: Surface ratios determined from XPS of Ni/SiO2, Ni-Mn/SiO2 and Mn/SiO2. 

Catalyst + state Ni/Mn Ni/Si Mn/Si 

Ni/SiO2        Fresh  0.078  

Ni/SiO2        Reduced  0.026  

Ni-Mn/SiO2 Fresh 1.171 0.041 0.035 

Ni-Mn/SiO2 Reduced 0.457 0.013 0.0228 

Mn/SiO2      Fresh   0.020 
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Mn/SiO2       Reduced   0.016 

 
Summary Ni/SiO2 
The deposition of Ni on SiO2 was successful since weight loadings slightly above to the 
desired weight loading was obtained. With TPR, two Ni phases were observed namely bulk 
NiO and NiO interacting strongly with the support, indicating that a 1:1 nickel phyllosilicate 
phase was formed. The reduction temperature was determined to be 550 °C No other 
phases were observed before and after reduction with XRD. The only new phase after the 
reduction was Ni0. The nickel phyllosilicate could not be identified with XRD. The reduction 
temperature of 550 °C was too low to fully reduce the Ni2+ to Ni0. From the surface ratios it 
became clear that sintering of Ni particles occurs during the reduction since the Ni/Si ratio 
decreases.  In Figure 18 a graphical representation is proposed including the synthesis and 
reduction. 

 
Figure 18: Synthesis and reduction step of DP Ni/SiO2 with (1) the DP synthesis step where the green color represents Ni

2+
 

and (2) the reduction step where partial reduction and sintering is visible. 

Summary Mn/SiO2 
The deposition of Mn on SiO2 was successful since a weight loading slightly below the 
desired weight loading was obtained. No reduction temperature was determined since MnO 
cannot be reduced to Mn at temperatures below 1000 °C. Nevertheless, the Mn/SiO2 was 
reduced at 550 °C, just like Ni/SiO2 for comparison sake. Before the reduction, a MnCO3 
phase was observed. This phase disappeared during the reduction and a MnO phase formed. 
The oxidation state of Mn did not change during the reduction. Only a small difference was 
observed for Mn/Si ratio before and after reduction, indicating that the surface does not 
significantly change during the reduction. In Figure 19 a graphical representation is proposed 
including the synthesis and reduction. 

 
Figure 19: Synthesis and reduction step of DP Mn/SiO2 with (1) the DP synthesis step where the pink color represents Mn

2+
 

and (2) the reduction step where the phase transition of MnCO3 to MnO is visible. 
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Summary Ni-Mn/SiO2 
The deposition of both Ni and Mn was successful since weight loadings slightly below the 
desired weight loading was obtained. Two reduction peaks were shown in TPR, indicating 
that two different nickel phases are formed where one phase has a stronger interaction with 
the support. It is expected that the addition of Mn influences the ease of reduction of one of 
the nickel phases. Again, the reduction temperature was determined at 550 °C in order to 
compare the silica supported catalysts with one another. Before the reduction, only a 
MnCO3 phase was visible. This phase disappeared after the reduction and a Ni0 phase and a 
MnO phase was visible. This means that a phase separation takes place during the reduction. 
This is also concluded from the surface atom ratios determined with XPS where Mn diffuses 
to the surface and covers Ni. The reduction temperature of 550 °C was too low to fully 
reduce the Ni2+ to Ni0. In Figure 20 a graphical representation is proposed including the 
synthesis and reduction. 
 

 
Figure 20: Synthesis and reduction step of DP Ni-Mn/SiO2 with (1) the DP synthesis step where the green and pink color 
represent Ni

2+
and Mn

2+
 respectively and (2) the reduction step where the phase transition of MnCO3 to MnO (yellow) is 

visible, the partial reduction of the strongly interaction Ni
2+

 with the support and the phase separation between Ni and Mn.  

 

3.2 Characterization: TiO2-Supported Ni and Ni-Mn Prepared by Impregnation 

 
The impregnation technique was applied to deposit Mn2(CO)10 on reduced DP Ni/TiO2 and 
Mn2(CO)10 and Ni(COD)2 on TiO2. The experimental conditions can be found in section 2.1.2. 
The full characterization of DP Ni and Imp Mn/TiO2 and Co-Imp Ni-Mn/TiO2 will be given. For 
the characterization, ICP, TEM, XRD and XPS was applied.  
 

ICP-OES was applied to check if the desired weight loadings were achieved. In Table 
7, ICP results are shown of the two catalyst prepared by Imp before and after the reduction. 
The desired weight loading of Mn was not achieved for both DP Ni and Imp Mn/TiO2 and Co-
Imp Ni-Mn/TiO2. The Impregnation method was resulted in crystallite formation on the wall 
of the flask during the drying process. The deposition of Ni in Imp Ni-Mn/TiO2 was more 
successful compared to DP considering that a weight loading closer to the desired weight 
loading of Ni was achieved. 
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Table 7: ICP data of DP Ni and Imp Mn/TiO2 and Co-Imp Ni-Mn/TiO2 before and after reduction. 

Catalyst Ni loading (wt.%) Mn loading (wt.%) 

DP Ni and Imp Mn/TiO2 2.45 2.10 

Co-Imp Ni-Mn/TiO2 2.60 1.78 

 
Reduction at 450 °C, 4 hours, 2.5 °C/min ramp rate, 10% H2/He 
 

Catalyst (reduced) Ni loading (wt.%) Mn loading (wt.%) 

DP Ni and Imp Mn/TiO2 2.45 0.92 

Co-Imp Ni-Mn/TiO2 2.44 1.19 
 

After the synthesis, the catalyst was reduced at 450 °C to decompose the Mn2(CO)10 
precursor and remove any excess CO. The weight loading Mn dropped drastically for both 
catalysts due to sublimation of the manganese carbonyl precursor off the support onto on 
the reactor wall visible in  Figure 2121. Interestingly, for Co-Imp Ni-Mn/TiO2 less Mn was lost 
but a decrease in Ni weight loading is visible. It is expected that Ni is removed as Ni(CO)4 (g) 
since the Mn2(CO)10 decomposes at elevated temperatures. The exchange of CO is facilitated 
when the two species are in close proximity of each other. Control of the weight loadings 
with impregnation is challenging since a significant amount of manganese is lost during the 
reduction step to decompose the manganese precursor. Noteworthy is that the presence of 
nickel was necessary for the manganese to stick to the support. The absence of nickel caused 
the manganese to completely sublime off the TiO2. This was clear evidence for synergetic 
effects between Mn and Ni. 
 

 
Figure 21: Sublimation of Mn2(CO)10 off the Ni/TiO2 

TEM images were taken from the reduced and passivated catalysts shown in Figure 
22. DP Ni and Imp Mn/TiO2 is represented in A and B while Co-Imp Ni-Mn/TiO2 is 
represented in C and D. Different features are visible when comparing the two catalysts. 
First of all, in the case of DP Ni and Imp Mn/TiO2, the TiO2 is covered by small particles which 
can be attributed to the Ni phase. Next to that, larger particles are visible which are 
supported on the Ni or TiO2. These bigger particles can be assigned to the impregnation of 
Mn. In the case of Co-Imp Ni-Mn/TiO2, only bigger particles are visible. It cannot be seen that 
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Ni and Mn form separate phases upon reduction. This may indicate that bimetallic particles 
have formed. 
 

  

  
Figure 22: TEM images of reduced and passivated DP Ni and Imp Mn/TiO2 (A and B)  and Co-Imp Ni-Mn/TiO2 (C and D) 

The XRD diffractograms of reduced and passivated DP Ni and Imp Mn/TiO2 and co-
Imp Ni-Mn/TiO2 are given in Figure 23 where the range between 10 and 80° is visible on the 
left side and the square box in the left image is enlarged on the right side. The reflections are 
labeled from 1 to 5 and their corresponding phase is given in Table 8. In the case of the DP Ni 
and Imp Mn/TiO2, a MnTiO3 and Ni phase is formed after reduction and the reflection at 
43.8° was shown. For the Co-Imp, no other reflection besides the reflection at 43.8° is 
shown. The problem with assigning the reflection at 43.8° was already discussed in chapter 
3.1.1 and 3.1.2. 
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Figure 23: XRD diffractograms of reduced and passivated DP Ni and Imp Mn/TiO2 and Co-Imp Ni-Mn/TiO2. The numbered 
peaks in the right graph can be found in Table 8. 

Table 8: the numbers labeled in Figure 23 are assigned to their corresponding phase and the exact peak position is given. 

Number  Position (2 theta) Corresponding phase 

1 32.1; 34.9 MnTiO3 

2 43.2 NiO 

3 43.8 Possibly Ni6MnO8 

4 44.0 Rutile 

5 44.5 Ni0 

 

The XPS spectra of the catalyst synthesized via impregnation are shown in supporting 
information section S.I. 1.3. From the spectra of the DP Ni and Imp Mn/TiO2 it can be seen 
that the binding energies of the peaks do not shift, only the relative intensities change. The 
oxidation state of the Ni was 0 before and after the second reduction step. For manganese it 
is more difficult to state in what oxidation state it finds itself in. The peak position and shape 
is characteristic for manganese oxides but this also accounts for the spectrum of Mn2(CO)10. 
The binding energy of 641.6 eV measured in XPS corresponds to the value found in 
literature.71 However, after the reduction the Mn2(CO)10 should be decomposed and 
represent Mn0 with a binding energy of 638.7 eV.71 It is not expected that the Mn is oxidized 
during the experimental execution since Schlenk techniques were applied. The oxidation 
state of Mn in this case remains unknown after the reduction. 
 
