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Kurzfassung der Dissertation 

Ni/ZrO2 Katalysatoren werden für die Reformierung von Methan, einem 

wichtigen Prozess für die industrielle Wasserstoffproduktion und in 

Festoxidbrennstoffzellen, eingesetzt. Obwohl Nickelkatalysatoren generell 

eine hohe Aktivität für diverse Methanreformierungsreaktionen aufweisen, 

führen Kohlenstoffablagerungen, die den Katalysator rasch deaktivieren, zu 

großen Problemen. Das Ziel dieser Arbeit war, Ni/ZrO2 dahingehend zu 

modifizieren, dass die Bildung von Kohlenstoffablagerungen unterdrückt 

wird. Dazu wurde zwei Ansätze verfolgt und untersucht: Der Einfluss der 

Zumischung von Kupfer zur metallischen Nickel-Komponente des 

Katalysators und der Modifizierung des Trägermaterials mit Ceroxid. Durch 

die Zugabe von Kupfer wird eine erhöhte Beständigkeit gegenüber 

Kohlenstoffablagerungen auf Nickel aufgrund elektronischer Wechsel-

wirkung und durch die Veränderung der Oberflächenzusammensetzung 

erwartet. Aufgrund der besseren Verfügbarkeit von Oberflächensauerstoff 

eines CeO2/ZrO2-Mischoxides gegenüber ZrO2 kann bereits abgelagerter 

Kohlenstoff leichter von der Katalysatoroberfläche weg-oxidiert werden. 

Kupfer und Nickel wurde mittels Ko-Imprägnierung auf das ZrO2-

Trägermaterial aufgebracht. CeO2/ZrO2-Mischoxide wurden auf 

verschiedenen Wegen, darunter Imprägnierung, Verbrennung der 

Ausgangsstoffe, Ko-Fällung und Tensid-unterstützer Ko-Fällung, hergestellt. 

Nickel wurde mittels Imprägnierung und einer nominellen Beladung von 5 % 

w/w. auf die Trägermaterialien aufgebracht. 

Die Katalysatoren wurden mittels Transmissionselektronenmikroskopie 

(TEM), Wasserstoffchemisorption, Infrarotspektroskopie mit CO als 

Sondenmolekül, Röntgendiffraktion (XRD) und Röntgenabsorptions-

spektroskopie (XAS) charakterisiert. Um die Aktivität für partielle Methan-

oxidation, Methanzersetzung, -dampfreformierung und –kohlendioxid-

reformierung zu untersuchen, wurden die Katalysatoren in einem 

Durchflussreaktor getestet. 

In situ Spektroskopie liefert Informationen über den Katalysator unter 

relevanten Reaktionsbedingungen wie hohe Temperaturen und eine reaktive 

Gasatmosphäre. Die Katalysatoren in dieser Arbeit wurden mittels in situ 

Infrarotspekroskopie, in situ XAS und Röntgenphotoelektronen-spektroskopie 

(XPS) unter Drücken nahe Atmosphärendruck (NAP-XPS) untersucht. Nach 

der Reaktion wurden mittels temperaturprogrammierter Oxidation (TPO) 

Informationen über die Menge der Kohlenstoff-ablagerungen sowie der 



 

Temperatur, die für deren Entfernung durch Oxidation erforderlich ist, 

gewonnen. Mittels TEM konnten Kohlenstoff-ablagerungen auf den Proben 

direkt beobachtet werden. 

Auf den ZrO2-geträgerten bi-metallischen Katalysatoren konnte die Bildung 

einer CuNi-Legierung während der Reduktion mehrfach bestätigt werden. 

Auf den TEM Bildern von zuvor reduzierten Proben konnten etwa 20 nm 

große Teilchen, die sowohl Kupfer als auch Nickel enthalten, beobachtet 

werden. Diese bimetallischen Partikel enthielten mehr Nickel als Kupfer, 

während zusätzlich fein verteilt reine Kupfer-Partikel am Trägermaterial 

gefunden wurden. Informationen über die Cu:Ni Zusammensetzung der 

Oberfläche wurden mittels Wasserstoff-chemisorption gewonnen. In Einklang 

mit den Ergebnissen der mit Infrarotspektroskopie untersuchten CO-

Adsorption wurde eine Anreicherung der Oberfläche mit Kupfer beobachtet.[1]  

In einem temperaturprogrammierten Experiment konnte gezeigt werden, dass 

Nickel deutlich aktiver als Kupfer für Methanzersetzung in Abwesenheit von 

Sauerstoff hinsichtlich der Wasserstoffproduktion war. Die Aktivität des bi-

metallischen Cu/Ni Katalysators war zunächst so gering wie von Cu-ZrO2, bis 

die H2-Bildung schlagartig bei einer spezifischen Temperatur zwischen 650 

und 735 K einsetzte. Im gleichen Temperaturbereich konnte mittels in situ 

NAP-XPS ein Konzentrations-anstieg reduzierter Nickel-Atome an der 

Katalysatoroberfläche beobachtet werden. Die Zugabe von Kupfer führte zur 

Verringerung der Kohlen-stoffablagerung, jedoch ist die Stabilität der CuNi-

Legierung unter relevanten Reaktionsbedinungen stark limitiert.[2] 

Die strukturellen Eigenschaften der verschieden hergestellten CeO2/ZrO2 

Trägermaterialien zeigten große Unterschiede. Tetragonale und kubische 

Mischoxidphasen mit unterschiedlichen Kristallitgrößen und spezifischen 

Oberflächen wurden gefunden. Die größten spezifischen Oberflächen wurden 

für die Trägermaterialien, welche mittels Ko-Fällung und Tensid-unterstützter 

Ko-Fällung hergestellt wurden, gemessen. Die Nickel-Katalysatoren wurden 

für Dampfreformierung und Kohlendioxidreformie-rung von Methan getestet. 

Außer dem mittels Tensid-unterstützter Ko-Fällung hergestellten Katalysator 

waren alle für diese Reformierungs-reaktionen aktiv. Die größte Aktivität 

unter den Mischoxid-geträgerten Proben zeigte der mittels Ko-Fällung 

hergestellte Katalysator. Obwohl die katalytische Aktivität im Vergleich zu 

Ni-ZrO2 nicht erhöht wurde, wurde eine stark verringerte 

Kohlenstoffablagerung, insbesondere von faser-artigem Kohlenstoff, im 

Vergleich zu Ni-ZrO2 auf dem aktiven Kofällungsgeträgerten Katalysator 

beobachtet. 



Abstract 

Ni/ZrO2 is used as a catalyst for methane reforming reactions, which are key 

processes for hydrogen production in industry and in solid oxide fuel cells. 

Nickel shows high activity but is rapidly deactivated by coke formation, 

which is a major problem. Aim of this thesis was to modify Ni/ZrO2 in order 

to prevent coke formation. Two approaches of catalyst modification were 

studied: The influence of copper addition to nickel and the modification of the 

zirconia support material by adding ceria were investigated. The promotion of 

nickel is expected to stabilize nickel electronically or via an ensemble effect 

against carbon deposition while the ceria-zirconia mixed oxide support 

releases surface oxygen more easily which oxidizes surface carbon. 

Copper and nickel were loaded on the zirconia support via co-impregnation 

followed by calcination. Ceria-Zirconia mixed oxide support materials were 

prepared via different synthesis routes including impregnation, combustion of 

precursors, co-precipitation and surfactant assisted co-precipitation. Ni was 

deposited on these support materials via impregnation with a nominal 

loading of 5 % w/w. 

The catalysts were characterized using techniques such as transmission 

electron microscopy (TEM), H2-Chemisorption, infrared spectroscopy with CO 

as a probe molecule, X-ray diffraction (XRD), and X-ray absorption 

spectroscopy (XAS). To study the catalytic performance, the catalysts were 

tested in a continuous flow setup for partial oxidation of methane, methane 

decomposition, steam reforming and dry reforming. In situ spectroscopy 

provides information about the catalyst under relevant reaction conditions 

such as high temperature and reactive gas atmosphere. In this thesis, the 

catalysts were studied via in situ infrared spectroscopy, in situ XAS and near 

ambient pressure (NAP-)XPS. After reaction, the used catalysts were further 

studied via temperature programmed oxidation (TPO), in order to get 

information about the amount of carbon deposition and the temperature 

needed to remove these carbon species via oxidation, and by TEM, where 

carbon deposition was visible. 

Formation of a copper-nickel alloy on the zirconia supported bimetallic 

catalysts during reduction was confirmed by various techniques. TEM images 

of catalysts reduced prior to microscopy revealed particles of about 20 nm size 

containing both copper and nickel. These alloy particles were enriched in 

nickel. Additionally, much smaller particles containing mainly or only copper 

were found finely distributed over the zirconium oxide support. In order to 



 

get information about the Cu:Ni ratio on the surface, chemisorption of 

hydrogen as adsorbing agent was performed. The results of these experiments 

showed, that the surface was enriched in copper, in agreement with FTIR 

spectroscopy of CO adsorption.[1] 

Temperature Programmed Reaction with mass spectrometry (MS) detection 

showed that the methane decompositon rate towards hydrogen in absence of 

oxygen was much higher on nickel than on the copper catalyst. The bimetallic 

Cu/Ni catalysts showed low initial activity, similar to Cu-ZrO2, until a sudden 

strong increase of the H2 formation rate was observed at a certain temperature 

between 650 and 735 K In the same temperature range, an increase of the 

concentration of reduced Ni atoms at the catalyst surface in the active state, 

likely as a consequence of the interaction with C and CHx, was observed by in 

situ NAP-XPS. Cu addition to the Ni catalyst caused decreased coke formation 

but the CuNi alloy shows limited stability under relevant reaction 

conditions.[2] 

The textural properties of the CeO2/ZrO2 support materials prepared by 

different synthesis routes were strongly different. Tetragonal and cubic mixed 

oxide phases with different crystallite size and surface area were observed. 

The highest specific surface area was observed for the catalysts prepared by 

co-precipitation and surfactant assisted co-precipitation. The catalytic 

performance of the supported nickel catalysts was evaluated for methane dry 

reforming and methane steam reforming. Except of the catalyst prepared by 

surfactant assisted co-precipitation, all catalysts were active for these methane 

reforming reactions. The highest activity among the mixed oxide supported 

catalysts was observed on the catalyst prepared by co-precipitation. Even 

though the catalytic activity compared to Ni-ZrO2 was not increased, strongly 

decreased coke formation after methane dry reforming was observed on the 

active co-precipitation catalyst compared to Ni-ZrO2. 
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Chapter 1   

Introduction 

In recent years, the global need of energy and rising oil prices increased the interest in 

alternative energy generation. Besides this, considerable attention has been paid to global 

warming due to the greenhouse effect. The reduction of greenhouse gas emission as well as 

utilization of greenhouse gases such as methane and carbon dioxide is therefore becoming 

more and more important. Methane exists in enormous quantity on our planet as it occurs as 

the main component of natural gas. Nevertheless, its use as chemical raw material is still 

underrepresented. The major amount of natural gas is burned to create energy for heating, 

cooking, transportation or electricity production while only a minor amount is used for 

direct conversion into chemicals and fuels. 

The production of H2 or synthesis gas, a mixture of CO and H2, can occur via catalytic 

methane steam reforming[3-5], (1-1), dry reforming[6-11], (1-2), partial oxidation[12, 13], (1-3) or 

decomposition of methane[14-16]. 

𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3 𝐻2  ∆𝐻298 𝐾
° =  −206 𝑘𝐽/𝑚𝑜𝑙 (1-1) MSR 

𝐶𝐻4 + 𝐶𝑂2  ⇆ 2 𝐶𝑂 + 2 𝐻2  ∆𝐻298 𝐾
° =  +261 𝑘𝐽/𝑚𝑜𝑙 (1-2) MDR 

𝐶𝐻4 + 
1

2
𝑂2  → 𝐶𝑂 + 2 𝐻2  ∆𝐻298 𝐾

° =  −36 𝑘𝐽/𝑚𝑜𝑙 (1-3) POM 

𝐶𝐻4  ⇆  𝐶 + 2 𝐻2   ∆𝐻298 𝐾
° =  +75 𝑘𝐽/𝑚𝑜𝑙 (1-4) MD 

A review presenting recent results and developments in heterogeneous catalytic methane 

conversion to synthesis gas, hydrogen, cyanide, ethylene, methanol, formaldehyde, methyl 

chloride, methyl bromide and aromatics has been published this year by Horn and Schlögl[17]. 

Besides of methane, methanol has been intensively studied as a feedstock for hydrogen and 

syngas via methanol steam reforming[18-20]. Considering environmental catalysis, catalytic CO 

oxidation[21, 22] and hydrodechlorination[23, 24] of organic waste were investigated. 
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1.1 Methane Reforming Catalysts 

Fischer and Tropsch showed already in 1928 that most group VIII metals display activity for 

methane dry reforming[25]. Many years later various transition metals (Ni, Ru, Rh, Pd, Ir, Pt) 

have been tested[26-30]. Even though Rh was observed to be the most stable and active of 

group VIII metals Pt catalysts have been developed as excellent methane dry reforming 

catalysts[9, 31-34]. Besides highly active noble metal catalysts, nickel based catalysts with their 

relatively high availability, low cost and activity comparable to that of noble metal catalysts 

is becombing the metal of choice for industrial applications[35]. However, the active nickel 

particles tend to form coke, leading to deactivation of the catalyst[36]. The effect of carbon 

deposition is a major problem and may lead to catalyst deactivation[10, 17] by decoration of the 

active metallic sites and or physical blockage of the tubes in fixed bed reformers[37]. Hence, 

intense research efforts have been focused on the development of catalysts that show high 

activity but are also resistant to carbon formation and sintering. It has been reported, that 

smaller nickel particle size leads to less coke deposition[38, 39]. Therefore, increasing the nickel 

dispersion should help to improve the catalyst’s stability. An improvement of the catalyst’s 

stability against coke formation can also be achieved by modification of the metal component 

or modification of the support material. 

Nickel based catalysts have been shown to be sensitive to doping and structure modification 

by other metals, such as Cu or Au, or other promotors such as boron, which affect the 

structure and morphology of the produced carbon[40]. Xu and Saeys[41] studied the effect of 

boron promotion on Ni-based catalysts towards coke formation using first-principles density 

functional theory calculations. Addition of small amounts of boron to the Ni catalyst was 

found to inhibit the formation of bulk carbide and weaken the on-surface carbon binding 

energies[41]. Improved stability against deactivation has been achieved by adding a second 

metal component, e.g. Au[42-44] and Cu[1, 2, 15, 16, 45-51] have been studied for this aim. Since 

neighbouring Ni atoms are necessary for coke formation the resistance against coke 

formation can be achieved by exchanging the Ni neighbours by Cu or Au (ensemble effect). 

On the other hand, the formation of an alloy leads to a lower nickel reduction temperature 

because of electron donation of Au or Cu to Ni (electronic effect). Copper was chosen as 

alloying component in this thesis because of its lower price compared to gold and the high 

probability of gold to sinter. The Ni-Au surface alloy was active for steam reforming and 

more resistant towards carbon formation than pure Ni, which was explained by blocking of 

highly reactive Ni edge and kink sites by Au atoms[43]. The addition of Cu to nickel-based 

catalysts has several effects such as an easier reducibility of Ni. Cu is rich in d-electrons 

which may exert an electronic effect on Ni and furthermore affect the affinity of the metal 

surface to graphite[14]. Ashok et al. observed that addition of Cu to Ni enhanced the methane 

decomposition activity of hydrotalcite-like Ni-Cu-Al catalysts when added in an appropriate 

amount[45]. Suelves et al. showed that doping of Cu has a strong influence on the dispersion 

of nickel and enhances the catalyst’s activity[47]. Similarly, Monzón found that promoting Ni 
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with a small amount of Cu improves the activity and stability of the catalyst[49]. Cunha et al. 

observed, that doping with Cu improves the catalyst stability[50]. Li et al. observed, that in 

Cu0.25Ni0.75Al2O4 Cu is acting as a dispersive agent to prevent Ni particles from growing[51] 

and enhances the catalyst stability when employed in a suitable amount[52]. Lazaro et al. 

found that the presence of copper in NiCu-SiO2 catalysts led to higher methane conversion[16], 

and Park et al. observed that on Cu-Ni-YSZ anode materials for direct use of methane fuel in 

solid oxide fuel cells (SOFC) the carbon deposition decreased compared to the amount of 

carbon on Ni-YSZ[46]. DFT based computational studies by Liu et al. compared the methane 

dissociation on NiCu(111) bimetallic alloy surfaces. Their calculations indicated that C is 

easily formed on a uniform 1:1 NiCu surface but unfavourable on a Cu-rich NiCu surface[53]. 

Therefore, the surface composition on a NiCu alloy catalyst under reaction conditions is 

expected to play the key role in determining the catalytic activity and stability. 

In general, bimetallic nanoparticles are key to many catalytic reactions, due to their beneficial 

catalytic properties, as reported for Pd-Zn[20, 54-56], PdGa[18, 19, 56-58] and Pd(Pt)-Cu[23, 56, 59] in 

comparison to Pd[60-62]. 

Various materials have been tested as support for nickel catalysts such as MgO[10, 35, 63-65], 

Al2O3[8, 10, 66-68], SiO2[10, 35, 69], TiO2[10, 35], La2O3[66, 67], CeO2[67, 70], ZrO2[8, 67, 71] and Ce1-xZrxO2[6, 7, 72-79]. 

Ce1-xZrxO2 solid solution is considered as a promising support[6, 7, 72-77] for Ni-based methane 

dry reforming catalysts. Adding ZrO2 to CeO2 has been found to improve the oxygen storage 

capacity, redox property, which can be related to the ability to deliver oxygen from the lattice 

to the gas phase or solid carbon,, thermal stability and catalytic activity.[5, 7, 72]. Several 

methods have been used to prepare Ce1-xZrxO2 solid solutions for catalytic applications. 

These include the high-temperature milling of a mixture of the oxides[80], co-precipitation[5, 6, 

72, 73, 76, 81-85], surfactant-assisted co-precipitation[72, 74, 75, 77, 86, 87], thermal hydrolysis[88-90], sol-gel[7, 

91, 92] and pseudo-sol-gel techniques[78, 79]. Among these methods, combustion, co-precipitation 

and surfactant-assisted co-precipitation were applied to study the influence of catalyst 

modification towards catalytic activity and stability. 

1.2 Methane Decomposition 

By production of hydrogen via steam reforming or partial oxidation of methane, CO or CO2 

is formed as a by-product. For many applications such as the use of hydrogen in PEM fuel 

cells CO needs to be removed because it is a catalyst poison. To overcome the problem of CO 

or CO2 formation, direct production of hydrogen by catalytic methane decomposition (MD) 

in absence of air or oxygen can be applied. The by-product of this process is carbon in form 

of layers, filaments, fibres or nanotubes. Especially the formation of useful nanocarbons[40, 52, 

93-98] is of high interest. Li et al.[14] published a comprehensive review about this topic 

discussing the effect of the nature of the catalyst and feed composition on the catalytic 

activity, stability and the influence on the morphology of the produced carbon. 
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Besides of dissociation of methane (1-4) surface reactions with hydroxyl groups (1-5) and 

oxygen of the catalyst surface (1-6) take place during methane decomposition. 

𝐶𝐻4 +  2 𝑂𝐻𝑠  → 𝐶𝑂2 + 3 𝐻2  (1-5) 

𝐶𝐻4 +  2 𝑂𝑠  → 𝐶𝑂 + 2 𝐻2  (1-6) 

The index s indicates that the molecule/fragment is adsorbed on the surface. 

Liao et al.[99] calculated dissociation enthalpies and activation energies of the sequential 

dehydrogenation and oxygen-assisted dissociation of methane for various transition metals, 

including nickel and copper. Nickel was found to be one of the most efficient catalysts for the 

methane dissociation described by sequential dehydrogenation of CH4: 

𝐶𝐻𝑥,𝑠  → 𝐶𝐻𝑥−1,𝑠 +  𝐻𝑠   (1-7) 

The total dissociation of methane on Cu and the other coinage metals was found to be very 

endothermic. The presence of adsorbed oxygen however promoted methane dissociation[99, 

100] because oxygen located at metal on-top sites increases the adsorption energy of 

hydrogen[100]. Besides, the ability to catalyse the reaction of carbon produced by (1-6) with 

surface oxygen is rather high for Cu compared to other transition metals[100]. 

1.3 Methane Steam Reforming 

In methane steam reforming (MSR), the reaction of CH4 with H2O to a mixture of CO, CO2 

and H2 is endothermic. It is used for H2 production or to produce synthesis gas with a high 

H2:CO ratio. The reaction is limited by thermodynamic equilibrium, and besides steam 

reforming (1-1) reverse water-gas-shift (WGS) reaction (1-8) is involved. 

