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Abbreviations 

 

AFC  alkaline fuel cell 

AFEX  ammonia fibre explosion 

ANNs  artificial neural networks 

ATR  autothermal reforming 

BE  binding energy 

DFT  density-functional theory 

DMFC  direct methanol fuel cell 

DRIFT  diffuse reflectance infrared Fourier transform spectroscopy 

EELS  electron energy loss spectroscopy 

EFC  enzymatic fuel cell 

FFT  Fourier filtering technique 

FT-IR  Fourier transformed infrared spectroscopy 

GHSV  gas hour space velocity 

HM  holographic mapping 

HRS  holographic research strategy 

HR-TEM high resolution transmission electron microscopy 

HTE  high-throughput experimental 

ICP-ES inductive coupled plasma emission spectroscope 

LOD  limit of detection 

MCFC  molten carbonate fuel cell 

MEA  membrane electrode association 

MSE  mean square error 

NG  natural gas 

OLC  optimal linear combination 

OSR  oxidative steam reforming 

PAFC  phosphoric acid fuel cell 
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PEMFC proton exchange membrane fuel cell 

PLA  poly lactic acid 

PLS  partial least square 

PMMA polymethyl-metacrylate 

POX  partial oxidation of ethanol 

PVC  poly vinyl chloride 

QMS  quadrupole mass spectrometer 

PC  principal component 

RON  research octane number 

RT  room temperature 

SR  steam reforming 

SOFC  solid oxide fuel cell 

TPER  temperature programmed ethanol reforming 

TPO  temperature programmed oxidation 

TPR  temperature programmed reduction 

WGSR  water gas shift reaction 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 
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1. Introduction 

 

Renewable energy sources have become increasingly important 

recently [1]. Many efforts have been made in order to replace the fossil fuel-

based energy sources to hydrogen-oriented ones. Environmental protection 

issues as well as the need of higher security of energy supply speeds this up. 

There are several advantages of using hydrogen as energy carrier: (i) it can be 

realized from a large variety of primary energy sources; (ii) it is completely 

environmental-friendly since the byproduct of energy production is only 

water; electrooxidation of hydrogen in fuel cells is more efficient than 

burning it in inner combustion engines. In addition, combustion of hydrogen 

in air can result in the formation of NOx [1]. 

Nowadays hydrogen is mainly produced from natural gas (48%), oil 

(30%), coal (18%) and by electrolysis (4%) [2]. The dominance of fossil 

sources evidently indicates that the present H2 production methods are not 

sustainable yet. As a remedy for the problem, renewable electric energy 

based on solar, water or wind energy and/or biomass derived raw materials 

are proposed to use for hydrogen production. Bioethanol reforming can be a 

possible way for sustainable hydrogen production. 

Steam reformation of ethanol is a complex catalytic process, leading 

to carbon-dioxide and hydrogen according to reaction [3] 

 

C2H5OH + 3H2O  2CO2 + 6H2 H°298 = +347.4 kJ/mol. (R1) 

 

Noble metals have been proved to be suitable catalysts for this 

reaction [4] [5] [6] [7], however, there are several problems with respect to 

their application. For example, they are expensive and their availability is 
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limited. Nowadays, interest towards noble metal free catalyst compositions 

for steam reformation of ethanol has been increased [3] [8]. 

Multicomponent, noble metal free catalysts, supported over MgAl2O4 

have been designed in our work. As emerges from reaction (R1), the 

formation of carbon-dioxide is unavoidable. However, if ethanol is derived 

from biomass, the reforming process would not increase the CO2 emission to 

air, because CO2 would have been consumed for the biomass source growth, 

resulting a nearly closed carbon loop.  

 Our goal was to develop new, multicomponent heterogeneous 

catalysts for steam reformation of ethanol. Combinatorial design of catalysts 

composition and experimental conditions have been accomplished in order to 

improve hydrogen yield, and simultaneously, and an effort to suppress the 

undesired side reactions at the lowest temperature possible. 

In order to accelerate the rate of this research and to get improved 

statistics of catalytic results, the preparation of catalysts and the catalytic tests 

were carried out by using high-throughput experimental tools. 
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2. State of the ethanol reformation 

 

2.1. Introduction of ethanol and hydrogen 

2.1.1. Ethanol 

2.1.1.1.  Production 

Because our main goal is to develop the reformation of ethanol from 

biomass source, the summary of the production process of bioethanol needs 

an overall review. Decomposition of glucose to ethanol and carbon dioxide is 

catalyzed by zymase enzyme [9]. The enzyme is produced by yeast or other 

different microorganisms. The overall equation of bioethanol production (R2) 

is the [10] [11] 

C6H12O6 
             
              2C2H5OH + 2 CO2   (R2) 

Different plants are used for industrial manufacturing of bioethanol, 

summarized in Table 1. It is evident, that sugar cane is the most important 

source. Unfortunately, it cannot be cultivated in temperate climate. In this 

case crop residue (hay, straw, corn, etc.) can be the source of ethanol, as it 

was discussed by Li et al. [12]. Terefore, in Hungary, application of corn may 

be the best choice. 

The most important issue against bioethanol production is that it 

occupies larger agricultural lands from food industry. However, the use of 

agricultural waste can make bioethanol production cheaper and sustainable, 

as confirmed by Table 2 [13] . 
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Table 1 Alcoholic potential of different plants [14] 

 

Plant 

Crop 
Efficiency of 

transformation 

% 

Yield of ethanol 

average 

t/ha 

 million t liter/t liter/ha 

Sugar-beet 38,0 143,0 35 95 4300 

Wheat 3,5 82 24 356 1200 

Corn 4,5 49 32 387 2100 

Potato 10,3 0,1 82 110 3050 

Sugar cane 57,0  187  31  67  5300  

Table 2 Quantities of agricultural waste (million t) reportedly available for bioethanol 

production [13] 

Agrowaste Africa Asia Europa America Oceania 

Rice straw 20.9 667.6 3.9 37.2 1.7 

Wheat 

straw 

5.34 145.20 132.59 62.64 8.57 

Corn straw 0.00 33.90 28.61 140.86 0.24 

Bagasse 11.73 74.88 0.01 87.62 6.49 

 

The process of industrial fermentation is shown in Figure 1. As the 

flow sheet shows, sugars are the substrate for alcoholic fermentation. If corn-

cob, wheat straw or similar kind of agricultural waste is the raw material of 

bioethanol production, then another important steps are necessary to continue 

the process. These are called lignocellulosic wastes, which means, that they 

consist cellulose, lignin and hemicellulose which are not digestible for yeast. 

To solve this problem, lighocellulose has to be decomposed to sugars as a 

pretreatment. There are more phisical, phisico-chemical, chemical and 

biological methods to produce the suitable substrate for fermentation [13], 

summarized in Table 3. 
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Figure 1 Industrial production of bioethanol – Flow sheet of a conventional fermentation process [11]
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Table 3 Methods for pretreatment of lignocellulosic agricultural waste [13] 

Phisical 

methods 

Phisicochemical 

methods 

Chemical 

methods 

Biological methods 

(applied 

microorganism) 

Mechanical 

size reduction 

Steam explosion Acid 

pretreatment 

Pleurotus ostreatus 

Phanerochaete 

sordida 

Pirolysis Liquid hot water 

method 

Alkaline 

pretreatment 

Aspergillus terreus 

Bacillus macerans 

Microwave 

oven and 

electron beam 

irradiation 

pretreatment 

AFEX (Ammonia 

Fibre EXplosion) 

Organosolv 

pretreatment 

Trichoderma reesei 

Pleurotus ostreatus 

Phlebia sp. MG-60 

 CO2 explosion Wet oxidation  

 

The fermentation step in reaction (R2) can be carried out by different 

microorganisms. A classic solution is the application of Saccharomyces 

cerevisiae [13] [15], the common baker’s yeast, however there are other 

microorganisms to apply, for example Escherichia coli, Zymomonas mobilis, 

Pachysolen tannophilus, Candida shehatae, Candida brassicae, Pichia 

stipitis, Mucor indicus, etc. [13]. In the end of this process the produced wine 

contains 18-20 V/V% of ethanol. Yeast cannot produce concentrated enough 

solution of alcohol, so industry usually applies further distillation to reach 

higher ethanol content. Ethanol reforming requires ethanol and water, which 

means, that in our case it is unnecessary to produce water-free alcohol in the 

end in an industrial fermentation. The concentration of wine is adequate for 

ethanol reforming, because high steam/ethanol ratio helps to avoid the 

formation of carbonaceous deposits [16] on the surface of catalysts. When 

bioalcohol is applied for fuel and high ethanol content is required, thin 
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stillage is the byproduct of distillation, which can be transformed to lactic 

acid by fermentation [17]. It has an economical importance, because PLA 

(Poli Lactic Acid) is a biodegradable polymer. 

Nowadays, bioethanol is only a small part of the whole amount of 

produced ethanol. Acid catalized reaction of ethylene and water is applied 

industrially for manufacturing ethanol [18] according to 

C2H4 + H2O 
             

                  

                C2H5OH   (R3) 

 

2.1.1.2.  Application as energy source 

 The simplest way of using bioalcohols as fuel for vehicles is to mix 

them with gasoline. Ethanol has a higher octane number (Research Octane 

Number=108), broader flammability limits, higher flame speeds and higher 

heats of vaporization than gasoline [1]. These properties result higher 

compression ratio, shorter burning time and leaner burn engine, which 

validates the advance of gasoline against alcohol in internal combustion 

engines. Nevertheless, ethanol has lower energy content than gasoline (but 

approximately 35% higher than that of methanol), it has low flame 

luminosity and lower vapor pressure (making cold starts difficult), and it is 

miscible with water. However, mixing even a small amount of ethanol with 

gasoline greatly increases the volatility of the fuel, improving engine cold 

start, but resulting in increased evaporative emissions. At present, based on 

energy densities, ethanol production from biomass costs about twice the price 

of gasoline without any taxes. 
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In the US, ethanol is used as a gasoline extender, octane booster, as 

well as an oxygenate in the winter oxygenated fuels programs, and in 

reformulated gasoline. As a first option, usually one part of ethanol is 

blended with nine parts of gasoline (often referred to as gasohol or E10). This 

kind of fuel has been used since 1973. 

Another method of bioethanol application is the hydrogen production 

by means of steam reforming (SR) of ethanol described in (R1), which leads 

to high hydrogen yield [3] [8] generally. The heat change of this process is 

endothermic [19], while in case of partial oxidation of ethanol in (R4) is 

exotermic [10] [19]. However, hydrogen selectivity of ethanol partial 

oxidation (POX) [20] is much lower, than that of steam reforming of ethanol. 

In order to enhance hydrogen production, autothermal reforming (ATR) can 

be applied. Autothermal reforming, also called oxidative steam reforming 

(OSR), is a combination of ethanol oxidation and steam reforming. The 

overall reaction of autothermal reforming of ethanol is shown in (R5) [19]. 

C2H5OH + 3H2O  2CO2 + 6H2 H°298 = +347.4 kJ/mol (R1) 

C2H5OH + 1.5O2  2CO2 + 3H2    H°298 = -620.3 kJ/mol (R4) 

C2H5OH + 2H2O + ½O2  2CO2 + 5H2    H°298 = -50.3 kJ/mol  (R5) 

  

The POX and ATR has an important drawback, is the need of feeding high 

purity oxygen, otherwise costs of the system for oxygen purification can 

reach 40% of the final reformer cost [19]. There is an important aspect, wich 

explains, why SR was applied in my study.  
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2.1.2. Hydrogen 

2.1.2.1. Production 

 Nowadays industrial manufacturing of hydrogen is based on 

hydrocarbon industry. Reformation of methane is the most important 

industrial process for hydrogen production. This is an endothermic reaction 

which is carried out in a reaction coil: 

CH4 + H2O  CO + 3H2        H°298 = +206 kJ/mol (R6) 

As (R6) reveals, the reformation of methane is a heterogeneous 

catalytic process, wherein the active component of these catalysts is metallic 

Ni. Co and different platinum metals can be additional components. Support 

of these catalysts are -Al2O3, MgO or their mixtures. The feedstock can be 

other hydrocarbon as oil fuel or crude oil. The type of the applied raw 

material depends on local opportunities [21]. 

Applicaton of water and hot coal was the first industrial choice for 

hydrogen manufacturing. In these endothermic reactions H2 and CO (R7) or 

CO2 (R8) are produced.  

 

C + H2O  CO + H2    (R7) 

C + 2 H2O  CO2 + 2 H2   (R8) 

 

This process has lost its importance by the spread of methane reformation, 

however it has not disappeared totally; 18% of the hydrogen production of 

the world uses this traditional method [2]. These processes above require 

750-850°C, Ni cat. 
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non-renewable sources. Electrolysis of water [22] (R9-10) can be a 

sustainable, if applied electric current can come from certain renewable 

sources.  

 

Cathode process: 2 H2O + 2 e
-
  H2 + 2 OH

-
 (R9) 

Anode process H2O  ½ O2 + 2 H
+
 + 2 e

-
 (R10) 

 

The electric sources are, for example, water, wind and solar energy. 

The most important problems of renewable sources are that their 

intermittent and fluctuating outputs. By this reason, storage of energy and 

produced hydrogen is crucial. There are more and more successful 

experiments for installing power-to-gas pilot plants, reported in a review by 

Gahleitner [23]. Produced hydrogen is applied in fuel cells, introduced in the 

following chapter. Germany is leader in developing hydrogen production by 

renewable electricity. 

 Biomass is also a renewable source of hydrogen. Application of 

bioethanol has already been introduced above. Figure 2 shows a summary of 

hydrogen production techniques from various biomasses [8]. 
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 Figure 2 Hydrogen production techniques from various biomasses [8] 
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2.1.2.2. Application as energy source 

 Similarly to bioethanol, hydrogen can also be applied as fuel in 

internal combustion engines. The primary advantage of hydrogen over other 

fuels is that water vapor is the major oxidation product, while CO2 is not 

produced. Combustion of hydrogen in air can result in the formation of NOx 

[1] [24], but it may be reduced to low levels by proper designing. Hydrogen 

has a higher octane number (RON=130+) and wider flammability limits than 

gasoline. In case of a fuel leak, hydrogen will disperse faster than gasoline. 

Hydrogen is non-toxic and non-carcinogen. Still, there are some safety 

concerns. Its flames are very hot, but do not radiate much heat, which makes 

fires difficult to locate. The usefulness of hydrogen as an energy carrier is 

reduced by its low energy content on volume basis, limiting onboard storage. 

It can be stored as a gas, a cryogenic liquid, besides, solid-state storage is 

also possible. A particular problem with liquid hydrogen is that it boils off. 

As the liquid warms, boil-off gas is released, which must be vented from the 

storage tank. In confined spaces there is a risk of fire or explosion if exposed 

to naked flame. Contact with liquid hydrogen destroys living tissue due to the 

very low temperature of -253°C, serious burning could arise from contact 

with hydrogen escaping from liquefied fuel systems [1].  

Hydrogen can be converted to energy in fuel cells. These are 

electrochemical membrane reactors that are able to convert chemically stored 

energy directly to electrical energy at high thermodynamic efficiencies (74% 

[19]) [25]. This phenomenon has already been known for more than 150 

years. The first fuel cell battery was built in 1842 by William Robert Grove 

[25], but the real development started only 50 years ago, when cold war and 

space research became important motivators. The number of patents and 
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publications have exponentially grown in the last decade, and nowadays 

many types of fuel cells are applied, summarized in Table 4 [26].  

The working mechanisms of different fuel cells are exhibited in 

Figure 3, where A E C is Anode, Electrolyte and Cathode, respectively. 

These are one fuel cell unit. This part is the so called MEA (Membrane 

Electrode Assosiation), and Figure 4 shows the 3D structure of a real unit 

cell. In case of PEMFC (Proton Exchange Membrane Fuel Cell), the MEA 

electrodes are carbon paper sheets impregnated with proper cathode or anode 

catalysts ink, and the electrolyte is Nafion membrane, which is a sulphonic 

acid containing fluoropolymer [27]. In practice, usually more fuel cell units 

operate in parallel in a common stack [25]. 

 

 

Table 4 Summary of fuel cell types [26] 

Fuel cell 

(abbreviation) 

Fuel cell 

(full name) 

Operating 

temperature 

(°C) 

Electrical 

efficiency 

(%) 

EFC Enzymatic Fuel Cell 35-37 ≪30 

DMFC Direct Methanol Fuel Cell 50-120 ∼30 

PEMFC Proton Exchange Membrane 

Fuel Cell 

80-120 ∼30-35 

PAFC Phosphoric Acid Fuel Cell 100-220 ∼35-40 

AFC Alkaline Fuel Cell 150-220 ∼40 

SOFC Solid Oxide Fuel Cell 600-1000 ∼45-<70 

MCFC Molten Carbonate Fuel Cell 600-700 ∼50-<70 
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Figure 3 Working mechanism (basic chemical reaction) of different types of fuel cells [25]. A E C is Anode, Elektrolyte and Cathode, 

respectively 
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Figure 4 3D structure of a unit cell 

 

PEMFC can be combined with reformation of bioethanol. Several 

successful experiments are benefited in fuel cells and steam reforming [19] 

[28] or autothermal reforming [29]. I mention the work of Benito et al. [19] 

which is useful and promising. They discuss how to optimize heat recovery 

to recycle the heat of exothermic reaction steps in the endothermic ones, a 

serious challenge, because steam reforming of ethanol (R1) is an endothermic 

process. They reached 4.0 mol H2 per mol ethanol on 700°C, by applying 4.8 

water/ethanol ratio (mol H2O / mol EtOH). PEMFC is not the only device to 

connect steam reformation of ethanol and fuel cells. Artaega et al. [30] 

applied steam reforming-SOFC combination successfully, yielding 4.1 mol 

H2 per mol ethanol on 500°C, by application of 4.5-5 water/ethanol ratio.  
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Figure 5 shows scematically, how to combine hydrogen production 

from biomass and fuel cell technique [8], which can be considered as an „on 

site” power plant. Due to periodic availability and inhomogeneous spatial 

distribution of biomass, it is worth to design these smaller „on site” hydrogen 

production plants, which can process biomass locally. In this case the 

transportation costs of biomass can be saved, and the distributed power plants 

can be connected to each other and to the energy supply system. 

 

Figure 5 Block flow diagram of the combination of biomass reforming and fuel cells [8]  

Generally, alcohols, such as ethanol and glycerol, require much lower 

reforming temperature than other biomass fuels. Steam reforming of biogas, 

composed of CH4, needs the highest operating temperature above 1000 °C 

among the common biomass fuels. Hence, application of bioethanol is more 

preferred. The biomass conversion and hydrogen selectivity is high (near 

100%) for most of the biomass-derived fuels if the reforming system is well 

designed. Both, catalyst and operating condition play an important role in the 

fuel processor. 
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 It has to be mentioned, that nowadays the amount of hydrogen applied 

as energy carrier is significantly smaller, than that used for ammonia and 

methanol synthesis. Other important applications of hydrogen are in the 

hydrocarbon industry (hydrodesulfurization, hydrocracking, etc.) [31] and in 

the food industry (production of margarine by hydrogenation of unsaturated 

vegetable oils) [21].   

 

2.2. Reformation of ethanol – the applied catalysts 

2.2.1. Main reaction routes 

Reformation of ethanol is a complex process with several reaction 

steps. The overall reaction results 2 mol CO2 and 6 mol H2 from 1 mol 

ethanol, as described by (R1). Depending on the used catalysts and working 

at very low contact times, two reactions can take place yielding acetaldehyde 

or ethylene, according to the following reactions [20] [32] [33] [34] [35]: 

C2H5OH  CH3CHO + H2 H°298 = +67.8 kJ/mol (R11) 

C2H5OH  CH2CH2 + H2O H°298 = +44.7 kJ/mol (R12) 

Dehydrogenation of ethanol via reaction (R11) can take place on Cu 

and Ni catalysts [32] [33] [34]. On the other hand, acidic sites, existing for 

example on alumina, are responsible for the dehydration of ethanol via 

reaction (R12). At higher contact times, both, the initial and the intermediate 

products can react further easily. Nevertheless, depending on the 

water/ethanol ratio, the total conversion of ethanol at T>500 K can be 

predicted by thermodynamics [16].  The following additional reactions must 

also be considered: 

CH3CHO  CH4 + CO      H°298 =   -18.90 kJ/mol (R13) 

CO + H2O  CO2 + H2       H°298 =   -41.20 kJ/mol (R14) 

CH3CHO + H2O  2 CO + 3 H2   H°298 = -186.96 kJ/mol (R15) 
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CO + 3H2  CH4 + H2O     H°298 = -206.11 kJ/mol (R16) 

CO + H2  H2O +C      H°298 = -131.26 kJ/mol (R17) 

2 CO  CO2 +C      H°298 = -172.43 kJ/mol (R18) 

CH4  2H2 + C      H°298 =  +74.85 kJ/mol (R19) 

Accordingly, acetaldehyde gives methane and carbon monoxide by 

decarboxilation (R13), while steam reformation of acetaldehyde leads to CO 

and hydrogen (R15) [36]. The water gas shift reaction (WGSR) (R14) results 

in CO2 and hydrogen. CO methanation (R16) is thermodynamically feasible 

below T < 700 K, while the reverse reaction (methane steam reforming) takes 

place at higher temperatures [16] [37]. It has to be mentioned that, the 

presence of CO in the effluent gas should be suppressed when the produced 

hydrogen is used in fuel cells. In order to minimize CO formation, in case of 

high water/ethanol ratios, temperatures at T>700 K are suitable, which 

facilitate WGSR [16]. There are many processes reported leading to coke 

deposition and removal [38], such as carbon gasification (R17), Boudouard 

reaction (R18) and methane decomposition (R19). According to 

thermodynamic calculations, the removal of carbonaceous deposits is 

favorable at higher temperatures and higher water/ethanol ratios. It has been 

observed that, at water/ethanol ratios above 3, the graphitic carbon deposition 

is practically zero above 600 K [16] [37] [39]. 