 Surface ratios were calculated and are represented in Table 9. The surface ratios do 
not change for DP Ni and Imp Mn/TiO2, indicating that the reduction step is merely 
responsible for the decomposition of the Mn precursor and not for the surface 
reorganization of the metals. Although a significant amount of Mn is lost during the 
reduction, the surface ratios stay the same. This would indicate that Mn desorbs off the 
surface during the reduction due to a very weak interaction with the support and/or Ni 
surface. 
 
 From the spectra of Co-Imp Ni-Mn/TiO2 it can be seen that before the catalyst was 
reduced, not Ni0 but Ni2+ was obtained even though a Ni0 precursor was used. The reduction 
step caused the Ni2+ to be reduced to Ni0. The formation of Ni2+ ions may indicate that 
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reduced TiO2 has to be used to ensure no free oxygen is present on the surface of the 
support which may oxidize the nickel. Almost no Mn is visible on the surface before the 
reduction. The reduction step induces a surface reorganization and the Mn signal is 
increased. The same problem with determining the oxidation state as with DP Ni and Imp 
Mn/TiO2 was encountered so no oxidation state was determined. 
 
 From the surface ratios, it can be concluded that surface reorganization occurs during 
the reduction. The ratio of Ni/Mn decreases due to the reduction suggesting that manganese 
diffuses to the surface and covering the nickel. Compared to Ti, the Mn signal increases and 
the Ni signal decreases, demonstrating the diffusion of manganese to the surface.  
 
Table 9: Surface atom ratios of DP Ni and Imp Mn/TiO2 and Co-Imp Ni-Mn/TiO2 before and after reduction 

 
Summary DP Ni and Imp Mn/TiO2 
The weight loading of Mn was difficult to control with Impregnation since (1) Mn2(CO)10 
crystallites were formed on the flask during the drying process and (2) the reduction step 
caused a significant part of the Mn to sublime off the support. It is thought that two 
separate phases are formed, namely the Ni0 phase and the Mn phase. This assumption is 
supported by TEM and XRD since two particle sizes were observed and no phase other than 
MnTiO3 was observed. However, it cannot be excluded that a Ni-Mn phase is formed during 
the reduction since all the nickel-manganese phases have their main peaks overlapping with 
either NiO or rutile. It remains unclear if bimetallic particles have formed upon reduction. It 
is known that during the reduction, Mn is incorporated into the TiO2 to form MnTiO3. 
Although the Mn weight loading drops, the surface ratios between Ni, Mn and Ti do not 
change. This indicates that the Mn2(CO)10 is etched off the surface from the bigger particles 
without influencing the surface coverage. The following graphical representation is proposed 
including the synthesis and reduction: 
 

 
Figure 24: Synthesis and reduction step of DP Ni and Imp Mn/TiO2 with (1) the drying step where the Mn2(CO)10 deposits on 
the support and (2) the reduction step where the Mn2(CO)10 is partly etched off the surface, CO is removed and a new 
MnTiO3 phase is formed.  

 

 Ni/Mn Mn/Ti Ni/Ti 

DP Ni and Imp Mn/TiO2 0.52 0.07 0.04 

DP Ni and Imp Mn/TiO2 Reduced 0.49 0.07 0.04 

Co-imp Ni-Mn/TiO2 1.62 0.07 0.12 

Co-imp Ni-Mn/TiO2 Reduced 0.29 0.14 0.04 
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Summary Co-Imp Ni-Mn/TiO2 
The weight loading of Mn was difficult to control with impregnation for the same reasons 
mentioned in the summary of DP Ni and Imp Mn/TiO2. However, for Ni a weight loading 
close to the desired weight loading was achieved. A small amount of nickel is lost during the 
reduction which can be assigned to Ni(CO)4 formation. The XRD does not show any Ni or Mn 
phases present after the reduction, even identification of Ni0 is difficult. The absence of 
other phases may suggest that bimetallic particles have formed since no phase separation 
took place. Also from TEM, no differentiation can be made between Ni and Mn, suggesting 
bimetallic particles have formed. XPS shows that surface reorganization takes place during 
the reduction. Especially Mn prefers to migrate to the surface and Ni gets covered. This 
would indicate that the Ni and Mn are in close proximity to each other in order to observe 
such a surface reorganization. This again hints that bimetallic particles are formed. The 
following graphical representation is proposed including the synthesis and reduction: 
 

 
Figure 25: Synthesis and reduction step of Co-imp Ni-Mn/TiO2 with (1) the drying step where the green and yellow color 
represents Ni

2+
 and Mn2(CO)10 respectively and (2) the reduction step where the migration of manganese to the outside of 

the particle and the reduction to metallic nickel is visible  

 

3.3 Characterization: Chemical Vapor Deposition 
 
Since sublimation was a problem in the reduction of impregnated catalysts, the possibility 
was looked into if Mn could be deposited via the gas phase. The key step is the full 
decomposition of Mn2(CO)10 so that it cannot sublime again during the reduction which 
caused a significant decrease in the manganese loading with impregnation. The 
experimental conditions are described in chapter 2.1.3. In Table 10, the weight loadings of Ni 
and Mn are given for two catalyst with different synthesis times. Two things are noticeable. 
(1) Mn loadings close to the desired weight loadings are achieved for both synthesis times. 
The deposition of Mn via CVD is well controllable. (2) The reduction does not influence the 
weight loading if the synthesis time is long enough. For the short synthesis time (2h), some 
manganese is lost due to sublimation. For the longer synthesis time (19h), a negligible 
amount of manganese was lost. The manganese carbonyl precursor decomposes fully due to 
the heat and manganese nucleates and grows on the surface. It was anticipated that the Ni 
loading would be reduced due to Ni(CO)4 formation but this effect was negligible. The 
synthesis time only influenced the degree of decomposition of the Mn precursor.  
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Table 10: ICP results of DP Ni and CVD Mn/TiO2 with varying synthesis times. 

Metal Ni loading (wt.%) Mn loading (wt.%) 

DP Ni and CVD Mn/TiO2 (2h) 2.46 2.47 

DP Ni and CVD Mn/TiO2 
(19h) 

2.38 2.63 

 
Reduction at 450 °C, 4 hours, 2.5 °C/min, 10% H2/He 

 

Metal Ni loading (wt.%) Mn loading (wt.%) 

DP Ni and CVD Mn/TiO2 (2h) 2.49 1.67 

DP Ni and CVD Mn/TiO2 
(19h) 

2.35 2.60 

 
The presence of Ni was necessary in order for the Mn to deposit on the surface. It 

was unsuccessful to apply the CVD approach to deposit Mn2(CO)10 on TiO2 without the 
presence of Ni. Many crystallites were formed on the wall of the flask and did not end up 
onto the support. The reduction after the CVD resulted in sublimation off the support onto 
the wall of the reactor tube. A white powder was left in the reactor tube indicating that 
there was no Mn left on the support. This observation suggests that an interplay between Ni 
and Mn is essential. The ability of Ni to form Ni-CO is crucial for the deposition of the Mn 
precursor.  
 

The TEM images shown in Figure 26 are taken after reduction and passivation of the 
catalyst. Both small and larger particles are visible in the images. The small particles can be 
assigned to the Ni obtained from DP. The bigger particles can be attributed to the Mn 
deposited via CVD. It is unclear if Mn deposited on the surface of the nickel particles or that 
solely bigger particles are being formed. Unfortunately, no EDX measurements were taken 
from these catalysts which would be a valuable technique in identifying the extent of Ni and 
Mn interaction.  
 

  
Figure 26: TEM images of DP Ni & CVD Mn/TiO2. 
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The XRD diffractograms of fresh & passivated and reduced & passivated DP Ni & CVD 
Mn/TiO2 (2h) are given in Figure 27 where the range from 10 to 80° is visible on the left side 
and the square box in the left image is enlarged on the right side. The reflections are labeled 
from 1 to 5 and their corresponding phase is given in Table 11. Besides MnTiO3 for the 
reduced catalyst, no other phases were observed. The problem with assigning the reflection 
at 43.8° was already discussed in chapter 3.1.1 and 3.1.2. 
 

 
Figure 27: XRD diffractograms of fresh and passivated and reduced and passivated DP Ni and CVD Mn/TiO2 (2h). The 
numbered peaks in the right graph can be found in Table 11. 

Table 11: the numbers labeled in Figure 27 are assigned to their corresponding phase and the exact peak position is given 

Number  Position (2 theta) Corresponding phase 

1 32.1; 34.9 MnTiO3 

2 43.2 NiO 

3 43.8 Possibly Ni6MnO8 

4 44.0 Rutile 

5 44.5 Ni0 

 
To check surface ratios and oxidation states, XPS spectra were taken of the catalyst 

before and after the reduction given supporting information section S.I. 1.4. For Mn, no 
changes are visible when looking at the change in binding energy. The position of the peaks 
do not change and the shape of the spectra resemble the Mn precursor used (given in 
section 3.2). The Ni0 peak decreases in relative intensity with respect to the rest of the 
spectrum. No Ni2+ was observed before the reduction which indicates that the CVD approach 
can be considered inert. 
 