𝐻2 + 𝐶𝑂2 ⇄ 𝐻2O + 𝐶𝑂  ∆𝐻298 𝐾
° =  +41 𝑘𝐽𝑚𝑜𝑙−1 (1-8) 

Since the WGS reaction is an exothermic reaction, it is favoured at low temperatures. Jones et 

al.[101] reported an elementary step mechanism for MSR on transition metals and found that 

CO formation is the rate limiting step at the investigated temperature of 773 K but 

dissociative methane adsorption becomes rate limiting at higher temperatures. These results 

are in agreement with experimental results obtained by Wei and Iglesia at 823-1023 K[102]. 

1.4 Partial Oxidation of Methane 

Another method for converting methane to synthesis gas is catalytic partial oxidation. 

Besides H2 and CO formed by (1-3), H2O and CO2 are formed as by-products via (1-8) or (1-4) 

and several other side reactions. Enger et al.[103] listed reactions that are expected to play a 

role in catalytic partial oxidation of methane. 
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𝐶𝐻4 +  2 𝑂2  → 𝐶𝑂2 + 2 𝐻2𝑂  ∆𝐻298 𝐾
° =  −803 𝑘𝐽/𝑚𝑜𝑙 (1-9) 

𝐶𝐻4 + 𝑂2  ⇄ 𝐶𝑂2 + 2 𝐻2  ∆𝐻298 𝐾
° =  −319 𝑘𝐽/𝑚𝑜𝑙 (1-10) 

𝐶𝐻4 + 𝐻2𝑂 ⇄ 𝐶𝑂 + 3 𝐻2  ∆𝐻298 𝐾
° =  +206 𝑘𝐽/𝑚𝑜𝑙 (1-11) 

𝐶𝐻4 +  𝐶𝑂2  ⇄ 2 𝐶𝑂 + 2 𝐻2  ∆𝐻298 𝐾
° =  +247 𝑘𝐽/𝑚𝑜𝑙 (1-12) 

𝐶𝑂 +  𝐻2  ⇄ 𝐶𝑠 + 3 𝐻2𝑂  ∆𝐻298 𝐾
° =  −131 𝑘𝐽/𝑚𝑜𝑙 (1-13) 

2𝐶𝑂 ⇄ 𝐶 + 𝐶𝑂2    ∆𝐻298 𝐾
° =  −172 𝑘𝐽𝑚𝑜𝑙−1 (1-14) 

𝐶𝑂 +  
1

2
𝑂2  → 𝐶𝑂2   ∆𝐻298 𝐾

° =  −283 𝑘𝐽/𝑚𝑜𝑙 (1-15) 

𝐻2 +  
1

2
𝑂2  →  𝐻2𝑂   ∆𝐻298 𝐾

° =  −242 𝑘𝐽/𝑚𝑜𝑙 (1-16) 

Carbon formation is strongly suppressed due to the presence of O2 and the high affinity of O2 

to oxidize surface carbon to CO or CO2. The challenge for catalyst design is to achieving high 

selectivity towards H2 and CO while suppressing the total oxidation to CO2 and H2O. 

1.5  Methane Dry Reforming 

By CO2 reforming of methane or methane dry reforming (MDR) CH4 and CO2 are converted 

into synthesis gas with a lower H2:CO ratio than that of methane steam reforming (MSR). 

Synthesis gas produced by MDR is effective for the synthesis of long chain hydrocarbons[17] 

and valuable oxygenated chemicals[72, 104, 105]. Additionally, MDR has great potential to be 

used for energy transformation and storage due to its reversibility by methanation[106]. 

However, other possible reactions such as reverse water-gas-shift (1-8), MSR (1-1), methane 

decomposition (1-4) and CO disproportionation (1-14) must be considered resulting in H2:CO 

ratios different from 1 and carbon deposition. 

The activation of CH4 and of CO2 as well as the reaction of these molecules on transition 

metal surfaces have been studied in great detail. Methane activation on transition metal 

surfaces is characterized by a high activation barrier, a low sticking coefficient and a high 

hydrogen kinetic isotope effect[107]. Wang et al.[108] investigated the reaction pathways for 

MDR on Ni(111) by density functional theory and published a simplified reaction 

mechanism. The rate determining step was found to be CH4 dissociative adsorption. CH3, 

which is produced by CH4 dissociation prefers to dehydrogenate into CH2 which prefers to 

dehydrogenate to CH and CH prefers to be oxygenated into CHO. Without surface oxygen, 

which is formed by CO2 dissociation, dehydrogenation to C and H occurs. Dehydrogenation 

of CHO into H and CO has a very low energy barrier on Ni(111). The simplified mechanism 

proposed in this analysis is summarized in Fig. 1. 
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Fig. 1. Simplified mechanism of CO2 reforming on Ni(111). Adopted from Wang et al.[108] 

On supported catalysts, it is expected that the step of methane decomposition occurs on the 

metal particles while CO2 activation could take place on the support, too. Thus, the reaction 

might take place on the metal-support interface. For MDR over Pt/ZrO2/Al2O3 catalysts, a 

kinetic model based on this dual mechanism was successfully correlated with the 

experimental data[9]. 

For CO2 activation, support materials with basic OH species increase the interaction of CO2 

with the support and therefore, increase the CO2 concentration on the surface in form of 

carbonates, and also increase CO2 affinity for surface carbon which minimizes carbon 

accumulation[65]. 

1.6 Objectives and Outline 

In this thesis, the modification of Ni-ZrO2 catalysts and the effect on methane reforming 

reactions was studied. This was done by modifying the metallic Ni component with Cu in 

order to achieve an increased stability against coke formation without decreasing the 

catalytic activity. As a second strategy, ZrO2 was modified by CeO2 and the effect of the 

synthesis procedure on ceria-zirconia solid solution formation and properties thereof were 

studied. 

In the next two chapters preparation methods for Cu and/or CeO2 promoted Ni-ZrO2 and the 

applied methods for characterization and catalytic testing of the catalysts are presented.  

Afterwards, the properties of pure ZrO2 support and Ni supported on ZrO2, as well as the 

catalytic activity of Ni-ZrO2 are discussed. Then, Ni-ZrO2 catalysts promoted by Cu addition 

are studied. The bimetallic catalysts are investigated during reduction pretreatment, when 

alloy formation is observed. The catalytic activity for catalytic partial oxidation of methane 
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and methane decomposition is discussed next and after reaction these used catalysts are 

characterized with focus on carbon deposition. 

Then, the effect of the modification of ZrO2 with CeO2 is studied. The mixed-oxide supported 

catalysts are characterized for their textural and structural properties as well as for their 

adsorption properties. Thereafter, nickel supported on ZrO2, CeO2 and mixed CeO2/ZrO2 

catalysts are tested for steam and dry reforming of methane. Their catalytic activity and 

stability during up to 24 hours time on stream are compared and after reaction the used 

catalyst are again characterized with focus on the amount and nature of deposited carbon. 

Published results, presented in this thesis as characterization and in-situ studies of zirconia 

supported Ni and CuNi catalysts, are included as appendix. Two articles about CuNi-ZrO2 

catalysts have already appeared and a third manuscript on methane dry reforming over 

ceria-zirconia supported Ni catalysts is currently under preparation. 

 



 

Chapter 2   

Sample Preparation 

The catalysts which were used during this work consisted of nickel and/or copper supported 

on zirconia, ceria or ceria-zirconia mixed oxide. 

2.1 Preparation of the Support Material 

As pure support materials commercial ZrO2 (prepared from Zr(OH)4 from MEL chemicals 

XZO 880/01; calcined at 973 K) and CeO2 (commercial from Schuchardt CE026) were used. 

Binary ceria-zirconia support materials were prepared by different methods including 

impregnation, composition and co-precipitation. 

CeO2 was added by impregnation of the ZrO2. This material is labelled as CeZr. Ce(NO3)3 ⋅ 6 

H2O was dissolved in water and ZrO2 was suspended in this solution to obtain a powder 

with 5.3 wt% CeO2. The suspension was dried over night at 373 K. Then the yellowish 

ceria/zirconia powder (CeZr) was heated to 723 K with a heating rate of 5 K/min and held 

there for 2 hours. Due to the chosen preparation by impregnation ceria is expected to be 

enriched on the surface and no solid solution is formed. 

The catalyst prepared by combustion synthesis route was obtained by mixing and melting of 

ZrO(NO3)2 ⋅ 6 H2O and Ce(NO3)3 ⋅ 6 H2O to achieve a Ce/Zr molar ratio 1:4. Water was 

admixed to the molten mass and urea was added. Only half of the urea was necessary for the 

reaction while the rest was used as a fuel. After the addition of urea the mixture was placed 

into the preheated oven, where it was kept for 15 minutes at 873 K. After the impetuous 

reaction greenish agglomerates with a texture different from that of the other samples were 

obtained. Finally, fine powder was gained by hand-milling of the agglomerates. This support 

is further labelled as CexZryO2_comb. 

Two furtzer binary ceria-zirconia materials were prepared by co-precipitation method, both 

Ce0.6Zr0.4O2 with is composed of 60 mol% CeO2 and 40 mol% ZrO2. For preparation of the 

mixed oxide support labelled as CexZryO2_cp stoichiometric quantities of zirconyl nitrate 

hexahydrate (ZrO(NO3)2 ⋅ 6 H2O, Fluka), cerium(III) nitrate hexahydrate (Ce(NO3)3 ⋅ 6 H2O, 

Aldrich) were dissolved in distilled water, and the resulting solution was transferred to a 
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round bottom flask and stirred for 1 hour at 353 K. Then, an aqueous solution of 20 % w/w 

KOH was added drop-wise at 353 K with constant stirring until a pH of 10.5 was reached. 

After digesting the precipitate at 353 K for 72 hours, it was filtrated and washed several 

times with distilled water to remove any potassium impurity. Then, it was air-dried for 72 

hours followed by drying at 393 K for 6 hours. Finally, the mixed oxide was heated at a ramp 

of 2 K/min and kept at 923 K for 2 hours. The other mixed oxide, labelled as CexZryO2_ctab 

was prepared by a surfactant-assisted co-precipitation route. The synthesis route was 

adopted from Sunkonket et al.[77]. Zirconyl nitrate hexahydrate (ZrO(NO3)2 ⋅ 6 H2O, Fluka) 

and cerium(III) nitrate hexahydrate (Ce(NO3)3 ⋅ 6 H2O, Aldrich) precursor salts were 

dissolved in deionized water. Separately, cetyltrimethylammonium bromide (CTAB, Roth) 

was dissolved in deionized water at 333 K. The metal nitrate solution was added to the 

surfactant solution to obtain a mixed solution with a molar ratio c(CTAB)/c(Ce+Zr) = 1. 

Aqueous ammonia was gradually added to the mixture solution under vigorous stirring 

until precipitation was complete. The addition of ammonia induced precipitation of a 

yellow-brown colloidal slurry which was further stirred for 60 min in a quartz reactor and 

aged “hydrothermally” for 5 days at 363 K. After this timeframe, the bottles were cooled and 

the resulting precipitate was filtered and washed repeatedly with deionized water. The 

resulting cakes were oven-dried at 393 K overnight and finally calcined at 923 K for 2 hours. 

dropwise addition of aqueous ammonia for precipitation. 

2.2 Preparation of Supported Ni and Cu Catalysts 

Ni, Cu and CuNi catalyst were prepared by impregnation of ZrO2 and CeZr with 

Cu(NO3)2  3 H2O and Ni(NO3)2  6 H2O to obtain the following Cu:Ni ratios: 1:0, 3:1, 1:1, 1:3 

and 0:1. The total metal weight content was kept at 5 % w/w. After dissolving the nitrates in 

water, ZrO2 or CeZr powder was suspended in the solution, which was dried at 373 K 

overnight. Then the powder was heated to 723 K with a heating rate of 5 K/min and held 

there for 2 hours.  

For in situ X-Ray Photoelectron Spectroscopy (XPS) investigations an additional CuNi 

sample was prepared via impregnation of copper and nickel nitrates but with a higher 

overall metal loading of 50 wt% with a Cu:Ni ratio of 1:3 in order to prevent sample 

charging.  

The other mixed oxide support materials and CeO2 were impregnated with nickel nitrate in 

order to obtain 5% w/w. All catalysts and their compositions are listed in Table 1. 
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Table 1. Composition of Cu/Ni-CeO2/ZrO2 catalysts. 

 

Name 
ZrO2 

(wt %) 

CeO2 

(wt %) 

Cu 

(wt %) 

Ni 

(wt %) 

Cu-ZrO2 95 - 5 - 

31CuNi-ZrO2 95 - 3.75 1.25 

11CuNi-ZrO2 95 - 2.5 2.5 

13CuNi-ZrO2 95 - 1.25 3.75 

Ni-ZrO2 95 - - 5 

Cu-CeZr 90 5 5 - 

31CuNi-CeZr 90 5 3.75 1.25 

11CuNi-CeZr 90 5 2.5 2.5 

13CuNi-CeZr 90 5 1.25 3.75 

Ni-CeZr 90 5 - 5 

Ni-CexZryO2_comb 75.4 24.6  5 

Ni-CexZryO2_cp 53.5 46.5  5 

Ni-CexZryO2_ctab 53.5 46.5  5 

Ni-CeO2 - 95  5 

13CuNi-ZrO250 50  12.5 37.5 



 

Chapter 3   

Methods 

3.1 Characterization 

Common methods for catalyst characterization are shortly described in the following. 

3.1.1 X-Ray Diffraction Measurements 

Powder X-ray diffraction (XRD) patterns were recorded on a XPERT-PRO diffractometer 

with Cu Kα radiation operating at 40 kV and 40 mA with a 2θ scanning from 5 to 90° and a 

step size of 0.02°. The crystallite size t was determined from X-ray line broadening studies 

using the Scherrer’s formula[109] t = 0.9  λ /(B  cos(θ)), where λ is the X-ray wavelength (Cu 

Kα radiation: 0.154 nm) and B the full-width half-maximum of the Bragg diffraction angle θ. 

3.1.2 Surface Area Analysis 

The Brunauer-Emmet-Teller (BET) specific surface area for all catalysts was obtained by N2 

physisorption acquired at liquid N2 temperature using a Micromeritics ASAP 2020 

apparatus. Prior to analysis, all the powders were outgassed at 573 K and < 13 µbar for 1 

hour to ensure a clean surface prior to acquisition of the adsorption isotherm. The average 

pore size and average pore volume were analysed using the adsorption branch of the N2 

isotherm. 

3.1.3 Metal Dispersion Measurements 

The nickel dispersion and metallic nickel surface area of the catalyst samples were estimated 

by H2 chemisorption at 308 K using a Micromeritics ASAP 2020 C instrument. An amount of 

0.5 g sample was used for these measurements. Prior to analysis, the samples were heated in 

an oxygen flow at 773 K for 1 hour. After cooling down in vacuum to 573 K the samples were 

reduced in hydrogen flow up to 673 K. After 20 minutes reduction, the samples were 

evacuated for 30 min at 673 K. Chemisorption was performed at 308 K at hydrogen pressures 

between 75 and 775 mbar and repeated once in order to isolate the chemisorption isotherm. 

Between the first and the repeated analysis the samples were evacuated at 308 K for 30 min 

to remove reversibly adsorbed H2. For the Ni samples, the same analysis procedure was 

applied after reducing at 873 K since reduction prior to reaction was at 873 K, too. The 
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difference of the first isotherm data (reversible + irreversible adsorption) and the repeated 

isotherm data (only reversibly adsorption) was utilized to calculate the quantity of 

irreversible adsorbed hydrogen. For determination of the nickel dispersion hydrogen 

pressures of 274, 341, 408, 474, 541 and 608 mbar were selected. H2 was chosen as analysis 

gas because it adsorbs irreversibly on nickel but not on copper. 

The active nickel area 𝐴𝑚 at the surface and thus accessible to gases was calculated from 

𝐴𝑚(𝑚2 𝑔⁄ ) =  6.022 × 1023 𝐹𝑠𝑛𝑎𝐴𝑔 (3-1)[110] 

where  𝐹𝑠 is the stoichiometry factor, obtained from the ratio of the atoms or molecules in the 

balanced chemical equation between the active gas and active surface, which therefore is 2 

for H2 on Ni, 𝑛𝑎 is the number of moles of gas adsorbed (in cm3/g STP) determined at the 

monolayer coverage and 𝐴𝑔 is the cross-sectional area of the adsorptive atom.[110] In case of Ni 

𝐴𝑔 is 0.0649 nm2.[111] 

The metal dispersion 𝛾% is the fraction of the total of active metal accessible to the reactant 

molecules 𝑁𝑇. It is expressed as a percentage, 

𝛾% =  
𝑉𝑚𝑁𝐴𝐹𝑠

𝑁𝑇𝑉𝑚𝑜𝑙
 × 100%   (3-2)[110] 

where 𝑉𝑚 is the monolayer volume, 𝑁𝐴 is Avogadro’s number and 𝑉𝑚𝑜𝑙 is the molar volume 

of the adsorptive.[110] 

3.1.4 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) was utilized to obtain information about the size, 

morphology and distribution of the nickel particles on the supported catalysts. Prior to the 

microscopy the catalysts were oxidized at 773 K and reduced at 673 K or 873 K. To 

characterize the nickel catalysts after MDR reaction, samples exposed to CH4 and CO2 at 

873 K for three hours were explored. All treatments were performed in a quartz flow reactor 

in the kinetic setup which is described in 3.3. For TEM measurements the samples were 

suspended in ethanol and one drop of the suspension was deposited on carbon coated Cu 

grids. TEM measurements were performed on an analytical TECNAI F20 instrument 

connected to an EDX detector. EDX was used to identify the metal particles on the support 

materials. 

The structural analysis of the recorded images has been performed using ImageJ 1.48. The 

digital diffractograms reported in the results section correspond to the long-scaled power 

spectrum of the corresponding fast Fourier transforms. 
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3.1.5 Temperature Programmed Desorption 

Temperature Programmed Desorption (TPD) was applied on ZrO2 to study the absorption 

properties of H2O, D2O, CO and CO2. Therefore, 0.5 g ZrO2 was placed in a quartz tube and 

after oxidation at 773 K followed by cooling down to room temperature in vacuum 100 mbar 

of the desired gas or vapour was introduced. After 10 minutes in the gas/vapour atmosphere, 

the tube was evacuated for 30 minutes and then heated up to 1173 K with a heating rate of 

5 K/min. The species which desorbed during heating were analysed by a mass spectrometer 

(Pfeiffer QMS 200). 

3.2 In situ Infrared Spectroscopy 

Fourier transformed infrared (FTIR) Spectra were recorded in transmission using a Vertex 70 

spectrometer (Bruker Optics) with a globar as radiation source, a mercury cadmium telluride 

(MCT) detector and a HeNe laser as internal wavelength standard. The resolution of the 

spectra is 4 cm-1. A scheme of the FTIR apparatus is shown in Fig. 2. 

 

Fig. 2. Schematic illustration of the experimental setup for FTIR measurement. 

The Infrared apparatus is equipped with a vacuum cell and a flow cell and records infrared 

spectra in transmission mode. The samples were pressed to small discs before placing in the 

sample holder. The vacuum cell is connected to a turbomolecular pump which allows 

pressures down to 10-6 mbar. A rotary vane pump is used to achieve the fine vacuum needed 

for the turbomolecular pump. Gases are introduced into the chamber via a leak valve. The 

pressure in the chamber is monitored by a MKS type 626 pressure gauge for pressures above 

1 mbar, a Pfeiffer Vacuum type CMR 264 compact capacitance gauge for the fine vacuum 

range and by a Balzers type IKR 260 compact cold cathode gauge for pressures in the high 
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vacuum range. The sample temperature is measured by a type K thermocouple positioned 

around the edges of the sample holder holding the sample disc. The thermocouple is 

connected to a Eurotherm temperature controller, which is used to power the heating wire to 

heat the sample up to 773 K. Cooling of the sample to temperatures until 163 K is possible by 

keeping liquid nitrogen in a cooling loop around the sample holder. The flow cell is 

connected to the apparatus used for kinetic measurements. 

3.2.1 Spectra Acquisition 

All spectra were obtained by averaging 128 scans to achieve good signal to noise ratios. A 

spectrum of the sample holder was used as a background for all spectra. Spectra were 

obtained in the range of 4000 to 900 cm-1 with an aperture of 1.5 mm.  

The area of peaks on different samples cannot be compared quantitatively because of the 

strong dependence on the thickness of the sample discs. 