Beside thermodynamic issues discussed above, kinetic promotion and 

hindrance of different processes help to improve selectivity towards 

hydrogen. For this reason, different active metals, preparation methods, 

supports and additives have already been tested. The appropriate catalyst 

should work at as low temperature as possible, it should be active in WGSR, 

while it should inhibit reactions, such as coke formation, CO production and 

CO methanation. The above discussed reaction steps are summarized bellow 

on Figure 6.  
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Figure 6 Reaction steps of reformation of ethanol 
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2.2.2. Thermodynamic aspects 

Thermodinamic data of different reactions were discussed above by 

H°298 values, indicating whether the reactions are endothermic or 

exothermic. There are more other factors, which also have important role in 

ethanol reforming process in water-ethanol system. These are the pressure, 

temperature, water/ethanol ratio and the contact time.  

Reformation of ethanol is usually carried out in atmospheric pressure, 

which leads to an increase in hydrogen yield and reduces the concentration of 

by-products [40] [41]. Figure 7 shows the conversion of ethanol reforming as 

a function of temperature and water/ethanol ratio. As emerges from Eq.1, the 

conversion of ethanol can simply be calculated on the bases of the flow rate 

of the ethanol in the initial reaction mixture and in the effluent gases. The 

conversion of ethanol is 

        
     
       

     
 ,    Eq.1 

where      
  and       are the molar flow rates of ethanol in the input and 

output gas mixtures, respectively. 

 

Figure 7 Conversion of ethanol as a function of temperature and water/ethanol molar ratio 

[42]  
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It is clearly visible that the total conversion is reached at 600 K and 

water/ethanol ratio does not have significant effect over 400 K. 

Unfortunately, high conversion does not mean high hydrogen yield. Many 

reactions in water-ethanol system were described above, and the questions 

are: Which will be the most important reactions? What will be the 

distribution of the different products? We will find the answers for these 

questions with the help of thermodynamics. 

Thermodynamics of the steam reformation of ethanol was studied by 

Mas et al. [16] and da Silva et al. [42] in detail.  They applied different 

approaches, but their results are similar and complete each other. Da Silva et 

al. have found, that contact time is an important factor. Very low contact time 

should be avoided, because it helps ethylene formation. The harmful effects 

of C2H4 were discussed above; this is another reason against the application 

of low contact time. For demonstration of amounts, Palma et al. [40] applied 

600 ms (7500 h
-1

 GHSV) as high contact time. Water/etanol ratio has 

influence on ethanol reforming process only in case of high contact time. In 

this case, high water/ethanol ratio causes decreased carbon formation, 

demonstrated in Figure 8A [16] [43], and verifying the statements in chapter 

2.2.1. Water/ethanol ratio has also influence on the direction of WGSR, the 

importance of this reaction was also discussed above. Reverse WGSR can be 

avoided by application of higher temperature and more water in the reaction 

mixture, demonstrated in Figure 8B [16]. It is visible, that there is only 

reverse reaction below 700K and 3:1 water/ethanol ratio. 
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Figure 8 Effect of temperature and water/ethanol ratio on carbon formation (A) and on the 

direction of WGSR (B) 
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Figure 9 explains [42] the dependence of H2, CO and CH4 on 

temperature and water/ethanol ratio. Yield of different products is applied to 

the reaction of 1 mol ethanol. High temperature and large amount of water 

help hydrogen production, as it is demonstrated in Fiure 9A. Figure 9B shows 

that higher temperature is necessary for the start of CO formation, than in 

case of H2. Therefore, relatively lower temperature (T<800K) and large 

water/ethanol ratio have to be applied to minimize CO formation. Methane 

behaves exactly the opposite than that of hydrogen (Figure 10C) [16] [42]. 

Worth to note that there is good agreement between Figures 6, 8 and 9. 

Methane and CO are responsible for carbon formation (Figure 6), they form 

in larger amount in case of low water/ethanol ratio (Figure 8B and 9), which 

causes carbon formation (Figure 8A). 
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Figure 9 H2 (A), CO (B) and CH4 (C) yield in moles as a function of the inlet water/ethanol 

ratio and temperature  
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According to these informations, application of high temperature and 

larg water/ethanol ratio should be the ideal solution, however, this problem is 

more complex. Higher temperature requires more energy and it contributes 

CO formation. Very large water/ethanol ratio also requires too much energy, 

according to the energy balance of the combination of ethanol reforming and 

fuel cells. The connection between ethanol reforming and fuel cells was 

discussed above. Therefore, we can conclude that the optimal reaction 

conditions are the following: 1 atm pressure, long contact time (600 ms), 5:1 

water/ethanol ratio at 400 K, or 3:1 water/ethanol ratio above 550 K [42].  

 

2.2.3. Support materials in catalysts – importance of MgAl2O4 

Supported catalysts are widely applied in catalytic research and 

industry, because application of support with high surface area may lead to 

high dispersion of the active phase. Beside stabilizing the small particle size 

of the active phase, the chemical nature of the support may also lead to long 

term stability of the catalyst. Most frequently, different oxides are used as 

supports in catalysts for steam reformation of ethanol. SiO2 is generally 

chosen [44] [45] [46] because of its goodn inertness. Also importantly, this 

support is also resistant to mechanical stresses. Different transition metal 

oxides, for example ZnO [47], ZrO2 [44] or Y2O3 [48] were also applied for 

ethanol reforming, however extensive application of these materials may be 

impeded by the costs; particularly in case of oxides of Zr and Y. CeO2 is the 

current support in the steam reformation of ethanol [10] nowadays. The 

active metal of these catalysts are usually noble metals, for example Pt [49] 

[50], Rh [5] [51], Ir [7] [52] and Au [53] [54]. Properties of ceria will be 

discussed in this work in detail. It must be noted, as a rare earth metal, its 

cost is quite high. 
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Application of Al2O3 as catalyst support is cost efficient. 

Additionally, it has very good mechanical resistance. However, Al2O3 has an 

acidic character evidenced by pyridine adsorption 50 years ago [55]. Acidic 

sites are responsible for the dehydration of ethanol [56] via reaction (R15). 

Ethylene production should be avoided, because its polymerization may lead 

to the deactivation of the catalyst. Accordingly, depression of acidic character 

of Al2O3 is crucial. Study of da Silva et al. [42] have suggested application of 

La2O3 support, which does not possess acidic sites or addition of alkali 

elements (K, Mg, Ca) to neutralize acidic sites. Berteau et al. [57] have 

analysed acid-base properties of modified aluminas. They have also 

concluded that modification of alumina by Mg leads to increased basic 

character. Spinel structured MgAl2O4 is a promising support which is 

frequently applied in commercial noble metal free catalysts for ethanol 

reforming [58]. Resistance to coking and sintering are additional good 

properties of this support [59]. 

Exact definition of spinel is necessary. Spinel is a hard, crystalline 

oxide mineral composed as MgAl2O4 [60]. In this dissertation I use more 

general meaning of this term: Spinels are mixed oxides with formula XZ2O4, 

wherein X is a bivalent metal (e.g. Mg, Co, Fe, Mn) and Z is a trivalent metal 

(e.g. Al). In a crystal lattice the bivalent cation is in tetrahedral, while the 

trivalent cation is in octahedral position [61]. These materials have very good 

thermal, mechanical and chemical stability, making them suitable as catalyst 

supports. 

 

2.2.4. Active components and modifiers in reformation of ethanol 

Noble metals have been proved to be active catalyst components for 

reformation of ethanol. Among the Al2O3 supported noble metal catalysts Rh 

containing ones have been proven to be the most active [62] [63] [41]. Over 
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Al2O3 supported noble metal catalysts, the rate of hydrogen formation 

decreased and that of ethylene increased in time, due to the accumulation of 

the surface acetate species, while the conversion remained almost constant 

[64]. This phenomenon is suppressed by increasing the water concentration, 

the metal content of the catalyst and the reaction temperature. The activity of 

Al2O3 supported catalysts decrease as Rh > Pd > Ni = Pt. [62] Upon using 

CeO2 or ZrO2 as support materials, the formation of ethylene is negligible 

and the order of the catalyst activity changes as Pt ≥ Rh > Pd [62]. 

Dehydration of ethanol can be depressed by adding K to neutralize the acidic 

support as it was found in case of the Pt/Al2O3 [65], or by using basic 

supports, for example, La2O3 and MgO [66]. Deposition of Rh on MgAl2O4 

provides higher basicity to the catalysts than alumina-supported Rh, resulting 

in improved stability [67] [4]. Addition of Ca to Al2O3 also decreases acidity 

of the support [68] [69]. Profeti et al. [70] studied the addition of small 

amount (0.3w/w%) of Pt, Ir, and Ru to Co/MgAl2O4 catalysts, resulting total 

conversion at 500 °C. Hydrogen productions were 41.6 % (Co/MgAl2O4) and 

58.3 % (CoRu/MgAl2O4) of the maximum theoretical hydrogen yield. 

It has been observed that Ni containing catalysts can be more active 

than supported noble metals [71]. Ni is evidenced to have high activity for C–

C bond and O–H bond breaking, and also for hydrogenation of CO. The 

addition of alkali species modifies the character of interaction between 

adsorbed species and the metallic Ni, enhancing its steam reforming activity 

further. However, like Rh, Ni is less active for WGSR. Since Cu favors 

dehydrogenation and WGSR, the combination of Ni and Cu yields high 

steam reforming activity and high hydrogen selectivity [34]. In addition, 

mixing Cu with noble metal, such as Rh, may also improve hydrogen 

production due to the enhanced WGSR by Cu. Like other catalysts, the Ni-

based ones also suffer from coke formation as well as metal sintering, leading 
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to a considerable decrease of performance during long-term operation. Thus, 

the addition of properly selected additives is necessary to improve the 

stability of catalysts. All these results strongly indicate that ethanol reforming 

requires the development of multi-component catalysts. 

The Co catalysts also exhibit high activity and selectivity towards 

hydrogen at low temperature. Excellent results were obtained over ZnO 

supported Co catalysts by Llorca et. al [72]. Modification of Ni with Co is 

generally known to have a negative effect on the performance of ethanol 

steam reforming [73].  

The selection of Ce as catalytic component is justified by high oxygen 

mobility of CeOx, which can facilitate the removal of deposited carbon [74]. 

Similarly to this, the effect of La to ethanol steam reforming in Ni/La2O3 

catalyst has been explained by scavenging coke deposition due to the 

formation of surface lanthanum oxycarbonate species intermediate [75]. The 

selection of Zr as catalyst component is explained by synergism between Ni 

and Zr reported by Fierro et al. [76]. The improvement in intrinsic activity 

was ascribed to the enhancement of water adsorption/dissociation on the Ni–

Zr interfaces developed on Ni/ZrO2–Al2O3 catalysts. 

Applied active components and modifiers are very diverse, the most 

important catalysts are summarized in Table 5 [10] (with corresponding 

supports, and reaction conditions). Figure 10 [3] completes this list by 

introducing all the elements that were tested as catalysts in ethanol reforming 

(active components, modifiers, parts of supports). The selectivity is 

100
_





inEtOHi

i
i

cf

c
S


  Eq.2 

where Si is the selectivity for a product, ci is the concentration of this product, 

is the conversion (see Eq.1), and fi is a stoichiometric factor indicating 
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amount of the product when 1 mol ethanol reacts with 100 % selectivity 

towards this product. In case of H2 it is 6 according to (R1).  

 

 

Table 5A List of ethanol steam reforming over different noble metal catalysts [10] 

Catalyst Support T    

(°C) 

Water/ethanol 

ratio 

Ethanol 

conversion 

(%) 

Hydrogen 

selectivity 

(%) 

Rh (1w/w%) -Al2O3 800 3:1 100 ~95 

Rh (2w/w%)    100 ~96 

Ru (1w/w%)    42 ~55 

Ru (5w/w%)    100 ~96 

Pt (1w/w%)    60 ~65 

Pd (1w/w%)    55 ~50 

Rh (5w/w%) -Al2O3  8.4:1 100% at the 

begining 

Unknown 

    43% 100 h 

after 

operation 

 

Rh (3w/w%) MgO 650 8.5:1 99 (10h) 91 

Pd (3w/w%)    10 (10h) 70 

Ru (1w/w%) CeO2 450 Not known Above 90% 57 (20min) 

     25 

(100min) 

Rh (1w/w%)     82 (20min) 

     56 (80min) 

Rh (2w/w%) CeO2 300 8:1 58.5 59.7 

  400  100 66.3 

  500  100 69.1 

 ZrO2 300  100 57.4 

  500  100 70.3 

 

 

 



36 
 

Table 5B List of ethanol steam reforming over different non-noble metal catalysts [10] 

Catalyst Support T 

(°C) 

Water/ethanol 

ratio 

Ethanol 

conversion 

(%) 

Hydrogen 

selectivity 

(%) 

Ni (20w/w%) La2O3 500 3:1 35 70 

  800  ~100 95 

 -Al2O3 700  77 87 

  800  100 96 

Ni (20.6w/w%) Y2O3 250 3:1 81.9 43.1 

Ni (16.1w/w%) -Al2O3   76 44 

Ni (15.3w/w%) La2O3   80.7 49.5 

Ni (35w/w%) -Al2O3 500 6:1 100 91 

Ni (3.8w/w%) Al2O3 (heat treatment 

at 550°C) 

450 3:1 96.6 65.1 

 Al2O3 (heat treatment 

at 700°C) 

450  100 0 

  550  99.2 67.3 

  650  100 87.4 

Ni (10w/w%) -Al2O3 650 8:1 100 78.2 

 MgO   100 82.2 

 La2O3   100 89.3 

 ZnO   100 89.1 

Ni (21w/w%) MgO 650 8.5:1 42 (10h) 97 

Co (21w/w%) MgO   55 (10h) 92 

Co (10w/w%) ZnO 350 4:1 100 (75h) 73.4 

Co (10w/w%) + 

Na (0.06w/w%) 

ZnO 400 13:1 100 72.1 

Co (10w/w%) + 

Na (0.23w/w%) 

   100 73.4 

Co (10w/w%) + 

Na (0.78w/w%) 

   100 74.2 

Co (8w/w%) Al2O3 400 3:1 74 60-70 

(18w/w%)    99 63-70 

(8w/w%) SiO2   89 62-70 

(18w/w%)    97 69-72 
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Figure 10 Elemental compounds that were tested as catalysts in ethanol reforming (denoted by orange frame) [3]
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2.2.5. The mechanisms of the action of catalysts 

Fundamental understanding of the mechanism of ethanol reforming is 

inevitable necessary in the design of novel multicomponent catalysts and 

appropriate reactors. Some of the authors agree that the first elementary step 

is the molecular adsorption of ethanol on the active site [77] [78] [79] [64] 

while others proposed dissociative adsorption of ethanol instead of molecular 

adsorption [80] [71] [81]. 

Sanchez-Sanchez et al. [82] have examined ethanol reforming on Pt, 

Ni and NiPt/Al2O3 catalysts by DRIFT measurements. The main reaction 

pathway for ethanol reforming over the three catalysts was found to be the 

ethanol dehydrogenation and the subsequent acetaldehyde decomposition. 

The active sites, responsible for acetaldehyde decomposition, are easily 

deactivated in the first minutes on-stream by carbon deposits formed from 

dehydrogenation of CxHy intermediates. For Ni and PtNi catalysts a second 

reaction pathway, consisting of the decomposition of acetate intermediates 

formed over the surface of alumina support, became the main reaction 

pathway operating in the steam reforming of ethanol, once the acetaldehyde 

decomposition pathway is deactivated. It is found that most of the methyl 

groups formed from acetate decomposition remained on Ni/Al2O3 catalyst 

leading to further dehydrogenation that produces deactivation by coke. 

Catalyst deactivation was studied on Co/CeO2 by Lima et al. [83]. In 

steam reforming, ethoxy species were converted to acetate and steam 

promoted acetate demethanation. The resulting methane decomposed on Co 

metal particles. In this case, carbon diffused through the Co particle causing 

nucleating growth sites for filamentous carbon behind it, resulting filaments 

followed by lifting Co from the support. High water/ethanol ratios and 

oxygen promoted the cleaning of the cobalt surface.  

Modification of CeO2 by means of Ca was also reported [69] [84]. 
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Introduction of calcium into the CeO2 lattice structure [84] is shown to lead 

to the expansion of the unit cell and the creation of oxygen vacancies because 

of the lower oxidation state of Ca
2+

 compared to Ce
4+

. The creation of 

oxygen vacancies, in turn, facilitates the improvement of oxygen mobility in 

the ceria-supported Co catalysts. Increased oxygen mobility in these catalysts 

resulted in better catalytic performance.  

Hyman et al. have found, that on metallic cobalt surfaces the primary 

reaction for ethoxide species was decarbonylation producing CO, H2 and 

carbon [85]. Based on comparisons to decarbonylation of alcohols on other 

transition metal surfaces, these reactions likely proceed through an 

oxametallacycle intermediate. However, on CoO surfaces containing Co
2+

 

sites, ethoxide species undergo dehydrogenation to produce acetaldehyde, as 

well as a fraction of the acetaldehyde oxidizes further to acetate. More highly 

oxidized cobalt surfaces that contain both Co
2+

 and Co
3+

 were found to be 

active for the complete oxidation of ethanol to CO, CO2 and H2O. 

Song et al. have studied ethanol reforming on supported Co catalysts 

by DRIFT measurements [86] applying supports ZrO2 and CeO2. They have 

found, that dissociative adsorption of ethanol and water leads to ethoxide 

species and hydroxyl groups, respectively. The active metal catalyzes the C–

C bond cleavage and the formation of single carbon species. Different 

elementary steps of ethanol steam reforming process take place at the 

interface of the active metal and the oxide support that could participate by 

providing oxygen from the lattice to facilitate the oxidation of carbon species. 

The resulting oxygen vacancies can be filled by the oxygen in the hydroxyl 

species formed from water adsorption. Therefore, it is necessary to have high 

oxygen mobility throughout the oxide support to prevent carbon deposition 

on the surface. High metal dispersion forms more accessible metal/oxide 

interfaces and favors ethanol adsorption as well as catalyzes C–C cleavage.  
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2.3. Combinatorial methods and high-throughput experimentation 

Application of combinatorial methods means a special design of 

experiments for optimization purpose in practice. According to conventional 

experimental design, the experimental variables are varied one-by-one only. 

It means, that one of the variables is changed, followed by the next 

experiment. That is a preparation and testing of the designed experimental 

setup. According to the result obtained, the next experiment is designed. The 

scheme of whole experimental design and test cycle is shown in Figure 11. 

 

Figure 11 Conventional experimental design 

 

However, by using combinatorial approaches, all the experimental 

variables are changed simultaneously leading to design a large number of 

experiments to be accomplished parallelly. High-Throughput Experimental 

(HTE) techniques are used for both, parallel preparation and testing of 

catalysts. The experiments that has to be done simultaneously constitute a 

generation. The optimization is done iteratively. Accordingly, feedback from 

the test results is used to design the next generation as shown in Figure 12. 

All generations constitute the so called catalyst library. 
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Figure 12 Combinatorial design of catalysts libraries 

 

 

 It has to be emphasized, that in case of designing catalyst libraries the 

catalyst compositions are prepared simultaneously. The number of catalysts 

prepared and tested simultaneously can be very large. However, generally 

just a little amount from the many possible compositions is prepared. 

Due to the relatively large number of experimental data, different 

statistical tools can be applied in order to reveal cross-effects between 

different modifiers and correlations between composition and catalytic 

results, usually called as knowledge discovery. Knowledge discovery has 

been proved to be crucial in understanding the working mechanism several 

times. 

HTE techniques are fitted very well to combinatorial design of 

experiments. In other words, they are the hardware adapted to the software 

(informatic platform) consisting of the knowledge discovery tools and 

optimization algorithms, providing large number of experiments, 
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preparations and tests to be carried out. 

Application of HTE techniques has practical importance. They are 

used in pharmaceutical industry for early state drug discovery [87] [88], in 

optimization of solid-state catalysts [89] and in more areas, where large 

number of parallel experiments have to be carried out and evaluated. 