The surface ratios are given in Table 12. The reduction after the CVD not only 
influences the Mn ratio on the surface but also the Ni ratio compared to titania. Overall, 
both metal/titania ratio decreases which means that the reduction of the catalyst at 450 °C 
causes the TiO2 to semi incapsulate/incorporate some of the metal atoms due to SMSI.72 The 
Ni/Mn ratio increases which can be explained by the formation of the new MnTiO3 phase.  
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Table 12: Surface atom ratios determined with XPS. 

 Ni/Mn   Mn/Ti Ni/Ti 

CVD Mn on Ni/TiO2 (19h) 0.27   0.28 0.08 

CVD Mn on Ni/TiO2 (19h), reduced 0.38   0.11 0.04 

 
Summary of DP Ni and CVD Mn/TiO2 
Weight loading close to the desired weight loading were achieved for Mn. The heating time 
in the oven was found to be the main factor which determines the degree of decomposition 
of the Mn2(CO)10 precursor and thus the weight loading. The presence of Ni is crucial for a 
complete deposition since it is thought that nickel carbonyl species are being formed on the 
surface which accept carbonyl groups from the manganese precursor. However, this did not 
result in a decrease of the Ni loading due to Ni(CO)4 formation. The formation of MnTiO3 
implies that surface reorganization during the reduction occurs which was confirmed with 
XPS. Even though no metal is lost during the reduction, Ti becomes more present on the 
surface and the Ni/Mn ratio also increases. There was no indication that bimetallic particles 
have formed since no Ni-Mn phase was found and the metals are deposited sequentially. 
The following graphical representation is proposed including the synthesis and reduction: 
 
 

 
Figure 28: Synthesis and reduction step of DP Ni and CVD Mn/TiO2 with (1) decomposition of Mn2(CO)10 (2) the evacuation 
step and (3) the reduction step.  
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4  Hydrogenation reactions with Ni-Mn 

catalysts 
In this chapter, the synthesized catalyst will be tested in two different reactions. One is a 
liquid phase reaction, hydrogenation of levulinic acid (LVA) towards γ-valerolactone (GVL), 
and the other is a gas phase reaction, hydrogenation of COx towards methane. For the 
hydrogenation of LVA, solvent effect and catalyst preparation were be studied and the 
results are given in section 4.1. In section 4.2, methanation reaction of CO is performed. The 
effect of increasing temperature and hydrogen to CO ratio (H2/CO) with respect to stability 
and activity was studied. In section 4.3, CO2 methanation is performed where the effect of 
the support and increase of temperature were studied with respect to activity. A 
stoichiometric H2/CO ratio was used for CO2 methanation. In section 4.4, additional 
experiments are shown to elaborate on the promotional effect of manganese in CO and CO2 
methanation. Finally, a general conclusion is drawn from the catalytic testing of the 
synthesized catalysts 

4.1 Levulinic acid hydrogenation  
 
The hydrogenation of LVA towards GVL was executed in batch. The description of the batch 
reaction, see chapter 2.3. Two parameters were tested, namely solvent and catalyst 
preparation. For the catalytic testing, the catalyst were reduced prior to the reaction at 450 
°C. In Figure 299, an overview is given of the tested catalysts together with their solvent and 
GVL yield. In the case of water and 1,4-dioxane, GVL was the only product obtained. 
However, for methanol and ethanol full conversion was obtained. The major product was 
the esterification of the solvent with the LVA and only low GVL yield was obtained.  
 

 
Figure 29: Catalytic data of several solvent-catalyst combinations 

For the conversion of LVA to GVL, the best solvent was determined to be 1,4-dioxane. 
The conversions obtained in all cases were too low to speak about a promotional effect of 
Mn. The Mn addition even decreased the performance with respect to Ni only. Many 
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practical problems were encountered during the batch experiments. The biggest problem 
with the testing of LVA hydrogenation was the reproducibility, especially in 1,4-dioxane. 
Although all experiments were conducted in duplo, the two autoclaves rarely produced the 
same conversion while they were cleaned and loaded similarly. The results presented in 
Figure 29 above are averages of both autoclaves. As an example, for Ni/TiO2 in 1,4-dioxane 
the conversion difference could be as large as 10% while the average conversion was only 
around 13%. The reproducibility was checked with a catalyst with known conversion and the 
difference between the autoclave in terms of conversion was less than 3% with a total 
conversion of 20% and no side products. Also, a clear solution was obtained. This indicates 
that it is the catalyst, and not the autoclave, that causes the irreproducible catalytic results.  

 
It is expected that leaching of the metals (Ni and/or Mn) is responsible for the 

irreproducible results. For every experiment conducted in 1,4-dioxane, a brown solution was 
obtained after filtering when the catalyst was promoted with manganese. For other solvents, 
the solutions obtained were colorless and gave more reproducible results.  

 
Alcohols and water are often used in literature as solvents in hydrogenation of 

levulinic acid .28,73,74 It was therefore surprising that the alcohols and water did not give the 
conversions reported in literature. The solvents were degassed but traces of oxygen could 
still be present in the solvents which could oxidize the surface of the catalyst causing low to 
no activity.  1,4-Dioxane was bought dry and degassed and reasonable conversions were 
obtained for Ni/TiO2 indicating that degassing might have been the problem.  

 
Unfortunately, the different synthetic routes could not be compared due to practical 

problems encountered. The solvent screening of Ni/TiO2 is unreliable regarding the problem 
with degassing of the solvents. For 1,4-dioxane, the problem of metal leaching was 
encountered meaning the duplo experiment did not give the same result. It remains unclear 
whether the addition of manganese could improve the activity of Ni/TiO2 in the 
hydrogenation of levulinic acid, although the current set of results indicate that Mn does not 
serve a promoting role. 

 

4.2 CO Methanation 
 
The gas phase hydrogenation of CO methanation was tested in high throughput as described 
in section 2.3. In total of three different catalysts were tested, namely DP Ni/TiO2, Ni-
Mn/TiO2 and Mn/TiO2, described in section 2.1. For each temperature and H2/CO ratio, fresh 
catalyst were loaded into the reactor and reduced prior to the reaction at 450 °C in 10% 
H2/He for 4 hours with a ramp rate of 5 °C/min. In section 4.2.1, CO methanation with a 
stoichiometric ratio of H2/CO is applied at a reaction temperature of 300 °C and 350 °C. 
Then, in section 4.2.2, CO methanation with an excess of hydrogen with a H2/CO ratio of 4 is 
applied at a reaction temperature of 300 °C and 350 °C. The findings are analyzed and 
discussed in section 4.2.3.  
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4.2.1 CO Methanation at 300 °C and 350°C, H2/CO = 3 

 
Here, stoichiometric ratios of hydrogen were used for CO methanation. Fresh catalysts were 
used for both reaction temperatures. The catalytic data is given in Table 13, where the 
carbon balance or Yield CH4 is plotted versus the time on stream (TOS). Comparing Ni and Ni-
Mn at 300 °C (left side of Table 13), it can be seen that nickel has a higher overall conversion 
and the activity decreases more dramatically. No differences are shown between Ni and Ni-
Mn with respect to products formed, only methane is formed and little CO2 is produced.  
 

Comparing Ni/TiO2 and Ni-Mn/TiO2 at 350 °C, shown in the right side of Table 1313, 
the difference in activity is smaller than for 300 °C. Almost full conversion is achieved for 
both Ni/TiO2 and Ni-Mn/TiO2 but a significant amount of CO2 is produced, revealing that the 
Boudouard reaction and water-gas shift (WGS) are more favorable at higher 
temperatures.19,20 Also, the catalysts’ activity drops rather fast with the same trend. The 
same type of deactivation can be seen for Ni/TiO2 at 300 °C.  When the reaction at 350 °C is 
compared to the reaction at 300 °C, an increase in life time, methane yield and CO2 yield can 
be observed. The activity cross-over visible at 300 °C is not visible at 350 °C.  

 
Table 13: CO methanation with H2/CO = 3. Reaction at 300 °C: Ni/TiO2 (top left), Ni-Mn/TiO2 (center left), methane yield 
(bottom left). Reaction at 350 °C: Ni/TiO2 (top right), Ni-Mn/TiO2 (center right), methane yield (bottom right). 

CO, H2/CO = 3, T = 300C CO, H2/CO = 3, T = 350C 
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4.2.2 CO Methanation at 300 °C and, H2/CO = 4 

 
Due to the relatively fast deactivation of the catalyst with stoichiometric amounts of H2, it 
was argued that a higher hydrogen concentration may increase the life time of the catalyst 
and simultaneously suppress the Boudouard reaction. The catalytic data is given in Table 14, 
where the carbon balance or yield CH4 is plotted versus the time on stream (TOS). 
 