3.2.2 Pretreatment Procedure in the Vacuum Cell 

After installing the sample in the cell, it was closed and evacuated for a few minutes. Then 

100 mbar O2 were introduced and the sample was heated to 773 K at a rate of 10 K/min in the 

oxygen atmosphere. After 60 minutes the chamber was evacuated again and the sample was 

cooled down to 303 K where experiments on the oxidized samples were performed. For 

reduction 5 mbar H2 and 900 mbar N2 were introduced into the evacuated chamber after 

oxidation and the sample was heated to 673 K at a rate of 10 K/min. After 30 minutes in 

hydrogen atmosphere the chamber was evacuated and kept at 673 K for another 30 minutes 

to remove chemisorbed hydrogen and water before cooling down to 303 K to perform 

experiments on the reduced sample. 

3.2.3 Adsorption of CO as a Probe Molecule 

Infrared spectroscopy of adsorbed carbon monoxide as a probe molecule is a common 

technique for the characterization of supported metal catalysts. In this work it was applied to 

get information about the oxidation states of copper and nickel after oxidation and reduction 

and to compare the bimetallic with the monometallic catalysts. 

3.2.4 Operando FTIR during Methane Steam Reforming 

The supported nickel catalysts were tested for methane steam reforming (MSR) reaction. 

After oxidation at 773 K in O2/Ar flow and reduction in H2/Ar flow at 673 K the tested 

catalysts were cooled down in Ar flow. Then, the samples were heated in a mixture of 15 

mbar H2O and 5 mbar CH4 in Ar with a total flow rate of 50 ml/min with 5 K/min up to 673 K 

and kept at 673 K for 2 hours. The reactants and product were detected by mass spectrometer 

(MS) simultaneously to recording of IR spectra. 
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3.3 Catalytic Testing 

Activity evaluation studies were carried out in a quartz flow reactor. A small amount of 25-

50 mg catalyst was placed in the quartz glass reactor in-between two plugs of quartz wool. 

The flow rates of the reactants were set with mass flow controllers (MFC). For quantitative 

detection, the reaction products were analysed under steady state conditions by a gas 

chromatograph (GC) equipped with a thermal conductivity detector (TCD) and a flame 

ionization detector (FID). The FID is equipped with a Ni-catalyst (METHANIZER) to 

hydrogenate CO and CO2 to CH4 to enable FI detection of these gases. Via a differentially 

pumped capillary directed to a mass spectrometer (Pfeiffer OMNIStar) with Faraday detector 

a semi quantitative detection of the products was possible, too. A diagram of the kinetic 

setup is shown in Fig. 3. 

A second setup with quartz flow reactor was used for temperature programmed studies. 

Part of the effluent was directed to a mass spectrometer (Pfeiffer QMS 200) via a 

differentially pumped capillary to detect the reactants and products during heating in 

reactive gas flow. 

 

Fig. 3. Scheme of the Kinetic setup  

3.3.1 Temperature Programmed Methane Decomposition 

For temperature programmed methane decomposition (TPMD) experiments 50 mg catalyst 

was placed in the quartz flow reactor. The zirconia supported Ni, Cu and CuNi samples 
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were tested for methane decomposition. The main products (H2, CO, CO2 and CH4) were 

detected with the mass spectrometer. The catalysts were oxidized at 727 K and reduced at 

673 K prior to the reaction. Then the samples were heated up to 727 K and cooled down to 

573 K in a mixture of 5 % CH4 and 95 % Ar with a total flow of 50 ml/min. The heating and 

cooling rate was set to 5 K/min and the heating-cooling cycle was repeated twice. After the 

TPMD experiment the sample was cooled down to room temperature in Ar.  

For quantitative determination of the reaction rates the reaction products were analysed 

under steady state conditions by GC. 

3.3.2 Partial Oxidation of Methane 

To test the catalytic activity during partial oxidation of methane, 50 mg catalyst was placed 

in the quartz flow reactor. The zirconia supported Ni, Cu and CuNi samples were tested for 

this reaction. The main products and reactants (H2, CO, CO2, H2O and CH4) were detected 

via mass spectrometer. The catalysts were oxidized at 727 K and reduced at 673 K prior to 

the reaction. Then the samples were heated up to 727 K, kept at 727 K for 30 minutes and 

then cooled down to 573 K in a mixture of 5 % CH4, 10 % O2 and 95 % Ar with a total flow of 

50 ml/min. The heating and cooling rate was set to 5 K/min and the heating-cooling cycle 

was repeated twice. After the temperature programmed experiment the samples were cooled 

down to room temperature in Ar.  

3.3.3 Methane Dry Reforming 

Activity evaluation studies in the methane dry reforming (MDR) reaction were carried out in 

a quartz flow reactor. 25 mg catalyst was mixed with 75 mg quartz sand and loaded into the 

glass reactor in-between two plugs of quartz wool. The catalysts were oxidized in an O2/Ar 

mixture at 773 K for 30 min and reduced in a H2/Ar mixture at 873 K for 30 min. Before 

exposure to the reaction mixture the sample was kept in Ar at 873 K for 30 min. Then, the 

sample was exposed to a mixture of 10 % CH4, 10 % CO2 and 80 % Ar with a total flow of 25 

ml/min at 873 K for 24 hours. The reaction products and reactants were quantitatively 

analysed by GC. 

3.3.4 Equations used for Calculation of Catalytic Results 

The CH4 and CO2 conversion, H2 formation and CH4 reaction rates, H2:CO ratio, carbon 

balance, H2 selectivity and turn-over-frequency (TOF) based on the metallic Ni surface area 

(ANi) after reduction at 873 K 

% CH4 conversion:  𝑋𝐶𝐻4
=  

𝑓(𝐶𝐻4,𝑖𝑛)−𝑓(𝐶𝐻4,𝑜𝑢𝑡)

𝑓(𝐶𝐻4,𝑖𝑛)
× 100%   (3-3) 

% CO2 conversion:  𝑋𝐶𝑂2
=  

𝑓(𝐶𝑂2,𝑖𝑛)−𝑓(𝐶𝑂2,𝑜𝑢𝑡)

𝑓(𝐶𝑂2,𝑖𝑛)
× 100%   (3-4) 
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H2 production rate: 𝑟𝐻2
=  

𝑓(𝐻2,𝑜𝑢𝑡)×𝑝

𝑅×𝑇×𝑚𝑐𝑎𝑡
 

𝑚𝑜𝑙 𝐻2

𝑔 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × 𝑠
    (3-5) 

CO production rate: 𝑟𝐶𝑂 =  
𝑓(𝐶𝑂𝑜𝑢𝑡)×𝑝

𝑅×𝑇×𝑚𝑐𝑎𝑡
 

𝑚𝑜𝑙 𝐶𝑂

𝑔 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × 𝑠
    (3-6) 

H2:CO ratio:  𝑅 =  
𝑟𝐻2

𝑟𝐶𝑂
      (3-7) 

Carbon balance: 𝐶𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =  
𝑓(𝐶𝐻4,𝑜𝑢𝑡)+𝑓(𝐶𝑂2,𝑜𝑢𝑡)+𝑓(𝐶𝑂𝑜𝑢𝑡)

𝑓(𝐶𝐻4,𝑖𝑛)+𝑓(𝐶𝑂2,𝑖𝑛)
   (3-8) 

% H2 selectivity: 𝑆𝐻2
=  

𝑓(𝐻2,𝑜𝑢𝑡)

2 (𝑓(𝐶𝐻4,𝑖𝑛)−𝑓(𝐶𝐻4,𝑜𝑢𝑡))
× 100%    (3-9) 

Turn-over-frequency: 𝑇𝑂𝐹 =  
𝑁𝐶𝐻4

𝑁𝑁𝑖
      (3-10) 

Number of converted CH4 molecules:  

   𝑁𝐶𝐻4
=  𝑓(𝐶𝐻4,𝑖𝑛) × 𝑋𝐶𝐻4

× 𝜌(𝐶𝐻4) × 𝑀(𝐶𝐻4)  (3-11) 

Number of surface nickel atoms:  𝑁𝑁𝑖 =  𝑚𝑐𝑎𝑡 × 𝐴𝑁𝑖 × 𝑁𝑁𝑖/𝑚² (3-12) 

where 𝑓(𝑖𝑖𝑛) and 𝑓(𝑖𝑜𝑢𝑡) are the flow rates of each component in the feed or effluent in m³/s, 

p is the pressure in the quartz reactor, 𝑅 is the universal gas constant with 8.314 J/(K mol), 𝑇 

is the reaction temperature in Kelvin, 𝑚𝑐𝑎𝑡 is the mass of the catalyst in the reactor, 

𝜌(𝐶𝐻4)the density of methane, 𝑀(𝐶𝐻4) the molar mass of methane and 𝑁𝑁𝑖/𝑚² the number of 

surface nickel atoms per square meter. 

3.3.5 Temperature Programmed Oxidation 

After testing the catalyst’s performance the amount of coke deposited on the catalyst, was 

determined by a temperature programmed oxidation (TPO) in 20% O2 in Ar applying a 

heating rate of 5 K/min up to 673 K. The amount of CO2 formed by (1-17) is monitored by 

mass spectrometry detection. 

𝐶𝑠 +  𝑂2  → 𝐶𝑂2   ∆𝐻298 𝐾
° =  −394 𝑘𝐽/𝑚𝑜𝑙 (1-17) 

3.4 X-Ray Absorption Spectroscopy 

X-ray absorption spectroscopy (XAS) is used for the determination of the local electronic 

and/or geometric structure of materials. In principle, an X-ray photon is absorbed and excites 

a core electron to an unoccupied level or an unbound state. In both cases, a core hole is 

created. X-ray Absorption Near Edge Structure (XANES) is in the region where a core 

electron is photo-excited into an unoccupied valence level. Its shape and intensity is 

characteristic of the oxidation state and other species bonded to the excited atom. Therefore, 
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the XANES region is often used to determine the formal oxidation state of the element. The 

region above the core-level binding energies of the atom is called Extended Absorption Fine 

Structure (EXAFS) and provides local information about the number and type of 

neighbouring atoms and their distance to the absorbing atom. Since each element has specific 

characteristic absorption edges, X-ray absorption spectroscopy provides specific information 

about the element, depending on the X-ray photon energy range. Since gas phase and a 

quartz flow reactor are transparent for hard X-rays, XAS is adoptable for in situ 

measurements. 

3.4.1 In situ XAS of Ni, Cu and CuNi Supported Catalysts 

In situ X-ray absorption spectroscopy (XAS) measurements were carried out in fluorescence 

mode at the SuperXAS beamline at the Swiss Light Source (SLS) in Villigen, Switzerland 

using a single-photon-counting pixel detector. The catalyst was placed between two plugs of 

quartz wool in a quartz glass flow reactor which was heated by an air blower. A schematic 

illustration of the measurement setup is shown in Fig. 4. 

 

Fig. 4. Schematic illustration of the setup for in situ XAS measurements. Adopted from Kleymenov et 

al.[112] 

High energy resolution fluorescence detected X-ray absorption spectroscopy (HERFD-XAS) 

was applied at the Cu Kα edge (E0 = 8980 eV) and X-ray near edge structure (XANES) 

measurements were performed at the Ni K edge (E0 = 8333 eV). The spectrometer and 

experimental setup are described in detail in[112-114]. The catalyst was heated in a mixture of 5 

% hydrogen in helium with a heating rate of 10 K/min from room temperature up to 660 K in 
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case of Ni-ZrO2 and up to 560 K for Cu-ZrO2 and CuNi-ZrO2. Spectra were recorded at 300, 

360, 430, 500, 560 and in case of Ni-ZrO2 at 660 K. The sample was kept for about 20 minutes 

at each temperature while spectra were recorded. After cooling down to room temperature 

another spectrum at 300 K was recorded. 

3.4.2 Ex-situ XAS of Dry Reforming Catalysts 

XAS spectra were recorded at the Ni K-edge (E0 = 8333 eV) at Beamline 8 of the Synchrotron 

Light Research Center, Thailand. Spectra of the catalysts Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp 

and Ni-CexZryO2_ctab pre-reduced in H2/Ar at 873 K (labeled as: “red.”) and samples after 

exposure to the MDR-reaction mixture (CH4/CO2/Ar) at 600°C) (labeled as: “used”) were 

recorded at room temperature in fluorescence mode. Each sample was pressed into a frame 

covered by polyimide tape and mounted onto a sample holder. The experimental setup and 

the measurement procedure are described in[115]. 

3.4.3 Data Acquisition and Analysis 

X-ray absorption data were processed and analyzed using the IFEFFIT[116, 117] software 

package (version 1.2.11 and version 0.9.21). With each recorded XAS spectrum, the 

absorption edge position (E0) was set equal to the position of the highest maximum of the 1st 

derivative of µ(E) in the X-ray energy E. Data processing was done by fitting a linear and a 

polynomial function to the pre- and post-edge region, respectively. The fraction of Ni present 

in respective phase of the background-subtracted and normalized XANES spectra of the 

catalysts were determined by linear combination of normalized Ni K-edge XANES spectra of 

Ni foil and NiO references in case of Ni K-edge spectra and by linear combination of 

normalized Cu K-edge HERFD-XAS spectra of Cu foil, Cu2O and CuO references in case of 

Cu K-edge spectra. 

The EXAFS signal of the used MDR catalysts were converted into k-space and the resulting 

χ(k) functions were then weighted by k2 to compensate for dampening of EXAFS oscillations 

at increasing k and Fourier transformed in k-range 2 to 12 Å-1. The spectra of the used 

catalysts were fitted in R-space in the R-range 1 to 5 Å with multiple k-weightenings 

(k=1,2,3), using theoretical models built from Ni0 (JCPDS 04-0850), NiO (JCPDS 44-1159) and 

Ni3C (JCPDS 06-0697). Data fitting allowed the estimation of the coordination numbers (CN), 

absorber-scatter distance (R) and Debye-Waller factors (σ2). 

3.5 In situ X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) is a well established non-destructive method for 

studying the chemical composition of surfaces based on the photoelectric effect. The 

absorption of an X-ray photon with energy hν leads to excitation and emission of an electron 

from the core level. The kinetic energy Ekin of the emitted photoelectron is equal to the 
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difference between photon energy hν and the sum of the binding energy Eb of the photo-

electron and the work function ψ. Since every element is characterized by unique energy 

levels, XPS can be used for elemental analysis. Additionally, small shifts of the detected 

binding energy provide information about the chemical environment of the atom. 

The detected photoelectrons originate only from the upper atomic layers of the sample 

because of the mean free path of the electrons which is in the nm-range. The mean free path 

depends of the kinetic energy. Synchrotron based X-ray radiation can be varied in order to 

record XP spectra at different kinetic energies and create a depth profile of the sample’s 

surface and surface-near region. 

In the past most surface sensitive spectroscopy techniques such as XPS were restricted to 

high-vacuum conditions[118, 119] since inelastic scattering of photoelectrons with gas phase 

molecules must be avoided. However, instrumental developments have enabled XPS 

operation at elevated pressures up to 10 mbar[120-122]. XPS investigations at mbar pressure 

enable the determination of chemical species near the surface of a catalyst, including the gas-

phase reaction products while the reaction takes place[123, 124]. 

 

Fig. 5. Schematic illustration of near-ambient pressure XPS. The incident X-rays interact both with 

the sample surface (photoelectrons e-s) and part of the gas phase molecules in front of the 

sample (photoelectrons e-g)which are directed via a differentially pumped electrostatic lens 

system to the electron detector. 

In situ synchrotron-based near ambient pressure (NAP-)XPS measurements were carried out 

at the ISSIS-PGM beamline at the Helmholtz-Zentrum Berlin using a high pressure XPS 

station constructed at the FHI Berlin. Details of the setup are described by Bluhm et al.[123]. 

The sample is mounted inside a high-pressure cell 2 mm away from a small aperture with 
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1 mm in diameter which is the entrance to a differentially pumped electrostatic lens system. 

The combination of electrostatic lenses and differentially pumped apertures allows to 

efficiently collect electrons while keeping a pressure differential of 9 orders of magnitude 

between the high-pressure cell and the hemispherical analyzer (SPECS)[123]. 

The catalyst 13CuNi-ZrO250 was used for in situ NAP-XPS measurement. The 50 wt% total 

metal loading of this catalyst was used for these experiments in order to prevent sample 

charging. The calcined powder was pressed onto a copper plate and reduced at 773 K prior 

to placing it into the in situ reaction cell. Measurements were performed at photon energies 

of 1100 eV for the Cu 2p, 1010 eV for the Ni 2p and 425 eV for the C 1s XP spectra, yielding 

photoelectron kinetic energies of 150 eV. For depth profiling the photon energies were varied 

to obtain photoelectron kinetic energies of 350 eV and 550 eV. All spectra were corrected for 

synchrotron beam current, incident photon flux and energy dependent photo-ionization 

cross sections[125]. Binding energies (BEs) were referenced to the Fermi edge recorded after 

each core-level measurement. The measured signal envelopes were fitted with Gauss-

Lorentzian peaks by using the software Casa XPS after subtraction of a Shirley background.



 

Chapter 4   

Results 

4.1 Characterization of ZrO2 

The ZrO2 support material was characterized as monoclinic phase, as shown Fig. 6 with a 

BET surface area of 36.6 m2/g. Adsorption properties and the interaction with CO, CO2, H2, 

H2O and D2O were studied by FTIR and TPD.  

 

Fig. 6. XRD pattern of ZrO2. 

In order to determine how ZrO2 is affected by mild reduction at 673 K, FTIR spectra of 

oxidized and reduced ZrO2 are compared in Fig. 7. As expected, only little changes are 

found. In the region between 3800 and 3600 cm-1, hydroxyl-bands at 3770 and 3670 and a 

much smaller one at 3730 cm-1 are observed in the spectrum of oxidized ZrO2. The OH 

species above 3700 cm-1 and below 3700 cm-1 have been assigned by Tsyganenko et al.[126] to 

terminal and bridged surface OH groups, respectively. Upon reduction at 673 K the intensity 

of the larger OH-bands as well as the wavenumber increases for about 2 cm-1 and an 

additional OH-band at 3610 cm-1 appears. Surface OH-groups on ZrO2 are stable up to 773 K. 



4.1. Characterization of ZrO2 23 

 

Fig. 7. FTIR spectra at room temperature of ZrO2 after oxidation at 773 K and after reduction at 673 K. 

In the region between 1600 and 900 cm-1 several bands assigned to carbonates on the oxide 

surface are observed. In agreement with literature[127-129], the bands at 1490, 1370 and 980 cm-1 

are assigned to monodentate carbonate. Bands at 1550 and 1330 cm-1 are assigned to 

bidentate carbonate[128, 130, 131] and those at 1450 and 1250 cm-1 are most likely bands of 

bidentate bicarbonate[131]. 

By adsorption of H2O followed by evacuation and temperature programmed desorption 

(TPD) at 5  10-6 mbar the stability of adsorbed water or hydroxyl and desorption 

temperatures of these species were monitored. The TPD profiles of H2O after two subsequent 

adsorption-desorption cycles from oxidized and once from reduced ZrO2 powder are shown 

in Fig. 8. 

In all desorption profiles two main peaks are observed. The one at 410 K is assigned to 

desorption of molecular water while the second desorption peak at 590 K is assigned to the 

associative desorption of surface hydroxide. Upon repetition, the amount of desorbed water 

decreases what could be ascribed to sintering due to the high temperature of 1173 K. 

Fig. 5 shows a scheme of the sample in an XPS experiment under gas atmosphere. XPS 

experiments at elevated pressures require high-vacuum condition for the operation of 

electron detectors[123]. 
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Fig. 8. Temperature Programmed Desorption of H2O from ZrO2 powder. 

 

Fig. 9. FTIR Spectra of ZrO2 after oxidation at 775 K and during adsorption of 0.05, 0.1, 0.5, 1, 2 and 5 

mbar D2O at room temperature. 

D2O was adsorbed on ZrO2 followed by FTIR spectroscopy to see if surface sites for 

dissociative water desorption are available. FTIR spectra of ZrO2 during adsorption of 0.05 

up to 5 mbar D2O are shown in Fig. 9. In 1 mbar D2O atmosphere small OD-bands are 

observed. This indicates that sites for dissociative water adsorption are available on the pre-

oxidized ZrO2 surface. With increasing D2O pressure, the OD and OH bands are covered by 
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the broad bands of molecularly adsorbed D2O and H2O and exchange of OH against OD 

groups can take place. 

 

Fig. 10. TPD profiles of D2O, OD, H2O and OH desorbed from ZrO2 performed 3 times in a row. 

D2O was adsorbed on ZrO2 followed by evacuation and heating. The TPD profiles of the 

desorbed species, followed by MS detection, are shown in Fig. 10. Besides of D2O and OD 

which desorb at the same temperatures as H2O and OH, respectively (shown in Fig. 8) still 

H2O and its fragment OH are detected. The ratio D:H is increasing by repetition but 

nevertheless the amount of OH seems to be significantly higher than the amount of OD on 

the surface. Anyway one needs to take in account that this result might be biased due to 

insufficient vacuum during cooling down in vacuum (<10-3 mbar) after oxidation and in-

between the TPD experiments what might allow H2O to impurify the atmosphere in the 

system. 