In this section, elements of the informatic platform will be introduced 

in detail. Combinatorial design of experiments is done by means of the 

Holographic Research Strategy (HRS), whereas the Artificial Neural 

Networks (ANNs) and the Partial Least Square (PLS) regression in 

combination with HRS is used for knowledge discovery. 

  

 

2.3.1. Holographic Research Strategy 

HRS is an optimization algorithm, which additionally has unique 

visualization abilities, too [90] [91] [92]. In HRS, variables are arranged 

along the orthogonal X and Y axes (see e.g. Figure 13, according to Ref. 

[92]). Lines with different length substitute the discrete levels of different 

variables. A given line represents one level of a variable and the length of a 

line is proportional to the number of data points displayed along the line. The 

visualization is based on wavelike arrangement of levels of the independent 

variables along the X and Y axes. The level of each component increases 

gradually until its maximum, then decreases gradually again. Accordingly, 

when moving along on any axis from an experimental point to the next one, 

only one level of a single variable is changed. This arrangement results in a 

2D matrix where the adjacent points are neighbors in the original 

multidimensional space as well. 

In the 2D matrix a dependent variable, generally called objective 

function, is visualized by a color coding. In Figure 13 the darker the point the 
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higher is the value of the objective function. In the design of catalyst library, 

the conversion or selectivity is usually investigated. It can be mentioned that, 

in some cases a combination of catalytic data has to be optimized, which 

means, that a complex objective function has to be defined according to 

optional intention of the experimenter. 

Application of HRS is also demonstrated on Figure 13. The variables 

along X and Y axes are designated with capital letters (A, B, C and D, E, F, 

respectively), which can be components of catalysts, or process parameters, 

such as reaction temperature, pressure, flow etc. In HRS optimization the 

initial experimental points (first catalyst generation) have been fixed as small 

clusters (i) in the center, (ii) along the symmetry axes and (iii) in the corners 

of given multidimensional experimental space resulting in 48 different 

catalyst compositions (Figure 13a) [90] [91] [92]. 

In the second step of the optimization, after testing the initial 

generation shown in Figure 13a, the arrangement of the points in the 2D 

matrix has been modified, leading to Figure 13b. It has to be emphasized that 

the order of the variables along the axes is different in Figure 13a and Figure 

13b. For example, along the X-axis the original order (Figure 13a) was A, B 

and C, which means, that the variable A, B and C changes its levels with the 

increasing frequency. However, in Figure 13b the order of variables is C, A 

and B. It can easily be concluded now that changing the variable position is 

responsible for the modified arrangements of the points in Figure 13b in 

comparison to Figure 13a. Nevertheless, it has to be emphasized that from the 

point of information content, the two different 2D images are identical to 

each other. 

As emerges from Figure 13b, the main goal of changing the variable 

position is to provide a new neighborhood for the matrix points. The points, 

which were in close proximity to each other, have been moved to another 
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position. The best experimental point (hit) is highlighted by a small red 

square in Figure 13b. 

In the third step of the optimization, experimental setups of the new 

generation are selected. In the example shown, the forthcoming generation 

has been created by means of a rectangular-shaped 5x5 size experimental 

window around the best hit of the preceding generations (brown square in 

Figure 13c). The number of the best hits and the size of the experimental 

windows around the best hits can be changed optionally by means of the 

experimenter. 

In the fourth step, the new experimental setups are tested and the new 

points are visualized in the 2D matrix according to the color code applied, as 

shown in Figure 13d. 

In the optimization process the above steps are repeated. The main 

steps of this iteration procedure are as follows: 

 

 

(i) selection of the best experimental point (hit), 

(ii) variable position change, 

(iii) formation of a new experimental window, and 

(iv) testing the new experimental setups 

 

The importance of the variable position change has to be emphasized. 

The new catalyst generation has to be created in the new neighborhood of the 

best experimental point, consequently, variable position change is the main 

driving force in the route to find the optimum. 
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Figure 13 Experimental optimization by HRS [92] 

 

 

The experimental design shown in Figure 13 contains 576 potential 

experimental points. In practical problems there are much more extended 

experimental spaces with 50 000 to 100 000 experimental points. HRS has 

proved to be an efficient optimization algorithm leading to the optimum by 

means of testing only a minor part of the whole experimental space. 
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In order to accelerate the research further, HRS is usually combined 

with chemometric tools such as ANNs and PLS. Both methods can establish 

quantitative relationship between the catalyst composition (input variables) 

and catalytic activity (output variables). By means of such preparation and 

testing of catalysts from the bad quality classes can be avoided. 

Moreover, the ANNs/PLS predictions of the experimental points can 

be visualized in the 2D matrix of the holographic maps (HMs). Analysis of 

the HM clearly reveals the correlation between the dependent and 

independent variables. Regions and clusters containing high or low activity 

values can easily be identified. HM helps the researcher to discover 

relationships, cross effects and trends in the whole system. Such combined 

application of HRS and ANNs (or PLS) is usually called knowledge 

discovery. ANNs and PLS will be detailed in the following chapters. 

  

2.3.2. Artificial Neural Networks 

 The ANN was inspired by the way of biological nervous systems, 

such as the brain. It is composed of a large number of highly interconnected 

processing elements (neurons) working in harmony to solve specific 

problems. Similarly to biological systems, examples are used to train ANNs. 

It is configured for a specific application, such as pattern recognition or data 

classification, through a training process. Training in biological systems 

involves adjustments to the synaptic connections that exist between the 

neurons. This holds true of ANNs as well [93]. They are widespread and 

applied, for example, to teach robots, to convert speech to characters and vice 

versa, to recognize planes or submarines from large distances, to regulate 

valves of rockets or to detect bombs in the airport [94]. 
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 Figure 14 The artificial neuron [95] 

  

 Similarly to real neurones, artificial ones have more input („dendrite”) 

sides and an output („axon”) side, demonstrated in Figure 14. ANN is built of 

these simple computational units. Multilayer perceptron [93] is an ANN, 

where neurons constitute layers. A simple multilayer perceptron is introduced 

in Figure 15. There is an input layer, a hidden layer and an output layer, but 

in practice there are usually more hidden layers.  

 

 

 

Figure 15 Shematic structure of a simple ANN [91] 

 

Layers are consisted of nodes (neurons), indicated by rings. Input of a neuron 

is a weighted sum of the outputs of each neuron from the previous layer (Eq. 

3). 
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                   Eq. 3 

 

Each neuron has a single output to another neuron in the forthcoming layer 

[95]. Output is generated from the input by a transfer function. In our practice 

a logsig type transfer function adopted from Cundari’s study [96] is used 

(Eq.4): 

 

        
 

   
     

    Eq. 4 

 

Finding optimal weights (Wi) for outputs is the key element in the application 

of neural networks. Determination of different Wi values is carried out by the 

so-called training process. Before training the ANNs, the available data have 

been divided into training, validation and test sets in ratio 70: 15: 15, 

respectively. The process of training and validation has been done by using 

the RPROP algorithm [97]. Training is stopped when the validation error 

increases in more than two consecutive epochs. Cundari et al. [96] have 

applied nineteen different network topologies. Each kind of architecture has 

been trained 1000 times (each training step has been initialized with different, 

random node-to-node weights). According to the 19 different topologies 

applied, to the whole set consists of 19000 networks. This number was 

reduced to the best 100 networks, having the smallest Mean Square Errors 

(MSEs) calculated for both the training and the validation sets. Finally, the 

best 100 networks have been involved into the Optimal Linear Combination 

[96], during which a so-called OLC-network has been created. The OLC-

network has been combined with HRS in order to visualize experimental 

space [90] [98]. 
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2.3.3. Partial Least Square Regression 

Similarly to ANNs the PLS has been used in order to establish 

quantitative relationship between input variables and catalytic performance. 

Detailed description and tutorial on PLS was published by Geladi and 

Kowalski [99]. Multidimensional and multivariate data sets, i.e. consisting of 

multiple independent (X block) and dependent (Y block) variables can be 

processed by means of PLS. In order to find correlation between X and Y 

blocks the axes of the original multidimensional coordinate system have been 

rotated in such a way that projection of the data along the new axes becomes 

the maximal. In this way, the so called latent variables or principal 

components (PCs) are obtained. The first PC is the new axis along that the 

projection of the highest data. The number of PCs and new axes, can be 

significantly smaller than the original dimensionality of input and output 

variables. PLS establishes a so-called inner correlation between the PCs 

calculated for the X block (t-scores) and PCs calculated for the Y block (u-

scores). Calculation of the PCs and the establishment of inner correlation 

among them is a multistep iterative process. Leave many out cross validation 

using seven segments have been applied to determine a number of latent 

variables in the PLS model.  

For analytical and classification purposes the scores of X and Y block 

can be used. In order to find possible outliers Hotelling T
2
 charts have been 

analyzed [100]. It is a distance chart, wherein the plotted points (T
2
) indicate 

the distance of samples from the center "point". Scores of X block (t-scores) 

is used to calculated T
2
 data according to 

 

  
                         Eq. 5 

with 
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 where n is the sample size, p is the number of variables (in this case 

principal components) and tij is the score value of principal component j at a 

sample i, as well as S
-1

 is the inverse of the sample variance-covariance 

matrix, S. 

 A limit value at =0.05 level of significance has been determined 

according to the probe statistics 

 

                    
       

   
            Eq. 6 

 

 with F(p,n-p) representing the F distribution, and p is the degrees of 

freedom for the numerator and n-p for the denominator. T
2
 values exceeding 

the limit calculated in Eq. 6 indicate outliers. 

 In Holographic Maps each matrix point represents an experimental 

setup, and the corresponding catalytic activity will be predicted by PLS. The 

predicted catalytic activities are shown according to a color code in 

Holographic Maps. These catalytic data are virtual, i.e.  not measured, but 

calculated by means of PLS model parameters. 

 PLS regression coefficients reflecting the relation between the 

original input and output variables were also calculated. Significance of 

regression coefficients at 0.05% level has been evaluated by means of 

Marten’s uncertainity test [101]. 
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3. Aim of the study 

 

My goal was to develop noble metal-free MgAl2O4 supported 

catalysts that i) can be operated at low temperature with high stability, ii) 

provides high hydrogen and low CO products. In order to increase the 

efficiency of optimization, high-throughput experimentation techniques and 

combinatorial tools have been applied. A 16-channel high-throughput reactor, 

which will be introduced in detail later, has been built and used for the 

catalytic tests. The strategy applied in order to accomplish the above goals 

was as follows: 

 

 

(i) Fine tuning of the composition of catalysts and the 

investigation of new modifiers 

Fine tuning of the composition of catalysts was obtained by HRS and 

its visualization by holographic maps. PLS regression and ANNs were 

used to complete the holographic maps. These methods were focused 

on finding an efficient catalyst compostion. Preliminary support 

optimization was carried out, which resulted in the application of 

MgAl2O4 spinel. 189 different samples were preparated and examined 

in 5 generations. The following metals were used as modifyers in the 

different experimental plans: Pt, Pd, Au, Ni, Co, Cu, Zn, La, Ce, Zr 

and Mo. (Noble metals were used as references in HRS; Mo was 

examined beyond HRS.) 
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(ii) Analysis of the lifetime and the stability of the catalysts 

and studying the effect of the temperature  

From economical point of view, lifetime and regeneration are 

important issues in the development of catalysts. In order to study 

these points, Temperature Programmed Reduction and Oxidation 

(TPR and TPO) measurements were carried out in the inert 16 

channel reactor. These examinations were the completions of 

Temperature Programmed Ethanol Reforming (TPER) measurements. 

The applied apparatus is able to work on a very wide temperature 

range (25-800°C) and able to maintain very small heating rate (min. 

0.5 °C/min). 

 

 

 

(iii) Modeling the mechanism of the catalytic processes 

When an appropriate catalyst composition with good properties is 

found, an important question is how it works. In situ FT-IR 

measurements were able to provide important information about the 

reaction intermediates by the determination of surface species. 

Furthermore, XPS and HR-TEM measurements were also applied to 

find the reaction mechanism on the best catalysts: Identification of 

chemical environment and elemental composition on the surface was 

carried out by XPS, and HR-TEM was used for studying the 

distribution of elements and crystalline surface species. 
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4. Experimental 

 
4.1. Preparation of catalysts  

The catalysts were prepared parallel in Syncore reactor (BÜCHI 

Labortechnik AG, Switzerland) using the rack for 24 glass reaction vessels. 

The following reagents and precursor compounds were used: NH4HCO3 

(Molar Chemicals Kft., 99.4 %), Al(NO3)3·9H2O (Aldrich, >98.5 %), 

Mg(NO3)2·6H2O (Aldrich, >99 %), Pt(NH3)4(NO3)2 (Aldrich, 99.99%), 

Pd(NO3)2·2H2O (Fluka, >98.0%), HAuCl4·3H2O (Aldrich, 99.99%), 

Ni(NO3)2·6H2O (Fluka, >98.5%), Co(NO3)2·6H2O (Fluka, >98.0%), 

Cu(NO3)2·3H2O (Fluka, >99.0%), Zn(NO3)2·6H2O (Fluka, >99.0%), 

La(NO3)3·6H2O (Fluka, >99.0%), (NH4)2Ce(NO3)6 (Fluka, >99.0 %), 

ZrO(NO3)2·H2O (Aldrich, 99.99%), H2MoO4 (Aldrich, MoO3 ≥84.5%). 

MgAl2O4 support has been prepared by means of a co-precipitation 

process. Typically 300 ml premixed solution of Al(NO3)3·9H2O (0.14 M) and 

Mg(NO3)2·6H2O (0.07 M) with Al:Mg molar ratio 2:1 was added dropwise at 

50 
o
C within two hours to 100 ml NH4HCO3 solution (2.5 M). The synthesis 

mixture was agitated for 24 hours with stirring rate of 1050 rpm at RT. The 

pH was adjusted to pH=11 and kept during the preparation by further 

addition of ca. 125 ml cc. NH4OH solution. The product was filtered and 

washed three times with 300 ml of distilled water, dried for 16 hours at 120 

ºC, and calcined for 7 hours at 850 ºC. Process can be described by reactions 

(R20-23). The first step is the decomposition of NH4HCO3 (R20), which 

provides the basic pH for precipitation of Mg (R21) and Al (R22). Drying 

and calcination cause the change in structure of the filtered gel of hydroxide 

mixture to obtain the final spinel as the gross reaction in (R23) shows. 

 

 NH4HCO3  NH4
+
 + OH

-
 + CO2    (R20) 
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Mg
2+

 + 2OH
-
  Mg(OH)2     (R21) 

Al
3+

 + 3OH
-
  Al(OH)3     (R22) 

Mg(OH)2 + 2 Al(OH)3                  
             

           MgAl2O4 + 4H2O(v) (R23) 

 Supported catalysts were prepared in a multistep process. In the first 

step 200 mg of the support was loaded with the second metal components 

and modifiers by means of homogeneous precipitation of precursors of 

different components using urea [102] [103] [104].  

Aqueous solution of the precursors (0.05 M) in the required amount 

was dispensed and then 10 ml 2 M urea solution in water was added followed 

by the addition of the support. The slurries were heated up to 100 ºC and 

continuously shaken at 350 rpm frequency. The slurries were boiled for 4 h to 

remove excess urea, followed by filtering and washing twice with deionised 

water. Catalysts preparation was a homogenous precipitation. Precursors 

were nitrates, which are well soluble in water. The addition of the urea 

solution does not cause precipitation. The key step is the rising of the 

temperature, which causes the decomposition of urea and releasing of 

ammonia (R24) and provides the basic pH. Precursors were precipitated as 

hydroxides (R25) and they were transformed to oxides by calcinations (R26), 

similarly to spinel preparation: 

(NH2)2CO + 3H2O 
       
       2NH4

+
 + 2OH

-
 + CO2  (R24) 

Me
2+

 + 2OH
-
  Me(OH)2        (Me = Ni or Co) (R25) 

Me(OH)2                   
             

           MeO + H2O(v)     (Me = Ni or Co) (R26) 

Samples were dried at 120 ºC and calcined at 400 ºC for 2 hours. Inductive 

coupled plasma emission spectroscope (ICP-ES) tests were carried out for 
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checking reliability of preparations. Good agreement between the nominal 

and real concentration of different components have been evidenced by 

means of these measurements (see Table 6). Before ICP-ES analysis, acidic 

digestion of the samples was necessary (see exact description in chapter 

4.5.1). 

 
Table 6. Nominal and real values of components in different catalysts 

Catalysts Concentration of components, w/w % to MgAl2O4 

 Ni Co Ce 

 nominal real nominal real nominal real 

Ni 10 10.2     

NiCo 10 13.7 10 12.4   

NiCoCe 10 13.1 10 11.8 7 7.6 

 

There is an important aspect to understand the composition of 

catalysts precisely: the definition of per cent. In case of catalytic chemistry, 

composition of samples is described by w/w%, which is not equal to the 

classic m/m%. The difference is represented by the following example: A 

supported catalyst contains 10% A and 5% B modifier. In case of classic 

definition of m/m%, it means that there are 85 mg of support, 10 mg of A and 

5 mg of B. In our case however, w/w% means, that there are 100 mg of 

support, 10 mg of A and 5 mg of B. (Catalytic chemistry not the only one, 

which applies w/w%, e.g. plastic industry also uses this informal unit to give 

the composition of blends under manufacturing PVC.) 

After definition of w/w%, another point arises, also necessary for the 

exact understanding of the composition of catalysts used. R20 reaction shows 

that metals are in oxidized form on the surface of the support. Because of 

this, 10 w/w% Ni is to be understood as 100 mg support and 10 mg Ni and 

not 100 mg support and 10 mg NiO! It means that the catalysts w/w% is 

applied and calculated (and reported) to the pure, metallic form of modifier! 
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4.2. Design and building of the high-throughput apparatus 

The advantages of high-throughput experimental technique were 

explained in details above. For measurements of ethanol reforming it was 

crucial to apply a multichannel apparatus. Our laboratory had already been 

equipped with a 16 channel reactor, but technical problems and new 

challenges appeared. By this reason, total redevelopment of the apparatus 

was necessary. My task was to plan the whole new reactor system and 

mounting a complete gas tubing network. The volume of this redevelopment 

is shown in Figure 16, the differences between size and complexity are 

clearly visible.  

 

 

Figure 16 Demonstration of the result of the redevelopment of the apparatus 
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Our apparatus (Figure 17 A, B, C) has been met the following 

requirements for our goals after redevelopment: 

(i)  The system has to provide multipurpose functionality. 

The profile of our laboratory is the high-throughput experimental technique. 

For the many other projects we have, a multichannel catalyst examination 

system has become necessary. Our 16-channel reactor was applied for 

reformation of ethanol in this work, but it was also used for propane 

oxidation, acrolein oxidation, CO oxidation and for catalyst pretreatment. 

Practically most solid-gas two phased heterogenous catalytic reactions can be 

carried out by this apparatus. 

(ii) The reactors have to be inert, with minimum 1.5 cm
3
 volume. 

Inertness is very important in catalyst examination. Therefore, special quarz 

glass tube reactors were planned. Increased reactor volume is useful in 

parallel pretreatment of different catalysts.   

(iii) The apparatus has to be able to work in wide temperature range. 

Measured points of higher temperature values are necessary in case of 

temperature programmed tests. Catalytic processes take place in the reaction 

zone. This is an inner, heat isolated part of the furnace, which is able to work 

from 25 to 800 °C. Reaction zone is also able to be heated by the speed of 0.5 

°C/min on higher temperatures. 

(iv) The apparatus has to be totally smell-insulated. 

The reactor is suitable for the analysis of very poisonous materials too. An 

iron framed PMMA cover was built around the apparatus, which can be 

hermetically closed and is equipped with a very strong exhaust ventilation 

system. Gases or smells cannot escape from this system.  

(v) The system has to be reliable and ergonomic. 

Round arrangement of reactors provides even gas flows in all channels. The 

furnace can be opened from all sides for easier mounting of the reactors. 
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Temperature regulation is independent from data recording, decreasing the 

chance of errors. The cover of the apparatus can be totally opened and in 

closed state lockable acces holes provide safety operation to reach all the 

necessary buttons, switches and valves. The whole system has a modular 

structure, which makes the apparatus mountable and transportable. 

 

 

 

A 
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Figure 17 The inert 16-channel continuous-flow reactor system, applied for reformation of ethanol, propane oxidation, acrolein oxidation, CO 

oxidation and catalyst pretreatment. The connection diagram of the gas pipe network (A), the complete apparatus (B) and the opened furnace with 

reactors (C)

C B 
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4.3. Catalytic tests 

4.3.1. Reaction conditions 

The multipurpose 16-channel continuous-flow reactor system 

described in Chapter 4.2 (Figure 17A, B and C) was used for catalytic test, 

with input values: 0.030 g of catalyst, 30 ml/min/channel flow rate, as well as 

the initial pressure of components in the gas phase was P
0

EtOH=2.1 kPa, 

P
0

H2O=18.1 kPa, P
0

Kr= 1 kPa, with He balance. Accordingly, the initial molar 

flow rate of ethanol and water was 25, and 215 mol/min/channel, 

respectively. The applied water/ethanol ratio corresponds to the result of a 

natural fermentation (wine). Krypton gas was used as internal standard 

facilitating the data analysis. A syringe pump was used to inject liquid 

mixture of ethanol and water with appropriate ratio into the He stream. The 

applied water/ethanol ratio was 8.6 which corresponds to the concentration of 

a natural bioethanol. The injector, tubes, valves and fittings before and after 

the reactor were heated at 200 °C in order to provide evaporation of the 

reactants and to avoid condensation of different products. Before testing, the 

catalysts were pretreated at 350 
o
C in hydrogen stream for 1 hour. The 

combinatorial optimization was done at 350 
o
C and additional experiments 

were done at 400 
o
C and 450 

o
C as well. In order to investigate the aging of 

the catalysts under isotherm conditions, 6 hour long time-on-stream 

stabilization tests were carried out. 