Here, the same catalyst is used for the reaction at 300 °C and 350 °C. As can be seen 
froTable 14 (left side), at 300 °C the Ni/TiO2 stays relatively stable but Ni-Mn/TiO2 shows a 
decrease in activity almost immediately. The conversions for both Ni/TiO2 and Ni-Mn/TiO2 
are similar found when the reaction was carried out with a stoichiometric H2/CO ratio. No 
significant effect was observed with increasing H2/CO ratio.  The reaction was stopped and 
the catalyst was reduced again at 450 °C for 4 hours. 

 
 Subsequently, the temperature was set to 350 °C and the hydrogenation reaction 

was executed. The results are shown on the right side of Table 14. Both catalysts, Ni/TiO2 
and Ni-Mn/TiO2, showed significantly increased lifetime with respect to the previously 
discussed temperatures/hydrogen concentration.  Both catalysts were stable for at least 3.5 
hours but the Ni/TiO2 showed a more dramatic activity drop than Ni-Mn/TiO2. A cross-over 
in catalytic activity is visible after 4 hours. Ni-Mn/TiO2 becomes more active than Ni/TiO2 and 
after 6.5 hours Ni/TiO2 died but Ni-Mn/TiO2 still has more than 30% CH4 yield. The activity of 
Ni-Mn/TiO2 dies out after 7.5 hours. The Boudouard reaction and WGS are more pronounced 
for Ni-Mn/TiO2 than for Ni/TiO2. 
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Table 14: CO methanation with H2/CO = 4. Reaction at 300 °C: Ni/TiO2 (top left), Ni-Mn/TiO2 (center left), methane yield 
(bottom left). Reaction at 350 °C: Ni/TiO2 (top right), Ni-Mn/TiO2 (center right), methane yield (bottom right). 

CO methanation on Titania H2/CO = 4, T = 300C CO methanation on Titania H2/CO = 4, T = 350C 

  

  

  

4.2.3 Discussion CO methanation 

 
Two important factors investigated in CO methanation are the temperature and H2/CO ratio. 
In general, an increase in temperature results in an increase in activity. Not only is the CH4 
yield increased, also the CO2 yield goes up. The activity difference between Ni/TiO2 (44%  
74% CH4 yield) and Ni-Mn/TiO2 (26%  66% CH4 yield) becomes smaller as the temperature 
is increased from 300 °C to 350 °C. This CH4 yield difference is reduced to from 8% to 4% 
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when the H2/CO ratio goes from 3 to 4 and the total activity rises to 84% for Ni/TiO2. The 
increase in temperature causes an increase in activity while a higher H2/CO ratio causes 
longer activity. Catalytic performance was significantly improved while increasing both 
temperature and H2/CO ratio. Under the worst conditions tested, H2/CO of 3 at 300 °C, both 
catalyst became inactive after 2 hours. In the best case, H2/CO of 4 at 350 °C, the Ni-Mn/TiO2 
was active for 7.5 hours while Ni/TiO2 was active for 6 hours.  
 

The promotion of Ni/TiO2 with Mn did not show a significant increase in absolute 
activity when there was still no deactivation. However, under optimal conditions, Ni-
Mn/TiO2 showed an increase in life time compared to Ni/TiO2. In section 3.1, the 
chemisorption data is shown of the tested catalyst in section 4.2. Mn promotion is 
responsible for the decrease in active surface since it cannot adsorb any CO. This indicates 
that the turnover frequency (TOF) for Ni-Mn/TiO2 should be higher than for Ni/TiO2 
relatively. Unfortunately, it was unable to determine TOF’s since it is unknown what the 
ratio between linearly, bridged, and trifold CO species is on the surface. Although maximum 
conversion was obtained for both catalysts, the CO2 yield was significantly higher for Ni-
Mn/TiO2. Mn promotion must be responsible for the increased occurrence of the Boudouard 
and/or WGS reaction since all the other conditions are the same. In Chapter 5, the reaction 
mechanism will be studied in FTIR. For now, it can be said that bimetallic particles are 
formed since there is a loss in available surface area for CO chemisorption while the CH4 
yield is similar and the stability is increased.  

 
It is expected that coke formation is the primary deactivation mechanism in this case. 

The carbon balance is below 100% in the beginning of the reaction for both Ni/TiO2 and Ni-
Mn/TiO2 indicating that non-gaseous carbon species are formed which do not desorb from 
the surface via the Boudouard reaction. Once the activity of the catalyst drops, the carbon 
balance goes up, resulting in a stabilizing carbon balance and a dead catalyst. Not only does 
the carbon balance indicate coking, also the reactor walls are stained with a grey coating 
(Error! Reference source not found.). Strangely enough, coking on the reactor wall is visible 
before the gases are reaching the catalyst bed and not at the outlet. Moreover, the support 
visible in Figure 30 number 7 and 8, is also stained with carbon. The support was tested on 
catalytic activity but it is inactive in CO methanation. This may indicate a problem with the 
set-up where local heat spots cause the Boudouard reaction to occur on the reactor wall. 
Whether this effect causes the catalyst to deactivate is not certain, but the carbon 
deposition is visible all the way to the catalyst bed which may cause deactivation. The fact 
that the carbon balance exceeds 100% at a certain time on stream may indicate improper 
calibration of the gases or unequal pressure drop over the catalysts. It is not known if 
sintering occurs since no particle size was determined before and after the reaction.  

 
Compared to other Ni/TiO2 catalyst reported in literature, the catalyst reported in 

this thesis are underperforming. 19,69 Both activity and stability are lower at the same 
temperature. However, the catalysts reported in literature often have high catalyst weight 
loadings (>10%) or use lower GHSV’s while the catalysts discussed above only have ~ 2.5 
wt.% Ni and higher GHSV’s are used. In the paper of Barrientos et al.69, a stable Ni/TiO2 
catalyst prepared by impregnation is reported. They state that their catalyst has a high 
resistivity towards coking and sintering but high pressure (20 bar) is applied. A one-on-one 
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comparison to literature cannot be made since many parameters are varied e.g. 
temperature, GHSV, catalyst preparation and support. 

 
 In general, the addition of Mn did not have a negative effect on the absolute 

catalytic performance of Ni/TiO2 at higher temperatures. Similar activities are reached with 
about the same CH4 yield. It is expected that an optimization of the Ni:Mn ratio may give an 
enhanced catalytic performance of the catalyst.20 If the available surface area could be 
normalized, it would be possible to calculate TOF’s. It is expected that Ni-Mn/TiO2 has a 
higher TOF per active site since the activity is similar but the available surface area from CO 
chemisorption is almost 2.5x lower.  In order to make a real comparison to other papers, 
higher weight loadings must be synthesized and tested under the same conditions 
mentioned in the papers in the previous paragraph with an optimized Ni:Mn ratio.  
 

 
Figure 30: Coke formation on the reactor walls after CO methanation 

 

4.3 CO2 Methanation 
 
The gas phase hydrogenation of CO2 methanation was tested in the high throughput set-up 
described in section 2.3. In total of six different catalysts were tested, DP Ni, Ni-Mn and Mn 
on TiO2 and SiO2. Prior to the reaction, The TiO2 and SiO2 supported catalysts were reduced 
at 450 and 550 °C respectively for 4 hours in 10% H2/He with a ramp rate of 5 °C/min. In all 
cases, fresh catalyst were used. In section 4.3.1, the activity of TiO2 supported catalyst in CO2 
Methanation at different temperatures, ranging from 250 °C to 350 °C, with a stoichiometric 
ratio of H2/CO2 is studied. A long run of TiO2 supported catalyst is reported in section 4.3.2 
under the optimal conditions found in section 4.3.1. Then, in section 4.3.3, the activity of 
SiO2 supported catalyst in CO2 Methanation at different temperatures, ranging from 250 °C 
to 350 °C, with a stoichiometric ratio of H2/CO is studied. The findings are analyzed and 
discussed in section 4.3.4. Finally, an additional experiment is shown where the gas feed was 
switched from CO2 to CO for TiO2 supported catalysts. 
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4.3.1 Temperature ramp CO2 methanation for TiO2 catalysts, H2/CO = 4 

 
In the case of CO2 hydrogenation on TiO2 supported catalysts, a temperature ramp could be 
executed since the catalyst remained stable over a longer period and possibility of nickel 
carbonyl formation at low temperatures is excluded. In this reaction, stoichiometric ratios of 
CO2 and H2 were used. The activity data is shown in Table 15. The activity of Ni/TiO2 and Ni-
Mn/TiO2 are similar with respect to CO2 conversion, although Ni-Mn/TiO2 shows a slightly 
higher CO yield and lower CH4 yield. Mn/TiO2 shows about 20% conversion of CO2 but it 
produces a significant amount of CO, far more than Ni/TiO2 and Ni-Mn/TiO2. Since a 
temperature ramp was carried out, the apparent activation energies could be calculated 
from the CO2 consumption. In all cases, the carbon balance is between 100% and 105%, 
suggesting that no carbon was formed. The Apparent activation energies were determined 
to be 51.5, 50.6 and 163.3 kJ/mol for Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2 respectively. The 
Arrhenius plots where the rate is set out versus 1/T is shown in supporting information 
section S.I. 2.  
 
Table 15: CO2 methanation temperature ramp with H2/CO of 4. Data given of Ni/TiO2 (top left), Ni-Mn/TiO2 (top right) and 
Mn/TiO2 (bottom left). The methane yield of the catalysts is plotted vs temperature in the bottom right corner. 