Fig. 11 shows TPD profiles of CO2 on ZrO2. Three main desorption peaks are observed at 380, 

550 and 780 K, respectively. The profiles are identical when repeated after evacuation at 

1173 K and cooling down in vacuum. In order to assign the CO2 desorption peaks to 

carbonate species on ZrO2 the experiment was repeated in the FTIR vacuum cell. The spectra 

recorded during heating after evacuation below 10-5 mbar are shown in Fig. 12. 



4.1. Characterization of ZrO2 26 

 

Fig. 11. TPD profiles of CO2 desorbed from ZrO2 two times in a row. 

 

Fig. 12. Temperature programmed desorption of carbonates followed by FTIR spectroscopy on ZrO2. 

According to the peaks in the region between 1800 and 1100 cm-1 of FTIR spectra recorded 

during temperature programmed desorption of carbon dioxide shown in Fig. 12, the 

desorption peak at 380 K in Fig. 11 can be assigned to the desorption of bidentate 

biscarbonate[9, 132] which shows peaks at 1620, 1440 and 1050 cm-1. Furthermore, the 

desorption peak at 550 K can be assigned to the desorption of bidentate bicarbonate[131]. 

Bands at 1550 and 1330 cm-1, which are assigned to bidentate carbonate[128, 130, 131] shift to 1520 
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and 1350, respectively and possibly desorb at 780 K, where no more FTIR spectra could be 

recorded. 

4.2 Monometallic Zirconia Supported Catalysts 

4.2.1 Ni-ZrO2  

Ni supported on ZrO2 was studied by Transmission Electron Microscopy (TEM) both after 

reduction at 673 K and after reduction at 873 K. 

 

Fig. 13. TEM micrographs of Ni-ZrO2 after ex-situ reduction at 673 K. 

TEM micrographs of Ni-ZrO2 after oxidation at 773 K followed by reduction at 673 K are 

shown in Fig. 13. After the pretreatment the samples were exposed to air for the sample 

preparation for TEM and therefore, Ni is not expected to remain in the metallic state due to 

re-oxidation. In Fig. 13 a) an overview of agglomerates of nickel oxide supported on zirconia 

is shown. The larger particles, which are assigned to the support have a diameter of about 

50-100 nm. The Ni particles cannot be identified in this magnification due to the low Z-

contrast between zirconia and nickel oxide. For identification and localisation of the nickel 

particles EDX was applied. At higher magnification, as shown in Fig. 13 b)-d) the lattice 

constants were measured and zirconia and nickel oxide particles were assigned due to the 

known lattice parameters of cubic NiO and monoclinic ZrO2. In Fig. 13 b) two nickel particles 
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with approximately 30 and 20 nm in diameter, respectively, are shown. The orientation on 

the larger particle is NiO(110) and that on the smaller one is NiO(200). On Fig. 13 c) several 

catalyst particles are monitored. The arrow directs to a 20 nm particle with NiO(110) 

orientation on or under a m-ZrO2(110) particle. In Fig. 13 d) a NiO(111) particle of polyhedral 

shape with a diameter of about 20 nm on or under monoclinic ZrO2(100) is shown. 

In general, the NiO particles are evenly distributed on the support and the size of these 

particles ranges from about 10 up to 30 nm while the majority of the identified Ni particles 

had a diameter of about 20 nm. The accessible metallic Ni surface area of Ni-ZrO2 after 

reduction at 673 K determined by H2-Chemisorption was 31.40 m2/g. That gives a calculated 

Ni particle size of 21.5 nm (implying spherical Ni particles) what is in good agreement with 

the particle size found by TEM. 

 

Fig. 14. TEM micrographs of Ni-ZrO2 after ex-situ reduction at 873 K. 

High resolution TEM micrographs of Ni-ZrO2 after oxidation at 773 K followed by reduction 

at 873 K, which was the pretreatment of the samples used for MDR, are shown in Fig. 14. The 

particle shown in Fig. 14 a) has NiO(111) orientation and sits on m-ZrO2(002) or (020). In Fig. 

14 b) it is NiO(110) on m-ZrO2(110), in c) NiO(110) on m-ZrO2(111) and in d) NiO(111) on m 

ZrO2(111). In TEM, no indication for Ni particle growth after reduction at 873 K compared to 

the sample reduced at 673 K was found. 
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Infrared spectra of room temperature CO adsorption on oxidized Ni-ZrO2 are shown in Fig. 

15. According to literature data[8, 9, 133-135] adsorption of CO on ZrO2 results in a band at about 

2190 cm-1. Ni in different oxidation states can be distinguished by the vibration frequencies of 

adsorbed CO. Bands ascribed to Nin+-CO surface complexes cover a broad spectral range 

including, besides linear monocarbonyls, also bridged, di- and tricarbonly species. Ni2+-CO 

produces a weak band at around 2150-2180 cm-1[8, 134, 136-138]. CO forms stable monocarbonyls 

with Ni+ (2160-2100 cm-1)[139-142], which may be converted into dicarbonyls (νs(CO) at 2131-

2145 and νas(CO) at 2100-2083 cm-1)[139, 141-143] with increasing CO pressure. The stretching 

vibrations of Ni+(CO)3 are expected at about 2156, 2124 and 2109 cm-1[139]. Linear carbonyls of 

metallic nickel appear at 2050-2094 cm-1[136, 142-148] and bridged carbonyls are visible below 

1960 cm-1[136, 144, 148]. 

 

Fig. 15. IR Spectra of CO on Ni-ZrO2, oxidized in 100 mbar O2 at 773 K, in a) 0.005, b) 0.2, c) 0.5, d) 1.0, 

e) 3.0, f) 5.0 mbar CO pressure and g) after evacuation. Published in[1]. 

Fig. 15 displays spectra obtained in different CO background pressures to deduce additional 

information from changes with increasing CO coverage. At 0.05 mbar CO pressure two 

bands are visible: The Zr4+-CO interaction at 2180 cm-1 and the Ni2+-CO interaction at 2164 cm-

1. At 0.2 mbar besides these two bands, absorption peaks at 2124 and at 2073 cm-1 can be 

observed. Those bands are attributed to the symmetric and antisymmetric CO stretching 

vibrations of Ni+(CO)2. With increasing pressure the low frequency band shifts to higher 

wavenumber and disappears. The three bands at about 2155, 2129 and 2110 cm-1 are 

attributed to Ni+(CO)3. The band of the Ni2+-CO interaction is covered by the 2115 cm-1-band 

of Ni+(CO)3 and the Zr4+-CO interaction, which increased strongly with increasing CO 

pressure and shifted to 2184 cm-1. After evacuation only one band at 2106 cm-1 remains. This 
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band is attributed to Ni+-CO, which is known to be stable against evacuation[139, 141-143]. In 

summary, various CO on Ni2+ and Ni+ adsorption complexes can be observed in the spectra. 

FTIR spectra of CO adsorption at various pressures obtained after reduction of Ni-ZrO2 at 

673 K are shown in Fig. 16. Like on the oxidized sample, a Ni2+-CO peak at 2164 cm-1 and a 

Zr4+-CO peak at 2180 cm-1 are observed at 0.05 mbar CO pressure. With increasing CO 

pressure, the Zr4+-CO peak grows and covers the Ni2+-CO peak.  

The band at 2075 cm-1 appearing in 0.05 mbar CO is attributed to linearly adsorbed CO on 

Ni0, while the band at 1946 cm1, which starts to show up at 0.2 mbar, is attributed to bridge-

bonded CO on Ni0. This band blue-shifts with increasing CO pressure. The vibration at 

2116 cm-1 shifting to 2125 cm1 with increasing pressure is attributed to Ni+-CO. The unusual 

oxidation state Ni+ can be stabilized by the ligand CO[141]. After evacuation Ni+-CO as well as 

linear and bridged CO on Ni0 remain on the surface. Overall, CO adsorption indicates that 

both reduced and oxidized Ni species are present on the surface. In agreement with the XAS 

measurements presented in[1], NiO reduction is not complete at 673 K. 

 

Fig. 16. IR Spectra of CO on Ni-ZrO2, reduced in 5 mbar H2 at 673 K, in a) 0.005, b) 0.2, c) 0.5, d) 1.0, e) 

3.0, f) 5.0 mbar CO pressure and g) after evacuation. Published in[1]. 

4.2.2 Cu-ZrO2 

Cu-ZrO2 was mainly used as a reference when comparing the bimetallic catalysts with Ni-

ZrO2 in order to get insights of the contribution of Cu to the CuNi-ZrO2 catalyst’s properties 

and to clarify if Cu-ZrO2 showed any activity for the explored catalytic reactions. 
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TEM images of Cu-ZrO2 after ex-situ pretreatment are shown in Fig. 17. The size of the Cu or 

CuO particles which were identified via EDX is between 5-10 nm and all these particles are 

spherical.  

 

Fig. 17. TEM micrographs of Cu-ZrO2 after ex-situ reduction at 673 K. The Cu particles identified by 

EDX are marked with a cycle. 

 

 
Fig. 18. IR Spectra of CO on Cu-Zr, reduced in 5 mbar H2 at 673 K, in a) 0.005, b) 0.2, c) 0.5, d) 1.0, e) 3.0, 

f) 5.0 mbar CO pressure and g) after evacuation. 

IR spectra of CO on reduced Cu-ZrO2, which are displayed in Fig. 18, show besides the Zr4+-

CO interaction only one peak at around 2110 cm-1. As it shifts to 2123 cm-1 after evacuation it 
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is expected to contain both Cu0-CO and Cu+-CO bands, while after evacuation only the more 

stable Cu+-CO complex remains. 

4.3 Bimetallic CuNi Catalysts 

Zirconia supported bimetallic CuNi catalysts were characterized via several methods and 

tested for catalytic partial oxidation and methane decomposition. The major issue was to 

study the formation and stability of an CuNi alloy and the influence of Ni alloy formation on 

the catalytic performance and stability against coke formation during methane 

decomposition. 

4.3.1 In situ X-ray Absorption During Reduction 

In order to determine the oxidation state of the analysed copper and nickel containing 

samples, Ni K edge XANES and Cu K HERFD-XAS spectra were recorded. NiO and Ni foil 

as well as CuO, Cu2O and Cu foil were analysed and served as reference spectra. The spectra 

obtained on the catalysts during reduction were fitted by a linear combination of these 

reference spectra to estimate the fraction of atoms in the respective oxidation states. 

 

Fig. 19. XANES spectra at the Ni K edge of a) Ni-ZrO2 and b) 11CuNi-ZrO2 during reduction in 5% 

hydrogen in helium and amount of reduced verus oxidized nickel calculated by linar 

combination of reference spectra for c) Ni-ZrO2 and d) 11CuNi-ZrO2. Published in[1]. 

Fig. 19 shows XANES spectra in H2/He at different temperatures during reduction. Both the 

Ni in Ni-ZrO2 and in 11CuNi-ZrO2 is completely oxidized until 430 K. On Ni-ZrO2 nickel 

reduction starts at 660 K and the linear combination analysis indicates about 30 % of nickel 
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atoms in the reduced (metallic) state. On the bimetallic catalyst 11CuNi-ZrO2 reduction 

already sets in at 500 K. The amount of reduced nickel increases from 40 % at 500 K to 70 % 

at 560 K. This indicates that an alloy between Cu and Ni has formed under these conditions 

and Cu causes a decrease of the reduction temperature of Ni. 

Considering Cu-ZrO2 and CuNi-ZrO2, a similar effect of lowering the reduction temperature 

of Cu was found as shown in Fig. 20. Up to 360 K copper was completely in the +II oxidation 

state in both mono- and bimetallic samples. After reduction at 430 K about 10 % of the 

monometallic copper was reduced to Cu(I)oxide while on the bimetallic sample 10 % were 

already reduced to Cu0, 40 % were in +I and 50 % in +II oxidation state. After reduction at 

550 K the amount of Cu(I)oxide increased to 30 % in the monometallic sample, whereas 50 % 

Cu0, 20 % Cu2O and 30 % CuO were present in the bimetallic sample. Finally, after reduction 

at 660 K both catalysts were reduced to the same extent with 50 % Cu0. The observation that 

the presence of copper improves the reducibility of nickel and lowers its reduction 

temperature is in agreement with TPR experiments reported in literature[45, 48, 94, 149-151]. 

 

Fig. 20. HERFD-XAS spectra at the Cu Kα edge of a) Cu-ZrO2 and b) 11CuNi-ZrO2 during reduction in 

5% hydrogen in helium and amount of reduced verus oxidized copper calculated by linar 

combination of reference spectra for c) Cu-ZrO2 and d) CuNi-ZrO2. Published in[1]. 

4.3.2 Transmission Electron Microscopy 

Fig. 21 shows transmission electron micrographs of 11CuNi-ZrO2 after ex situ reduction. In 

contrast to Ni-ZrO2 and Cu-ZrO2, the metal particles on the bimetallic 11CuNi-ZrO2 with 

average sizes around 20 nm are polycrystalline and rather irregular in shape. EDX spectra 

showed that those particles contained both Cu and Ni, though not in the expected 1:1 ratio 
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but they were enriched in nickel. To get a better understanding of the Cu and Ni distribution 

on the bimetallic catalyst, elemental maps were recorded. The results are displayed in Fig. 22. 

 

Fig. 21. TEM image of 11CuNi-ZrO2. The particle inside the circle was identified via EDX as Cu- and 

Ni-containing. Published in[2]. 

 

Fig. 22. a) Elemental map of the region shown in the rectangle in b) for the K edge energies of Ni, Cu, 

Zr and O recorded on 11CuNi-ZrO2. Full arrows: particles containing both Ni and Cu, dashed 

arrows: Cu but no Ni detected. Published in[2]. 

While Ni was always accompanied by the simultaneous presence of Cu as demonstrated 

with full arrows in Fig. 22, Cu was additionally found finely distributed in regions where no 
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or hardly any nickel was detected (dashed arrows in Fig. 22). Thus, the elemental maps 

revealed the presence of Ni-rich bimetallic particles as well as monometallic Cu particles. 

4.3.3 X-Ray Diffraction 

Diffractorgrams of the samples 13CuNi-ZrO2 and 13CuNi-ZrO250 both after calcination and 

after ex-situ reduction at 673 K and pure ZrO2 support are shown in Fig. 23. All show 

monoclinic ZrO2 reflections. 

 

Fig. 23, XRD patterns of ZrO2, 13CuNi-Zr and 13 CuNi-Zr50 

Bulk CuO has reflections very close to those of monoclinic ZrO2 at 35.5 ° and 38.8°. These 

reflections loose intensity after reduction. The intensity of the characteristic reflections of 

NiO at 37.7° and 43.2° nearly vanish completely after reduction of both 13CuNi-ZrO2 and 

13CuNi-Zr O250. Since we don’t expect complete reduction of nickel of these catalysts under 

these conditions[1] we expect only small or amorphous NiO crystallites after reduction at 

673 K. The reflections at 44.4° and 51.8° appearing after reduction are attributed to metallic 

Ni and shoulders at 43.3° and 50.4° are attributed to metallic Cu. An assignment of alloyed 

CuNi crystallites as found for silica supported CuNi elsewere[152] was not possible because of 

the overlap with reflections of monoclinic zirconia. 

4.3.4 In situ FTIR Studies 

Infrared spectra of room temperature CO adsorption on the zirconia supported CuNi 

samples after oxidation at 773 K were published in[1]. On the bimetallic catalysts an 
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absorption band of strongly adsorbed CO appears at around 2120 cm-1 like on the 

monometallic copper catalyst. It is attributed to Cu+-CO, which is the strongest interaction of 

CO with Cu species. The Cu+-CO band was reported in literature at around 2120-2143 cm-1[130, 

153, 154]. It is much stronger than Cu0-CO appearing below 2110 cm-1[130, 153-155] and Cu2+-CO at 

around 2170-2175 cm-1[130]. On the bimetallic samples this peak appears broader indicating an 

interaction of copper with neighbouring nickel atoms. The broader peaks suggest that there 

is a distribution of Cu(I) sites with slightly different electronic properties or chemical 

environment on the surface. In [1] zirconia supported CuNi samples were additionally 

compared with CuNi samples supported on the ceria-zirconia support prepared by 

impregnation of cerium nitrate on zirconia. Since only little differences of these bimetallic 

catalysts on slightly different support materials were observed, they are only very briefly 

discussed in this thesis. 

 

Fig. 24. Infrared carbonyl spectra of reduced catalysts under 5 mbar CO pressure and after evacuation of 

CO: a) Cu-ZrO2, b) 31CuNi-ZrO2, c) 11CuNi-ZrO2, d) 13CuNi-ZrO2 and e)Ni-ZrO2. Published in[1]. 

Infrared spectra of room temperature CO adsorption on reduced samples are shown in Fig. 

24. Compared to the spectra of CO on oxidized samples, new bands have appeared. 

However, bands of CO on oxidized Cu and Ni species, which already existed on the oxidized 

samples are still present indicating incomplete reduction of surface Cu and Ni. 
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Fig. 25. Schematic illustration of CO adsorption on CuNi alloys. Donation of d-electrons from copper 

to nickel leads to reinforcement of the π-backbonding from nickel to antibonding 7 π* orbitals 

of CO. This leads to a weaker C–O bond and a red-shift of the CO stretch vibration band in 

infrared spectra. Published in[1]. 

Upon Cu addition to Ni catalysts the Ni0-CO peak, which appears at about 2070 cm-1 in 

5 mbar CO and at about 2050 cm-1 upon evacuation of gas phase CO on Ni-ZrO2 (shown in 

Fig. 16), red-shifts by approximately 50 to 70 cm-1 on the bimetallic samples to 2012-2023 cm-1. 

According to Blyholder’s scheme[148], the CO stretching vibration is predicted to shift from 

pure Ni as compared to Ni-Cu, because metallic Cu is expected to donate electrons to Ni. 

This should increase back-donation into the π* orbitals of CO with consequently lowering of 

the CO stretching frequency. Simultaneously, the electron donation reinforces the bond 

between CO and Ni. This is illustrated in Fig. 25. Compared to pure Ni, the CO bands on 

CuNi alloy were reported to shift to lower frequencies by about 40 cm-1[148, 156]. Dalmon et 

al.[144] observed the band of irreversibly adsorbed Ni-CO at 2058 cm-1 on monometallic nickel, 

at 2028 cm-1 on a 36.6 % and at 2005 cm-1 on a 72 % copper containing alloy, in good 

agreement with the present work. The fact that there is no shift of the Cu+-CO vibration with 

composition indicates that Ni is interacting with Cu0, but not with Cu+. 

CO adsorption spectra were again recorded in different CO pressures to obtain information 

on coverage dependence of CO bands/species, as on the monometallic Ni-ZrO2 catalyst. The 

band positions of the CO stretching vibrations on the bimetallic catalysts are summarized in 

Table 2. Beside the red-shift of CO on Ni0 by 50-70 cm-1 with increasing Cu content, as 
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described above, a blue-shift of 7-26 cm-1 with increasing CO coverage is observed. The 

vibration frequency of CO on the alloyed Ni0 blue-shifts by 7 cm-1 on copper-rich and up to 

34 cm-1 on nickel-rich alloys with increasing CO coverage. After evacuation the CO vibration 

frequency is observed in between 2012 and 2023 cm-1 on all samples. The stretching 

frequency of CO on Cu+ stays at about 2110-2120 cm-1 on all zirconia based catalysts and 

seems only little pressure dependent. 

Table 2. CO stretching vibration on bimetallic CuNi-ZrO2 samples at different CO pressures. 

Published in[1]. 

Sample 
CO pressure 

(mbar) 

CO on Cu/Cu
+
 

(cm
-1

) 

CO on Ni 

(cm
-1

) 

31CuNi-Zr 
0.05 2110 - 

0.2 2110 2001 

 0.5 2111 2011 

 1 2113 2016 

 3 2113 2018 

 5 2114 2015 

 evacuated to < 10
-5

 2120 2014 

11CuNi-Zr 
0.05 2110 - 

0.2 2110 2000 

 0.5 2110 2007 

 1 2113 2014 

 3 2114 2018 

 5 2114 2017 

 evacuated to < 10
-5 

2119 2016 

13CuNi-Zr 
0.05 2111 - 

0.2 2111 2004 

 0.5 2112 2013 

 1 2113 2021 

 3 2116 2025 

 5 2117 2030 

 evacuated to < 10
-5 

2120 2023 

Clearly, in all samples the CO spectra are dominated by the signals of CO adsorbed on Cu. 