 

4.3.2. Detecting and evaluation 

A quadrupole mass spectrometer (Prisma QMS 200, Pfeiffer Vacuum 

Technology) was used as a detector for product analysis in the effluent gases. 

In our measurements ten mass fragments were monitored, shown in Table 7. 

In QMS mass fragments are m/z values, where m is molar weight and z is the 

charge of the fragment. The measurements have been evaluated by means of 
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our process control and data acquisition software Xmea for Linux on a PC. 

This software was developed by Meditor Kft. 

Table 7 Relative intensities ( m/zf ) in fragmentation pattern of different compounds in QMS 

Compounds   Mass fragment m/z  

2 16 28 27 29 31 32 44 58 84 

H2 1.00          

CH4  1.00         

CO  0.13 1.00        

Ethylene   1.79 1.00       

Acetaldehyde  0.13 0.18 0.05 1.00   0.45   

Ethanol   0.26 0.28 0.45 1.00     

O2       1.00    

CO2  0.23 0.18     1.00   

Acetone  0.33 0.80 0.60 0.23   0.20 1.00  

Kr          1.00 

 

Ethanol reforming yields in a large variety of products, such as CH4, 

CO, C2H4, acetaldehyde, ethanol, CO2, acetone with overlapping mass 

fragmentation pattern. For each compound the goal is to determine the 

intensity of mass fragment having unit relative intensity, i.e. 1f i

m/z  . This 

signal (Ii) shows linear correlation with the concentration of the given 

compound in the effluent gases. It was taken into consideration in the 

calculation of intensities for different compounds (Ii) that the total intensity 

measured at any mass fragment is a linear combination of all the 

contributions from different compounds in the gas mixture plus the 

background intensity: 

       
           

  
         

          
  Eq. 7 
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where N is the number of compounds, i

m/zf  is the relative intensity of mass 

fragment m/z in the fragmentation of the compound “i” (shown in Table 7), 

and Ii is the intensity of a compound that has to be determined. The 

background intensity for each mass fragment was measured in an empty 

reactor channel in the presence of He flows. The linear combination term in 

Eq. 7 is the actual analytical signal (    
          

) that is produced after 

subtracting the background intensity from the total intensity. In case of mass 

fragment m/z=28, the following equation can be derived: 

    
          

                                             

                      
                    Eq. 8 

In the linear equation system there are 7 equations (one for each mass 

fragment) and 7 intensity values to be determined. Multiple linear regression 

was used to determine iI  intensity of different compounds in the effluent 

gases. From mathematical point of view, in this equation system the     
  

factors are the “variables” while the iI  intensity values are the “constants”. A 

similar methodology was used for data analysis in propylene epoxidation 

reaction [105]. 

 As it was described above, Kr was used as internal standard. 

Intensities of different compounds (Ii) were related to Kr signal in order to 

eliminate the volume expansion issues due to chemical reactions. Calibration 

constants (ci) for each component were determined before. Eq. 9 shows the 

correlation between the molar flow rate ratio and the intensity ratio of 

compound “i” to Kr flow rate and intensity: 

 
  

   
    

  

   
   Eq. 9 

 Molar flow rate values determined this way had ca. ±3 % relative 

error. The calculation of relative error was based on three repeated tests and 
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the application of the error propagation law in order to consider the 

transformation of intensity ratios to molar ratios according to Eq. 9.  

Initial molar flow rates of ethanol and Kr at the applied 30 

ml/min/channel gas flow rate and initial pressures shown above were 25.8 

and 12.3 mol/min/channel, respectively.  

As far as the molar flow rate of Kr is equal in the input and output gas 

mixtures, the molar flow rates of different compounds in the effluent gases 

can be determined according to Eq. 9, irrespectively to the changes in the mol 

number of reaction products formed in various parallel-consecutive reactions 

(see (R13-19) reactions). Therefore, as it was introduced in chapter 2.2.2 

(Eq.1), the conversion of ethanol can simply be calculated on the bases of the 

flow rate of the ethanol in the initial reaction mixture and in the effluent 

gases. Selectivity for different products can be calculated by Eq. 2 (see 

chapter 2.2.4.). 

Application of Holographic Maps was important to be able to 

visualize my results. These figures show the obtained yields of hydrogen and 

methane. Holographic Maps were drawn by Microsoft Excel. A macro in 

Visual Basic was written to visualize my results according to a colour code. 

Application of ANNs and PLS were also based on Visual Basic programs, 

made in our laboratory. 

 

4.4. Temperature programmed oxidation and reduction of the spent 

catalysts 

Temperature programmed oxidation (TPO) tests were carried out to 

determine the amount of carbonaceous deposits via their oxidation to CO2. 

TPO of spent catalysts was done in high-throughput manner in the 16-

channel reactor. After ethanol reforming test, the reactor was cooled to 200 

°C in He atmosphere. The gas flow (50ml/min) was then switched to 5% 
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O2/He gas mixture. In a TPO run the temperature was raised from 200 to 700 

°C (heating rate: 1 °C/min), while the O2 consumption and CO2 formation 

was monitored by QMS. 

The reactivity of carbonaceous deposits formed during the ethanol 

reforming was also tested in TPR measurements. The inverse reaction (R15) 

was examined in these tests. Similarly to the procedure described in case of 

TPO runs after reformation of ethanol, the 16-channel reactor was cooled to 

200 °C in He atmosphere. In a TPR run 5% H2/He gas mixture (50ml/min) 

was applied and the temperature was raised from 200 to 500 °C (heating rate: 

1 °C/min), while the H2 consumption and CH4 formation was monitored by 

QMS. 

 

4.5. Characterization of catalysts 

4.5.1. Inductive coupled plasm emission spectroscopy 

Inductive coupled plasm emission spectroscopy (ICP-ES) can be used 

for exact quantitative determination of guest elements from solutions, for 

example, see the analysis of the metal content of wines. In case of solid 

samples, like my multicomponent supported catalysts, acidic digestion is 

necessary. In this method, solution of the sample is injected to a plasm, with 

6000-8000 K temperature. Plasm is obtained by excitation of Ar flow, for 

with radio frequency and Tesla coil are used. The upcoming emission spectra 

is detected by photoelectron multiplicators. The wet chemical analysis was 

carried out by application of ICP-ES equipment (Jobin Yvon (France), type 

JY138 Ultrace, sequential). Typically, 50 mg sample was dissolved in a 

mixture of 5 ml cc. HCl and 1 ml cc. HNO3 solutions, which was then diluted 

up to 100 ml with deionized water. Nominal and real concentrations of 

components are collected in Table 6. ICP-ES measurements were three spot-

tests only, these three samples (Table 1) were analysed from my 189 
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catalysts. Aim of these measurements was to check the quality of 

preparations. 

 

4.5.2. High resolution transmission electron microscopy 

I applied high resolution transmission electron microscopy (HR-

TEM) to determine of the morphology of the catalysts and for exploring the 

distribution of different components on the surface of the samples. Very thin 

layers, or smooth dispergated powder suspensions (like in case of my sample) 

can be examined by electronmicroscopy. HR-TEM is able to analyze both, 

surfaces and bulk samples. Determination of the distribution of different 

elements was carried out by electron energy loss spectroscopy (EELS). HR-

TEM investigations were carried out in order to explore distribution of 

different components over the MgAl2O4 support. Close atomic contact 

between different components is prerequisite of evolving any synergetic 

effects on the catalytic performance. Prior to the investigation, the three-

component NiCoCe/MgAl2O4 sample was pretreated at 400 °C in hydrogen 

for 1 h and then it was submitted to ethanol reforming at 400 °C under 

experimental conditions used for catalytic tests. After catalytic 

“pretreatment”, the sample was suspended in ethanol and drop-dried on 

carbon coated copper TEM grids. HR-TEM images were taken close to the 

Scherzer focus by using a JEOL 3010 microscope operated at 300 kV 

accelerating voltage (point-resolution = 1.6 Å). Elemental mapping was done 

by a Gatan TRIDIEM electron energy loss spectrometer. 

 

4.5.3. X-ray diffraction 

This method is applied for the analysis of crystallic samples. 

Wavelength of X-ray radiation is commensurable to crystal lattice constants 

(ca. 10
-10

 m), which are the layer distances of the crystal structure. XRD 
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gives information about the distribution of electron density. Diffractograph 

shows the intensity of reflected X-ray radiation as a function of the angle of 

irradiation. X-ray diffraction patterns of catalysts were recorded on a Philips 

model PW 3710-based PW 1050 Bragg–Brentano parafocusing goniometer 

using Cu K radiation ( = 0.15418 nm), graphite monochromator and 

proportional counter. The XRD scans were digitally recorded with a step-size 

of 0.04° (2) and evaluated with profile fitting methods. 

 

4.5.4. X-ray photoelectron spectroscopy 

Samples are irradiated by high energy monocromatic light, which 

causes ionization of molecules. For this purpose X-ray radiation is applied, 

which is able to split electrons from the valence shell and from the closed 

shells, too. Kinetic energy of outsplitting electrons are detected. Energy 

change, which belongs to ionization, is calculated from this detected kinetic 

energy. Permeation of X-ray radiation is large, but electron permeation is 

little. Because of this, X-ray photoelectron spectroscopy (XPS) is a surface 

analytical method. XPS studies were carried out on an EA 125 energy 

analyzer (Omicron Nanaotechnology GmbH, Taunusstein, Germany) using 

both Mg-Kα and Al-K excitation. Self-supporting disks of the catalyst 

samples were mounted on stainless steel sample plates. The base pressure in 

the analysis chamber of the electron spectrometer is around 510
-10

 mbar. A 

custom-designed cell is attached to the analysis chamber, in which the 

samples can be either pretreated or exposed to the reaction mixture at 

atmospheric pressure and elevated temperature.  

After recording the spectra of the “as prepared” samples, a reductive 

pretreatment was carried out in 500 mbar static H2 atmosphere for 60 min at 

350 °C. After taking the spectra of the reduced samples, circumstances 

resembling the reaction conditions in the catalytic tests were applied in the 
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high-pressure chamber by introducing a static gas mixture containing 40-50 

mbar Ar and roughly 10 mbar of the vapor of a 4wt% ethanol + 96wt% water 

mixture at 350 °C. Spectra of the samples were collected both after roughly 

50% ethanol consumption (tipically 20 min reaction time) and after 

completing the reaction (approximately 60 min).  

Spectra were fitted and data were quantified by means of CasaXPS 

[106] and XPSMultiQuant [107] software, respectively, adopting 

homogeneous depth distribution model for each component. For chemical 

state identification, static charging of the insulating samples was taken into 

account by calibrating the energy scale by the support-related core levels (Mg 

2s: 89.3 eV, Mg 2p: 50.4 eV, Al 2s: 119.4 eV, Al 2p: 74.7 eV) [108] and the 

position of the metallic Fermi edge, if applicable. The error of the binding 

energies is estimated to be around ±0.1-0.2 eV. 

 

4.5.5. Fourier transformed infrared spectroscopy 

Fourier transformed infrared spectroscopy (FT-IR) is applied for the 

detemination of different bonds and function groups of the molecules in the 

sample, useful for organic compounds. (IR radiation in range 780 nm and 

1000 m causes molecular vibration.) Diffuse reflectance infrared Fourier 

transform (DRIFT) spectra were recorded between 4000–800 cm
−1

 with ±2 

cm
−1

 resolution using 32 scans in a Bio-Rad FTS-135 FT-IR instrument 

equipped with a Specrea Tech diffuse reflectance infrared chamber. Prior to 

DRIFT tests the samples were pretreated at 400 °C, in 30 ml/min H2 flow for 

1 h. In situ DRIFT spectra of catalysts were taken in the temperature range 50 

to 600 °C, with 10 °C/min heating rate, in 30 ml/min Ar flow. Water/ethanol 

ratio = 9/1 mixture was continuously pumped to Ar flow with 0.3 ml/h flow 

rate. 
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Table 8 Summary of the applied methods for catalyst characterization 

 

Method 

 

 

Obtained information 

 

Role of the 

method in my 

work 

 

Physical 

appearance of 

sample 

 

ICP-ES 

 

Exact quantitative determination 

of guest elements by analysis of 

plasm emission spectra of 

samples, injected to a 6000 – 8000 

K Ar plasm) 

 

checking the 

reliability of 

preparation 

 

 

liquid or solution 

(Acidic digestion is 

necessary in case of 

solid samples.) 

HR-TEM Hundred-thousandfold 

amplificated image of the sample 

for analysing its morphology, 

crystal lattices, etc. (derived from 

the illumination of the sample by 

electrons.); determination of 

elementhal distribution derived 

from EELS images 

qualititative 

determination of 

different crystal 

phases 

 

alcoholic suspension 

of solid sample, 

which is drop-dried 

on carbon coated 

copper TEM grid 

XRD Wavelength of X-ray radiation is 

commensurable to layer distances 

of the crystal structures. Different 

crystal phases, lattices and their 

rate can be determined by 

measuring the distribution of 

electron density. 

quantitative 

determination of 

different crystal 

phases 

 

solid crystalline 

powder, filled onto a 

stainless steel plate 

XPS Identification, quantitative 

determination and chemical state 

analysis of the sample constituents 

in the surface region (derived from 

the energy distribution of ejected 

photoelectrons) 

determination of 

active sites 

 

pressed pellet fixed 

on a stainless steel 

plate 

FT-IR Identification of functional groups 

and their chemical environment by 

the analysis of molecular 

vibrations (deformation and 

stretching) derived from the 

transmitted infrared radiation  

in situ 

identification of 

surface 

adsorbents and 

species  

solid waterless 

powder in a stainless 

steel sample holder 
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5. Results and discussion 

 

5.1. Holographic Research Strategy  

 5.1.1. Independent variables 

 5.1.1.1. Composition of the samples – catalyst library design 

Ten different modifiers were applied in my catalyst library design. I 

have chosen seven non noble metals (Ni, Co, Cu, Zn, La, Ce, Zr) according 

to chapter 2.2.3. Essentially, my aim was to develop noble metal free 

catalysts, however, three noble metals have also been investigated in order to 

discover synergism between noble metals and other components. Pt, Pd and 

Au were chosen as references from noble metals, see Figure 10.  

Based on the results obtained by preliminary high-throughput 

temperature programmed study [102], MgAl2O4 has been selected as support 

material for catalyst library design. In order to design a catalyst library, 

appropriate reaction temperature was selected. Particularly, 350 °C was 

selected for the forthcoming optimization, and the reason is the relatively 

large difference in the hydrogen production between different catalysts at this 

temperature. This approach is favorable when the establishment of a relative 

rank among the catalyst is the main goal. High diversity in catalytic 

performance is the prerequisite for effective optimization. However, it has to 

be emphasized that due to thermodynamic reasons, high hydrogen production 

cannot be expected at such low temperature [16]. (According to the ideal 

reaction pathway, hydrogen and CO2 are the desired reaction products.) 
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Table 9. Experimental space used in catalyst library design at 350 
o
C (1

st
 – 4

th
 generation) 

Levels Concentration 

 w/w % to MgAl2O4 support 

 Pt Pd Au Ni Co Cu Zn La Ce Zr 

1 0.0 0.0 0.0 0 0 0 0 0 0 0 

2 0.2 0.2 0.2 2 2 2 1 1 1 1 

3 1.0 1.0 1.0 10 10 10 5 5 5 5 

4 3.0 3.0 3.0        

 

 

Table 10. Experimental space used in catalyst library design at 350 
o
C (5

th
 generation) 

Levels Concentration 

 w/w % to MgAl2O4 support 

 Pt Pd Au   Ni Co Cu Zn La Ce Zr 

1 3 0 0 0 0 0 0 0 0 0 

2    10 10 10 10 3 3 3 

3      20 20 6 7 6 

4        10 15 10 

 

 

In my catalyst library design, the concentration of components shown 

in Tables 9 and 10 has been applied. 25-50 catalysts were designed in each 

generation. As a final result, 189 catalysts have been tested within five 

generations. The best composition resulted in 59.3 mol/min hydrogen 

production, which is 38.1 % of the theoretical maximum according to 

reaction (R1). 
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The best hits in each generation are given in Table 11, while the 

progress in hydrogen and CO2 production in each generation is shown in 

Figure 18A and B. These figures show the improvement in the formation of 

hydrogen and CO2 in each subsequent generation. These figures carry a clear 

message, that is, the hydrogen production increases significantly in each 

generation, and simultaneously, remarkable increase in CO2 formation has 

also been achieved, especially, in the last three generations. The analysis of 

Figure 19 reveals that the experimental space designed in five generations 

was relatively progressive in relation to catalyst composition, with the 

exception of the 2
nd

 generation.  

 

 

Table 11. Summary of HRS optimization at 350 
o
C 

Gen. Composition Conv. Molar flow rate of products 

 w/w % to MgAl2O4 support % mol/min 

 Pt Pd Au Ni Co Cu Zn La Ce Zr  CH4 CO CH3CHO CO2 H2 

1
st
 3 1 0.2 10 0 0 0 1 1 1 99 26.5 5.1 0.6 12.6 27.3 

2
nd

  0 0 3 0 0 10 5 0 0 0 96 0.0 3.2 20.6 2.0 36.3 

3
rd

  3 1 1 10 0 0 0 0 5 1 96 23.8 8.7 1.6 14.9 38.1 

4
th

  3 0 0 10 10 0 0 0 2 0 99 26.6 2.2 0.5 21.3 42.0 

5
th

 0 0 0 10 10 0 0 0 7 0 99 20.9 4.8 0.7 23.4 59.3 

Reaction conditions:      
   =25.8 mol/min,     

   =220 mol/min, Wcat=30 mg, T=350 
o
C 
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Figure 18 Progress in each subsequent generation during catalyst optimization: (A) 

formation of hydrogen and (B) formation of CO2;  1
st
,  2

nd
,  3

rd
,  4

th
, and  5

th
 

generation. Reaction conditions: see Table 11. 
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As emerges from Table 12, the best hits in the fifth generation contain 

no Pt, Pd, Au, Zn and Cu. Consequently, not only high yield of hydrogen was 

achieved, but noble metal-free catalysts containing only Ni, Co and Ce were 

designed. The product distribution at 350 
o
C indicates that the key 

components in the effluent gas are: hydrogen, methane, CO2 and CO. It is 

worthwhile to mention that this gas mixture can directly be used in MCFC. 

Consequently, the developed catalysts are suitable for ethanol pre-reforming. 

 

Table 12. The best hits in the 5
th

 generation 

Composition Conv. Molar flow rate of products 

w/w % to MgAl2O4 support % mol/min 

Ni Co La Ce Zr  CH4 CO CH3CHO CO2 H2 

10 10 0 7 0 99 20.9 4.8 0.7 23.4 59.3 

10 10 3 7 0 99 21.3 7.3 1.1 19.5 53.0 

10 10 6 7 0 100 22.7 7.3 0.6 20.1 52.9 

10 10 0 7 3 99 22.6 8.5 1.0 17.8 49.4 

10 10 3 7 6 98 21.9 9.1 1.2 17.1 48.4 

Concentrations of Pt, Pd, Au, Cu and Zn are zero. Reaction conditions: see Table 11 

 

The analysis of the product distribution in consecutive generations 

provided additional information in relation to the main reaction routes in the 

subsequent generations. Relationships between molar flow rates of the main 

reaction products in the effluent gas obtained over different catalysts in each 

generation are shown in Figure 19. 
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Figure 19 Correlation between the amounts of different components in the effluent gas: 

A:acetaldehyde-hydrogen, B:CO-hydrogen, C: acetaldehyde-methane, D: acetaldehyde-CO, 

E: CO-methane, and F: CO2 – CO in subsequent generations.  1
st
,  2

nd
,  3

rd
,  4

th
 and 

 5
th

 generation; red framed zones indicate the theoretically best samples; Reaction 

conditions: see Table 11 
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Figure 19A shows the relationship between the formation of 

acetaldehyde and hydrogen. Acetahdehyde is an intermediate product and 

hydrogen is the required product, so a good catalyst produces maximal 

amount of hydrogen and minimal amount of acetaldehyde at the same time 

(see red frame). The relationship is quasi linear in the 1
st
 generation (see line 

1 in Figure 19A). In this region upon increasing the amount of acetaldehyde 

formed, the amount of hydrogen increases. It is interesting to note that, even 

in the 1
st
 generation the amount of acetaldehyde is less than that of the 

hydrogen. In the 2
nd

 generation this difference is even more pronounced. It 

means that catalysts designed in the first two generations result mainly the 

product of dehydrogenation of ethanol, see (R11). In addition, reactions with 

the involvement of acetaldehyde have definite contribution in the overall 

product distribution.  