CO2 methanation on Titania H2/CO2 = 4, Temperature ramp 

  

  

4.3.2 Long run CO2 methanation for TiO2 catalysts at 350 °C, H2/CO2 = 4 
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The TiO2 supported catalyst showed good stability for CO2 methanation so a single run was 
carried out for more than 65 hours. Remarkably, Ni/TiO2 and Ni-Mn/TiO2 only showed 
around 6% and 5% activation loss over 65 hours. The carbon balance was checked for both 
catalysts had values between 100% and 105% for the entire duration of the reaction. The 
selectivity towards CH4 is more than 95% and remains constant over the time on stream 
given in Figure 3131.  

 
Figure 31: Methane Yield vs time on stream for Ni/TiO2 and Ni-Mn/TiO2 

 

4.3.3 Temperature ramp CO2 methanation for Silica supported catalysts, H2/CO = 4 

 
To test the influence of the support, SiO2 supported catalysts were tested. Fresh Ni/SiO2, Ni-
Mn/SiO2 and Mn/SiO2 were reduced at 550 °C and tested for CO2 methanation. An overview 
is given in Table 16. At the highest temperature measured, Ni/SiO2 shows low conversion 
(46%) and low CH4 yield (37%). Ni-Mn/SiO2 shows even lower conversion (25%) and CH4 yield 
(10%). Mn/SiO2 does not show any conversion thus is not active. The tested catalyst did not 
show any deactivation within an hour and the carbon balance had values between 100% and 
105%. The apparent activation energy could be calculated from the CO2 consumption and 
was determined at 60.3 and 63.8 kJ/mol for Ni/SiO2 and Ni-Mn/SiO2 respectively. The 
Arrhenius plots where the rate is set out versus 1/T is shown supporting information section 
S.I. 2.  
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Table 16: CO2 methanation temperature ramp with H2/CO of 4. Data given of Ni/SiO2 (top left), Ni-Mn/SiO2 (top right) and 
Mn/SiO2 (bottom left). The methane yield of the catalysts is plotted vs temperature ( bottom right). 

CO2 methanation on Silica H2/CO2 = 4, Temperature ramp 

  

  
 

4.3.4 Discussion CO2 Methanation 

 
For CO2 methanation, support and temperature effect on the activity was investigated. The 
role of the support plays an important role in CO2 methanation. In the case of TiO2 supported 
catalysts, relatively good and similar CO2 conversions and CH4 yields were obtained for 
Ni/TiO2 and Ni-Mn/TiO2. Even Mn/TiO2 showed noticeable activity at the highest 
temperature measured. The selectivity towards CH4 was very high for Ni/TiO2 and Ni-
Mn/TiO2 (>92% for all temperatures) but very low for Mn/TiO2 (between 30% and 43%) 
while TiO2 was inactive. This may indicate that Mn can adsorb CO2 and split it into CO and 
H2O or it hydrogenate CO2 in intermediate species which are further hydrogenated towards 
CH4. In Chapter 5, the reaction mechanism will be studied in FTIR. The role of manganese will 
be studied and intermediate species will be assigned.  
 
 SiO2 as a support underperforms compared to TiO2 with respect to CO2 conversion 
and CH4 selectivity for Ni, Ni-Mn and Mn. The conversion and selectivity of Ni and Ni-Mn do 
not show the same trend with respect to each other as on TiO2. In this case, Mn is only 
blocking the surface of the active Ni sites and not promoting. This effect can be explained by 
the fact that Mn/SiO2 itself has no activity at all while Mn/TiO2 does show activity. The TPR 
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data presented in section 3.1 does not show the phenomena of hydrogen spill-over in Ni-
Mn/SiO2 but it does for Ni-Mn/TiO2. This may explain why the activity for Ni/TiO2 and Ni-
Mn/TiO2 are similar and Ni/SiO2 is far more active than Ni-Mn/SiO2. It can be said that Mn 
does enhance the activity of Ni/TiO2 but not of Ni/SiO2.  
 
 The apparent activation energies of Ni and Ni-Mn TiO2 and SiO2 supported catalyst lie 
significantly below the actual activation energies reported in literature.75 Mass and heat 
transfer limitations could be the origin of the lower activation energies for the catalysts  
 
 It is already known in literature that DP synthesized Ni/TiO2 show excellent stability in 
CO2 methanation67. In this paper, low temperature CO2 conversion is reported with full 
conversion and high selectivity towards CH4 with high stability for 88 hours. It must be noted 
that the reported catalyst has 15wt% Ni compared to 2.4wt% and much lower GHSV are 
applied (2400 h-1 at max vs 50000 h-1). It is expected that under the conditions and catalyst 
loadings given in the paper, similar or better results can be obtained when an optimal Ni-Mn 
ratio is found. 
 

The problem of coke formation was not encountered in CO2 hydrogenation. As can be 
seen in Figure 32, the reaction tubes after the reaction do not look stained by coke 
formation. Also, the carbon balance shown in this section are always between 100% and 
105%, suggesting that everything stays in the gas phase.  
 

 
Figure 32: Absence of coke on the reactor wall of TiO2 supported catalysts after CO2 methanation.  

4.4  Switching from CO2 methanation to CO methanation  

 
In section 4.2 and 4.3, big differences were shown in the stability of the catalysts in CO and 
CO2 methanation. Additional experiments were conducted to investigate the difference in 
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stability in CO and CO2 hydrogenation for TiO2 supported catalysts caused by manganese 
promotion. Prior to the CO methanation, the CO2 temperature ramp was conducted shown 
in section 4.3.1. Then, the feed was switched from CO2 to CO at the same temperature and 
H2/CO of 4. Both reactions performed best under these conditions. The results are shown in 
Table 17. Surprisingly, Ni/TiO2 suffers from rapid deactivation while Ni-Mn/TiO2 maintains 
relatively stable.  
 

The addition of Mn clearly has an effect on the stability of Ni/TiO2. The difference in 
activity and stability is by far the biggest shown between Ni/TiO2 and Ni-Mn/TiO2 in all the 
catalytic data presented in this chapter. Switching from one reactant to another makes 
mechanistic reasoning more complex. Ni/TiO2 and Mn/TiO2 both suffer from rapid 
deactivation but the combination of both metals on TiO2 enhances the stability significantly. 
This increase in stability may have applications in simultaneous CO/CO2 methanation but this 
was not investigated further. 
 
Table 17: CO methanation at a constant temperature of 350 °C with H2/CO of 4 after CO2 methanation at the same 
conditions. Data given of Ni/TiO2 (top left), Ni-Mn/TiO2 (top right) and Mn/TiO2 (bottom left). The methane yield of the 
catalysts is plotted vs time on stream (bottom right). 

CO methanation, 350 °C, H2/CO = 4 
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5 Methanation: an FTIR study 
 

5.1 Introduction 
It is of great interest to see if the addition of Mn causes the methanation reaction to follow a 
different reaction path. Since the catalytic activity was enhanced for the TiO2 supported 
catalysts and a clear metal-support interaction was visible in TPR, FTIR was applied to 
investigate different events occurring during the methanation reaction on the catalytic 
surface of Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2. A systematic study will be shown in chapter 5 
where the catalysts will be subjected to CO chemisorption, CO dissociation and in situ 
hydrogenation of CO to cover all the aspects of CO methanation. The vibrations observed 
will be assigned to their corresponding bonding and general trends occurring will be 
discussed. The data presented in this chapter still need further detailed analysis to visualize 
all the trends present. Nevertheless, important conclusions can be drawn from the initial 
analysis. 
 

In the first paragraph, the catalysts will be exposed to CO under different pressures and 
the CO absorption will be studied. In the second paragraph, the catalyst will undergo a 
temperature ramp from 50oC to 300oC to give more insights into the CO dissociation during 
the methanation reaction. In the last paragraph, CO methanation is performed in-situ to 
investigate the intermediate species present on the surface during the methanation 
reaction. The temperature is increased from 50oC to 300oC and hold at 300oC for 30 minutes. 
 

5.2 Identification of bimetallic character via CO Pulsing 
The CO vibrations are of particular interest since a comparison has to be made between 
Ni/TiO2, Mn/TiO2 and Ni-Mn/TiO2 to investigate if synergetic effects are present between Ni 
& Mn. Table 18 summarizes the FTIR bands due to surface species formed upon the CO 
pulsing experiments and their assignment based on the literature data.  
 
Table 18: correlation between the wavenumber and their assigned  vibration based on literature. 

Wavenumber (cm-1) Vibration with reference 

Ni/TiO2 Mn/TiO2 Ni-Mn/TiO2 

3670 3670 3670 Ti-OH76 

3416   -OH free of H2O 77 

2188 2196 2197 Weak Lewis acid sites: β Ti4+-CO76  

2081  2081 Ni0-(CO)x
78 

  2043 Ni0-CO78 

1947  1968 Bridged Ni-CO78,79 

1616 1609 1616 Carbonate on TiO2
15 80 

1571   Formate on TiO2
15 81 

 
The FTIR spectra of adsorbed CO on Ni/TiO2  at increasing pressure are given in Figure 

33. The most important peaks are labeled on the graph and their assignment is given in 
Table 18. With increasing partial pressure of CO, the intensity of the Ni0-(CO)x and Ti4+-CO 
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peak increases, indicating that the number of linearly adsorbed species increases on the 
surface of metallic Ni and the support. A shoulder is visible for the Ni0-CO at lower 
wavenumbers but it seems that it does not grow in intensity while the main peak does grow 
in intensity. This shoulder will be investigated later on in this section. The intensity of the 
bands due to bridged species (1947 cm-1) does not increase with increasing CO partial 
pressure after 0.14mbar. This indicates that such strongly binding bridging sites are quickly 
saturated. The absence of the bands between 2200 and 2100 cm-1 suggests that only 
metallic nickel is present on the surface82. Importantly, at the increasing CO pressure, the 
formation of new bands due to surface carbonate and formate species.  