This implies a Cu enriched surface on the bimetallic samples. This is in agreement with H2-

Chemisorption measurements published in [1], showing that the metallic Ni surface area per 

gram of nickel of the bimetallic sample was significantly lower compared with Ni-ZrO2 

indicating that the surface of the bimetallic catalysts is enriched in Cu after reduction at 

673 K. The enrichement of Cu on the surface of bimetallic CuNi particles is also in agreement 

with theoretic calculations by Neyman et al.[157] within an ongoing cooperation. The 

calculations show, that Cu atoms have a preference for surface positions following the order 

corner > edge > terraces and the surface of CuNi nanoparticles with Cu:Ni ratios 1:3, 1:1 and 

3:1, respectively is always enriched in Cu. 

In order to study the temperature stability of the adsorbed CO species on different samples it 

was followed by recording IR spectra during heating with a rate of 10 K/min in vacuum. CO 
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desorbed from Ni-ZrO2 at about 450 K and from Cu-ZrO2 at 410 K. On all bimetallic samples 

the desorption temperatures were higher, as shown for 13CuNi-ZrO2, 13CuNi-ZrO2 and 

13CuNi-ZrO2 in Fig. 26, Fig. 27 and Fig. 28, respectively. 

 

 

Fig. 26. Temperature programmed desorption of CO followed by FTIR spectroscopy on 13CuNi-ZrO2. 

Published in[1]. 

With decreasing coverage the peak of CO adsorbed on copper species does not shift in 

frequency, but a second CO peak at about 2100 cm-1 from Cu0-CO, which might be obscured 

by the Cu+-CO peak at about 2120 cm-1 at room temperature due to the higher coverage, 

becomes visible with increasing temperature. On 13CuNi-ZrO2 these two CO species are still 

present on the surface at 550 K, but disappear at about 565 K. On 11CuNi-ZrO2 those peaks 

disappear between 540 and 550 K, and on 31CuNi-ZrO2 they already vanish at about 450-

460 K. Thus, with increasing copper content the CO desorption temperature is more similar 

to the monometallic copper sample. The usually unstable Cu-CO interaction seems to be 

reinforced by nickel. 
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Fig. 27. Temperature programmed desorption of CO followed by FTIR spectroscopy on 11CuNi-ZrO2. 

Published in[1]. 

 

Fig. 28. Temperature programmed desorption of CO followed by FTIR spectroscopy on 31CuNi-ZrO2. 

Published in[1]. 

To visualize the different CO desorption properties of alloyed and monometallic copper, 

difference quotients of the integrated peak areas of the copper peak between 2160 and 

2080 cm-1 are shown in Fig. 29. Most of the CO desorbs from Cu-ZrO2 and the copper-rich 
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sample 31CuNi-ZrO2 slightly above room temperature. Only a small amount of CO remains 

on the surface of Cu-ZrO2 before desorbing at around 390 K. On the samples 11CuNi-ZrO2 

and 13CuNi-ZrO2 most of the CO desorbs at 440 K and above, while on 31CuNi-ZrO2 a small 

shoulder at 440 K can be observed. Beside the Cu-CO interaction of low temperature 

stability, which already vanishes after rising the temperature slightly above room 

temperature, a second Cu-CO species is observed starting to desorb at 440 K. This species 

might be attributed to CO on copper surrounded by nickel. As copper tends to donate d-

electrons to nickel strengthening the interaction between CO and nickel[148], the electron 

density in copper is reduced, which normally has its d-band completely filled. Less electrons 

in the d-band may reinforce the σ-bonding between CO and the metal and thus lead to a 

higher stability of this complex. 

 

Fig. 29. Area change of the integrated Cu-CO peak area of Cu-ZrO2, 31CuNi-ZrO2, 11CuNi-ZrO2 and 

13CuNi-ZrO2 with temperature. Published in[1]. 

In parallel with the disappearance of the CO peak on copper, the CO peak on nickel shows a 

sudden shift to a lower wavenumber on 11CuNi-ZrO2 and 13CuNi-ZrO2. This seems to be a 

coverage effect, as much CO desorbs from the catalyst at this stage. The Ni-CO peak 

completely disappears at about 670 K on 13CuNi-ZrO2 and at about 700 K on 11CuNi-ZrO2. 

On 31CuNi-ZrO2 the position of the Ni-CO band does not seem to be affected by the 

complete disappearance of the Cu-CO band, as only a small amount of CO is present and 

thus desorbs from 31CuNiZrO2 at elevated temperatures. Furthermore, Ni-CO desorbs 

already around 620 K from this sample.  
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The total band shift of about 20 cm-1 from room temperature to desorption temperature was 

also observed on Ni-ZrO2 and is attributed to a coverage effect, probably accompanied by a 

temperature effect on the CO vibration frequency. 

To sum up, CuNi alloy formation could be followed by FTIR spectroscopy with CO as a 

probe molecule. The shift of the Ni-CO vibration indicates a strong interaction between Cu 

and Ni. It could be shown that the adsorption strength of CO on Cu increases with 

decreasing copper content. The Ni-CO band shows the highest stability on the 11CuNi-ZrO2 

sample. On 31CuNi-ZrO2 it is more stable than on Ni-ZrO2, but less stable than on the nickel-

rich sample. 

4.3.5 Partial Oxidation of Methane 

The catalytic performance of the zirconia supported Cu, Ni and CuNi samples for partial 

oxidation of methane was investigated by temperature programmed reaction measurements. 

The MS detected methane during heating and cooling in CH4 and O2 is shown in Fig. 30 for 

the tested catalysts. The amount of methane was detected at m/z 15, which is attributed to 

the CH3 of methane since m/z 16 includes both CH4 and O, the fragment of O2. The full 

squares in Fig. 30 show the CH3 signal during heating and the empty squares during cooling 

in the reaction mixture. 

 

Fig. 30. Methane Conversion monitored by MS detection of CH3 (m/z 15) on a) Cu-ZrO2, b) Ni-ZrO2, c) 

31CuNi-ZrO2, d) 11CuNi-ZrO2 and e) 13CuNi-ZrO2 during 3 heating-cooling cycles between 

573 and 773, K in methane/oxygen/argon. The temperature was ramped with 5 K/min. 
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At 573 K no methane conversion as observed on any catalyst. On Cu-ZrO2 methane 

conversion started about 765 K during the first heating cycle reaching a conversion of 70 % at 

773 K. During cooling down the conversion of methane decreased and ended about 720 K. 

On 11CuNi-ZrO2 and 31CuNi-ZrO2 about the same behaviour is observed but conversion 

already sets in at 740-745 K. The methane conversion over Ni-ZrO2 only reached about 15 % 

at 775 K. On the nickel-rich 13CuNi-ZrO2 catalyst methane conversion was increased up to 

50 % during the first heating cycle but already decreased during isothermal reaction at 773 K. 

Regarding the products, over Cu-ZrO2, 11CuNi-ZrO2 and 31CuNi-ZrO2 mainly H2O and CO2 

were produced while on Ni-ZrO2 and 13CuNi-ZrO2 also H2 and CO were produced. Thus, 

the addition of Cu lead to complete oxidation of methane instead of partial oxidation under 

the studied reaction conditions. 

4.3.6 Methane Decomposition 

The reactivity of the zirconia supported Ni and CuNi catalysts for decomposition of methane 

was investigated by TPMD measurements. The amount of H2 produced during this reaction 

was measured via MS (m/z 2) and is shown in Fig. 31 for all tested catalysts. 

The results obtained over Ni-ZrO2 are shown in Fig. 31 a). The production of hydrogen 

started at around 625 K, increased further with increasing temperature and decreased again 

reversibly when the sample was cooled down to 573 K. Upon heating another time to 773 K, 

the hydrogen production rate remained approximately the same as in the first cycle. Thus, no 

deactivation of the H2 production activity was observed. Beside H2 formation, carbon dioxide 

evolution occurred during the first heating cycle in methane up to ~700 K. In the second and 

third heating cycle a small CO2 desorption peak was observed with a maximum at 630 K. The 

detected CO2 likely originates from the reaction of methane with surface oxygen and 

carbonates of the zirconia or with NiO present due to incomplete reduction. 

Fig. 31 b) shows the rate of hydrogen production over 13CuNi-ZrO2 under the same 

conditions. Over this sample no catalytic activity was found up to 735 K. At this temperature, 

the amount of produced hydrogen increased rapidly up to a level similar to Ni-ZrO2. The 

onset of H2 production was accompanied by a small amount of CO2 evolving which occurred 

only in the first heating cycle. During the second and third reaction cycle about the same 

amount of hydrogen was detected than over Ni-ZrO2. This indicates an irreversible surface 

modification process on the bimetallic 13CuNi-ZrO2 sample occurring during the first 

heating cycle in methane which significantly changed the catalytic performance of the 

catalyst. 



4.3. Bimetallic CuNi Catalysts 44 

 

Fig. 31. Hydrogen evolution during TPMD on a) Ni-ZrO2, b) 13CuNi-ZrO2, c) 11CuNi-ZrO2, d) 

31CuNi-ZrO2, e) Cu-ZrO2 and f) 13CuNi-ZrO250. The samples a)-f) were reduced at 673 K 

followed by 3 heating-cooling cycles between 573 and 773 K in methane/Ar. For f) only one 

heating cycle is shown. The temperature was ramped at 5 K/min. Published in[2]. 

On 11CuNi-ZrO2 and 31CuNi-ZrO2 as well as 13CuNi-ZrO250, shown in Fig. 31 c), d) and f), 

a similar behaviour was observed as on 13CuNi-ZrO2 but the activation step occurred at 

640 K, 680 K and 650 K, respectively, and the activity for H2 formation was lower than on the 

Ni rich sample. Over Cu-ZrO2, shown in Fig. 31 e), hardly any hydrogen production was 

observed. During the first heating cycle a small amount of hydrogen was produced above 

690 K but decreased again during the isothermal period at 773 K. A small amount of CO2 was 

also detected during the first heating cycle. Afterwards, the Cu-ZrO2 was completely 

inactive. The low initial activity can likely by attributed to the reaction of methane with 
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surface oxygen and hydroxide species from zirconia or incompletely reduced Cu species, 

which are not available anymore in the second and third reaction cycle. Often, CO is 

reported as by-product of the reaction between methane and oxygen species on the support 

or the incompletely reduced metal oxides[158, 159]. However, formation of various surface 

carbonate species was observed from CO adsorption on zirconia and all zirconia supported 

catalysts by IR spectroscopy, which likely decompose to CO2. 

In order to find out whether hydrogen evolution occurs because of further reduction of the 

catalyst in methane, the measurement was repeated with the same sample but after 

reduction at 773 K instead of 673 K. The sudden onset in hydrogen formation accompanied 

by carbon dioxide evolution was observed, too, but the onset temperature was lowered to 

650 K. 

For quantitative comparison of the catalytic activity the amount of produced hydrogen was 

determined by GC-TCD. Table 3 shows the hydrogen yields and reaction rates for hydrogen 

production during steady state methane decomposition at 773 K. 

The initial reaction rate r calculated per g catalyst decreased with decreasing overall Ni 

content. However, the rate R normalized per g Ni is at about the same order of magnitude 

for Ni and all bimetallic samples containing 5 wt% total loading. In agreement with TPMD 

measurements, similar rates of hydrogen formation were detected on Ni-rich 13CuNi-ZrO2 

compared to Ni-ZrO2. Cu is almost inactive and the reaction rate decreases fast to zero with 

time-on-stream while it stays constant for the other catalysts for at least one hour. The rate r 

of the catalyst containing 50 wt% metals, 13CuNi-ZrO250, is about the same as that of the 

13CuNi-ZrO2 with 5 wt% metal loading, which results in a reaction rate R per g nickel one 

order of magnitude lower. This can probably be explained by a lower Ni dispersion at such 

high loading. In general, we did not observe an enhancement of the catalytic activity by 

addition of copper to the Ni/ZrO2 catalyst. 

Table 3. Hydrogen yields and initial reaction rates during methane decomposition at 773 K in 5 % CH4 

and 95 % Ar with a total flow of 50 ml/min. 

Sample H2 yield 

reaction rate r per 

g catalyst (mol H2/(g 

catalyst∙s) 

reaction rate R per 

g nickel (mol H2/(g 

nickel∙s) 

Ni-ZrO2 63.3 % 2.4 ∙ 10-5 4.8 ∙ 10-4 

13CuNi-ZrO2 49.8 % 1.9 ∙ 10-5 5.0 ∙ 10-4 

11CuNi-ZrO2 16.9 % 6.4 ∙ 10-6 2.6 ∙ 10-4 

31CuNi-ZrO2 13.6 % 5.1 ∙ 10-6 4.1 ∙ 10-4 

Cu-ZrO2 1.5 % 5.6 ∙ 10-7 - 

13CuNi-ZrO250 40.0 %. 1.5 ∙ 10-5 3.9 ∙ 10-5 

Methane Decomposition was also performed in situ in the FTIR vacuum cell. The results of 

these experiments performed with Cu-CeZr, 11CuNi-CeZr and Ni-CeZr were published in[1]. 
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Over Ni-CeZr a strong change in the total absorption was observed In addition, CH3 and 

CH2 species were formed which proved (partial) dehydrogenation of methane. In contrast, 

on Cu-CeZr CO production was observed without any further changes. On 11CuNi-CeZr 

CH2, CH3 and CO formation took place coming along with strongly reduced coke formation 

compared to Ni-CeZr. 

4.3.7 In situ X-Ray Photoelectron Spectroscopy 

In order to learn more about the surface composition, oxidation states and carbonaceous 

species present under reaction atmosphere in situ XPS at mbar pressures was employed. The 

bimetallic Ni-rich 1:3 composition which had shown the most pronounced increase in 

methane decomposition activity was investigated further by synchrotron-based in situ XPS 

aiming at understanding the nature of the irreversible surface modification process. To avoid 

further complication of the (already complex) spectra by charging effects a catalyst with a 

higher overall metal loading of 50wt% was utilized after carefully checking the 

comparability of this material to the respective 5 wt% sample. 

XP spectra during reduction in H2 

Fig. 32 shows the Cu 2p3/2 binding energy region of 13CuNi-ZrO250 during a) oxidation in 

0.10 mbar O2 and b) during reduction in 0.25 mbar H2. The peak positions and full width at 

half maximum (FWHM) are listed in Table 4. 

 

Fig. 32. Cu 2p3/2 region of 13CuNi-ZrO2 50 in a) 0.10 mbar O2 at 573 K and b) 0.25 mbar H2 at 673 K 

for 30 min. The incident photon energy was 1100 eV. Published in[2]. 
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Table 4. Peak positions obtained in XPS measurements on 13CuNi-ZrO250. 

species peak position (eV) FWHM (eV) 

CuO satellite 2 943.3 ± 0.2 1.9 ± 0.2 

CuO satellite 1 940.7 ± 0.2 3.3 ± 0.2 

CuO 933.3 ± 0.4 3.7 ± 0.3 

new Cu species 933.6 ± 0.2 1.1 ± 0.1 

Cu and Cu2O 932.3  ± 0.1 0.9 ± 0.1 

NiO 854.2 ± 0.2  

Ni 852.6 ± 0.1  

carbonates/ 

carbonoxygenates 

290.1 ± 0.1, 288.8 ± 0.1, 

287.8 ± 0.2 
1.1 ± 0.2 

C-O or C-OH 286.3 ± 0.1 0.9 ± 0.1 

CxHy species 285.4± 0.1 0.8 ± 0.1 

C sp2 284.8 ± 0.1 0.6 ± 0.1 

graphitic carbon 284.3 ± 0.1 0.8 ± 0.1 

NixC 283.4 ± 0.1 0.9 ± 0.1 

The broad peak at 933.3 eV is attributed to CuO[160-165] with two characteristic shake-up 

satellite peaks at 940.7 eV and 943.3 eV. 

The structure seen in the satellite line is due to the multiplet splitting in the 2p 3d final 

state[162]. The small peak located at 932.3 eV is characteristic of Cu2O and/or metallic Cu[160, 162, 

164, 165]. During reduction at 673 K the CuO peak decreased in intensity while the signal of 

reduced Cu species strongly increased. Since the shift of alloyed Cu in CuNi has been 

reported to be only about 0.2 eV compared to monometallic Cu[166-168] we could not resolve 

this species. 

 

Fig. 33. Ni 2p3/2 region of 13CuNi-ZrO2 50 in a) 0.10 mbar O2 at 573 K and b) 0.25 mbar H2 at 673 K for 

30 min. The incident photon energy was 1010 eV. Published in[2]. 

Fig. 33 shows the Ni 2p3/2 core levels of 13CuNi-ZrO250 measured during a) oxidation and b) 

reduction. The peak at 854.3 eV is attributed to the main line of NiO[39, 165, 169-171]. In reducing 
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atmosphere an additional peak appeared at 852.6 eV which is ascribed to metallic nickel[165, 

172, 173]. Again, it is not possible to distinguish between nickel interacting with copper and non-

interacting with copper due to the small chemical shift of about 0.2 eV[166-168] which would be 

expected for Ni alloyed with Cu. In agreement with previously reported findings by IR 

spectroscopy of CO adsorption on a reduced CuNi both oxidized and reduced Ni species are 

present at the surface after reduction at 673 K though the bulk consists predominantly of 

reduced Ni species according to XANES measurements. 

Due to the high complexity of the NiO spectrum consisting of shake-up peaks and multiplet 

states[169, 174] we fitted Ni 2p3/2 spectra  by linear combination of reference spectra of NiO and 

completely reduced Ni. The resulting Ni to NiO ratios are summarized in Table 5. 

Table 5. Proportion of NiO and Ni in Ni 2p3/2 spectra fitted by linear combination of reference spectra. 

atmosphere and 

temperature (K) 
NiO Ni 

O2 – 573 100%  

H2 - 573 77 ± 3 % 23 ± 3 % 

CH4 - 523 79 ± 3 % 21 ± 3 % 

CH4 - 573 80 ± 2 % 20 ± 2 % 

CH4 - 623 79 ± 3 % 21 ± 3 % 

CH4 - 673 77 ± 3 % 23 ± 3 % 

CH4 - 697 75 ± 3 % 25 ± 3 % 

CH4 - 723 66 ± 3% 34 ± 3 % 

Overall, the XP spectra reveal the coexistence of reduced Cu and a mixture of oxidized and 

metallic Ni species in the surface-near region after reduction. 

XP spectra during methane decomposition 

Fig. 34 shows a) the Cu 2p3/2 region and b) the Ni 2p3/2 region of 13CuNi-ZrO2 during 

exposure to 0.25 mbar methane at temperatures from 523 to 723 K directly after reduction in 

H2. 

At 523 K mainly metallic copper and small amounts of CuO were present in the Cu 2p3/2 

region. By increasing the temperature the metallic Cu peak became broader and shifted to a 

slightly higher binding energy indicating further alloy formation between copper and nickel. 

The amount of nickel oxide decreased with temperature while the signal of metallic nickel 

increased. At  723 K a new Cu species at 933.6 eV appeared at the highest temperature. A 

potential assignment of this species is Cu interacting with surface carbonates[165], however, a 

larger shift to higher binding energies would be expected compared to CuO. 
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Fig. 34. a) Cu 2p3/2 and b) Ni 2p3/2 core level regions of 13CuNi-ZrO2 in 0.25 mbar CH4 at rising 

temperature from 523 to 723 K. The incident photon energies were 1100 eV (Cu) and 1010 eV 

(Ni). Published in[2]. 

 CuO core levels have been observed over a broad binding energy range, but in the XP 

spectrum at 723 K no satellite peaks characteristic for CuO are found, which rather excludes 

the assignment of the peak at 933.6 eV to CuO. Currently, the nature of this peak remains an 

open question. 

 Between 698 and 723 K the biggest changes were observed in the Ni 2p3/2 region as 

well. The amount of NiO decreased significantly while the concentration of metallic nickel 

increased in the surface near region. Note that in the temperature range  

between 698 and 723 K where the strongest spectral changes occurred the catalytic activity of 

this catalyst increases dramatically, as shown by TPMD and in agreement with the 

simultaneously recorded mass spec data. 

Fig. 35 shows the C 1s core level region during exposure of 13CuNi-ZrO2 to methane at 

temperatures increasing from 523 to 723 K. A number of different carbon-containing surface 

species were present in methane. Polycarbonates, carbonates and carbonoxygenates above 

287 eV hardly changed with temperature. Various carbonate species were also observed by 

infrared spectroscopy on ZrO2. C-O[175-178] or C-OH[176, 177] at 286.3 eV increased with 

temperature indicating an interaction of carbon with the oxide support or NiO and CuO 

which had not been reduced up to that temperature. The amount of graphitic carbon[175, 179, 180] 

at 284.3 eV binding energy increased until 673 K but then decreased again at 723 K. The peak 

at 284.8 eV attributed to C having sp2 hybridization[176, 180-182] indicates the formation of carbon 

nanotubes (CNTs) and increased with increasing temperature. The signal at 285.4 eV 

corresponds to CxHy species[178, 183]. These species increased upon heating as well. 