However, in the last three generations an inverse relationship can be 

seen (see lines 2, 3 and 4). This result indicates that direct steam reforming of 

acetaldehyde (R15) takes place resulting in even more hydrogen. The fact 

that in the 4
th

 and 5
th

 generations the hydrogen flow rate significantly exceeds 

the initial flow rate of ethanol indicates that WGSR of CO (R14) originated 

from the decomposition of acetaldehyde (R13) also takes place. Both, direct 

steam reforming of acetaldehyde and WGSR resulted in a decrease of the 

acetaldehyde and increase of the hydrogen concentration. Catalysts highly 

active in hydrogen production convert acetaldehyde almost completely.  

Figure 19B shows the relationship between hydrogen and CO2 

formation. H2 and CO2 are the main products of ethanol reforming. These 

gases have to be produced in maximal amount, as required from good 

catalysts (see red frame). 

These results indicate that in the 1
st
 and 2

nd
 generations the amount of 

the CO2 formed is negligible. There is only one catalyst sample having 
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acceptable level of CO2 production. Considerable CO2 production has been 

started only in the 3
rd

 generation. Catalysts in the 3
rd

, 4
th

, and 5
th

 generations 

show linear relationship between the hydrogen and CO2 production. This fact 

indicates the predominant role of WGSR in the last three generations. Over 

the catalysts in the 5
th

 generation, higher H2 yield was measured at the same 

CO2 production level in comparison to the amount of hydrogen formed over 

catalysts in 3
rd

 and 4
th

 generations, that is, line 2 is shifted to the right in 

comparison to line 1. Actually, WGSR is not the only process responsible for 

additional hydrogen production. In the 5
th

 generation, direct steam reforming 

of methane also takes place. In other words, in the 5
th

 generation over the 

noble metal free compositions, CO methanation according to (R16) reaction 

was suppressed. 

Figure 19C and D show the dependence between the formation of 

acetaldehyde and its decomposition products, methane and CO, respectively. 

Acetaldehyde and CO are intermediate products of ethanol reforming, as well 

as methane is a not desired by-product. It means that, their amount should be 

very low on efficient catalysts (see red frame). 

The two dependencies are quite similar. The inverse character of both 

dependencies unambiguously indicates the decomposition of acetaldehyde. In 

the last two generations at low concentration of acetaldehyde, the amount of 

CO decreases significantly, indicating that after decomposition of 

acetaldehyde, due to the high activity of catalysts in the 4
th

 and 5
th

 

generations, CO reacts further. The higher activity in the last two generations 

is reflected also in the higher methane production according to Figure 19D.  

Taking the consecutive reaction scheme into account: starting with 

dehydrogenation of ethanol (R11) followed by acetaldehyde decomposition 

(R13), the maximum concentration of methane cannot exceed the initial 

concentration of ethanol. However, as emerges from Figure 19D, at the total 
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conversion of acetaldehyde the amount of methane is slightly higher than its 

theoretical value (25.8 mol/min). It indicates that there is at least one more 

route for methane formation, namely CO methanation. Figure 19D also 

shows that there are catalyst compositions in the 5
th

 generation resulting in 

slight decrease in the amount of methane formed, indicating the suppression 

of the CO methanation activity in the 5
th

 generation  (see the arrow in Figure 

19D). 

Figure 19E shows the relationship between the formation of methane 

and CO. The situation is similar to the previously mentioned Figure 19D, 

because there is an intermediate product showing on y axis and a not desired 

by-product showing on x axis. They need to be minimized for an efficient 

ethanol reforming (see red frame). 

There is an almost linear relationship in the first three generations. It 

indicates that these two products are formed in the same reaction, i.e. via 

decomposition of acetaldehyde. However, in every sample, the amount of 

methane is higher than that of CO. This fact as well as the inverse proportion 

between the amount of CO and methane in the 4
th

 and 5
th

 generations points 

to the pronounced methanation of CO (R16). 

Figure 19F shows the correlation between CO2 and CO formations. 

Intensive CO2 production is desired with low CO formation, as the red frame 

indicates. According to this figure, the WGSR (R14) also takes place in the 

4
th

 and 5
th

 generations resulting in a significant increase of the amount of CO2 

at the expense of CO. The WGSR (R14) and the steam reforming of 

acetaldehyde (R15) are wanted reactions, while the CO methanation (R16) 

should be avoided as the formation of methane significantly reduces the 

hydrogen production.  
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5.1.1.2. Temperature of the reaction  

The temperature dependence was investigated at 350, 400 and 450 
o
C 

using factorial experiments in the compositional space related to Ni, Co, La, 

Ce and Pt. Concentration of different components in the three best hits and 

the catalytic results at each temperature are given in Table 13. Upon 

increasing the temperature from 350 
o
C to 400 and 450 

o
C the amount of 

hydrogen formed increased from 59.3 mol/min to 69.5 and 101.5 mol/min, 

respectively (This last flow value is just the 65 % maximum theoretical 

hydrogen yield.). These results also show that the temperature has only minor 

impact on the concentration of the components in the best catalysts. On the 

other hand, results of Table 8 show that our best catalyst is better than a 

commercial Ni/MgAl2O4 catalyst, where H2 yield is only 50 % on 650°C 

[58]. 

 

Table 13. Best three hits at different temperatures  

Temp. Composition Conv. Molar flow rate of products 

o
C w/w % to MgAl2O4 support % mol/min 

 Pt Ni Co La Ce  CH4 CO CH3CHO CO2 H2 

 0 10 10 0 7 99 20.9 4.8 0.7 23.4 59.3 

350 0 10 10 3 7 99 21.3 7.3 1.1 19.5 53.0 

 0 10 10 6 7 100 22.7 7.3 0.6 20.1 52.9 

 0 10 10 0 7 100 16.1 4.0 0.1 31.5 86.8 

400 3 10 10 0 7 100 16.9 3.1 0.5 30.3 80.3 

 0 10 10 0 0 100 18.7 3.1 0.5 28.7 74.1 

 0 10 10 0 7 100 12.7 2.4 0.4 35.6 101.1 

450 3 10 10 0 7 100 13.9 2.5 0.4 33.9 94.0 

 0 10 10 0 0 100 16.2 2.8 0.4 31.3 84.1 

Concentration of Pd, Au, Cu, Zn and Zr were zero. Reaction conditions:      
   =25.8 

mol/min,     
   =220 mol/min, Wcat=30 mg.  
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5.1.2. Holographic Mapping 

 5.1.2.1. Application of Artificial Neural Networks 

Predictions of Artificial Neural Networks (ANNs) in the experimental 

space given in Table 14 are visualized in Holographic Maps shown in Figure 

20. Due to the negligible effect of noble metals (Pd and Au), they were 

omitted from the mapping, thus the experimental space was reduced to 8 

compositional variables. In addition, the effect of the reaction temperature 

was also analyzed.  

 

Table 14. Levels of experimental variables used in Holographic Maps  

 

Levels 

 

Temp.°C 

Concentration 

w/w% to MgAl2O4 support 

Pt Ni Co Cu Zn La Ce Zr 

1 350 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2 400 1.0 3.3 3.3 3.3 2.5 3.0 3.5 3.0 

3 450 2.0 6.7 6.7 6.7 5.0 6.0 7.0 6.0 

4  3.0 10.0 10.0 10.0     

Pd and Au is set to be equal to zero.  

 

My main goal was to find catalysts with better hydrogen production. 

Accordingly, predictions with respect to the hydrogen production are 

visualized in Figure 20A. As emerges from Figure 20A, the predicted effect 

of Pt on hydrogen production is moderate according to ANNs. A slight 

positive effect of Pt can be seen as the concentration of yellow points is 

relatively higher at high Pt content. However, similarly good catalysts can 

also be found at lower Pt content or in case of Pt free compositions as well. 
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The positive effect of Ni is evident. The two hot colored regions in Figure 

20A perpendicular to the X-axis coincide with the highest Ni levels. The 

effect of Co largely depends on the presence of Ni. Co has practically no 

effect in Ni free compositions. Nevertheless, Co can significantly enhance 

hydrogen production in the presence of Ni. The effect of Cu seems to be 

ambiguous: at zero or at low Ni content Cu improves catalytic performance 

while at high Ni content Cu deteriorates hydrogen production activity. Thus, 

while positive synergism exists between Co and Ni, there is a hindering 

effect between Cu and Ni. 
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Figure 20 Visualization of hydrogen and methane production in Holographic Maps obtained 

upon combination of HRS with ANNs (A and B). Yield of products in % is visualized. Color 

codes of hydrogen yield values: 5.8> , 5.8-11.6 , 11.6-17.4 , 17.4-23.3 , 23.3-29.1 , 

29.1-34.9 , 34.9-40.7 , 40.7-46.5 , 46.5-52.3 , 52.3< . Color codes of methane yield 

values: 11.6> , 11.6-17.4 , 17.4-23.3 , 23.3-29.1 , 29.1-34.9 , 34.9-40.7 , 40.7-

46.5 , 46.5-52.3 , 52.3-58.1 , 58.1< . 

 

The advantageous effect of higher temperatures is remarkable along 

the Y-axis. A slight negative effect of La and pronounced negative effect of 

Zn can be seen, while Zr does not influence the catalytic performance at all. 

Surprisingly, the addition of Ce to the catalyst in some cases results in lower 

hydrogen production. This result seems to be in contrast with the 
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experimental results, since the best composition found contained Ce (see 

Table 13). Actually, as emerges from Figure 20A, Ce shows positive effect 

only in the absence of Zn. Because Zn has a negative effect, the absence of 

Zn is a prerequisite to obtain a catalytic composition with high hydrogen 

production activity. The addition of Ce to a Zn-free catalyst can improve 

catalytic performance. Position of the best virtual point on the HM is 

highlighted in Figure 20A, and the corresponding predicted hydrogen yield is 

shown in Table 15. Measured hydrogen yield over this catalyst at 450 ºC was 

60.7 %, a higher value than that predicted by ANNs (53.1 %, see Table 15).  

The formation of methane is crucial as well. The hydrogen to carbon 

ratio is quite high in methane, therefore reactions leading to methane such as 

CO methanation are considered disadvantageous. Thus, methane is formed 

on the expense of hydrogen production. Nevertheless, in some applications, a 

mixture of hydrogen and methane in an appropriate ratio is desired. In 

Molten Carbonate Fuel Cells (MCFCs), due to its higher heat conductivity, 

methane is mixed into hydrogen resulting in more homogeneous heat 

distribution in the cell. It has therefore a certain importance to execute 

ethanol “pre-reforming” producing both, hydrogen and methane from ethanol 

for MCFCs. 

Methane formation predicted by ANNs is shown in Figure 20B. It is 

quite evident that the presence of Pt increases, while higher temperatures 

reduce methane formation. Hence, noble metal free compositions at relatively 

higher temperatures can be applied for hydrogen production, while methane 

containing gas mixtures for MCFCs can be produced at lower temperatures 

by means of Pt containing catalysts.  

Indeed, considering only the experimental space at the higher 

temperatures or in noble metal-free compositions, the presence of Ni is 

responsible for methane formation. Relatively high amount of methane is 
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produced when Ni is applied at its highest concentration level. However, in 

order to reduce methane content in the effluent gases, addition of Zn seems to 

be necessary. Highest methane yields belong to the compositions without Zn, 

which is indicated by the yellowish regions perpendicular to the Y-axis in 

Figure 20B at the 1
st
 Zn level. Unfortunately, Zn has a negative effect on 

hydrogen production. Thus, not only the methane formation but also the 

hydrogen production is decreased in the presence of Zn. A similar behavior is 

characteristic in case of Cu and La as well, which makes them inappropriate 

as modifiers.  

Only a slight effect, if there is any, by Co and Zr on methane 

formation can be observed, while the addition of Ce suppresses methane 

formation. Therefore, compositions containing Ce, in the presence of Ni, can 

be effectively used for enhancing hydrogen production, since beside the 

suppression of methane formation has a positive effect on the hydrogen 

production as well. 

Table 15. Best composition predicted by ANNs and PLS 

Predic-

tion 

method 

T      

°C 

Best composition Predicted    

H2 yield      

% 

Measured 

H2 yield   

% w/w% to MgAl2O4 support 

Pt Ni Co Cu Zn La Ce Zr 

ANNs 450 3 10 10 0 0 0 7 0 53.1 60.7 

PLS 450 3 10 10 10 0 0 0 0 43.9 36.2 

 

 5.1.2.2. Application of Partial Least Square Regression 

Partial Least Square Regression (PLS) has been used to reveal the 

most predominant, linear effects. It is a deterministic and robust algorithm. 

Robust means that the model parameters do not change very much when new 

training samples are taken from the total population [99]. Therefore, at least 
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with respect to the main linear effect, PLS can be a clue, and in this way PLS 

can confirm results obtained by means of ANNs. However, ANNs are more 

precise than PLS in the evaluation of different effects, if overfitting is 

carefully avoided. Also, ANNs can reveal finer details.  

Holographic visualization of hydrogen and methane yields predicted 

by means of PLS is demonstrated in Figure 21A and B, respectively. The best 

composition estimated by PLS is highlighted in Figure 21A, while the 

corresponding hydrogen yield is shown in Table 13. The best composition 

selected by PLS has led to 36.2% hydrogen yield experimentally, which is 

considerably smaller than the theoretical value predicted by PLS itself (43.9 

%, see Table 15).  
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Figure 21 Visualization of hydrogen and methane production in Holographic Maps obtained 

upon combination of HRS with PLS (A and B). Yield of products in % is visualized. Color 

codes of hydrogen yield values: 5.8> , 5.8-11.6 , 11.6-17.4 , 17.4-23.3 , 23.3-29.1 , 

29.1-34.9 , 34.9-40.7 , 40.7-46.5 , 46.5-52.3 , 52.3< . Color codes of methane yield 

values: 11.6> , 11.6-17.4 , 17.4-23.3 , 23.3-29.1 , 29.1-34.9 , 34.9-40.7 , 40.7-

46.5 , 46.5-52.3 , 52.3-58.1 , 58.1< . 

 

It has to be emphasized that despite the same experimental space 

applied (defined in Table 14) optimum compositions predicted by the two 

algorithms (ANNs and PLS) are quite different from each other. Therefore, it 

is not surprising that the estimated hydrogen yield values are also different 

from each other. PLS results lower theoretical hydrogen yield than ANNs. 

Note that, this is a theoretical optimum calculated by PLS, that is, in the  
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experimental space under inspection, this is the highest hydrogen yield 

estimated by PLS. Obviously, if PLS was used to estimate hydrogen yield for 

the ANNs predicted optimum composition, an even smaller value would be 

obtained. In contrast, as proved by experiment, the measured hydrogen 

production is quite remarkable (60.7%, see Table 15) by the ANNs predicted 

best composition. ANNs predictions seem to be more reliable than PLS ones. 

 Table 16 shows the PLS regression coefficients. The main effects, 

attributed to Ni, Co and to the reaction temperature, are well revealed by 

means of PLS as well. As it is shown in  

Table 16, the PLS regression weights for Ni, Co, and reaction temperature 

are 0.39, 0.31 and 0.56, respectively, indicating strong positive effect of these 

components on the hydrogen production. A slight positive effect by Pt is also 

evident from Table 16.  

According to PLS, Cu shows a positive effect on hydrogen formation, 

the corresponding PLS regression coefficient is 0.12 (see Table 16). 

Accordingly, as demonstrated in Figure 21A, the best compositions are at the 

highest level of Cu, irrespectively from the Ni content of the catalysts. The 

hindering effect of the simultaneous presence of Ni and Cu found by ANNs 

cannot be obtained from PLS. Ambiguous effects of high Cu content in 

different compositions compensate each other, reflected when PLS is used 

for regression, which apparently results in a moderate positive effect of Cu. 

Nevertheless, the positive effect of Cu predicted by PLS cannot always be 

verified experimentally. 
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Table 16. PLS regression coefficients 

 Conversion CH4 CO CH3CHO CO2 H2 

Pt 0.28 0.51 0.22 -0.22 0.28 0.07 

Pd -0.01 0.05 0.10 -0.06 -0.07 -0.06 

Au 0.15 -0.14 -0.13 0.25 -0.01 0.09 

Ni 0.39 0.27 0.22 -0.19 0.30 0.39 

Co 0.31 0.09 0.17 -0.02 0.15 0.31 

Cu 0.28 -0.09 -0.01 0.33 -0.03 0.12 

Zn 0.05 -0.12 -0.03 0.22 -0.11 -0.03 

La -0.10 -0.10 -0.05 -0.01 -0.06 -0.04 

Ce -0.14 -0.17 -0.17 0.02 0.00 0.01 

Zr 0.01 -0.06 0.01 0.09 -0.07 -0.04 

Temp. 0.23 -0.08 -0.45 -0.08 0.50 0.56 

 

 

Hotelling T2 control chart [100] [109] was used to identify outliers 

(see Figure 22). The 11 samples found are shown in detail in Table 17. As 

emerges from Table 17, compositions with “too high” Cu content were 

selected as outliers by PLS, indicating that effect of Cu deviates from the 

linearity. The real effect of Cu is sometimes not positive, but especially in the 

presence of Ni it is definitely negative. Table 18 provides experimental 

evidences for the negative effect of Cu.  

The ambiguous behavior of Ce could not be recognized by means of 

PLS, either. As emerges from Table 16, the regression coefficient for Ce in 

hydrogen yield is only 0.01, which is not a significant. As a good accordance, 

no periodical changes were detected along the Y-axis in Figure 21A, which  
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could be attributed to the Ce concentration waves. In contrast to this, 

according to ANNs, Ce has a negative effect in Zn containing compositions, 

while it acts as a promoter in Zn-free catalysts (see Figure 20A). The two 

opposite effects compensate each other, which is visible when PLS is used 

for regression. Therefore, the ambiguity of Ce could not be identified by 

means of PLS, the compositions with too high Ce content were selected again 

as outliers (see Table 22). 

When PLS regression is used to determine the individual effects of 

different components, linear relationship can only be obtained. From the 

discussion above, it is evident that linear model cannot be used to describe 

the system adequately, because of the synergism and hindering effects among 

different components. 

Remarkable Pt activity is reflected in methane formation in its 

regression weight as high as 0.51 shown in Table 16. Pt very likely facilitates 

CO methanation as well, clearly evidenced by Figure 21B. Effects of other 

components are in good accordance with those discussed for ANNs 

prediction. Accordingly, methane formation is predicted to decrease with 

increasing Cu, Zn, La, Ce and Zr content and increasing temperature, while 

higher methane yield is expected at higher Ni content. The linear model 

applied seems to be appropriate to desirable methane production. 
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Figure 22 Detection of outliers by means of Hotelling T2 control chart: outliers are highlighted by symbol •. The number of principal components 

retained was 6. The control limit corresponding to =0.05 level of significance is shown by dashed line.
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Table 17. Outliers detected by means of Hotelling T2 control chart using scores of X-block determined by PLS 

Composition w/w% to MgAl2O4 Temp. 

°C 

Conv. 

% 

Yield % 

Pt Pd Au Ni Co Cu Zn La Ce Zr CH4 CO CH3CHO CO2 H2 

0.2 0.0 3.0 0.0 2.0 10.0 5.0 0.0 5.0 5.0 350 77 1.2 6.3 68.2 1.7 16.1 

3.0 0.0 3.0 0.0 0.0 10.0 5.0 5.0 0.0 5.0 350 97 36.2 25.5 29.7 2.1 21.6 

0.0 0.0 3.0 0.0 10.0 10.0 5.0 0.0 0.0 0.0 350 89 0.0 4.9 65.5 1.6 20.9 

0.0 0.0 3.0 0.0 10.0 10.0 5.0 0.0 0.0 1.0 350 91 0.2 4.8 59.4 2.1 22.6 

3.0 0.0 0.0 10.0 10.0 20.0 0.0 0.0 0.0 0.0 350 90 33.1 23.7 37.8 4.2 12.2 

3.0 0.0 0.0 10.0 10.0 0.0 20.0 0.0 0.0 0.0 350 95 38.1 29.5 18.5 12.8 20.9 

3.0 0.0 0.0 10.0 10.0 0.0 0.0 6.0 15.0 6.0 350 82 26.0 13.7 12.2 19.4 24.4 

3.0 0.0 0.0 10.0 10.0 5.0 5.0 3.0 15.0 3.0 350 85 17.3 15.2 32.8 6.3 18.6 

0.0 0.0 0.0 10.0 10.0 0.0 0.0 6.0 15.0 6.0 350 59 7.7 4.1 21.3 4.5 14.0 

3.0 0.0 0.0 10.0 10.0 10.0 0.0 0.0 0.0 0.0 450 100 46.3 3.3 2.0 52.3 36.2 

3.0 0.0 0.0 10.0 10.0 10.0 0.0 0.0 7.0 0.0 450 100 49.5 3.8 1.4 54.1 35.9 

 

Table 18. Negative effect of Cu on hydrogen production 

Composition w/w% to MgAl2O4 Temp. 