 
Figure 33: CO Adsorption on Ni/TiO2 as a function of increasing partial pressure CO.  

The FTIR spectra of adsorbed CO on Mn/TiO2 at increasing pressure is given in Figure 
34. The most important peaks are labeled on the graph and their assignment is given in 
Table 18. As expected from CO chemisorption data, MnO  is not able to adsorb any CO on 
the surface. The adsorption band at 2196cm-1 can be assigned to Ti4+-CO and free CO is 
visible at 2143 cm-1. The band of Ti4+-CO is shifted compared to the Ti4+-CO seen in Ni/TiO2; 
2196 cm-1 vs 2188 cm-1. The addition of Mn induces a blue shift of the Ti4+-CO band and 
becomes more Lewis acidic76.  Furthermore, only the band at 1609cm-1 seems to increase in 
intensity and can be attributed to carbonate species adsorbed on the surface of TiO2.  

 

Figure 34: CO Adsorption on Mn/TiO2 as a function of increasing partial pressure CO. 

The FTIR spectra of adsorbed CO on Ni-Mn/TiO2 at increasing pressure are given in 
Figure 35. The most important peaks are labeled on the graph and their assignment is given 
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in Table 18. Many of the bands visible in Ni-Mn/TiO2 are also shown in Ni/TiO2, but at shifted 
wavenumbers and intensities. An additional peak is visible at 2042 cm-1 which can be 
attributed to linear carbonyl bound to a single Ni surface atom83. This would mean that there 
are two different absorption sites for the CO to adsorb linearly on Ni, where one absorption 
site is blocked by the addition of Mn. When a closer look is taken at the Ti4+-CO, bridged & 
trifold Ni-CO absorption area, a blue shift in position can be observed compared to Ni/TiO2. 
This indicates that the metal-carbon bond decreases in strength. The addition of manganese 
causes that the bond between titanium and carbon becomes weaker and thus the lewis acid 
site becomes more acidic in the presence of Mn76. Lastly, a small increase in carbonate 
species is visible on the surface with increasing CO partial pressure.   
 

 
Figure 35: CO Absorption on Ni-Mn/TiO2 as a function of increasing partial pressure CO (legend right side). 

The presence of the two different absorption sites for linearly adsorbed CO is further 
investigated with peak deconvolution. The linear CO absorption was investigated for both 
Ni/TiO2 and Ni-Mn/TiO2 to (1) identify if the shoulder of Ni/TiO2 is the same as the peak in 
Ni-Mn/TiO2 and (2) to qualitatively determine which absorption site is saturated first. FITYK 
was used to deconvolute the peaks at each partial pressure reported above for Ni/TiO2 and 
Ni-Mn/TiO2. The procedure is given in the supporting information (S.I. 3).  
 

The height of the peak of Ni-CO and Ni-(CO)x was plotted versus the partial pressure 
and the results are given in Figure 36. In both cases, Ni0-CO reaches it maximum intensity 
quickly while Ni0-(CO)x gradually increases in intensity with increasing partial pressure. This 
means that preferential Ni0-CO absorption sites are saturated first and then Ni0-(CO)x is 
occupied. The addition of Mn causes Ni0-CO to decrease drastically in intensity while Ni0-CO 
has similar intensity for Ni/TiO2 as for Ni-Mn/TiO2. Since the intensities are normalized and 
the peak height directly corresponds with concentration on the surface, it can be concluded 
that Mn does not block Ni0-CO sites while it prevents the absorption of multiple carbonyls on 
a single atom. From this experimental observation it can be confirmed that bimetallic 
particles are formed. The blocking of Ni-(CO)x absorption indicates that Mn partly covers Ni 
or is mixed into the crystal lattice, blocking certain absorption sites. 
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Ni/TiO2 

 

Ni-Mn/TiO2 

 
Figure 36: The intensity of Ni-CO and Ni-(CO)x are plotted vs the partial pressure for Ni/TiO2 and Ni-Mn/TiO2. 

5.3 Investigation of CO dissociation on the catalyst surface 

After the FTIR spectra of adsorbed CO on the catalyst were recorded with increasing partial 
pressure, a temperature ramp was employed while the CO partial pressure was kept 
constant at 3mbar. CO dissociation was investigated and intermediate species were 
assigned. The most important peaks are labeled on the graph in supporting information 
section S.I. 4 and their assignment is given in Table 19. 
 
Table 19: correlation between the wavenumber and their assigned  vibration based on literature. 

Wavenumber (cm-1) Vibration with reference 

Ni/TiO2 Mn/TiO2 Ni-Mn/TiO2 

3670 3670 3670 Ti-OH76 

2343 2343 2343 CO2
84 

2214   Strong Lewis acid sites: αTi4+-CO76 

2188 2196 2197 Weak Lewis acid sites: β Ti4+-CO76  

2081-2066  2082-2065 Ni0-(CO)x
78 

  2043 Ni0-CO78 

1947  1975 Bridged Ni-CO79 

1724 1725 1725 Formate C-O  

1616  1614 Carbonate on TiO2
15 80 

1571  1582 Formate on TiO2
15 81 

1460 1448 1458 Carbonate on TiO2
84 

 1383 1376 Formate on TiO2
80 

 
A waterfall plot of the FTIR spectra of adsorbed CO on Ni/TiO2 at increasing 

temperature is given in Figure 37. The corresponding 2D and contour plot are given in 
supporting information section S.I. 4. When looking at the spectra recorded of the Ni/TiO2, 
many simultaneous changes in band intensity and position are observed, especially in the Ni-
CO vibration region. This indicates that the coverage and the strength of the absorption 
changes with increasing temperature. The change in band position is best seen in the 2D plot 
where band positions are labeled accordingly (supporting information section S.I. 4). The 
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absorption band of Ni0-(CO)x shows varying behavior with increasing temperature, a 
minimum in intensity observed at 150 oC followed by a maximum in intensity at 250 oC. The 
peak position shifts from 2081 to 2065 cm-1

  at 250 oC, suggesting that the strength between 
Ni-C increases. We suggest that the Ni-(CO)x species go from x to x-1, resulting in an 
increased absorption strength.  Simultaneous to the decrease in intensity for Ni-(CO)x is the 
transition from β Ti4+-CO to α Ti4+-CO, accompanied by an increase in intensity of bridged Ni-
CO species. The fact that the surface coverage of CO varies with increasing temperature and 
peak positions shift, may indicate a surface reorganization. It can be concluded that CO 
dissociation takes place due to a decrease in surface coverage of CO from 250 oC onwards 
and the presence of CO2 formed via the Boudouard reaction.  

 
Figure 37: series of FTIR spectra of Ni/TiO2 as a function of temperature with a constant CO pressure of 3mbar. 

A waterfall plot of the FTIR spectra of adsorbed CO on Mn/TiO2 at increasing 
temperature is given in Figure 38. The corresponding 2D and contour plot are given in 
supporting information section S.I. 4. The Lewis acid sites disappear and carbonate/formate 
species become more present on the surface of TiO2 with increasing temperature. The peaks 
in the region of 3000-2800 cm-1 can be ascribed to the C-H vibration of formate species80.  
Small amounts of CO2 are produced, indicating that the Boudouard reaction can occur. The 
peaks in the region of 3000-2800 cm-1 can be ascribed to the C-H vibration of formate 
species80. The formate species are not observed in Ni/TiO2, implying that they are formed 
due to the presence of Mn.  
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Figure 38: series of FTIR spectra of Mn/TiO2  as a function of temperature with a constant CO pressure of 3mbar. 

A waterfall plot of the FTIR spectra of adsorbed CO on Ni-Mn/TiO2 at increasing 
temperature is given in Figure 39. The corresponding 2D and contour plot are given in 
supporting information section S.I. 4.  A shift in band position of Ni-(CO)x  is observed while 
the Ni-CO band only increases slightly in intensity (supporting information section S.I. 4) with 
increasing temperature. This phenomena is already discussed in Ni/TiO2 CO dissociation. 
When a temperature of 100 oC is exceeded, the intensity of the Ni-(CO)x band increases far 
beyond previously observed temperatures with a maximum at 275 oC, indicating preferential 
CO absorption on the surface of Ni. Subsequently, the band intensities of CO adsorbed 
species on Ni decline rapidly and band positions shift to lower wavenumbers for all Ni-CO 
species. Small peaks at 1725, 1583, 1458 and 1376 cm-1 appear are assigned to carbonate 
and formate vibrations. The peaks in the region of 3000-2800 cm-1 can be ascribed to the C-
H vibration of formate species80. 