4.3. Bimetallic CuNi Catalysts 50 

Alternatively, the signal could indicate the presence of structural defects on carbon 

nanotubes[182]. NixC[176, 177] appeared at 283.4 eV and increased at first with rising temperature 

but then completely vanished at 723 K. 

 

Fig. 35. C 1s core level region of 13CuNi-ZrO2 in 0.25 mbar CH4 at rising temperature from 523 to 

723 K. The incident photon energy was 425 eV. Published in[2] 

In summary, the amount of several carbon species increased during methane decomposition. 

In particular, the growth of CNTs is significantly enhanced at the highest temperature at 

which catalytic activity sets in at the same time, while graphitic carbon decreases, either by 

transformation to CNTs or dissolution in the bulk of the particles. 

Depth profiling 

To get more insights into the distribution of Ni, Cu and C species in the surface and 

subsurface region XP spectra were recorded using different photon energies. The photon 

energies were varied to obtain photoelectron kinetic energies of 150 eV, 350 eV and 550 eV 

for each set of spectra of the relevant core level regions (Ni 2p, Cu 2p, C 1s). These depth 

profiles were performed at 523, 673 and 723 K in methane. 
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Fig. 36. Depth profile of a) Ni, b) Cu and c) C species based on the total amount of a) Ni, b) Cu and c) 

C, respectively. Spectra in the core level regions Ni 2p3/2, Cu 2p3/2 and C 1s with kinetic 

energies of 150, 350 and 550 eV were consulted for the calculations. For clarity of the diagram 

error bars were left out in c). Published in[2]. 

Fig. 36 visualizes the relative core level peak areas of the various Cu, Ni and C species based 

on the respective total areas of Cu, Ni and C signals. Upon heating from 523 to 673 K, the 

relative amount of metallic Ni increases mainly in the deeper (surface-near) layers. After 
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further heating from 673 to 723 K an increased amount of reduced Ni is present on the 

surface as well. The amount of metallic Cu increases with temperature. At 723 K the new Cu 

species appeared which cannot be identified yet (as discussed in the results section). 

Interestingly, this species is related to the surface of the catalyst, and appears only when 

using photon energies yielding photoelectrons of 150 eV kinetic energies, i.e. when 

measuring with the highest surface sensitivity. 

In general, the total amount of carbon species decreases with increasing kinetic energy 

indicating that the carbon species are present mostly at the surface of the catalyst. As shown 

in Fig. 36 c), the relative proportion of CNTs increases significantly at 723 K, in particular in 

the surface-sensitive measurement, as shown by the strongly decreasing amount of sp2 

hybridized carbon with increasing kinetic energy. Nickel carbide disappeared at 723 K in the 

most surface sensitive spectra recorded at 150 eV kinetic energy, while a small amount of 

carbide is still present in the somewhat deeper surface-near layers. The relative amount of 

graphitic carbon is highest at 673 K reaction temperature, and then decreases considerably at 

723 K. This is observed for all photoelectron kinetic energies that were analyzed. The 

proportion of carbon present as carbonates, carbon-oxygenates and hydrocarbon species 

does not depend much on reaction temperature and photon energy. 

4.3.8 Temperature Programmed Oxidation 

To obtain insights into coke formation, temperature programmed oxidation (TPO) was 

performed after reaction in methane. The amount of carbon dioxide formed during TPO 

provides information about the amount of coke formed during the reaction, and the 

temperature, which is needed to burn off the carbon species, may be characteristic for the 

carbon bond strength to the catalyst’s surface. 

Fig. 37 shows the production of carbon dioxide observed during TPO in 20 % O2 in Ar 

performed directly after methane decomposition (described in the previous section). Over 

Ni-ZrO2 the highest amount of coke was formed and temperatures of 770 K were needed to 

oxidize most of it. On the nickel-rich bimetallic catalyst 13CuNi-ZrO2 the amount of formed 

CO2 was lower by about 50 % compared to Ni-ZrO2. Furthermore, much lower temperatures 

of around 700 K were required to remove carbon by oxidation. At about 750 K a second 

smaller CO2 evolution peak was observed in the TPO. Over 11CuNi-ZrO2 the amount of coke 

was reduced to 30 % compared to Ni-ZrO2, and the maximum of CO2 formation was 

detected at 650 K. Over the Cu-rich catalyst 31CuNi-ZrO2 the amount of carbon was reduced 

to only 20 % compared to Ni-ZrO2. Here, one needs to keep in mind the lower activity of the 

Cu-rich compositions compared to Ni-ZrO2. The maximum of CO2 formation rate was 

observed at 660 K. When considering the differences in H2 production rate (Table 3) and the 

CO2 peak areas observed in the TPO measurements the addition of Cu lowered the amount 

of coke formed. A major effect of Cu was, however, the down-shift of the carbon oxidation 
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temperature .Since hardly any methane decomposition reaction took place over the Cu-ZrO2 

reference material, no coke was burnt off during TPO over this catalyst. 

 

Fig. 37. TPO performed after the methane decomposition reaction over Ni and all CuNi catalysts 

(shown in Fig. 3). The mass spec trace of CO2 (m/z 44) is displayed upon heating in 20 vol% 

O2/Ar at a rate of 5 K/min. 

The TPO curves show large CO2 desorption peaks in a narrow temperature range as well as 

broader peaks of CO2 formation over a broad temperature range. The narrow peaks were 

always accompanied by a small peak of water (m/z 18) which indicates oxidation of CHx 

species in this temperature range. The much broader peak underneath might originate from 

other carbonaceous species like filamentous carbon. The presence of CHx species indicates 

that part of the adsorbed methane dissociated incompletely. 

In summary, the highest C and CHx oxidation temperature was observed on monometallic 

nickel at 750-770 K. Since the oxidation temperature decreased on the bimetallic catalysts we 

conclude that C species are less strongly bonded to the bimetallic surface. A similar trend 

with composition was noticed like for the activity onset temperature described in section 

about TPMD. The highest temperature required to burn off coke was observed for 13CuNi-

ZrO2, with a CO2 evolution maximum at 700 K, while 11CuNi-ZrO2 exhibited the lowest 

carbon oxidation temperature with a CO2 evolution maximum at 650 K. 
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4.4 Ceria Promoted Ni-ZrO2 

Ceria and Ceria-Zirconia supported Ni catalysts were characterized and tested for methane 

steam reforming and methane dry reforming.  

4.4.1 Textural and Structural Properties 

The crystalline structure of Ni-CexZryO2 catalysts was determined by XRD. The X-ray 

diffractograms of the support materials ZrO2, CeZr, CeO2, CexZryO2_comb, CexZryO2_cp 

CexZryO2_cp and CexZryO2_ctab after calcination and the catalyst samples Ni-ZrO2, Ni-CeZr, 

Ni-CeO2, Ni-CexZryO2_comb, Ni-CexZryO2_cp Ni-CexZryO2_cp and Ni-CexZryO2_ctab after ex-

situ reduction at 873 K are shown in Fig. 38. ZrO2 and the ZrO2 supported catalyst show 

reflections assigned to monoclinic ZrO2. No differences were found between pure ZrO2 and 

CeZr. Since ceria was added by impregnation, no mixed oxide has formed at a moderate 

calcination temperature of 723 K.  

 

Fig. 38. XRD patterns of a) Ni-ZrO2, b) ZrO2, c) Ni-CeZr, d) CeZr, e) Ni-CexZryO2_comb, f) 

CexZryO2_comb, g) Ni-CexZryO2_cp, h) CexZryO2_cp, i) Ni-CexZryO2_ctab, j) CexZryO2_cp, k) Ni-

CeO2 and l) CeO2. ZrO2 and CeZr support show characteristics of monoclinic zirconia, CeO2 

and CexZryO2_ctab show characteristics of cubic CeO2 and cubic Ce-Zr-oxide, respectively and 

CexZryO2_comb shows characteristics of tetragonal Ce-Zr-oxide. CexZryO2_cp shows both 

reflections of cubic and tetragonal Ce-Zr-oxides. 
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The diffractogram of Ni-CeO2 shows reflections assigned to cubic CeO2. The ceria-zirconia 

mixed oxides vary in their phase composition: The support material prepared by co-

precipitation without surfactant is composed of a cubic ceria-rich mixed oxide phase and a 

tetragonal zirconia-rich mixed oxide phase. The phase separation indicates insufficient 

mixing of the cerium and zirconium precursor during co-precipitation. The diffraction 

pattern of this sample is shown in Fig. 39 with the assignement of the two phases. The 

support prepared by co-precipitation with CTAB as surfactant consists of one cubic ceria-

zirconia-mixed oxide phase, and the support material prepared by combustion consists of a 

tetragonal mixed oxide phase. Broader reflections of the mixed oxide support materials 

suggest smaller ceria-zirconia crystallites compared to the pure oxides. The average 

crystallite particle size calculated by Scherrer calculation is given in Table 6. The reflection 

positions of cubic NiO in the diffractograms of Ni-CexZryO2_comb, Ni-CexZryO2_cp, Ni-

CexZryO2_ctab and Ni-CeO2 are labelled with an asterisk in Fig. 38 and observed as small 

reflections at 38°, 43° and 63°. The average crystallite size of NiO estimated by Scherrer-

equation are 27 nm on Ni-ZrO2 and Ni-CeZr, 16 nm on both mixed oxide supported catalysts 

prepared by co-precipitation, 29 nm on Ni-CexZryO2_comb and 21 nm on Ni-CeO2. 

 

Fig. 39. XRD pattern of Ni-CexZryO2_cp with assignement of the cubic and tetragonal phase. 

The surface area analysis by nitrogen physisorption was carried out for the support samples 

ZrO2, CeO2, CeZr, CexZryO2_comb, CexZryO2_cp and CexZryO2_ctab. The results of the 

calculations of the specific surface areas using the method of Brunauer, Emmet and Teller 

(BET)[184] and of the pore size and pore volume using the method of Barret, Joyner and 

Halenda (BJH)[185]are shown in Table 6. The specific surface area of both oxides prepared by 

co-precipitation was significantly higher than that of pure CeO2 and ZrO2. The specific 

surface area of CeZr was slightly decreased compared to ZrO2 and the smallest specific 

Surface area was measured for CexZryO2_comb. The mesopore volume calculated by BJH 
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reached the highest value for the support prepared by surfactant assisted co-precipitation 

method while the lowest value was obtained for the CexZryO2_comb support. The average 

pore size of ZrO2 is with 21 nm clearly larger than that of the other samples. 

Table 6. BET surface area, BJH average pore size and volume and crystallite size of ZrO2, CeO2, CeZr, 

CexZryO2_comb, CexZryO2_cp and CexZryO2_ctab. 

sample 
BET surface 

area (m²/g) 

BJH average 

pore size (nm) 

BJH average pore 

volume (cm³/g) 

average crystallite 

size (nm) 

ZrO2 37 21 0.18 monoclinic: 36  

CeO2 56 7 0.13 cubic: 30  

CeZr 35 18 0.15 monoclinic: 36  

CexZryO2_comb 20 11 0.05 tetragonal: 11  

CexZryO2_cp 91 7 0.07 
cubic: 19  

tetragonal: 9  

CexZryO2_ctab 93 9 0.25 cubic: 10  

4.4.2 TEM Study 

The catalysts Ni-CexZryO2_cp and Ni-CexZryO2_ctab were studied by TEM after ex situ 

reduction at 873 K. Fig. 40 shows a TEM image and an elemental map with the distribution 

of Ni, Ce, Zr and O. It can be observed, that some regions are enriched in Ce and others in Zr 

as expected from the XRD result. According to elemental maps NiO particles are located 

both in the Ce-rich and the Zr-rich regions. The Ni particles located by EDX are marked with 

cycles in Fig. 40 a). The regions labelled with I and II, respectively, are shown in Fig. 41 in 

more detail. 

 

Fig. 40. a) TEM image of Ni-CexZryO2_cp and b) Elemental map of the region shown in the rectangle in 

a) for the K-edge energies of O, Ce, Ni and Zr. Regions containing Ni are marked in a), I and II 

are shown in Fig. 41 with higher magnification. 
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In Fig. 41 a) two overlapping NiO particles, about 50nm in size, are shown. Besides such 

large particles mainly smaller NiO particles with about 10 nm diameter as shown in Fig. 41 

b) were detected. 

 

Fig. 41. TEM images of a) the region marked with I and b) the region marked with II in Fig. 40 a. 

On Ni-CexZryO2_ctab as on the other samples Ni was at first identified by EDX analysis but 

in contrast to the other catalysts, no NiO particles on the border of the agglomerates could be 

found for individual characterization. Therefore, a fast Fourier transform was applied to the 

whole region shown in Fig. 42 a), where Ni was detected by EDX analysis.  

 

Fig. 42. a) TEM image of Ni-CexZryO2_ctab and b) FFT of a) 
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The reflections in the corresponding digital diffractogram shown in Fig. 42 b) were assigned 

to Ce0.4Zr0.6O2(111) and (300) or (211) grains and NiO grains with (110) and (100) orientation. 

4.4.3 Adsorption Properties 

IR spectra of room temperature CO adsorption on Ni-CeZr, Ni-CeO2, Ni-CexZryO2_cp and 

Ni-CexZryO2_ctab after oxidation at 773 K and reduction at 673 K are shown in Fig. 43. On 

Ni-CexZryO2_cp Ni2+-CO is observed as a shoulder of the larger Zr4+-CO peak at 2171 cm-1, 

respectively. The peaks of CO adsorbed on Ni+ as mono- di or –tricarbonyl can be observed 

on the mixed oxide supported samples, as on Ni-ZrO2 (Fig. 16) but not on Ni-CeO2. On all 

catalysts CO peaks of linear and bridged adsorbed CO on metallic nickel are present. On Ni-

CeO2 CO only adsorbs on metallic nickel which indicates, that all the Ni in the surface is fully 

reduced at 673 K. 

 

Fig. 43. IR spectra of a) 5 mbar CO adsorbed on reduced Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp and Ni-

CexZryO2_ctab at room temperature and b) after evacuation below 10-5 mbar. 

After evacuation Ni+-CO as well as linear and bridged CO on Ni0 remain on the surface of 

Ni-CeZr, as also observed on Ni-ZrO2 shown in Fig. 16. On Ni-CeO2 a rather high amount of 

linear and bridged CO on Ni0 remains on the surface in contrast to the mixed oxide 

supported samples, where only little CO remains on the reduced Ni surface. 

The accessible nickel surface of the samples Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp and Ni-

CexZryO2_ctab was determined by selective chemisorption of H2. The nickel dispersion, 

metallic nickel surface areas per gram of sample after reduction at 673 K, the pretreatment 

and reaction temperature for MSR, and 873 K, the pretreatment and reaction temperature for 

MDR, are shown in Table 7. The highest Ni surface area upon reduction at 673 K is observed 

on the zirconia supported Ni catalyst while on Ni-CexZryO2_ctab only very little H2 adsorbs. 

After reduction at 873 K the nickel surface area decreases suggesting sintering of the 

supported nickel particles. The metallic Ni surface area decreases much more on Ni-ZrO2 
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than on Ni-CeO2 and Ni-CexZryO2_ctab indicating that the ceria support increases the 

stability of Ni against sintering.  

Table 7. Ni dispersion and Ni surface area of Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp and Ni-CexZryO2_ctab 

after reduction at 673 K and 873 K. 

sample 

Ni dispersion  

(%) 

673 K red.    873 K red. 

Ni surface area (𝑨𝑵𝒊) 

(m²/g of catalyst) 

673 K red.    873 K red. 

Ni-ZrO2 4.7 1.75 1.57 0.14 

Ni-CeO2 2.6 1.4 0.88 0.46 

Ni-CexZryO2_cp 3.3 1.0 1.08 0.34 

Ni-CexZryO2_ctab 0.1 - 0.03 - 

4.4.4 Methane Steam Reforming 

Methane steam reforming (MSR) followed by MS detection of reactants and products and 

operando FTIR was performed at 673 K on Ni-ZrO2, Ni-CeO2, Ni-CeZr, Ni-CexZryO2_comb, 

Ni-CexZryO2_cp and Ni-CexZryO2_ctab. 

 

Fig. 44. a) operando FTIR and b) MS detected reactants and products during temperature programmed 

MSR over Ni-ZrO2 up to 673 K. 

Fig. 44 shows reactivity for MSR and changes on the catalyst observed by FTIR over Ni-

ZrO2.Prior to the reaction only a small amount of bridged bidentate carbonates at 1630, 1430 
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and 1230 cm-1 is observed by FTIR in the range 1900-900 cm-1. In the reaction mixture 

bidentate carbonates appear additionally. At about 620 K H2 and CO2 formation sets in and 

the amount of bidentate biscarbonate increases on the surface. The vibrations of bidentate 

carbonats shift from 1550 to 1520 and from 1330 to 1350 cm-1 when reactivity sets in. During 

two hours of reaction at 673 K neither the catalyst nor its reactivity towards MSR are 

changing. Both terminal and bridged OH-groups are observed on the reduced catalyst and 

during reaction. The reactivity and stability of Ni-CeZr (not shown) is basically identically 

with that of Ni-ZrO2 indicating, that the addition of a low loading of 5 % w/w ceria by 

impregnation doesn’t influence the catalytic behaviour of the nickel catalyst. 

 

Fig. 45. a) operando FTIR and b) MS detected reactants and products during temperature programmed 

MSR over NiCeO2 up to 673 K. 

Over Ni-CeO2, as shown in Fig. 45, after little CO2 evolution already at about 473 K, H2 starts 

and CO2 formation strongly increases at about 650 K. The amount of monodentate 

carbonates at 1470-1500 cm-1 and 1370 cm-1 is increasing, too in this temperature range. 

During reaction at 673 K the reactivity slowly decreases and the amount of monodentate 

carbonates further increases. No peaks are observed in the OH region of the FTIR spectra 

besides of molecular water at 373 K. 

Over Ni-CexZryO2_comb, as shown in Fig. 46, reactivity already sets in at about 573 K and 

then slowly increases with simultaneously increase of bidentate carbonates at 1510-1550 and 

1330-1350 cm-1. Besides of molecular water at low temperatures, no OH bands are observed. 

The catalytic activity significantly decreases during reaction at 673 K. 
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Fig. 46. a) operando FTIR and b) MS detected reactants and products during temperature programmed 

MSR over NiCeZrx_comb up to 673 K. 

 
Fig. 47. a) operando FTIR and b) MS detected reactants and products during temperature programmed 

MSR over NiCeZrx_cp up to 673 K. 

Ni-CexZryO2_cp shows about the same catalytic activity as Ni-ZrO2 even though much less 

carbonates are observed over this catalyst, as shown in Fig. 47. Only a small amount of 
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monodentate carbonates at 1460 and 1300-1320 cm-1 are observed and the catalytic activity 

remains stable during reaction. Both terminal and bridged OH bands are observed before 

and during reaction. 

 
Fig. 48. a) operando FTIR and b) MS detected reactants and products during temperature programmed 

MSR over NiCeZrx_ctab up to 673 K. 

Ni-CexZryO2_ctab, as shown in Fig. 48, is totally inactive besides of insignificant CO2 

evolution during heating in the reaction mixture. No formation of carbonates during 

interaction with the reactants and only terminal but no bridged hydroxyl groups are 

observed by FTIR. 

Considering the FTIR spectra of all samples, a strong influence of the preparation method on 

the ability of carbonate formation and the presence of hydroxyl groups is observed. Except of 

Ni-CexZryO2_ctab, all catalysts are active for MSR. The highest activity is observed for Ni-

ZrO2 Ni-CeZr and Ni-CexZryO2_cp. 

4.4.5 Methane Dry Reforming 

Ni-ZrO2, Ni-CeO2 and the two catalysts supported on mixed oxides prepared by co-

preciptation Ni-CexZryO2_cp and Ni-CexZryO2_ctab were tested for methane dry reforming 

(MDR). Prior to the reaction, the catalysts were oxidized at 773 K and reduced at 873 K. The 

results obtained for MDR reaction at 873 K for 24 hours are presented in Fig. 49. The direct 

measure of the thermal stability of a given catalyst is its catalytic activity and stability. It can 

be observed that the CH4 and CO2 conversion over Ni-ZrO2 hardly changed over time while 

the conversion over Ni-CeO2 rapidly and over Ni-CexZryO2_cp continuously decreased. Ni-
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CexZryO2_ctab was rarely active during the first 30 minutes before it completely deactivated. 