°C 

Conv. 

% 

Yield % 

Pt Pd Au Ni Co Cu Zn La Ce Zr CH4 CO CH3CHO CO2 H2 

3.0 0.0 0.0 10.0 10.0 0.0 0.0 0.0 0.0 0.0 450 100 33.2 3.6 1.2 63.9 53.5 

3.0 0.0 0.0 10.0 10.0 10.0 0.0 0.0 0.0 0.0 450 100 46.3 3.3 2.0 52.3 36.2 

3.0 0.0 0.0 10.0 10.0 0.0 0.0 0.0 7.0 0.0 400 100 39.4 8.2 2.1 66.3 51.8 

3.0 0.0 0.0 10.0 10.0 10.0 0.0 0.0 7.0 0.0 400 100 48.3 10.2 1.9 56.7 40.0 
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5.1.3. Conclusions 

Hydrogen production by steam reformation of ethanol over MgAl2O4 

supported catalysts has been investigated at 350 °C applying combinatorial 

and high-throughput approaches. Additional high-throughput results were 

also obtained at higher temperatures. The design and testing of five catalyst 

generations resulted in highly active noble metal free catalysts containing Ni, 

Co and Ce were exhibited. Upon using MgAl2O4 support, no ethylene was 

observed indicating that in the first step of ethanol transformation, the 

dehydration of ethanol, is strongly suppressed. 

The results clearly show the improvement of the performance of 

catalysts in the course of optimization. The analysis of product distribution in 

each generation indicates the importance of the formation of acetaldehyde 

and its further reactions as reforming and decomposition to CO and methane. 

The maximum hydrogen yield was 101.1 mol/min at 450 °C. As the initial 

amount of ethanol was 25 mol/min, it means that about 3.9 hydrogen 

molecule is produced from 1 molecule of ethanol. It has to be emphasized 

that the best catalysts do not contain noble metals. 

Chemometric tools, artificial neural networks and partial least squares 

regression were used to investigate the relationships within the experimental 

space designed for steam reforming of ethanol over MgAl2O4 supported 

catalysts. The aim of the application of these methods was to complete the 

experimental space by predicted results of not prepared, not measured 

samples (visualized by Holographic Maps) and to reveal interactions of 

different modifiers for verification of catalytic results. 

The main effects have been well evaluated by means of both, PLS and 

ANNs. Positive effect of Ni, Co and the reaction temperature on hydrogen 

production have been found. However, synergism, existing between Ni and 

Co as well as between Ni, Co and Ce, as well as hindering effect at 
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simultaneous presence of Ni and Cu could be revealed only by means of 

ANNs, since the more robust PLS cannot reveal fine details. Better 

conformity between the measured and evaluated hydrogen yields has been 

obtained when ANNs were used, as expected. That is why higher hydrogen 

yield could be obtained experimentally over the best composition predicted 

by means of ANNs. Nevertheless, better predictive performance of ANNs 

versus PLS is not a general rule, it works only in this special case of 

catalysis. However, additionally, the importance of PLS has to be 

emphasized: It indicates the pronounced main effects that should be in good 

accordance with the detected ones by means of ANNs such as PLS provides a 

clue in validation of the results after the obtained results from ANNs. It 

warns for a possible overfitting by ANNs, if any. No such a big difference 

between predictive ability of ANNs and PLS was observed when methane 

yields were estimated. 

 

5.2. High throughput temperature programmed tests 

5.2.1. Temperature programmed ethanol reforming 

 According to Table 13, the best performing catalyst is a 

multicomponent system consisting of Ni, Co and Ce. In order to identify the 

contribution of different components to the hydrogen production, the activity 

of the best catalysts has been compared to catalysts having fewer 

components. In addition, special interest was devoted to the clarification of 

the necessity of Pt in the catalysts, consequently Pt was given also into the 

composition for tests.  

Catalytic data obtained over different catalysts in temperature 

programmed ethanol reforming (TPER) can be seen in Figure 23. Over the 

monometallic Pt/MgAl2O4 catalyst pronounced methane formation was 

detected. Practically, the transformation of ethanol to methane has been 
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performed by ca. 80 % selectivity, which is possible only if methanation of 

CO originated from decomposition of acetaldehyde is remarkable. The 

modification of Pt with Ni, Co and Ce has led to significant decrease in 

methane formation. Moreover, the catalyst containing no Pt at all showed the 

smallest activity in methane formation. Otherwise, the presence of Pt leads to 

higher methane formation.  

 Figure 23 Formation of methane (A) and hydrogen (B) over different catalysts: 

Pt/MgAl2O4, PtNiCoCe/MgAl2O4 and NiCoCe/MgAl2O4 
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It is interesting that the addition of Pt to the ternary NiCoCe system 

practically does not improve the hydrogen production, (compare blue and red 

curves in Figure 23B). Apparently, Pt seems to be superfluous in the system.  

Theoretically, the NiCoCe/MgAl2O4 catalyst has to be doped by a 

modifier that is less active at lower temperatures than Pt and therefore can 

suppress CO methanation and carbon deposition simultaneously. Practically, 

the development of a catalyst that is active at moderately high temperatures 

between 400-500 
o
C is a reasonable goal.  

In a study of Bligaard at al. it was concluded that the dissociative 

energy of reactants (E) is a good parameter to characterize the catalytic 

activity of metal catalysts [105]. For strongly bound diatomic molecules (e.g. 

N2, CO, O2 or NO), the optimal catalysts have values in the range from -1 to -

2 eV for E. When CO methanation was studied, a volcano curve was 

obtained suggesting that Ru and Co, with E = -1.62 and -1.51 eV, 

respectively, are the most active components in the methanation reaction. As 

far as methanation should be suppressed in ethanol reforming by other 

elements, Mo is the most suitable catalytic component, because density-

functional theory (DFT) calculation predicts the highest E = -3.61 eV value 

[105]. According to the discussion above, the formation of carbonaceous 

deposits comes from reactions of CO via (R17) and (R18), therefore the 

addition of Mo is also useful to prevent coke deposition.  

The effect of Mo addition to noble metal free systems on product 

distribution was investigated using TPER, the results are shown in Figure 24. 

At low temperatures, i.e. below 320 °C, the dehydrogenation of ethanol takes 

place yielding acetaldehyde and hydrogen (R11). Thereafter the acetaldehyde 

decomposes to CO and CH4 (R13). Below 320 °C, the decomposition of 

acetaldehyde is the most pronounced reaction over one-component Ni 

catalyst, resulting in larger amount of methane (Figure 24A) and CO (Figure 
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24B) as well as smaller amount of acetaldehyde (Figure 24C) in comparison 

to multicomponent catalysts. The WGSR is quite negligible below 320 °C, 

since no remarkable increase in CO2 (Figure 24D) and hydrogen production 

(Figure 24E) can be observed. The amount of hydrogen evolved below 320 

°C is close to the initial amount of ethanol (25 mol/min), indicating that in 

this temperature range no other reactions are involved for hydrogen 

production besides ethanol dehydrogenation.  
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Figure 24 Formation of methane, CO, acetaldehyde, CO2 and hydrogen (A, B, C, D and E, 

respectively) and conversion of ethanol (F) in temperature programmed ethanol reforming 

over different catalysts:  Ni/MgAl2O4, NiCo/MgAl2O4, NiCoCe/MgAl2O4 and 

NiCoCeMo/MgAl2O4 
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The addition of Mo suppressed the decomposition of acetaldehyde 

significantly between 320 °C and 370 °C. Consequently, the total 

disappearance of acetaldehyde is shifted by 50 °C to higher temperatures in 

comparison to catalysts without Mo (see Figure 24C). Additionally, the 

amount of acetaldehyde decomposition products, i.e. CH4 and CO, is reduced 

over the four-component NiCoCeMo catalyst (Figure 24A and B). 

Eventually, the maxium of CH4 and CO are shifted to higher temperatures by 

50 °C as well. As discussed above, between 320 and 370 °C unwanted side 

reactions of CO such as methanation and formation of carbonaceous deposits 

prevail, while at higher temperatures, above 400 °C, the desired processes, 

those are, the opposite direction of reactions (R16), (R17) and (R18) are 

predominant. Reduced coke formation over the Mo-modified catalyst is 

expected, because of (i) smaller CO content in the reaction medium between 

320 and 370 °C and (ii) its smaller reactivity in reactions of CO. The lower 

reactivity is reflected in reduced hydrogen production by means of WGSR 

between 320 and 370 °C (see Figure 24E).  

Nevertheless, at higher temperatures (above 400 °C), hydrogen 

production is very pronounced over all catalysts. More, catalytic performance 

of different catalysts in the hydrogen production activity is practically the 

same above 450 °C (see Figure 24E).  

 

5.2.2. Temperature programmed reduction and oxidation 

The next issue to be discussed is catalyst deactivation, as well as it 

related issue, the life-time of the catalysts is also very important, so that has 

to be considered too. 

 In steam reforming, the durability of the catalyst strongly correlates 

with the coke formation. The amount of deposited coke can be deduced from 

the amount of CO2 formed in the temperature programmed oxidation (TPO) 
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of the catalysts used. We have found that remarkable amount of coke reacts 

with the formation of CO2, as demonstrated in Figure 25A. The coke 

deposition can be explained by (i) kinetic restrictions, hindering carbon 

removal by reactions (R17), (R18) and (R19) [37], and/or (ii) accumulation 

of non-graphitic carbonaceous species, such as surface acetates that were 

identified over Al2O3 supported noble metals [64]. Surface acetates are 

proved to be stable even above 700 K [64]. As emerges from Figure 25B, the 

removal of carbonaceous species by hydrogen, which is a temperature 

programmed reduction (TPR), starts at 450 
o
C.  

As emerges from Figure 25A, the formation of carbonaceous deposits 

is moderate over Pt containing catalyst, while coke formation is more 

pronounced over Pt-free ones. As a consequence, coke formation is 

suppressed in the presence of Pt, which is important in the life-time of the 

catalyst. According to the above discussion, carbon removal in reactions 

(R17), (R18) and (R19) is less hindered in the presence of Pt.  
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Figure 25 A: CO2 formation in temperature programmed oxidation (TPO), B: CH4 formation 

in temperature programmed hydrogenation/reduction (TPR) of spent catalysts used 

previously in temperature programmed ethanol reforming. Catalysts investigated are 

NiCoCe/MgAl2O4 and PtNiCoCe/MgAl2O4, marked on curves. 

 

Further reduction of noble metal content requires the addition of a 

new component that, similarly to Pt, prevents accumulation of carbonaceous 

deposits. Moreover, methanation of CO, which is characterictic if Pt 

containing catalysts are used, has to be suppressed. As only traces of ethylene 

are detected in the effluent gases, the polymerization of ethylene, the origin 

of carbon deposition, can be excluded. Formation and removal of 

carbonaceous species might be attributed to reactions of CO, such as (R17) 

and (R18). With increasing temperatures at the applied high water/ethanol 

ratio (8.6), the removal of coke becomes thermodynamically favored. It is 

evident that the reactions of CO have central importance in product 

distribution. Practically, the desired reaction routes become predominant with 

increasing temperatures.  
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TPO results of parallelly investigated Ni, NiCo, NiCoCe and 

NiCoCeMo catalysts are shown in Figure 27. Coke formation was very 

pronounced over catalysts, which were highly active in TPER in the 

temperature range between 320 and 370 °C. In contrast to this, TPO results 

show that no carbonaceous species are formed over the Mo-modified 

catalyst, which is supposed to be due to its lower activity in TPER in the 

temperature range between 320 and 370 °C.  

 

Figure 26 CO2 formation in temperature programmed oxidation of spent catalysts used 

previously in temperature programmed ethanol reforming. The mc shows the integrated mass 

of carbon, removed from different samples. Catalysts investigated are Ni/MgAl2O4, 

NiCo/MgAl2O4, NiCoCe/MgAl2O4 and NiCoCeMo/MgAl2O4, marked on curves. 

It must be mentioned, that the position of the TPO peaks at different 

temperatures can be assigned to the removal of different types of coke [110]. 

As emerges from Figure 26, there are significant differences in the position 

of carbon removal in case of different catalysts. Amorphous structures of 

coke are supposed to form larger particles with higher stability [110]. 

Accordingly, carbonaceous species deposited on Ni-only catalyst can be 

more amorphous than those formed over NiCoCe one. 
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5.2.3. Conclusions 

Five types of catalyst were investigated using temperature programmed 

tests, of them Ni/MgAl2O4, NiCo/MgAl2O4 and NiCoCe/MgAl2O4 were 

chosen based on HRS catalyst composition optimization. Effect of Mo was 

not examined in HRS optimization, the literature has motivated its 

application as modifier in my NiCoCeMo/MgAl2O4 sample, as well as 

PtNiCoCe/MgAl2O4 sample was the reference.  

The absence of ethylene in the reaction mixture means that coke 

formation via polymerization of ethylene is excluded. However, the coke 

formation over Ni-based catalysts investigated is still very pronounced that 

may lead to considerable degradation of performance during long-term 

operation. In this respect, reactions of CO produced upon temperature 

programmed ethanol reforming were discussed. The three component 

NiCoCe catalyst has shown high activity in different reaction of CO in the 

temperature range between 320 and 370 °C. Unfortunately, beside WGSR, 

which is responsible for hydrogen production, reverse carbon gasification and 

Boudouard reaction take place in this temperature range. These latter are 

responsible for the accumulation of carbonaceous species. Therefore, the 

addition of Co and Ce to Ni leads not only to higher hydrogen yield but also 

to higher amount of carbon deposits. As the fourth component to the NiCoCe 

catalyst, the addition of Mo caused remarkable decrease in the extent of 

carbon deposition, as well as Mo shifts the reaction temperature to higher 

values. It is advantageous, because it suppresses CO methanation between 

320 and 370 °C. (Methanation of CO is harmful as it significantly reduces 

hydrogen production.) On the other hand, hydrogen production also requires 

higher temperature, which is disadvantageous. 
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5.3. Characterization of catalysts 

 Optimization of the composition of catalysts and temperature 

programmed measurements has shown, that NiCoCe/MgAl2O4 catalyst may 

be a promising one. It works on lower (350 °C) temperatures (see Table 13) 

and application of further modifiers does not cause significant increment of 

hydrogen production in this temperature zone. Therefore, this three-

component catalyst was chosen for further analysis. In these examinations 

spinel, Ni/MgAl2O4, NiCo/MgAl2O4 samlpes were also studied to compare 

with NiCoCe/MgAl2O4. This comparison is able to reveal other effects of the 

used modifiers, as well as to verify the predictions of combinatorial methods. 

These measurements allow us to understand the catalytic processes and the 

working mechanism of our catalysts. 

 

5.3.1. Results of high resolution transmission electron microscopy 

The three-component NiCoCe/MgAl2O4 catalyst was investigated by 

means of high-resolution transmission electron microscopy after ethanol 

reforming. A characteristic image can be seen in Figure 27A, showing a quite 

homogeneous morphology in the multicomponent material matrix. Contours 

of evenly distributed rounded particles can be seen throughout the image. The 

darker and lighter areas may indicate different thickness (absorption) or 

diffraction (orientation) contrast in the sample. Figure 27A does not render 

information on the possible presence of segregated Ni, Co and Ce particles. 

(As these elements are heavier than any constituents of the MgAl2O4 support, 

any kind of heterogeneity of the composition would be indicated by darker 

spots, which could be attributed to particles containing Ni, Co or Ce.) 

Elemental maps for Ni, Co and Ce from the sample area shown in 

Figure 27A have been recorded by means of EELS. The corresponding 
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images are shown in Figure 27B, C and D, respectively. Bright areas and 

spots indicate the presence of a detected element. According to the above 

prediction, quite uniform distribution of Ni, Co and Ce has generally been 

proved, as expected. Nevertheless, it has to be mentioned, that on Figure 28D 

the area highlighted by the white ellipse belongs definitely to a Ce rich 

region, suggesting the existence of a CeOx island. Hence, darkness of this 

area in the HR-TEM image in Figure 27A is not a consequence of a thicker 

part of the sample, but an aggregation of CeOx. It can be concluded that CeOx 

tends to accumulate, leading to formation of larger CeOx containing particles. 

Moderate accumulation of CeOx particles proved to be characteristic by 

investigating any part of the sample.  

 

 

 

 

A 
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Figure 27 HR-TEM image of the NiCoCe/MgAl2O4 catalyst after ethanol reforming (A), as 

well as maps of elements produced by EELS for Ni, Co and Ce (B, C and D, resp.).  

At a closer look, layered carbon nanostructures are visible on the 

surface of certain particles according to the image in Figure 28, wherein the 

distance between the layers is ca. 3.6 Å. 

 

Figure 28 HR-TEM image of the NiCoCe/MgAl2O4 catalyst after ethanol reforming, 

formation of layered carbon structures upon ethanol reforming are marked by arrows.  

Segregated Ce island  

D 
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In Figure 29A fringes of several crystallites in different orientations 

can be seen. Using the Fourier filtering techniques (FFT) for this image, an 

electron diffraction pattern can be obtained, shown in Figure 29B. 

Reflections can be seen at least from three different lattices. Circles indicated 

by “a”, “b” and “c” correspond to d-spacing of ca. 4.65 Å, 3.12 Å and 2.4 Å, 

respectively, which can be attributed to reflections from crystal planes of 

different spinels (CoAl2O4 (111), NiAl2O4 (111), MgAl2O4 (111)) as well as 

CeO2 (111) and different metal oxides (CoO (111), NiO (111), MgO(111)), 

respectively. Lattices found are summarized in Table 19.  

 

 

 

 

A 
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Figure 29 HR-TEM image of the NiCoCe/MgAl2O4 catalyst after ethanol reforming and its 

transformation by means of the Fourier Filtering Technique (A and B). Reflections detected 

can be assigned to a) MeAl2O4 (111) (Me=Mg, Ni or Co) (d~4.65 Å), b) CeO2 (111) (d~3.12 

Å), and c) MeO (111) (Me=Mg, Ni or Co) (d~2.43 Å). 

 

Table 19. Summary of the lattices of NiCoCe/MgAl2O4 catalyst after ethanol reforming 

 d (Å)  h  k  l  Reference* 

MgAl2O4 4,670  1  1  1  86-2258 

2,860  2  2  0  

2,439  3  1  1  

NiAl2O4 4,649  1  1  1  71-0963 

2,847  2  2  0  

2,428  3  3  1  

CoAl2O4 4,671  1  1  1  44-0160 

2,865  2  2  0  

2,444  3  1  1  

CeO2 3,125  1  1  1  81-0792 

2,706  2  0  0  

NiO 2,412  1  1  1  47-1049 

2,089  2  0  0  

CoO 2,460  1  1  1  48-1719 

2,131  2  0  0  

*International Centre for Diffraction Data JCPDS card numbers (1998)  

a 
b 

c 

B 
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Application of FFT is shown by a simple example in Figure 30. This 

method is applied for selection and selective removal of different lattices. 

There are CeO2 (111) lattices on the crystal plane of the spinel MgAl2O4 

(111). The aim is to remove the unnecessary lattice, which is the CeO2 (111) 

in this case. We can apply the FFT by using the program, called ImageJ. The 

first step is the Fourier-transformation of the image to obtain the electron 

diffraction pattern. The next one is the “filtrating”, i.e. the removal of 

unnecessary diffraction spots. Inverse Fourier-transformation of the 

“filtrated” electron diffraction pattern gives similar image to the starting one. 

However there is an important difference between the two images: Lattice of 

CeO2 (111) disappears and the whole MgAl2O4 (111) surface become visible. 

This example shows that the FFT is a well applicable method. 

 

Figure 30 Introduction of the application of FFT 
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It can be concluded that applying homogeneous deposition of 

different components onto the MgAl2O4 support has led to a quite evenly 

distributed CeOx with some heterogeneity only. Even more uniform 

distribution of Ni and Co in the sample can be due to the easy formation of 

surface spinels, i.e. MeAl2O4 (Me= Ni or Co), by means of ion exchange with 

the original MgAl2O4. However, the corresponding spinel of Ce does not 

exist. Fine dispersion of different constituents and close atomic contact 

between them has been evidenced.  