 
Figure 39: series of FTIR spectra of Ni-Mn/TiO2  as a function of temperature with a constant CO pressure of 3mbar. 
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For the three catalysts tested, CO dissociation manifested itself in the decrease of the 

intensity of the bands due to adsorbed CO with the concomitant increase of the bands due 
to CO2. For Ni/TiO2, an interesting phenomenon was observed that upon the gradual 
increase of the temperature, the intensity of the bands due to CO adsorbed to Ni decreased 
first reaching a minimum at a temperature of ca. 150 °C, after which it started increasing 
again to the intensity that exceeds that observed in the initial spectrum. Simultaneously, the 
shape of the bands due to CO adsorbed to Lewis acid sites also changed substantially. A new 
band at higher wavenumbers has appeared indicating the formation of stronger surface 
Lewis acid sites. Importantly, the maximum intensity of this band at 2214 cm-1 is reached 
simultaneously with the minimum of the Ni-(CO)x band at 2165 cm-1. CO dissociation 
evidenced from the simultaneous decrease in Ni-(CO)x and the substantial growth of the new 
bands in the 1700-1300 cm-1 region due to CO2 is only observed after heating the samples at 
above 150 °C when the changes in surface structures are completed.   We propose that the 
observed spectral changes can be rationalized by CO-induced reorganization of the surface 
structures. The transition of Lewis acidic Ti sites from the β to α configuration is a clear 
indication of the surface reconstruction. We hypothesize that at elevated temperature the 
presence of CO enhances the mobility of Ni species by the presence of  Ni(CO)x resulting in 
the effective “smoothening” of the surface defects. The surface defect sites are thought to 
be the absorption sites of Ni-(CO)x which are removed by the surface “smoothening”. After 
the minimum, Ni-(CO)x coverage increases while bridged CO coverage decreases indicating a 
driving force for the absorption of CO on the surface. The driving force for CO absorption is 
represented by the red shift of the CO vibrations with increasing temperature. The number 
of bridged sites decreases while more CO adsorbs linearly. Dissociation of CO causes the 
decrease in coverage after the maximum at 250oC is reached. 83 No volatile Ni(CO)4 was 
formed since there is no peak visible at 2121 cm-1. 79  
 

In the case of Ni-Mn/TiO2, the mobility of surface Ni species is decreased due to the 
addition of Mn. The initial decrease in Ni-(CO)x species is not present since the surface 
defects cannot be filled. With increasing temperature, the absorption of CO becomes more 
favourable and the same process happens as for Ni/TiO2 when the temperature is increased 
above 150 oC 
 

5.4 In-situ methanation reaction 

Now that CO absorption and dissociation have been investigated, the in-situ methanation 
reaction is expected to give insights in the reaction mechanism and intermediate species 
formed. The most important peaks are labeled on the graph in supporting information 
section S.I. 5 and their assignment is given in Table 20. 
 
Table 20: correlation between the wavenumber and their assigned  vibration based on literature. 

Wavenumber (cm-1) Vibration with reference 

Ni/TiO2 Mn/TiO2 Ni-Mn/TiO2 

3670 3670 3670 Ti-OH76 

3017 3017 3017 CH4 gas phase15 

- 2967 2967 Formate CO2
- + C-H symmetric81 

2929 - 2926 -CH3
85 
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- 2877 2877 Formate CH81 

- 2734 2734 Formate CO2
- + C-H asymmetric81  

2349 2349 2349 CO2
84 

- 2196 - Weak Lewis acid sites: β Ti4+-CO76  

2081 - 2080 Ni0-(CO)x
78 

1926 - 1924 Bridged Ni-CO79 

1724 1725 1725 Formate C-O  

1616 1621 1617 HOH water80 
Carbonate on TiO2

84 

1560 1583 1581 Formate on TiO2
15 81 

1447 1447 1440 Carbonate on TiO2
84 

1365 1373 1373 Formate on TiO2
81 

 
The absorption spectra observed in In-situ methanation on Ni/TiO2 at increasing 

temperature are represented in Figure 40. Upon reaching a temperature of 150 oC, 
absorption of CO on the Ni surface increases, followed by a decrease in CO coverage from 
175oC onwards. CHx, CO2 and carbonate species start to develop when the decrease in CO 
coverage is visible. Simultaneous to the hydrogenation of CHx to CH4 from 250oC onwards, is 
the dramatic increase in CO2 production. Unwanted WGS and Boudouard reaction take place 
due to the low H2/CO applied in the conducted experiment. Due to the absence of formate 
intermediate species, it is expected that CO first dissociates on the surface and is 
hydrogenated to CH4, suggesting dissociative mechanism85. 

 
Figure 40: Waterfall plot of the in-situ methanation on Ni/TiO2 with increasing temperature 

The absorption spectra observed in In-situ methanation on Mn/TiO2 at increasing 
temperature are represented in Figure 41. The only adsorbed CO on the surface is at the 
lewis acid sites of Ti4+

 which quickly disappears when the temperature is increased. Even 
though no CO is adsorbed on the surface, an intense increase in formate bands is visible 
from 250oC onwards. Not only formate species are produced from this temperature 
onwards, but also CO2 and carbonate species. A very little amount of CH4 is produced and 
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almost no CHx species were visible for the methanation on Mn/TiO2, suggesting an 
associative route86 where CO is first adsorbed on the surface as carbonate, hydrogenated to 
formate and eventually to methane. The presence of very intense formate bands indicate 
that the formate species cannot be further hydrogenated easily by Mn/TiO2.  

 
Figure 41: Waterfall plot of the in-situ methanation on Mn/TiO2 with increasing temperature 

The absorption spectra observed in In-situ methanation on Ni-Mn/TiO2 at increasing 
temperature are represented in Figure 42. With increasing temperature, a small increase in 
CO coverage is visible on the surface of Ni until a temperature of 175 oC is reached. From 
175oC onwards, bands corresponding to CH4, CHx, formate and CO2 grow rapidly in intensity. 
The spectra shown in Figure 42 are best described as a combination of the events happening 
in Ni/TiO2 and Mn/TiO2. It is therefore hypothesized that both associative as dissociative CO 
methanation takes place on the surface of Ni-Mn/TiO2. The synergetic effect between Ni and 
Mn observed in TPR may enhance hydrogenation of the associative pathway observed for 
Mn/TiO2.  
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Figure 42: Waterfall plot of the in-situ methanation on Ni-Mn/TiO2 with increasing temperature 

 

5.5 Conclusion  

For the CO pulsing experiment, different band shape was observed when comparing Ni/TiO2 
with Ni-Mn/TiO2. The doping effect of Mn causes Ni-(CO)x to be blocked at low temperature 
where the driving force towards absorption is low. It is hypothesized that upon temperature 
increase, a surface reorganization occurs where the surface of Ni/TiO2 gets “smoothened’ 
and surface defect sites are filled. The presence of manganese inhibits the formation of Ni-
(CO)x and thus the mobility of Ni on the surface. Finally, two different reaction mechanisms 
were observed for CO methanation on Ni/TiO2 and Mn/TiO2. The spectra of Ni-Mn/TiO2 
resembled the combined spectra of Ni/TiO2 and Mn/TiO2 and thus it is anticipated that both 
associative as dissociative reaction mechanisms take place with an increased hydrogenation 
power for the associative mechanism due to the bimetallic character of the catalyst. Since 
the full analysis has not been completed, only the clear and visible trends can be 
distinguished. Peak deconvolution should be applied to all the peaks and the corresponding 
area/height plotted versus the increase in partial pressure or temperature. Furthermore, a 
higher H2/CO ratio should be applied to minimize the CO2 production via the Boudouard 
reaction and WGS.  
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Conclusion and Outlook 
 

In this thesis, bimetallic Ni-Mn catalyst were synthesized, characterized and tested. 
We have applied three different synthesis techniques namely deposition-precipitation, 
impregnation and chemical vapor deposition. The DP technique gave the desired bimetallic 
particles for TiO2 supported catalyst but the desired oxidation state of Mn0 could not be 
achieved. The XRD results indicate that a Ni-Mn phase is formed, although the exact phase 
remains unknown. Synergetic effects between Ni and Mn were observed for the catalysts 
supported on TiO2. TPR showed a clear hydrogen spill-over effect for DP synthesized Ni-
Mn/TiO2 while DP synthesized Ni-Mn/SiO2 did not show this feature. It was hypothesized 
that phase separation takes place for Ni-Mn/SiO2 during the reduction.  
 

Mn deposition via impregnation was found be difficult to control. A significant 
amount of Mn was lost during the reduction. Bimetallic particles were formed in Co-
impregnation but not with sequential impregnation of Mn on reduced Ni/TiO2. The 
deposition of Mn2(CO)10 was improved with CVD, where no Mn was lost during the 
reduction. Two particles sizes were observed in CVD, indicating that two separate phases 
were formed. The oxidation state of the Mn after the reduction remains unclear when the 
Mn2(CO)10 precursor is used. Even though Schlenk techniques are used, it seems like the Mn 
was oxidized during the reduction.  
 

The synthesized catalysts were tested in two hydrogenation reactions. Due to the 
problems encountered in levulinic acid hydrogenation, it remains unclear whether the 
addition of manganese could improve the activity of Ni/TiO2, although the current set of 
results indicate that Mn does not serve a promoting role. Many problems were encountered 
during the testing of these catalysts which made comparing the different catalyst unreliable. 
 