The H2:CO ratio achieved was below 1 due to reverse water-gas-shift reaction as a side 

reaction. The highest value was achieved over Ni-CeO2 with strong decrease with time on 

stream. C-Balance as indication for coke formation when below 1 is increasing to 1 or nearly-

1 after the first 2 hours. The H2 and CO production rates are, in agreement with the reactant 

conversions, stable over Ni-ZrO2 and decreasing with time on stream over Ni-CeO2 and Ni-

CexZryO2_cp. Over Ni-CexZryO2_ctab only little initial H2 and CO production is observed 

before the catalyst is completely deactivated for methane dry reforming. The H2 selectivity 

was around 75 % over both Ni-ZrO2 and Ni-CexZryO2_cp during the whole time on stream 

indicating permanent H2O production during reaction while over Ni-CeO2 the H2 selectivity 

changes with time. 

 

Fig. 49. Screening of Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp and Ni-CexZryO2_ctab catalysts for methane 

dry reforming reaction at 873 K; feed composition: CH4:CO2:Ar = 10/10/80; feed flow rate = 25 

ml/min. 

The turn-over-frequency (TOF) for H2 production rate based on the metallic Ni surface area 

after reduction at 600 °C are given in Table 8 normalized to the number of surface nickel 

atoms assuming 1.59  1019 nickel atoms/m²[186]. 
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Table 8. Turn-over frequencies for methane conversion normalized to the number of surface nickel 

atoms during MDR. 

sample 
turn-over frequency (TOF) (s-1) 

initial after 3 hours after 24 hours 

Ni-ZrO2 12.1 4.2 4.4 

Ni-CeO2 11.4 1.6 4.0 

Ni-CexZryO2_cp 9.2 1.0 2.2 

Since the reaction mixture consists of an oxidizing (CO2) and reducing (CH4) reactant, the 

question arises how the oxidation state of nickel in the beginning of the reaction affects the 

catalytic activity. The results shown above were obtained when the reactants were 

introduced to the quartz flow reactor directly after reduction at 873 K followed by inert gas 

flow for about 20 minutes at 873 K to completely remove the H2 form the system. In a second 

experiment, the catalysts were ex situ oxidized and exposed to air at room temperature 

before heating again to 873 K in Ar gas flow with 10 K/min where the reaction was 

performed. As observed by TEM (4.4.2) and XAS (4.4.6) of these catalysts after ex situ 

reduction, nickel is completely re-oxidized due to exposure to air at room temperature. 

 
Fig. 50. Screening of Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp and Ni-CexZryO2_ctab catalysts for methane 

dry reforming reaction at 873 K; feed composition: CH4:CO2:Ar = 10/10/80; feed flow rate = 25 

ml/min. In contrast to the screening shown in Fig. 49, the catalysts were exposed to air between 

pretreatment and reaction. 

As shown in Fig. 50, differences to the in situ reduced catalysts are only observed during the 

first 30 minutes of reaction. The higher initial CO2 conversion indicates, that CO2 is 

consumed due to oxidation of nickel.  
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4.4.6 Post-MDR-studies 

Via temperature programmed oxidation the amount of coke produced during 3 hours was 

compared with that produced during 24 hours of reaction. Used catalysts after 3 hours MDR 

were further analysed via transmission electron microscopy and X-ray absorption 

spectroscopy. Temperature programmed oxidation (TPO) was formed to obtain insights into 

coke formation. The amount of carbon dioxide formed during TPO provides information 

about the amount of coke formed during after 24 hours reaction in CH4 and CO2 and the 

temperature which is needed to burn off the carbon species may be characteristic for the 

carbon bond strength to the catalyst’s surface. Fig. 51 shows the production of carbon 

dioxide during TPO in 20 % O2 in Ar after methane dry reforming reaction.  

 

Fig. 51. Temperature Programmed Oxdation performed after 24 hours MDR with 20% O2 in Ar. 

Over Ni-ZrO2 clearly the highest amount of coke was formed and temperatures of 880 K are 

needed to oxidize most of it. The small maximum of CO2 evolution at 570 K over the Ni-CeO2 

catalyst can be assigned to the oxidation of amorphous carbon[187, 188] and around 800 K 

graphitic carbon is oxidized[35]. The CO2 evolution around 880 K can be assigned to oxidation 

of whisker type carbon which does not deactivate the nickel surface but rather causes a 

breakdown of the catalyst by pore plugging[30]. The amount of CO2 formed over Ni-ZrO2 is 

about 20 times more than on Ni-CeO2 and about 200 times more than on the almost inactive 

Ni-CexZryO2_cp. On Ni-CexZryO2_ctab as expected hardly any CO2 is formed during TPO. 

This is clearly a huge advantage of the Ni-CexZryO2_cp catalyst over the Ni-ZrO2 even 

though the large amount of carbon formed during reaction apparently hardly affects the Ni-
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ZrO2 catalyst activity. The major problem of carbon deposition in a continuous flow reactor 

is the ability of blocking the reactor leading to physical blockage of the tube reactor. This was 

observed when increasing the amount of catalyst used for catalytic tests. Fig. 52 shows the 

CO2 evolution during TPO after 3 hours MDR. The amount of coke formed on Ni-ZrO2 and 

Ni-CexZryO2_cp is only insignificantly smaller than after 24 hours MDR indicating that coke 

deposition mainly happens during the beginning of the reaction. In contrast, the amount of 

CO2 over Ni-CeO2 is definitely dependent of the reaction time.  

 

Fig. 52. Temperature Programmed Oxidation performed after 3 hours MDR with 20% O2 in Ar. 

Fig. 53 shows TEM images of Ni-ZrO2 (a) and Ni-CexZryO2_cp (b) dry reforming at 873 K for 

3 hours. On both catalysts filamentous carbon has formed and some Ni particles are on top 

of these carbon nanofibers, tubes or rods. On Ni-CeO2 and Ni-CexZryO2_ctab no filamentous 

carbon was detected. 
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Fig. 53. TEM images of a) Ni-ZrO2 and b) Ni-CexZryO2_cp after exposure to methane and carbon 

dioxide at 600 °C for 3 hours. 

 

Fig. 54. XRD patterns of the Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp and Ni-CexZryO2_ctab after MDR for 3 

hours at 873 K 

Fig. 54 shows a section of diffractograms of the samples after reaction at 600 °C. In contrast to 

the diffractograms shown in Fig. 54, the reflections of NiO have disappeared or – in case of 
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Ni-CeO2 decreased in intensity and the reflection of Ni(111) at 44.3 ° 2θ is observed on Ni-

CeO2 and the mixed oxide supported samples. On Ni-ZrO2 this reflection is overlapping with 

one of monoclinic ZrO2. The crystallite sizes calculated with Scherrer’s equation are 27 nm, 

23 nm and 21 nm on Ni-CeO2, Ni-CexZryO2_cp and Ni-CexZryO2_ctab, respectively and thus 

not much larger than the NiO crystallites of the catalysts after ex-situ reduction. The 

reflection at 26.1 ° 2θ in the diffractogram of the used Ni-ZrO2 catalyst is assigned to 

graphite. On the other samples much less carbon was observed by TPO and it might be 

mainly amorphous. 

Fig. 55 shows graphical representations of the Ni K-edge normalized µ(E) in the XANES 

region (a) and the first derivative of the µ(E) data in the XANES region (b).The latter reveal 

several local maxima with two larger ones around 8333 eV and/or 8343 eV. The position of 

the largest maximum value with the first derivative of the µ(E) data was chosen as the value 

of E0. With the Ni fcc reference foil the first maximum at 8333 eV is the highest one. With NiO 

reference and the pre-reduced samples the highest maximum is apparently at 8343 eV and 

with the used samples it is also at 8343 eV. 

 

Fig. 55. a) normalized XANES spectra of reference samples and pre-reduced and used samples and b) 

first derivative of the spectra shown in a). The dashed lines in b) mark the positions of two 

local maxima at 8333 eV and 8343 eV. The asterisk (*) labels the absolute maximum. 

The XANES spectraof the reduced catalysts resemble that of NiO reference. Linear 

combination analysis of the spectra shown in Fig. 55 confirms that the Ni on all reduced 
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catalysts is oxidized. This proves that these catalysts are completely re-oxidized after 

exposure to air. Linear combination of the used catalysts, which were also exposed to air in 

between reaction and XAS measurement, resulted an amount of metallic nickel of 86 %, 84 %, 

78 % and 70 % in Ni-ZrO2, Ni-CeO2, Ni-CexZryO2_cp and Ni-CexZryO2_ctab, respectively. In 

contrast to the reduced samples most of the Ni has remained metallic and did not get 

reoxidized. Since the Ni particles analysed in TEM and XRD were not significantly larger 

after reaction than before, sintering can be excluded. Possible explanations for the XANES 

spectra can be either that the carbon which has formed during reaction and deposited on the 

catalyst stabilizes the metallic state of nickel or a nickel carbide phase has formed. The 

XANES spectrum of Ni3C would more resemble the XANES of metallic Ni rather than NiO 

but show significant differences in the Fourier transforms of the χ(k). Ni3C was obtained and 

detected by XAS during Ni carburization[189, 190] and during low temperature steam reforming 

of ethanol over a ceria supported Ni catalyst[191]. Besides of carbon, nickel carbide formation 

is favored to form in the dry mixture of methane and carbon dioxide[106] and Ni3C formation 

was observed by Swaan et. al[192] while Goula et. al[193] discard any hypothesis of bulk nickel 

carbide formation during methane dry reforming. 

 

Fig. 56. k2-weighted EXAFS functions χ(k) and magnitude and imaginary part of Fourier transforms 

(uncorrected for phase shifts) of χ(k) of Ni-foil and the supported nickel catalysts after 

methane dry reforming reaction at 873 K. Solid lines: experimental data, hollowed spheres: fits 

in R-space and backtransformed into k-space. 

The k2-weighted k and R space EXAFS with their respective fits are shown in Fig. 56 and the 

best fitting structural parameters are presented in Table 9. According to these fittings, all 
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samples are well fitted by using Ni fcc. The formation of Ni3C could not be accredited due to 

the missing carbon signal from the first Ni-C coordination shell at the phase-uncorrected 

distance of R ~ 1.2 Å. 

Table 9. Structural parameters resulting from multiple shell fits of the first Ni-Ni coordination shell in 

R-space to EXAFS data of Ni foil and post-reaction Ni supported catalysts. 

* constrained for Ni foil 

 

sample R(Å) CN σ2(Å2) R factor 

Ni foil 2.46 ± 0.00 12* 0.006 0.087 

Ni-ZrO2 2.52 ± 0.05 9.6 0.005 0.073 

Ni-CeO2 2.51 ± 0.05 11.1 0.006 0.084 

Ni-CexZryO2_cp 2.55 ± 0.05 11.1 0.007 0.072 

Ni-CexZryO2_ctab 2.53 ± 0.05 10.9 0.006 0.065 
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Discussion 

Alloy formation on bimetallic copper-nickel catalysts supported on ZrO2 was observed 

during reduction of the catalysts. Adsorption of CO was applied to determine the oxidation 

state and available surface sites. Copper-nickel alloy formation was indicated by the red-shift 

of the CO stretching frequency on metallic nickel by about 30 cm-1 as well as by X-ray 

absorption measurements which revealed a lower reduction temperature of NiO and CuO in 

bimetallic alloyed samples as compared to monometallic catalysts. The extent of the red-shift 

of the Ni-CO band depends on the bulk composition. In addition, the composition affected 

the desorption temperature of CO on copper, resulting in significantly higher thermal 

stability on all the bimetallic samples. 

Both hydrogen chemisorption and FTIR spectroscopy of CO adsorption clearly demonstrated 

that the very surface layer of the bimetallic particles was strongly enriched in Cu for the 

samples with different nominal copper:nickel bulk compositions.  

With respect to the partial oxidation of methane, there was no advantage of adding Cu to Ni-

ZrO2 catalysts since Cu promoted the total oxidation of methane towards CO2 and H2O. 

CH4 decomposition was studied on bimetallic CuNi-ZrO2 catalysts by temperature 

programmed reaction, TPO and NAP-XPS in order to get insights into the in situ stability of 

CuNi compounds and the effect of Cu addition on the carbon chemistry. In contrast to 

monometallic Ni-ZrO2, an irreversible activation step was observed in methane at around 

700 K, with the exact onset temperature depending on the composition, reduction 

temperature and metal loading. In the following we will discuss the potential origin and the 

factors affecting this surface modification process responsible for the onset of catalytic 

activity and take a closer look at the bimetallic Cu-Ni system. 

The question arises what is the origin of the observed activation process occurring in 

methane between 650 and 735 K and leading to an irreversible modification of the catalytic 

performance of all bimetallic catalysts towards a Ni-like behaviour. Previous work on these 

materials allowed us to conclude that after reduction the surface of the bimetallic catalysts 

appears enriched in Cu[1] as indicated by selective H2 chemisorption on Ni and by FTIR 

spectroscopy of adsorbed CO. Since Cu is practically inactive in methane decomposition a 
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change in surface composition e.g. by Ni segregating to the surface is a potential reason for 

the drastic change in CH4 decomposition activity. The interaction of Ni with C and/or CHx 

would be a likely driving force for the proposed surface segregation of Ni. 

In contrast to H2 chemisorption experiments at room temperature[1] showing that the surface 

is enriched in copper after reduction, the surface Cu:Ni ratio observed by XPS at 673 K was 

nearly similar to the overall Cu:Ni ratio of the catalyst. According to literature a copper-

enriched top surface layer is in agreement with the lower surface free energy of copper 

compared to nickel[194]. According to Sachtler et al., the Gibbs free energy of a copper-nickel 

mixture at 475 K has a maximum at about 30 % copper and a minimum at 80 % and at 2 % 

copper[195] in the bulk. Therefore, we expect co-existing phases present at lower temperatures. 

Since the surface energy is lower for Cu compared to Ni the Cu-rich alloy phase is likely 

present at the surface and the Ni-rich alloy phase underneath (core-shell like structure). For 

Cu surfaces with Ni monolayers deposited on top it was reported in Refs.[196, 197] that Ni 

segregates into the first subsurface layer of Cu(100) as well as Cu(111)[198]. By theoretical 

calculations Pourovskii et al.[199] found a rather sharp minimum of the surface energy 

corresponding to the arrangement of a Ni layer in the second layer of Cu(100). Anyway, this 

surface composition is only present at low temperature. At elevated temperature the two 

phases become miscible. According to the Cu-Ni phase diagram, CuNi forms a single-phase 

alloy above 600 K. 

As revealed by XPS measurements under reaction conditions, the increase of activity is 

clearly accompanied by an increase of the concentration of metallic Ni at the surface. Catalytic 

activity for methane decomposition therefore depends on the alloy surface composition, 

specifically on the presence of a sufficiently high concentration of metallic Ni at the surface. 

Studt et al.[200] reported Ni segregation to the surface of CuNi alloys due to the higher bond 

strength towards CO. Li et al.[201] reported that the dissociative adsorption of methane and 

the formation of carbon flakes would be a plausible cause for their observation of 

reconstruction of Ni-Cu metal particles during methane decomposition reaction.[201] During 

methane decomposition reaction at 773 K recrystallization of the Ni-Cu alloy on copper-

nickel-alumina catalysts was observed during induction of carbon formation in methane 

decomposition.[93] In a similar way, Ni could segregate to the very surface layer at elevated 

temperatures induced by the presence of methane and/or carbon, which consequently leads 

to an onset of catalytic activity for methane decomposition. Thus, the surface initially 

enriched in Cu at low temperatures exhibits low methane decomposition activity until the 

activation step changes the surface concentration of reduced Ni. 

Ni segregation to the top surface is a potential explanation for the observed activation step. 

However, this could not be confirmed by quantitative analysis of the core level spectra, 

which is complicated by the (very likely) preferential decoration of Ni by carbon species 

formed over Ni during the reaction of methane. Nevertheless, there is clear evidence by the 
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XPS data that the sudden increase of reactivity can be linked to the higher concentration of 

reduced Ni at the surface. 

When TPMD was carried out after applying a higher reduction temperature of 773 K an 

activation step was observed as well although the activation step temperature was lowered 

compared to the catalyst reduced at 673 K. Since reduction at 673 K leads to only partially 

reduced Ni[1] the ratio Ni:NiO is increased after reduction at higher temperature. The higher 

amount of metallic Ni (at or near the surface) after applying a higher reduction temperature 

could be a likely reason for the down-shift of the activation temperature. 

Cu addition to Ni helps in the desired lowering of carbon deposition. TPO measurements 

showed a reduction of the amount of coke burnt off as CO2 by about 50% when comparing 

Ni and the Ni-rich 13CuNi-ZrO2 catalyst exhibiting similar catalytic activity (Table 3). 

Another effect of the Cu modification, which influences the carbon chemistry and coking 

behavior, is the decrease of the carbon oxidation temperature, probably due to a weaker 

bonding of carbon on the CuNi alloy surface. 

Thus, Cu addition to Ni-ZrO2 catalysts caused the formation of a CuNi alloy with high 

potential towards decreasing coke formation. However, since the CuNi alloy system is stable 

only in a limited range of conditions (temperatures up to around 700 K depending on the 

composition and pretreatment) the impact on methane reforming reactions, which usually 

occur at higher temperature, is strongly limited. 

As a second part of this work, promotion of Ni-ZrO2 via addition of ceria was studied. A 

strong dependence of the preparation method towards properties and catalytic performance 

was observed. As mentioned above, the addition of ceria via impregnation didn’t cause any 

changes compared to Ni-ZrO2. Due to impregnation no interaction between zirconia and 

ceria can be expected and probably the amount of only 5 %w/w is too low for causing 

significant changes. The support material prepared by combustion synthesis consisted of 

rather small crystallites but had low specific surface area. Therefore, the chance for a better 

dispersion of nickel over the support is rather low. In terms of catalytic activity, no 

enhancement compared to Ni-ZrO2 was observed and the already low catalytic activity 

decreased fast during catalytic methane steam reforming. Support preparation via co-

precipitation yielded a material with small crystallite size and high surface area. Since the co-

precipitation support CexZryO2_cp consists of two mixed oxide phases, one tetragonal which 

is enriched in zirconia and one cubic which is enriched in ceria, surfactant assisted co-

precipitation was performed. The addition of a surfactant during co-precipitation should 

increase the miscibility and therefore promote the formation of a single mixed oxide phase. 

Additionally, a larger surface area and higher coke resistance and sintering resistance has 

been observed due to the effect of surface assistance[72]. Even though a catalyst with high 

surface area consisting of one-phase ceria-zirconia mixed oxide was prepared, this catalyst 

showed no catalytic activity for the studied methane reforming reactions. 
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Huge differences in the catalytic performance of the two mixed oxide supported catalysts 

with same elemental composition were observed. The catalyst prepared by surfactant 

assisted co-precipitation showed promising textural properties such as high surface area 

what is correlated with good metal dispersion. Nevertheless, after reduction at 600 °C hardly 

any H2 could adsorb, as shown with hydrogen chemisorption measurements, what indicates 

that no accessible metallic nickel is on the catalyst.  

Considering the active Ni-CexZryO2_cp catalyst, no advantage compared to Ni-ZrO2 in terms 

of conversion or H2-selevitity was observed but the formation of filamentous carbon was 

strongly suppressed. As reported in Literature, the mixed oxide support material leads to 

acceleration of gasification of coke deposits on Pt particles which is related to the increase of 

the oxygen mobility on the surface[202] and the higher surface density of active sites on the 

ternary catalyst[6].  

The inactivity of the Ni-CexZryO2_ctab catalyst could be explained by the inaccessibility of 

metallic Ni for hydrogen adsorption after reduction at 873 K Since the surfactant was CTAB, 

which was used for the synthesis of the mixed oxide support material, residual bromide was 

considered to affect the catalytic activity. Residual chloride from Cl-containing Pt precursors 

was reported to have an enormous effect towards selectivity of the catalyst[203], a similar 

effect of other halogens could be possible. Even though no bromide was detected by 

elemental analysis, an additional catalyst was prepared by impregnating the co-precipitation 

support with ammonium bromide (MERCK) before adding Ni. The amount of Br was the 

same as used for the preparation of Ni-CexZryO2_ctab. The methane conversion over this 

brominated catalyst was about the same as over Ni-CexZryO2_cp, namely 56.7 % initially 

(57.4 % over Ni-CexZryO2_cp) and 46.5 % after 3 h time on stream (47.7 % over Ni-

CexZryO2_cp). Therefore, a negative effect due to the utilization of the bromide containing 

surfactant can be excluded. Thus, the only sensible explanation for the lack of catalytic 

activity or extremely fast deactivation of Ni-CexZryO2_ctab can be assigned to the in-

accessible Ni surface area observed by H2-Chemisorption and the observation in TEM, that 

Ni particles were always surrounded by support. The absence of catalytic activity of the Ni-

CexZryO2_ctab catalyst, which is in contrast to reports in the literature[72, 74, 75, 77], is not 

attributed to this synthesis method in general, but the complex nature of this kind of 

synthesis compared to the rather simple impregnation, combustion and co-precipitation 

catalysts. 