 

5.3.2. Results of X-ray diffraction  

XRD pattern of samples and support taken immediately after 

preparation can be seen in Figure 31. According to Figure 31, addition of any 

components to the MgAl2O4 support results in a decrease in the intensity of 

diffraction peaks attributed to the support itself. The intensity loss can mainly 

be attributed to the significant absorption of Cu K radiation by means of Ni, 

Co and Ce species. Loss in crystallinity can not be the case, as in the 

preparation of the support a calcination step is involved at elevated 

temperature (850 °C) resulting a highly stable crystalline structure, which 

probably means an energetic minimum. Further steps involved in the 

modification by means of Ni, Co and Ce do not require such a high 

temperature, i.e. there are no severe conditions used. 
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Figure 31 XRD pattern of a/ freshly prepared MgAl2O4 support and different catalysts: b/ 

Ni/MgAl2O4, c/ NiCo/MgAl2O4, d/ NiCoCe/MgAl2O4.     MgAl2O4,  (NiCo)O,  CeO2 
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Table 20. XRD data of investigated materials after ethanol reforming 

Sample Concentration and crystallite size of detected crystalline phases - 

 MgAl2O4 MgO NiO NixCoyOz CeO2 

MgAl2O4 95 % 

10 nm 

5 % 

4.3 nm 

   

Ni/MgAl2O4 91 % 

9.1 nm 

 9 % 

5.2 nm 

  

NiCo/MgAl2O4 88 % 

9.1 nm 

  12 % 

5.2 nm 

 

NiCoCe/MgAl2O4 85 % 

9.1 nm 

  12 % 

5.2 nm 

3 % 

5.2 nm 

 

 

 

Additionally, new crystalline phases were detected upon modification 

with Ni, Co and Ce, which can be attributed to NiO, mixed oxides of Ni and 

Co as well as CeO2. Relative amount of crystalline phases and average 

crystallite sizes are summarized in Table 20. The pure MgAl2O4 support 

consists mostly the desired spinel as well as some percent of MgO. As the 

MgAl2O4 support was prepared using stoichiometric ratio of Mg and Al, 

some Al2O3 was supported to be there as well. Furthermore, Al2O3 phase 

consists of very small particles which might be additionally amorphous. After 

modification of the MgAl2O4 support by means of Ni, Co or Ce, the 

identification of crystalline phases become even more difficult because of the 

intensity loss discussed above. In the modified samples, the periclas MgO  
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cannot be seen either, in spite of the fact that it was present in the parent 

material. In the one-component Ni/MgAl2O4 and the two-component 

NiCo/MgAl2O4 samples, a bunsenite NiO-like phase could be identified. 

However, it has to be emphasized that the corresponding diffraction peaks are 

slightly shifted in the two-component sample, in comparison to the literature 

data of bulk bunsenite NiO (ICDD JCPDS card 47-1049, see Table 19), 

indicating the formation of mixed oxides between Ni and Co. No separated 

crystalline CoO was detected, which also points to the possible formation of 

NiCo mixed oxide phase, or alternatively, the presence of amorphous CoO 

phase. The relative ratio of crystalline phases is in good accordance with the 

nominal concentration of different components. The presence of different 

spinels such as CoAl2O4 and NiAl2O4 cannot be excluded, as their XRD 

patterns are very close to each other and to MgAl2O4.  

 

5.3.3. Results of X-ray photoelectron spectroscopy  

Chemical environment of different components on the surface of the 

catalysts has been investigated by means of XP-spectroscopy. Spectral data 

for freshly prepared, hydrogen-pretreated, as well as working catalysts after 

20 and 60 minutes reaction time are shown in Table 21-24, respectively.  
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Table 21. XPS data of freshly prepared samples 

Element Chemical state Samples 

  MgAl2O4 Ni/MgAl2O4 NiCo/MgAl2O4 NiCoCe/MgAl2O4 

        BE 

     (eV) 

    conc.  

  (at %) 

BE  

(eV) 

    conc.  

    (at %) 

BE  

(eV) 

      conc.  

     (at %) 

BE  

(eV) 

       conc.  

     (at %) 

Ni 2p Ni
2+

 in mixed oxides   856.8 6.0 856.4 10.0 856.6 4.0 

Co 2p Co
2+

 in oxihydroxide     781.1 6.4 781.6 2.8 

Ce 3d Ce
4+

 in mixed oxides       883.8 0.5 

C 1s CHx 

C-O or CHx 

CO3
2-

 

284.5 

286.1 

290.1 

1.2  

 

0.6 

284.9 

286.3 

290.2 

3.3 

 

1.7 

284.9 

286.7 

289.8 

6.2 

 

2.1 

284.8 

286.5 

289.9 

2.4 

 

1.3 

Al 2s Al
3+

 119.6 27.5 119.8 24.3 119.7 16.4 119.7 25.5 

Mg 2s Mg
2+

 89.2 14.8 89.2 11.6 89.2 6.0 89.2 9.0 

O 1s O
2-

 531.7 

533.4 

55.8 531.5 

532.9 

53.1 530.5 

531.3 

532.0 

532.8 

52.9 531.5 

532.6 

54.4 
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Table 22. XPS data of hydrogen pretreated samples 

Element Chemical state Samples 

  MgAl2O4 Ni/MgAl2O4 NiCo/MgAl2O4 NiCoCe/MgAl2O4 

  BE  

(eV) 

      conc.  

     (at %) 

BE  

(eV) 

     conc.  

     (at %) 

BE  

(eV) 

      conc.  

    (at %) 

BE  

(eV) 

      conc.  

     (at %) 

Ni 2p metallic Ni alloyed with Co 

Ni
2+

 in mixed oxide 

  853.3 

856.4 

1.6 

2.8 

853.6 

857.0 

5.8 

1.6 

853.6 

856.8 

2.1 

0.8 

Co 2p metallic Co alloyed with Ni 

Co
2+

 in mixed oxides 

    779.3 

782.4 

3.9 

2.7 

779.2 

781.9 

0.8 

1.6 

Ce 3d Ce
4+

 in mixed oxides 

Ce
3+

 in mixed oxides 

      882.4 

883.6 

0.7 

C 1s CHx 

C-O or CHx 

CO3
2-

 

284.8 

286.3 

289.9 

1.5 

 

0.4 

284.8 

286.3 

289.9 

3.0 

 

1.3 

285.1 

287.0 

289.7 

3.1 

 

1.4 

284.9 

286.3 

289.8 

2.9 

 

1.8 

Al 2s Al
3+

 119.6 28.7 119.7 25.9 119.7 22.9 119.6 27.7 

Mg 2s Mg
2+ 

89.2 15.6 89.2 13.6 89.4 9.0 89.1 10.7 

O 1s O
2-

 531.7 

533.5 

53.8 531.6 

533.4 

51.8 531.7 

533.2 

49.6 531.6 

533.4 

50.8 
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Table 23. XPS data of catalysts contacted with reagents for 20 minutes in reaction zone
 (1) 

Element Chemical state Samples 

  MgAl2O4 Ni/MgAl2O4 NiCo/MgAl2O4 NiCoCe/MgAl2O4 

  BE  

(eV) 

    conc.  

  (at %) 

BE  

(eV) 

      conc.  

     (at %) 

BE  

(eV) 

    conc.  

  (at %) 

BE  

(eV) 

    conc.  

  (at %) 

Ni 2p metallic Ni alloyed with Co 

Ni
2+

 in mixed oxide 

  853.4 

856.3 

1.1 

2.3 

853.4 

856.6 

5.4 

1.5 

853.6 

856.6 

2.0 

0.8 

Co 2p metallic Co alloyed with Ni 

Co
2+

 in mixed oxides 

    779.0 

782.0 

3.5 

2.8 

779.0 

781.9 

0.6 

2.0 

Ce 3d Ce
4+

 in mixed oxides 

Ce
3+

 in mixed oxides 

      882.4 

883.5 

0.7 

C 1s CHx 

C-O or CHx 

CO3
2-

 

284.7 

286.2 

289.7 

4.0 

 

1.7 

284.9 

286.5 

290.0 

3.7 

 

2.0 

284.5 

286.3 

289.7 

7.3 

 

2.5 

284.9 

286.4 

289.8 

3.6 

 

2.5 

Al 2s Al
3+

 119.6 27.5 119.8 26.5 119.7 21.0 119.7 29.5 

Mg 2s Mg
2+

 89.2 14.4 89.3 12.9 89.4 9.1 89.1 11.3 

O 1s O
2-

 531.7 

533.5 

52.4 531.7 

533.3 

51.6 531.7 

533.3 

46.9 531.7 

533.3 

47.0 

1 
Gas mixture consisted 40-50 mbar Ar, vapor of the 4wt% EtOH + 96wt% H2O mixture was 10 mbar, T=350 °C 
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Table 24. XPS data of catalysts contacted with reagents for 60 minutes in the reaction zone 
(1)

  

Element Chemical state Samples 

  MgAl2O4 Ni/MgAl2O4 
(2) 

NiCo/MgAl2O4 
(2)

 NiCoCe/MgAl2O4 

  BE  

(eV) 

    conc.  

  (at %) 

BE  

(eV) 

conc.  

(at %) 

BE  

(eV) 

conc.  

(at %) 

BE  

(eV) 

conc.  

(at %) 

Ni 2p metallic Ni alloyed with Co 

Ni
2+

 in mixed oxide 

not identified 

    

 

3.9 

  

 

5.9 

853.5 

856.7 

1.8 

0.9 

Co 2p metallic Co alloyed with Ni 

Co
2+

 in mixed oxides 

not identified 

      

 

5.6 

778.9 

781.9 

0.6 

1.9 

Ce 3d Ce
4+ 

Ce
3+

 

      882.5 

883.6 

0.7 

C 1s CHx 

C-O or CHx 

CO3
2-

 

not identified 

284.7 

286.2 

289.7 

4.0 

 

1.7 

  

 

 

7.6 

  

 

 

10.6 

284.9 

286.4 

289.8 

3.8 

 

2.1 

Al 2s Al
3+ 

not identified 

119.6 27.5   

26.0 

  

21.7 

119.6 27.3 

Mg 2s Mg
2+ 

not identified 

89.2 14.4   

13.0 

  

9.4 

89.0 10.6 

O 1s O
2- 

 

not identified 

531.7 

533.5 

52.4   

 

49.5 

  

 

46.9 

531.7 

 

50.3 

(1) 
See footnote (1) in Table 23. 

(2)
 Sample regions with different conductivity has been developed leading to split of spectral lines, hampering the identification of components in 

different chemical states 
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5.3.3.1. Chemical state of the elements in the support 

The mutual position and the line shape of spectral photoelectron lines 

of the support (Al 2s, 2p, Mg 1s, 2s, 2p and the leading contribution to O 1s) 

did not show considerable variation through our experiments. The Mg 2s 

binding energy of 89.1-89.4 eV and Al 2s binding energy of 119.6-119.8 eV 

unambiguously indicate, that both, Mg and Al are in highly oxidized states. 

Nevertheless, the slight increase of Mg and Al concentration along with a 

small decrease of oxygen concentration suggest that upon reduction and 

catalytic reaction, the samples became slightly oxygen deficient in 

comparison to their “freshly prepared” state. Very likely, oxygen vacancies 

form in the reduced samples, which may have crucial effect on the catalytic 

activity, as these defects can act both, as chemisorptions sites for the 

reactants and electronically active centers facilitating surface charge transfer 

processes. 

Another important conclusion can be drawn from the comparison of 

the Mg to Al ratio in different samples as shown in Figure 32. The bare 

support exhibits a ratio around 1:2 as expected from the stoichiometry of the 

magnesium-aluminum spinel. While the addition of Ni slightly decreases this 

ratio, in the presence of Co a pronounced decrease is evident. This can be 

related to partial replacement of Mg by Ni, and a much higher extent by Co at 

the surface of the catalyst grains. It may indicate a homogenous distribution 

of the modifier materials in atomic closeness between each other and the 

support. 
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Figure 32 Mg to Al ratio in different states of catalysts derived from XPS data summarized 

in Tables 21-24.  

 

 

5.3.3.2. About the presence of carbonaceous species 

As accumulation of carbonaceous materials is one of the main reasons 

for deactivation of ethanol reforming catalysts, development of carbon 

related features in the XP spectra was closely followed during the 

experiments. Accumulation of carbon during the different treatments of the 

investigated catalysts can be followed in Figure 33 based on quantitative 

results (in terms of C to Al ratio), while Figure 34 gives a snapshot on signals 

after 20 min reaction time. Via Figures 33 and 34 the main observations can 

be summarized as follows. 

According to Figure 33 there is some carbon content in each “as 

prepared” sample. After synthesis the samples are stored under air, thus their 

carbon content can be attributed both to hydrocarbon contamination and to 

formation of surface carbonates due to CO2 absorption from the air. The 
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introduction of Ni, Co and Ce clearly elevated the carbon content, which can 

be traced partly to the urea precipitation method used for loading with 

modifiers. The method is accompanied by formation of CO2 (R24), which 

can lead to appearance of surface carbonates of Ni, Co and Ce.  

Pretreatment in hydrogen at 350 °C tipically leads to some decrease of 

surface concentration of different carbonaceous species whereas significant 

deposition of carbon is detected on the working catalysts (see Figure 33). In 

the cerium-free samples the extent of carbon deposition correlated well with 

the activity of the catalyst. In Ni and NiCo samples complete removal of the 

ethanol from the gas mixture (after 60 minutes reaction time) resulted in 

development of sample regions with different conductivity, as evidenced by 

the split of all major spectral lines without reasonable chemical state changes. 

Deposition of high amounts of graphite-like carbon upon ethanol reforming, 

as evidenced by Figure 33 and confirmed by the HR-TEM image in Figure 

28 explains this observation. On the other hand, the data reveals that the 

cerium oxide additive effectively limits the accumulation of carbon even at 

high ethanol reforming activity. 

In a separate set of experiments the relative amount and nature of 

carbon deposits were studied by means of TPO and TPR, detailed previously 

in chapter 5.2. The results show a good correlation with the XPS data, 

confirming that the metal-containing samples influenced by the reaction 

always exhibit higher amount of carbon than the bare support. The most 

sensitive system for carbon accumulation was the Ni-Co containing one, 

while addition of Ce effectively reduced the carbon uptake. Both, oxidative 

and reductive treatments were suitable to remove the carbon deposits. 

In order to get information about the chemical nature of the 

carbonaceous deposits, XP spectra of different samples in C 1s region after 

20 minutes reaction time are shown in Figure 34. The observed spectral 
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features can be assigned as follows. Traditionally, the lowest binding energy 

component of the C 1s envelope at around 284.5-285.0 eV is assigned to 

either C-C or hydrocarbon environments, while the binding energy range 

286.0-286.5 eV is regarded as a characteristic C-O (i.e. alcohol, esther)-like 

environments [111]. However, unusually high binding energies for 

hydrocarbon adsorbates on MgO containing surfaces were reported and 

discussed in terms of possible interaction with F-centers in the literature 

[112] [113], suggesting that in my case a peak around 286 eV may contain 

contributions not only from C-O environments, but also from hydrocarbons. 

Carbon atoms in carbonate species are expected to give a component at 

289.7-290.1 eV while carboxylic or carboxylate groups are typically found at 

0.8-1 eV lower binding energies [114] [115].  

It can be clearly seen that the fitting component assigned to carbon 

atoms in graphite environment is predominant in the spectrum of NiCo 

catalyst. While carbonates are evident in all four samples, no clear signs of 

carboxylate accumulation can be observed, although small contributions can 

easily be masked by the relatively broad peaks of other carbon species. 

It must be mentioned, that the formation of carbonate species on the 

bare support upon treatment in the reaction mixture is due to the CO2 

exposure which forms in some quantity in the high pressure chamber during 

the reforming reaction, even if the catalyst contains no active components. 

This observation indicates the role of the surface O vacancies in the support 

during the catalytic reactions. 
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Figure 33 Ratio of the total carbon content to Al concentration for different catalysts and 

treatments 
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Figure 34 XPS spectra of the C 1s region in different catalysts after 20 min ethanol 

reforming. Experimental points are shown by filled squares while lines represent the fitted 

components. Components at 284.5-285.0 eV are assigned to carbon atoms in C-C and C-H 

environment (i.e. graphite and hydrocarbons; red line). The component at 286.3-286.5 eV 

arises from carbon atoms in C-O environments (alcohols, ethers; green line), although this 

value is often reported as hydrocarbons on MgO. The component at 289.7-290.1 eV comes 

from carbon atoms in carbonate species (blue line). 
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5.3.3.3. Chemical state of Ni and Co active metals and Ce modifier 

It can be assumed that Ni can be found in ionic form due to the last 

synthesis step, that is calcination under air at 400 °C. Indeed, according to 

Table 21, unusually high binding energies for Ni
2+

 have been obtained 

(typical value for NiO: 854.0 eV [108]). Ni has been reported to intermix 

with metal oxides, leading to formation of mixed oxides. In these structures 

Ni 2p binding energies above 856.0 eV are repeatedly reported [108] [116] 

[76]. Therefore, it is tempting to assign the observed Ni 2p signals to mixed 

oxide phases with the support and/or Co. Indeed, it indicates atomic 

closeness of Ni and Co in the two- and three-component catalysts.  

 Reductive treatment resulted in partial reduction of Ni to the metallic 

state (see Table 22). Appearance of metallic Ni is evidenced by a metallic 

Fermi edge in the valence band region, and also by the considerable shift and 

change in line shape of the Ni LVV Auger line, which was similar to that 

reported for metallic Ni. The measured 853.3 eV binding energy in the Ni-

only sample is somewhat higher than the bulk Ni 2p3/2 binding energy (852.7 

eV) [111]. Probably, the difference is due to particle size effects, since the 

core level binding energy of nanoparticles is known to shift towards higher 

values by several tenths of eV with decreasing particle size, along with 

charge transfer effects occurring at the metal/semiconducting support 

interface (see details below). Accordingly, in good agreement with the TEM 

data, fine dispersion of Ni can be supposed. The shift toward the higher 

binding energy values is even more pronounced in the two- and three- 

component samples. Beside the particle size effect, alloying of Co and Ni can 

also be supposed, since the Ni signal in NiCo alloys is generally observed at 

a few tenths higher binding energies than in pure Ni [108]. In addition, 

quantitative XPS data discussed earlier indicated the possible incorporation 

of Co into the Mg-Al spinel. Schottky barrier formation between the metallic 
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nanoparticles and the Co-containing spinel (which is a p-type semiconductor 

[117] [118]) results in electron transfer from the metal into the 

semiconductor, leaving a small positive charge on the particles, which also 

contributes to the positive binding energy shifts. Anyway, atomic contact 

between Ni and Co species is evident from the present findings. 

 According to Table 23, the 20-minutes ethanol reforming reaction 

resulted in a decrease of the Ni content in the one-component Ni catalyst, 

while the multicomponent systems were less sensitive to the reaction. There 

is only a slight (if any) re-oxidation of Ni when the catalysts were contacted 

with the reaction mixture. The spectral data upon ethanol reforming (shown 

in Table 23) are very similar to those measured after reduction (see Table 

22), indicating the high stability of the surface structures in multicomponent 

catalysts. 

 In Figure 35 the Ni 2p and Ce 3d spectral regions of the samples are 

compared after 20 min ethanol reforming. A remarkable feature of Figure 35 

is that after ethanol reforming the ratio of oxidized Ni to metallic one is 

higher in the Co-free samples in comparison to the Co-containing materials. 

These data suggest that in the presence of Co the reduction of Ni is more 

complete than that was in the sample containing only Ni. It seems reasonable 

that, Co influences the incorporation of Ni into the spinel by preferentially 

exchanging with Mg. While in Co-free sample the exchange of Ni and Mg 

occurs to a certain degree resulting hardly reducible Ni species, in the 

presence of Co, the latter occupies the majority of exchangeable Mg sites, 

forcing the Ni atoms to locations which are more capable for reduction. 
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Figure 35 XPS spectra of the Ni 2p + Ce 3d region of different catalysts after 20 min ethanol 

reforming. Experimental points are shown by squares while lines represent the fit to select 

out the components. The doublet at 853.4-853.7 and 870.6-870.9 eV with satellites at 6 eV 

higher binding energy than the main components can be assigned to metallic Ni (blue line). 

The other component with its lowest binding energy contribution around 856.4-856.8 eV is 

attributed to oxidized Ni (red line).  

 

Investigation of the Co core levels confirms the trends above. 

According to Table 22 the Co 2p3/2 binding energy of the metallic component 

is at almost 1 eV higher than in the bulk, which is due to the combined effect 

of the small particle size, the possible alloying with Ni  [108] and the above 

mentioned Schottky barrier formation. At the same time, the shift of the Co 

LVV Auger line is compatible with the appearance of Co in a metallic 

environment, which is also evidenced by the strong Fermi edge. It has to be 

emphasized that upon reduction, the Co becomes metallic in a significant 

part, although its oxidized fraction remains higher than that of Ni. As 

emerges from Table 22 the oxidized Co component has an unusually high 
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binding energy, which can be explained by the formation of a mixed oxide 

phase [119].  

The reaction of reformation does not lead to significant changes in the 

chemical states of the Co, as was confirmed in the different samples. This 

fact also reflects high stability of surface species under reaction conditions.  

The Ce 3d envelope of the “freshly prepared” three-component 

sample could be fitted with six peaks at separations reported for Ce
4+

 

(separations from the leading one: 6.5, 15.7, 18.3, 24.4, 34.0) [120]. This Ce 

3d envelope is a characteristic feature of CeO2 [121] [122]. Nevertheless, the 

binding energy of the leading component at 883.8 eV (shown in Table 18) is 

considerably higher than that reported for CeO2 (882.0-882.5 eV) [111], 

therefore, one may assume that while Ce is certainly in the Ce
4+

 ionic state, it 

is present as a part of a mixed oxide phase.  