The catalysts synthesized with DP were tested in methanation of CO and CO2. The Ni-
Mn/TiO2 was as active as Ni/TiO2 even though a substantial part of active sites for CO 
adsorption were blocked by the promotion of Mn on the surface. It is expected that 
normalization to surface active site would result in a higher TOF for Ni-Mn/TiO2. In CO 
methanation, the stability of the catalyst was slightly increased due to the addition of Mn. In 
CO methanation, coking was the main reason for the deactivation but could be delayed by 
the promotion of the surface with Mn. For CO2, little deactivation was visible for both 
Ni/TiO2 as Ni-Mn/TiO2. Interestingly, the Ni-Mn/SiO2 did not show enhanced activity due to 
the promotion of the surface. The promotion of the surface with Mn only causes blocking of 
the surface active sites. It is hypothesized that the synergetic effect between Ni, Mn and TiO2 
observed during the characterization play a key role in the catalytic activity in methanation.  
 

The promotional effect of Mn was investigated with FTIR in DP Ni-Mn/TiO2. The 
methanation reaction was separated into three experiments: CO adsorption, CO dissociation 
and in situ methanation. The CO adsorption experiment was done to investigate the 
different CO adsorption sites on the surface of the catalysts. It became clear that Mn blocked 
the adsorption sites of Ni-(CO)x while it did not block the adsorption sites of Ni-CO. The CO 
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dissociation experiment suggests that Mn decreases the effect of surface smoothening 
observed in Ni/TiO2 with increasing temperature. Finally, dissociative and associative 
reaction mechanisms were observed for Ni/TiO2 and Mn/TiO2 respectively. The Ni-Mn/TiO2 
catalyst showed both intermediate species of dissociative and associative reaction 
mechanisms, implying that both reaction mechanisms occur on the surface. Nevertheless, 
The FTIR data presented in this thesis needs further analysis to precisely determine all the 
intermediate species and trends during the experiments conducted.  

 
Determining the oxidation state of Mn after the reduction in the cases where 

Mn2(CO)10 was used as a precursor, was found difficult. Higher weight loadings and the 
deposition on a non-reducible support may result in a measureable Mn0 phase. Since TiO2 
was used, it cannot be said with certainty that the deposited Mn is not oxidized during the 
temperature treatment. The co-impregnation technique was not heavily investigated but it 
has the potential to deposit bimetallic Mn0 and Ni0 on a support. Depending on the obtained 
oxidation state after the deposition and reduction, the catalyst can be tested once more for 
the hydrogenation of LVA. Only then, it can be concluded if Mn0 is active in hydrogenation 
reactions. 

 
An optimization of the Ni-Mn ratio of DP synthesized Ni-Mn/TiO2 may enhance the 

promotional effect and thus the activity. The promotional effect of Mn is clearly shown in 
the CO and CO2 methanation experiments. An optimization of the Ni:Mn ratio may enhance 
the promotional effect even further to the point where the absolute activity of Ni-Mn/TiO2 is 
higher than Ni/TiO2.  
 
 Finally, the FTIR data has to be analyzed further to accurately determine the surface 
coverages of all the different adsorbed species. The promotional effect and reaction 
mechanism induced by the addition of Mn can be eludicated. Also, it would be interesting to 
test CO2 methanation in situ in the FTIR to see if the same trend can be shown for CO as for 
CO2 methanation.  
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Supporting information 
S.I. 1 XPS spectra of the synthesized catalyst 
For both Ni and Mn the 2p orbital was measured. The reduced catalyst were prepared in the 

glovebox and placed into the air tight sample holder. The sample holder was evacuated and 

transferred to the XPS. 

S.I. 1.1 XPS DP on TiO2 

Ni 2p measurement before and after the reduction. The catalysts were reduced at 450 °C for 
4 hours under 10% H2/He at 2.5 °C/min 

Catalyst Before reduction After reduction 

Ni/TiO2 

  
Ni-Mn/TiO2 
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Mn 2p measurement before and after the reduction. The catalysts were reduced at 450 °C 
for 4 hours under 10% H2/He at 2.5 °C/min 
 

Catalyst Before reduction After reduction 

Ni-Mn/TiO2 

  
Mn/TiO2 
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S.I. 1.2 XPS DP on SiO2 

Ni 2p measurement before and after the reduction. The catalysts were reduced at 550 °C for 
4 hours under 10% H2/He at 2.5 °C/min 
 

Catalyst Before reduction After reduction 

Ni/SiO2 

  
Ni-Mn/SiO2 
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Mn 2p measurement before and after the reduction. The catalysts were reduced at 550 °C 
for 4 hours under 10% H2/He at 2.5 °C/min 
 

Catalyst Before reduction After reduction 

Ni-Mn/SiO2 

  
Mn/SiO2 
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S.I. 1.3 XPS Imp on TiO2 

Ni 2p measurement before and after the reduction. The catalysts were reduced at 450 °C for 
4 hours under 10% H2/He at 2.5 °C/min 
 

Catalyst Before reduction After reduction 

DP Ni and Imp Mn/TiO2 

  
Co-Imp Ni-Mn/TiO2 
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Mn 2p measurement before and after the reduction. The catalysts were reduced at 450 °C 
for 4 hours under 10% H2/He at 2.5 °C/min 
 

Catalyst Before reduction After reduction 

DP Ni and Imp Mn/TiO2 

  
Co-Imp Ni-Mn/TiO2 

  
Mn2(CO)10 reference 
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S.I. 1.4 XPS CVD on TiO2 

Ni 2p measurement before and after the reduction. The catalysts were reduced at 450 °C for 
4 hours under 10% H2/He at 2.5 °C/min 

Catalyst Before reduction After reduction 

CVD Mn on DP Ni/TiO2 

  
 
Mn 2p measurement before and after the reduction. The catalysts were reduced at 450 °C 
for 4 hours under 10% H2/He at 2.5 °C/min 
 

Catalyst Before reduction After reduction 

CVD Mn on DP Ni/TiO2 
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S.I. 2 Arrhenius plot of TiO2 and SiO2 supported catalysts in CO2 methanation 

Apparent activation energies determined with the Arrhenius equation 
 

𝑟 =  𝑒(−
𝐸𝑎𝑝𝑝,𝑎𝑐𝑡

𝑅𝑇
)  

Where r is the conversion of CO2. The results are plotted in the figures below. For Ni and Ni-
Mn on SiO2 and TiO2, all datapoints were included for the calculation of the apparent 
activation energies reported in chapter 4.3.  
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S.I. 3 Peak deconvolution  
For the peak deconvolution, FYTIK was used. The spectra were loaded and the baseline 
substraction was done manually for all the imported spectra. Voigt peak functions were used 
to fit the components since it is accepted as a good function for peak fitting in FTIR. 87 An 
area between 2150 cm-1 and 2030 cm-1

 was selected and two peaks were fitted. The full 
width at half maximum(FWHM) was experimentally determined for Ni-CO and Ni-(CO)x and 
kept constant for all the analyzed spectra. The FWHM was also kept the same for the same 
species between samples since the nature of the species is the same. An example of the fit is 
given in the figure 43. The height of the peaks were noted and plotted in Figure 36 for 
Ni/TiO2 and Ni-Mn/TiO2. 
 

 
Figure 43: Example of peak deconvolution with FYTIK 
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S.I. 4 Additional spectra CO dissociation 
For the CO dissociation on Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2 with increasing temperature, 

additional spectra are given. For each catalyst, a 2D plot and a contour plot is given of the 

same data reported in chapter 5.3. The labels in the 2D plot correspond to the assigned 

vibrations in Table 19.  

Ni/TiO2 CO dissociation as a function of temperature 

 

 
Figure 44: 2D plot and contour plot of CO dissociation on Ni/TiO2  
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Mn/TiO2 CO dissociation as a function of temperature  

 

 

 
Figure 45: 2D plot and contour plot of CO dissociation on Mn/TiO2 
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Ni-Mn/TiO2 CO dissociation as a function of temperature  

 

 

Figure 46: 2D plot and contour plot of CO dissociation on Ni-Mn/TiO2. 
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S.I. 5 Additional spectra in-situ methanation 
For the CO dissociation on Ni/TiO2, Ni-Mn/TiO2 and Mn/TiO2 with increasing temperature, 

additional spectra are given. For each catalyst, a 2D plot and a contour plot is given of the 

same data reported in chapter 5.3. The labels in the 2D plot correspond to the assigned 

vibrations in Table 20.  

Ni/TiO2 CO methanation as a function of temperature  

 

 

 

Figure 47: 2D plot and contour plot of CO methanation on Ni/TiO2. 
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Mn/TiO2 CO methanation as a function of temperature  

 

 

Figure 48: 2D plot and contour plot of CO methanation on Mn/TiO2. 

 

 

 

 

 

 

 

 

 



TU/E 
Master Thesis Bas Terlingen 

89 

 
Ni-Mn/TiO2 CO methanation as a function of temperature  

 

 

Figure 49: 2D plot and contour plot of CO methanation on Ni-Mn/TiO2. 

 
 
 
 
 
 
 
 