The reductive treatment produced a new Ce component, which can be 

described by four peaks (separations from the leading one: 4.0, 18.7, 22.7 

eV). The binding energy of the new peaks (see Table 22) as well as their 

separations suggest the formation of Ce
3+

 ionic states [121] [122] [123], 

again in a mixed oxide environment. The estimated quantities of the Ce
4+

 and 

Ce
3+

 ions are roughly the same. 

Over the Ce-containing sample, the formation of domains with 

different conductivity was not observed, therefore a detailed chemical state 

analysis was possible after both short (see Table 23) and extended ethanol 

reforming (see Table 24). In fact, practically no changes were found after 

extended ethanol reforming when compared to the state recorded after the 

short reaction. In particular, we can state that upon short and extended 

reforming reaction the relative amount of the two Ce ionic states remains 

roughly the same.  
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5.3.4. Results of Fourier transformed infrared spectroscopy 

The steam reformation of ethanol has been investigated by means of 

in situ diffuse reflectance infrared Fourier transformed spectroscopy (DRIFT) 

too in order to identify surface adsorbents and species formed during the 

reaction. Infrared spectra recorded in the temperature programmed runs over 

MgAl2O4 support as well as over Ni, NiCo and NiCoCe catalysts are shown 

in Figure 36. The assignement of different bands in DRIFT spectra are 

collected in Table 25. 

Table 25. Band assignments in DRIFT spectra measured in my samples (see Figure 36)
 

Species Vibration modes Band wavenumber (cm
-1

) 

CH3CH2O- (ethoxy) 

 

 

 

 

monodentate 

bidentate 

νas(CH3) 

νas(CH2) 

νs(CH3) 

asCH3  

sCH3 

ν(CO) 

ν(CO) 

2983, 2982 

2936, 2938 

2883, 2887 

1430, 1438, 1440, 1428 

1368, 1364 

1104 

1085, 1077, 1081 

CH3CO- (acetyl) ν(C=O) 

CHx) 

1637, 1639, 1658, 1627, 

1641 

1468, 1470, 1474, 1466 

CH3COO- (acetate) 

 

 

bidentate 

bidentate 

νs(CH) 

asCH3  

sCH3 

νas(OCO) 

νs(OCO) 

2948, 2946 

1492 

1320, 1324 

1575, 1566, 1563, 1561, 

1560 

1423, 1421, 1421, 1419, 

1417 

CO3- (carbonate)   monodentate 

                                monodentate 

                                monodentate 

νas(OCO) 

νs(OCO) 

ν(CO) 

1575, 1584 

1421, 1417 

1070, 1075, 1067 

CO bridged ν(C=O) 1920, 1904, 1914 

CO2               linearly adsorbed νas(OCO) 

νs(OCO) 

2356, 2357, 2358 

2320, 2315, 2321 

gaseous 

 

νas(OCO) 

νs(OCO) 

2364 

2333 
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Figure 36 In situ DRIFT spectra of ethanol reforming over MgAl2O4 support and Ni, NiCo, NiCoCe catalysts (A, B, C, and D), recorded at 25 °C, 

200 °C, 300 °C, 350 °C, 400 °C, 500 °C and 600 °C (from bottom to top). 
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Between 3200 cm
-1

 and 2600 cm
-1

 C-H stretching vibrations can be 

detected on spectra of different samples at room temperature (RT). Typical 

strong bands characteristic to dissociatively adsorbed ethoxy species are the 

νas(CH3) at ca. 2983, νas(CH2) at ca. 2936 as well as the νs(CH3) at ca. 2883 

cm
-1

 [124] [20] [125] [126]. At higher temperatures only very weak bands at 

ca. 2946 cm
-1

 can be detected. As it is discussed below, formation of acetates 

is highly probable at higher temperatures. Stretching vibrations of C–H bonds 

in -CH3 in acetates generally yield very small stretching intensities [127] 

[128]. The weak band at 2946 cm
-1

 may indicates the presence of acetates.  

We can summarize the findings in Table 25 as follows. Between 2500 

cm
-1

 and 1800 cm
-1

 bands at 1920, 1904 and 1914 cm
-1

 were obtained, over 

the Ni, NiCo and NiCoCe samples, respectively, which might be attributed to 

bridged carbonyl species [129] [130] [131] [132]. In contrast to this, no CO 

adsorption was observed over the bare support. At higher temperatures this 

band was missing from the spectra of Ni containing samples as well.  

Strong bands characteristic of nearly adsorbed CO2 can be seen at ca. 

2357 cm
-1

 and 2320 cm
-1

 over the Ni containing catalysts while only some 

gaseous CO2 (2364 and 2333 cm
-1

) indicates when ethanol reforming was 

accomplished over the bare support.  

The C=O stretching vibration of acetyl species is visible in the 1660 

and 1630 cm
-1

 region [130] [133] [134] [135] between 1800 and 1000 cm
-1

 

below 200 °C. In good accordance with the appearance and vanishing of this 

band, another band with very low intensity at ca. 1470 cm
-1

 was detected 

below 200 °C indicating that it also belongs to acetyl species. Deformation of 

-CHx vibration in acetyl species is suspected at this wavenumber.  

The sharp well detectable band at ca. 1364 cm
-1

 can be attributed to 

sCH3 deformation vibration in ethoxy species, while its asymmetric 
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counterpart (asCH3) shows up ca. 1430-1440 cm
-1

 [124] [136] [137] [138] 

[139]. 

The asCH3 and sCH3 modes in acetate species are supposed to be 

detected at 1492 cm
-1

 and 1320 cm
-1

, respectively. In the related art, the 

corresponding bands were identified at 1451 and 1340 cm
-1

 over Pd/CeO2 

[130], and at 1468 and 1334 cm
-1

 [127] over Pd/Al2O3, while at 1468 and 

1340 cm
-1

 over TiO2 [136]. However, in several cases the asymmetric mode 

cannot be well detected as it is overlapped with COO of acetates.  

At low temperatures, the C-O stretching vibrations of monodentate 

and bidentate ethoxy species are detected at 1104 and 1085 cm
-1

, respectively 

[20] [132] [137] [140], while O-H stretching vibration of adsorbed ethanol 

gives rise a band at ca. 1260 cm
-1

 in spectra of each samples at RT [137] 

[139]. With increasing temperature different vibrations of ethoxy species and 

ethanol disappear while bands characteristic to asOCO and sOCO 

vibrations were detected at ca. 1570 and 1421 cm
-1

, respectively. As a 

consequence, presence of acetate, formate or carbonate species are suspected. 

Splitting between the asymmetric and symmetric band position provides a 

certain indication on the adsorption geometry of different species. It has been 

shown that this difference measured in aqueous ionic solutions of acetates 

and formates (Δionic) can be used as a reference value. When Δas-s is equal 

or smaller than the Δionic, bridging or chelating bidentate species (Figure 37) 

are suspected. When Δas-s is significantly larger than Δionic, a unidentate 

configuration is said to be responsible for it [141] [142]. The Δionic values 

for acetates and formates are 140 [141] and 201 cm
-1

 [143], respectively, it 

suggests a predominance of bidentate species in our case, since according to 

Figure 36 and Table 25 Δas-s, these values are ca. 140-150 cm
-1

. Moreover, 

in the related art Δas-s splitting measured for formate species is higher [142] 

[144] [145] than values obtained in this study, as well as there are bands 
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assigned to sCH3 of acetates has been shown above. Therefore, presence of 

bidentate acetate species is strongly supposed over different catalysts and the 

MgAl2O4 support. 

 

 

 

 

 

 a  b  c 
Figure 37 Schematic view of monodentate a), as well as chelating b) and bridging c) 

bidentate species of formats (R = H) and acetates (R = CH3); and M = anchoring site on the 

surface 

  

Above 400 °C a band at 1070 cm
-1

 is clearly visible in DRIFT spectra 

(Figure 36). A CO stretching vibration involving oxygen coordinated to 

surface anchoring site in monodentate carbonate species is expected in the 

range of 1050–1070 cm
-1

 [146]. Different adsorption geometries of carbonate 

species are shown schematically in Figure 37. In case of bidentate carbonates 

the C=O) is reported at ca. 1710 cm
-1

 [146], while asOCO appears below 

1355 cm
-1

 [147]. The symmetric counterpart sOCO has not yet been 

reported for bidentate carbonates. As no bands at ca. 1710 cm
-1

 were 

observed in our spectra (Figure 36), presence of bidentate carbonate species 

can be excluded. However, in case of monodentate carbonates asOCO is 

centered between 1575 and 1660 cm
-1

, while sOCO vibration mode is at 

1390-1400 cm
-1

 over MgAl2O4 [147]. Although, Δas-s of monodentate 

carbonates adsorbed over MgAl2O4 [147] is somewhat higher than that 

obtained experimentally in this study, presence of monodentate carbonates 

over catalysts investigated cannot be excluded at temperatures higher than 

400 °C. Additionally, different stretching and deformation vibration modes of 

-CH3 groups are missing from the spectra of Ni and NiCoCe catalysts (see 

Figure 36C and D) at 600 °C, indicating that the observed OCO stretching 
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modes belong to monodentate carbonates and not to acetates.  

 

 

 

 

 

 a  b  c 
Figure 38 Schematic view of monodentate a), as well as chelating b) and bridging c) 

bidentate species of carbonates; M = anchoring site on the surface 

 

According to the above assignments, it can be concluded that 

dissociative adsorption of ethanol leads to adsorbed ethoxy species over 

different samples at RT. On bare support no other transformation of ethanol 

occurs, whereas on Ni containing samples acetyls and adsorbed carbonyls 

can be revealed due to reforming reaction even at temperatures applied here. 

Reactivity of multicomponent systems is higher than that of the Ni-only 

catalyst. At 200 °C acetyl species are still visible over Ni-only catalyst, 

whereas over NiCo and NiCoCe samples the predominance of acetate species 

is evident. Surface acetates over the monometallic sample prevail only above 

300 °C.  

It has to be mentioned that at higher temperatures formation of acetyls 

and acetates takes place over bare support as well. Nevertheless, the surface 

concentration of acetates over MgAl2O4 is significantly smaller than in case 

of Ni-containing samples indicated by the relatively weaker asOCO and 

sOCO vibrations over the bare support than over the Ni-catalysts. Over the 

bare support, deformation vibration of –CH3 in acetates at 1320 cm
-1

 could 

not be detected either (see Figure 36A), which can also be explained by the 

relatively low surface concentration of acetates. Additionally, predominant 

presence of carbonate species with respect to acetates can also be responsible 

for the lack of band at 1320 cm
-1

. It is further supported by the clear 

appearance of CO stretching vibration at 1070 cm
-1

 which can be attributed to 
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monodentate carbonate species. It is a general observation over each sample 

at 600 °C, in which cases finally, the acetate species are decomposed and 

surface carbonates are formed.  

On the bases of integrated absorbance of asOCO and sOCO bands, 

the formation and decomposition of acetates or carbonates with increasing 

temperature can be analyzed with the help of Figure 39. It is clearly 

evidenced form Figure 39 that NiCoCe/MgAl2O4 catalyst had the highest 

reactivity in the formation of surface acetates. However, it has to be 

mentioned that the temperature where the decomposition of surface acetates 

starts, i.e. maximum yield of surface acetates, it does not coincide with that 

temperature, at which formation of methane and CO or CO2 can be observed 

in the catalytic tests. Therefore, surface acetate can be considered as 

spectators, which does not contribute significantly to product distribution of 

ethanol reforming at temperatures below 400 °C.  

 

 
Figure 39 Integrated absorbance of asOCO and sOCO bands over MgAl2O4 supported Ni, 

NiCo and NiCoCe catalysts 
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5.3.5. Surface processes  

In the preceding sections I have described some structural properties 

in MgAl2O4 based ethanol reforming catalysis. Data from different 

characterization methods with results of temperature programmed tests allow 

to explore the nature of the active sites involved the reforming reaction. Most 

importantly, the in situ DRIFT data have proven that the bare support itself is 

active in transformation of ethanol. 

As generally observed on oxides and on a number of non-oxide 

substrates, ethanol adsorbs on MgAl2O4 dissociatively in the form of ethoxy 

moieties. XPS data have indicated that the reduced spinel has oxygen 

vacancies, capable to trap electrons (by forming F-centers) in the vicinity of 

lattice cations. In case of bare support, the F-center is represented by two 

species; see Figure 40, where M1 and M2 correspond to a cation and a trapped 

electron, respectively. Eventually, formation of an oxygen vacancy leads to 

localized and separated charges. 

 In the catalysts containing Ni or Ni and Co, electron transfer from the 

metal into the MeAl2O4 (Me=Mg, Ni or Co) semiconductor has been 

evidenced, leaving a small positive charge on the metal/metal oxide particles 

according to XPS data. It results in a relatively electron rich semiconductor 

particle with populated electron trap sites. Accordingly, in case of Ni and 

NiCo catalysts, the M2 in Figure 40 represents an electron in the 

neighborhood of a metal/metal oxide anchoring site.  

The initial steps of the ethanol reforming process are shown 

schematically in Figure 40. Oxygen vacancies mean favorable adsorption 

sites for protic molecules such as water and ethanol. Upon adsorption of 

ethanol and water, which is the first step in ethanol reforming, surface ethoxy 

and hydroxyl species are formed, anchored to the cations, while electrons, 

trapped in oxygen vacancies, neutralize the protons to hydrogen. In the next 
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redox reaction steps the surface hydroxyl groups oxidize the ethoxy groups 

leading to surface acetal first. Acetal on the bare support can further 

transform in one of two competing ways: it can be released from the surface 

in the form of acetaldehyde, or bidentate surface acetals can further 

dehydrogenate into surface acetates. 

 

Figure 40 Initial reaction steps in ethanol reforming, where M1 and M2 represent surface 

species. M1 : positively charged species of the support or Co
2+

, M2 : electron trapped in an 

oxygen vacancy, which is in close contact with metal/metal oxide sites in multicomponent 

catalysts 

 

 An important feature in the DRIFT spectra of the empty support is the 

appearance of a strong carbonyl band assigned to acetyl moieties around 200 

°C. These species are regarded as the product of re-adsorption of 

acetaldehyde anchored to the surface via the carbon atom of the carbonyl 

group. The re-adsorption of acetaldehyde on the bare support takes place 

rather slowly and the acetyl moiety exists in a wide temperature range as it is 

still detectable at 300 °C. As the temperature increases, the acetyl groups 

transforms into acetate species as indicated by the appearance of the 1492 

cm
-1

 (asCH3) band and the gradual increase of the νas(OCO) and νs(OCO) 

bands. Above 400 °C the strongly growing 1070 cm
-1

 band of monodentate 
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carbonates shows that even the bare support is capable to break the C-C 

bond, which eventually leads to methane generation and a carbonate-rich 

catalyst surface. 

 Presence of metallic Ni modulates this sequence in several ways. 

Although the primary adsorbates are still ethoxy and hydroxyl groups, 

formation of acetyl species was observed even at RT, i.e. at much lower 

temperatures than in case of the bare support. This behavior indicates that the 

ethoxy species, which are probably mobile, diffuse to the metallic sites, 

where the -C-H bond breaks. The rate determining step in the aldehyde 

formation route [148] is much easier than on the bare support. 

 While decomposition of acetyl species was observed only around 300 

°C in case of the bare support, their signals disappear from the IR spectra of 

the Ni-containing samples around 200 °C. At the same time, product 

distribution data (see chapter 5.2) indicate considerable acetaldehyde release 

up to 300-350 °C, suggesting that the lifetime of adsorbed acetyls become too 

short for spectroscopic determination in this temperature range. Nevertheless, 

product distribution data also show that the onset of considerable hydrogen 

production coincides with the sudden drop of acetaldehyde release around 

300-350 °C, indicating that still acetaldehyde and its adsorbed counterpart, 

the acetyl species are the main intermediates in the ethanol reforming 

process. 

 According to our DTIFT measurements, the surface acetates are 

definitely present on all Ni-containing samples at elevated temperatures, and 

are very stable under reaction conditions applied in this study, as well as 

accumulate on the support. Their decomposition starts only above 400 °C. 

Therefore, the main reaction pathway between 300 and 400 °C, leading to 

formation of CH4, CO, CO2 and H2 in considerable amount, must take place 

through the reactions of acetaldehyde. 
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Although, as discussed previously, the acetyl-acetate-carbonate 

transformation is feasible on the bare support, usually condensation reactions 

of aldehyde are reported for metal-free semiconductor catalysts [149]. 

Contrary, model investigations demonstrated that aldehyde decomposition to 

CO and methane readily proceeds on metallic Ni [150] or Co [151], even in 

the absence of a support. Therefore, the interplay between the metal 

component and the spinel support plays a decisive role in determining the 

fate of the aldehyde intermediates. A sequence of C-C bond breaking and 

dehydrogenation of the methyl residue by the metal particle and oxidation of 

the remaining surface carbon by mobile OH groups of the support is 

envisaged. It is worth to note that gradual accumulation of adsorbed CO2 is 

evident in case of Ni-containing catalysts. 

 We can conclude that metallic clusters have high importance in 

formation, desorption, re-adsorption and activation of acetaldehyde. 

Additionally, water-gas shift reaction also contributes to hydrogen 

production, especially at elevated temperatures. WGSR is regarded as a 

process requiring a bifunctional catalyst: adsorption and activation of CO 

take place over metallic Ni or NiCo ensembles, while oxidative agents are 

provided by the oxide support, most probably in the form of mobile hydroxyl 

groups [152]. 

 The role of Ce additive seems to be more subtle. According to TEM 

results, its distribution over the catalyst surface is rather homogeneous, 

therefore it is plausible that the ceria elements block the support sites 

responsible for methane formation. On the other hand, metal-ceria interfaces 

are supposed to be the active sites for WGSR [152], which is an important 

contribution to the high temperature performance of NiCoCe-containing 

catalyst. 
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5.3.6. Conclusions 

Optimization of the composition of catalyst and the temperature 

programmed measurements has shown that NiCoCe/MgAl2O4 is a promising 

catalyst. It works on lower temperatures (from 350 °C), but application of 

further modifiers does not cause significant increment in hydrogen 

production in this temperature range. Because of it, this three-component 

catalyst was chosen for further analysis. It has been investigated and results 

have been compared to catalyst with fewer components. The goal was to 

elucidate the role of different components on the catalytic performance and to 

discover the nature of active sites. These are as follows. 

 Based on HR-TEM analysis and the elemental maps homogeneous 

distribution of different constituents, a close atomic contact amongst them 

has been postulated, as well as formation of Ni-Co mixed oxides has also 

been evidenced by means of XRD.  

It has been concluded that F-centers (defect sites) present on the 

MgAl2O4 support are responsible for the intrinsic activity of the support. 

However, accumulation of surface acetates over this surface inhibits further 

reactions under low temperature conditions applied in my measurements.  

In order to have significant hydrogen production, the support has to be 

added to the main active component Ni. It has to be mentioned that 

Co/MgAl2O4 catalyst has negligible activity in the reforming process. 

Nevertheless, there is a synergism between Ni and Co as evidenced in this 

work.  

In general, a separation of charges, i.e. presence of partially positively 

and negatively charged surface species in close atomic contact are required 

for different steps of ethanol steam reforming and high hydrogen yield.  
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6. Theses 

 

1. Novel noble metal free MgAl2O4 supported catalyst has been 

developed for ethanol reforming by utilizing the advantages of 

high-throughput experimental technique. Catalysts have been 

found capable to work on 350 °C. Up to 65% of the maximum 

theoretical hydrogen yield has been reached on 450 °C. 

Composition of the best sample contains 10%Ni,10%Co,7%Ce 

/MgAl2O4. 

 

2. Combination of different chemometric tools (HRS, ANNs, PLS) 

were useful not only to develop the best catalyst composition, but 

also to determine the effect of different modifiers and their 

interactions. Many important relations were revealed by these 

methods. Synergysm between Ni and Co, as well as between Ni, 

Co and Ce, and the hindering effect at simultaneous presence of 

Ni and Cu have been found.  

 

3. Intensive formation of carbonaceous deposits under catalytic tests 

was caused by the reactions of CO. The presence of metallic Ni is 

dominant in these reactions. Remarkable increase of hydrogen 

production and hindering of carbon deposition are caused by 

addition of Ce to NiCo/MgAl2O4 catalyst. Application of Mo and 

Pt as further modifiers also causes a decrease of carbon 

deposition. 
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4. The complex surface spectroscopic characterization of the best 

NiCoCe catalyst has revealed that the Co modifier tends to keep 

Ni in metallic state under reaction conditions. This Co-assisted 

increased metallic character was identified as the key point in the 

synergism between Ni and Co. The ensemble of an oxygen 

vacancy with trapped electron and metallic site is proposed to be 

the active structural element of the catalyst.  

 

5. A model has been developed for the mechanism of the NiCoCe 

catalytic activity based on the results of complex surface 

spectroscopic characterization. Formation of acetaldehyde, its 

steam reforming and subsequent water-gas shift reaction are the 

main reaction steps in this mechanism. 
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