Considering the most active mixed oxide supported catalyst Ni-CexZryO2_cp no 

improvement of catalytic activity for MSR or MDR could be achieved but the stability against 

coke formation was strongly increased and especially the formation of filamentous carbon 

was strongly suppressed compared to Ni-ZrO2. The suppression of formation of filamentous 

carbon, which can be certainly achieved by using ceria-zirconia as a support material, is 

benevicial to reduce the probability of blockage of the reactor tube in a flow-through system. 



 

Chapter 6   

Summary and Conclusions 

The effect of modification of a Ni-ZrO2 catalyst in order to prevent coke deposition during 

methane reforming reactions was examined via different approaches. In the first part of this 

thesis, the modification of the metallic Ni component with copper was studied and in the 

second part, the support was modified by ceria-addition. In both cases, significant 

differences in terms of catalytic activity and stability were observed. 

CuNi alloy formation on the bimetallic supported catalysts was observed by infrared 

spectroscopy with CO as a probe molecule and with X-ray absorption spectroscopy. Via CO 

adsorption, a shift of the Ni0-CO band on the bimetallic catalyst compared to Ni-ZrO2 was 

attributed to a strong interaction of neighbouring Cu atoms and therefore, formation of a 

CuNi alloy. Via X-ray absorption spectroscopy, alloy formation was indicated with strongly 

decreased reduction temperature of nickel in the bimetallic catalyst compared to 

monometallic nickel-zirconia. In addition to the FTIR studies, an enrichment of the very 

surface with copper was observed by H2-Chemisiorption. Transmission electron microscopy 

showed particles containing both nickel and copper but also small copper containing no 

nickel. 

The catalytic activity for partial oxidation of methane was studied in a repeated temperature 

programmed experiments. Addition of copper didn’t cause any enhancement of this reaction 

since copper directed the selectivity towards complete oxidation of methane. 

During methane decomposition, the bimetallic catalysts didn’t show any catalytic activity 

until an activation step occurred, which irreversibly changed the catalytic performance to a 

state very similar to that of monometallic Ni-ZrO2. As observed by temperature programmed 

oxidation after methane decomposition, Cu addition to Ni improved the desired resistance 

against carbon deposition by lowering the amount of coke formed. Also lower temperature 

was required to burn off carbon from the bimetallic catalysts, as compared to Ni-ZrO2. 

By in situ (operando) synchrotron-based near ambient pressure XPS the composition of the 

surface was determined and correlated with the catalytic performance. A sudden increase of 

catalytic activity could be explained by an increase of the concentration of reduced Ni atoms 

at the catalyst surface in the active state, likely as a consequence of the interaction with 
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methane. XPS showed the appearance of an additional Cu species on the catalyst surface, 

when catalytic activity sets in. This species could not be conclusively identified, but is related 

to the catalyst surface according to the depth profiles recorded. 

C 1s core level spectra revealed the presence of various carbonaceous species. The signal 

attributed to carbon nanotubes increased when activity sets in, while the amount of graphite 

and carbide decreased again. 

As a key result on the Cu-modification of Ni catalysts, we conclude that the CuNi alloy 

shows limited stability under reaction conditions. This system is stable only in a limited 

range of temperature up to ~700K in hydrocarbon atmosphere. Above this temperature, the 

alloy phase becomes unstable, and carbon-induced segregation of Ni species induces a fast 

increase of methane decomposition rate. In view of the applicability of this system, a detailed 

understanding of the stability and surface composition of the bimetallic phases present and 

the influence of the Cu promoter on the surface chemistry under actual reaction conditions 

are essential. 

Support materials consisting of ceria, zirconia and mixed ceria-zirconia oxides prepared via 

different synthesis routes showed very different properties. Only support prepared by 

impregnation didn’t show any significant differences to Ni-ZrO2. According to X-ray 

diffraction data, pure ZrO2 consists of monoclinic crystallites. The crystallite size of all 

prepared mixed oxides was smaller than that of monoclinic ZrO2. In case of the co-

precipitation support CexZryO2_cp two ceria-zirconia mixed oxide phases were found. The 

support prepared by combustion synthesis consisted of small tetragonal mixed oxide 

crystallites but the lowest surface area. This kind of synthesis was least controllable due to 

the highly exothermic reaction which formed the mixed oxide. The highest specific surface 

area was observed for the two catalysts prepared by co-precipitation. 

FTIR spectroscopy with CO as a probe molecule observed that, as on Ni-ZrO2, both oxidized 

and reduced nickel are present on the surface of the mixed oxide supported catalysts. In 

contrast, on Ni-CeO2 only reduced Ni was present on the surface. 

Catalytic methane steam and dry reforming showed that only with Ni-CexZryO2_cp a 

performance comparable with that of Ni-ZrO2 was observed. Besides of the inactive Ni-

CexZryO2_ctab catalyst, all catalysts were active for methane reforming. 

Except of the surfactant assisted synthesis route, which was used for the preparation of 

CexZryO2_ctab, only facile preparation routes were applied for the synthesis of the various 

mixed oxide supports. The advantage of these routes is the easy realization without complex 

precursors which need to be removed after the synthesis.  

It could be shown that the catalytic activity of a supported catalyst depends not only on the 

active metallic site but also strongly on the support. When considering the support material, 
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not only the nature or composition of this oxide material is relevant but the method applied 

for support preparation plays an important role, too. 

Even though no enhancement of the catalytic activity was observed for these mixed oxide 

supported catalyst, a strong decrease in terms of coke formation was observed by 

temperature programmed oxidation after methane dry reforming. The amount of carbon 

formed on the active mixed oxide supported catalyst Ni-CexZryO2_cp was about 200 times 

lower than that on Ni-ZrO2 which is a great advantage for a catalyst working at 873 K which 

is a low temperature for methane dry reforming. 
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Abstract Infrared spectroscopy has been employed for a

detailed characterization of ZrO2 and CeO2/ZrO2 supported

nickel and copper/nickel catalysts to be utilized for methane

decomposition. Adsorption of CO at 303 K was performed in

order to determine the surface composition and accessible

adsorption sites. Alloy formation occurred during reduction, as

indicated by a red-shift of the vibrational band of CO on Ni: by

27 cm-1 on nickel-rich CuNi alloy, by 34 cm-1 on 1:1 Cu:Ni

and by 36 cm-1 on copper-rich CuNi alloy. CuNi alloy for-

mation was confirmed by X-ray absorption spectroscopy during

reduction revealing a considerably lower reduction temperature

of NiO in the bimetallic catalyst compared to the monometallic

one. However, hydrogen chemisorption indicated that after

reduction at 673 K copper was enriched at the surface of the all

bimetallic catalysts, in agreement with IR spectra of adsorbed

CO. In situ IR studies of methane decomposition at 773 K

demonstrated that the addition of Cu to Ni strongly reduced

coking occurring preferentially on nickel, while maintaining

methane activation. Modification of the zirconia by ceria did

not have much effect on the adsorption and reaction properties.

Ceria-zirconia and zirconia supported samples exhibited very

similar properties and surface chemistry. The main difference

was an additional IR band of CO adsorbed on metallic copper

pointing to an interaction of part of the Cu with the ceria.

Keywords CuNi alloy � Bimetallic catalyst � Methane

conversion � Coke � Infrared spectroscopy � CO adsorption

1 Introduction

The global need of energy, rising oil prices and envi-

ronmental requirements to reduce CO2 emissions increase

the interest in alternative energy generation, such as fuel

cells as clean and efficient means of energy production.

There are a number of different types of fuel cells with

those operating via a proton-exchange membrane

receiving the largest attention [1]. Fuel cells that run

directly on hydrogen are considered clean because the

exhaust is only water, but this ignores the fact that the

vast majority of H2 is generated by reforming of hydro-

carbons, such as methane, [2] producing CO or CO2

by-product. Furthermore, the storage of gaseous hydrogen

or liquefied hydrogen is difficult and dangerous. Thus, the

production of hydrogen from hydrocarbons by internal

reforming in solid oxide fuel cells (SOFCs) represents a

good alternative.

Catalysis plays an important role during all involved

processes. Catalysts are used for the production of H2

from hydrocarbons (preferentially from sustainable

sources), and catalysts are also used directly in solid

oxide fuel cells for e.g. methane reforming or oxygen

activation. Methane as a feedstock can be obtained from

different sources, such as from natural gas or biogas. H2

can then be produced by methane steam reforming [3–5],

(1), dry reforming [4, 6–13], (2) or partial oxidation [14,

15], (3) of methane.

CH4 þ H2O �CO þ 3H2 DH�298K ¼�206kJ=mol ð1Þ

CH4 þ CO2� 2CO þ 2H2 DH�298K ¼ þ261kJ=mol

ð2Þ

CH4 þ
1

2
O2 !CO þ 2H2 DH�298K ¼�36kJ=mol ð3Þ
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Commercially used catalysts for methane reforming are

based on Ni. The active nickel particles, however, tend to

form coke, leading to deactivation of the catalysts [16].

Improved stability against coke formation was observed for

NiAu catalysts [17–19] and was explained by the reduced

stability of adsorbed carbon on nickel atoms in the vicinity

of a gold atom. In the current work Cu was used to dilute

Ni, in order to improve the stability against coke formation

while maintaining the high activity of nickel catalysts for

methane activation. The interaction of Ni with methane is

the key step in methane reactions and of fundamental

importance in coke formation. Methane decomposition was

therefore examined in the absence of H2O, CO2 or O2.

Liao et al. [20] calculated dissociation enthalpies and

activation energies of the sequential dehydrogenation of

methane for various transition metals, including nickel and

copper. The total dissociation of methane on Cu and the

other coinage metals was found to be very endothermic.

Nickel was one of the most efficient catalysts for the

methane dissociation described by sequential dehydroge-

nation of CH4:

CHx;s ! CHx�1;s þ H2 ð4Þ

In this work Cu–Ni bimetallic combinations with

different Cu:Ni ratios were investigated with respect to

their activity for methane activation and their tendency

towards coking. The catalysts were thoroughly

characterized regarding the Cu–Ni interaction by X-ray

absorption and FTIR spectroscopy to confirm alloy

formation. FTIR spectroscopy was utilized to characterize

the surface composition and available adsorption sites by

CO adsorption after oxidation and reduction in H2 as well

as after methane exposure, in order to obtain insights into

the effect of Cu addition to Ni catalysts. Cu addition to Ni/

ZrO2 strongly reduced coking, while modification of the

support surface by CeO2 addition did not have an effect in

the present investigations.

2 Materials and Methods

2.1 Sample Preparation

Starting from Ni/ZrO2, materials of increasing complexity

in composition were synthesized. First, Cu was added in

different molar ratios. Additionally, the support surface

was modified by CeO2. The Cu/Ni–CeO2/ZrO2 catalysts of

different compositions as summarized in Table 1 were

prepared by impregnation. One sample was obtained by

another synthesis route, the combustion synthesis, to

evaluate the influence of the synthesis procedure.

Commercial Zr(OH)4 (MEL chemicals XZO 880/01)

was calcined with a heating rate of 2 K/min from room

temperature to 973 K and kept at this temperature for 2 h.

After calcination the zirconia support (Zr) was cooled

down to room temperature.

For obtaining ceria/zirconia, Ce(NO3)3�6H2O was dis-

solved in water and ZrO2 was suspended in this solution to

obtain a powder with 5.3 wt% CeO2. The suspension was

dried over night at 373 K. Then the yellowish ceria/zir-

conia powder (CeZr) was heated to 723 K with a heating

rate of 5 K/min and held there for 2 h. Addition of ceria by

impregnation is expected to result in a modification of the

oxide support surface, with the ceria mostly present on the

surface.

Bimetallic CuNi samples were prepared by coimpregna-

tion. Cu(NO3)2�3H2O and Ni(NO3)2�6H2O were mixed to

obtain the following Cu:Ni molar ratios: 1:0, 3:1, 1:1, 1:3 and

0:1. The nitrates were dissolved in water and in each case

4.75 g ZrO2 or CeO2/ZrO2 powder was suspended in these

solutions. Every solution contained as much metal nitrate to

obtain 5 wt% metal in the final catalyst powder.

One catalyst sample was produced by a combustion syn-

thesis route adapted from Ringuedé et al. [21]. The combus-

tion catalyst had the same composition as sample 11CuNi–

CeZr and will be designated CuNi–CeZr_C in the following.

In this procedure, ZrO(NO3)2�6H2O, Ce(NO3)3�6H2O,

Ni(NO3)2�6H2O and Cu(NO3)2�3H2O were mixed together

and melted. Water was admixed to the molten mass and urea

was added. Only half of the urea was necessary for the reaction

while the rest was used as a fuel. After the addition of urea the

mixture was placed into the preheated oven, where it was kept

for 15 min at 873 K. After the impetuous reaction greenish

agglomerates with a texture different from that of the other

samples were obtained. Finally, fine powder was gained by

hand-milling of the agglomerates.

2.2 Characterization

X-ray diffraction (XRD) studies were carried out on

an XPERT-PRO diffractometer with Cu Ka radiation

Table 1 Composition of Cu/Ni–CeO2/ZrO2 catalysts

Sample name ZrO2 (wt%) CeO2 (wt%) Cu (wt%) Ni (wt%)

Cu–Zr 95 – 5 –

31CuNi–Zr 95 – 3.75 1.25

11CuNi–Zr 95 – 2.5 2.5

13CuNi–Zr 95 – 1.25 3.75

Ni–Zr 95 – – 5

Cu–CeZr 90 5 5 –

31CuNi–CeZr 90 5 3.75 1.25

11CuNi–CeZr 90 5 2.5 2.5

13CuNi–CeZr 90 5 1.25 3.75

Ni–CeZr 90 5 – 5
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operating at 40 kV and 40 mA with a 2h scanning from 5�
to 90� and a step size of 0.02�.

In situ X-ray absorption spectroscopy (XAS) measure-

ments were carried out in fluorescence mode at the

SuperXAS beamline [22] at the Swiss Light Source in

Villigen, Switzerland using a Johann-type high-energy-

resolution X-ray emission spectrometer and a single-

photon-counting Pilatus 100 pixel detector. The spec-

trometer and experimental setup are described in detail in

[23, 24]. The catalyst was placed between two plugs of

quartz wool in a quartz plug flow reactor [25] which could

be heated by an air blower heater. High energy resolution

fluorescence detected X-ray absorption spectroscopy

(HERFD-XAS) was measured at the maximum of the Cu

Ka edge using a spherically bent Si(111) analyser crystal

(R = 1,000 mm). The spectra of the X-ray absorption near

edge structure (XANES) at the Ni K edge were acquired in

total fluorescence yield mode using a PIPS diode. The

catalyst was heated in a mixture of 5 % hydrogen in helium

with a heating rate of 10 K/min from room temperature up

to 660 K in case of Ni–Zr and up to 560 K for Cu–Zr and

CuNi–Zr. Spectra were recorded at 300, 360, 430, 500, 560

and in case of Ni–Zr at 660 K. The sample was kept for

about 20 min at each temperature while spectra were

recorded. After cooling down to room temperature another

spectrum at 300 K was recorded. X-ray absorption data

were processed and analyzed using the IFEFFIT [26]

software package.

The specific surface areas (BET) and porosity of cal-

cined samples were calculated from N2 adsorption data

acquired at liquid N2 temperature on a Micromeritics

ASAP 2020 instrument. The powders were first outgassed

at 573 K and \13 3 10-3 mbar for 60 min to ensure a

clean surface prior to acquisition of the adsorption

isotherm.

In order to determine the specific surface area of nickel

measurements of hydrogen chemisorption were performed

on a Micromeritics ASAP 2020C. Prior to analysis the

samples were heated in an oxygen flow up to 773 K and

kept at that temperature for 60 min. After cooling down in

vacuum to 573 K the samples were heated in a hydrogen

flow up to 673 K. After 30 min reduction the samples were

evacuated for 30 min at 673 K. Chemisorption was per-

formed at 308 K at hydrogen pressures between 75 and

775 mbar and repeated once in order to isolate the

chemisorption isotherm. H2 was chosen as analysis gas

because it adsorbs irreversibly on nickel but not on copper.

Between the first and the repeated analysis the samples

were evacuated at 308 K to remove reversibly adsorbed

H2. The difference of the first isotherm data (revers-

ible ? irreversible adsorption) and the repeated isotherm

data (only reversible adsorption) was utilized to calculate

the quantity of irreversibly adsorbed hydrogen. For the

determination of the metal dispersion hydrogen pressures

of 150, 177, 212, 245 and 277 mbar were selected.

Surface sites and oxidation states of the metals were

investigated by FTIR spectroscopy of chemisorbed CO. IR

spectra were recorded in transmission using a Bruker

Vertex 70 spectrometer with a mercury cadmium telluride

(MCT) detector. Samples were pressed to small discs and

placed in the IR cell. All infrared spectra were collected at

a resolution of 4 cm-1 in the 4,000–900 cm-1 range by

averaging 128 scans to achieve good signal to noise ratios.

The results shown herein are difference spectra where the

spectrum of the clean sample before adsorption was taken

as a background.

The oxidation treatment was carried out in the IR cell by

heating at 10 K min-1 from room temperature to 773 K

under 100 mbar O2 pressure and holding that temperature

for 1 h. Then, the IR cell was evacuated, and spectra were

recorded before and after exposure to 5 mbar CO at 303 K.

For measuring CO adsorption on reduced catalysts, the

samples were heated in 50 mbar H2 and 900 mbar N2 at

10 K/min to 673 K after oxidation and kept at that tem-

perature for 30 min. Then, the samples were outgassed at

673 K for 30 min (p *10-6 mbar). Spectra before and

after exposure to 5 mbar CO were recorded at 303 K.

IR spectra before and after exposure to 5 mbar CO were

also recorded after heating a pre-oxidized sample in 5 mbar

CH4 and 900 mbar N2 at 2 K min-1 to 773 K. The same

procedure was applied to the pre-reduced samples.

3 Results and Discussion

3.1 Structural and Textural Properties

The crystalline structure was determined by XRD. The

X-ray diffractograms of the samples Zr, 11CuNi–Zr,

11CuNi–CeZr and CuNi–CeZr_C after calcination are

shown in Fig. 1. The pure ZrO2 support and the catalysts

produced by impregnation show reflections assigned to

monoclinic ZrO2, whereas the diffractogram of CuNi–

CeZr_C is characteristic of tetragonal ZrO2. Apart from the

different support phase the diffractograms also differ in

reflection width. The much broader reflections of the

combustion catalyst originate from a smaller support

crystallite size, which is reasonable in light of the prepa-

ration procedure. Bulk CuO and NiO were not detected in

the diffractograms, though. Both species seem to have too

small crystallite size. Furthermore, bulk CuO has reflec-

tions very close to the characteristic reflections of mono-

clinic ZrO2 (monoclinic ZrO2: 35.4� and 38.7�; CuO: 35.6�
and 38.8�).

In order to determine the oxidation state of the analysed

copper and nickel containing samples, Ni K edge XANES
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and Cu K-edge HERFD-XAS spectra were recorded. NiO

and Ni foil as well as CuO, Cu2O and Cu foil were ana-

lysed and served as reference spectra. The spectra obtained

on the catalysts during reduction were fitted by a linear

combination of these reference spectra to estimate the

fraction of atoms in the respective oxidation states.

Figure 2 shows XANES spectra in H2/He at different

temperatures during reduction. Both the Ni in Ni–Zr and in

11CuNi–Zr is completely oxidized until 430 K. On Ni–Zr

nickel reduction starts at 660 K and the linear combination

analysis indicates about 30 % of nickel atoms in the

reduced (metallic) state. On the bimetallic catalyst

11CuNi–Zr reduction already sets in at 500 K. The amount

of reduced nickel increases from 40 % at 500 K to 70 % at

560 K. This indicates that an alloy between Cu and Ni has

formed under these conditions and Cu causes a decrease of

the reduction temperature of Ni.

Considering Cu–Zr and CuNi–Zr, a similar effect of

lowering the reduction temperature of Cu was found as

shown in Fig. 3. Up to 360 K copper was completely in the

?II oxidation state in both mono- and bimetallic samples.

After reduction at 430 K about 10 % of the monometallic

copper was reduced to Cu(I)oxide while on the bimetallic

sample 10 % were already reduced to Cu0, 40 % were in

?I and 50 % in ?II oxidation state. After reduction at

550 K the amount of Cu(I)oxide increased to 30 % in the

monometallic sample, whereas 50 % Cu0, 20 % Cu2O and

30 % CuO were present in the bimetallic sample. Finally,

after reduction at 660 K both catalysts were reduced to the

same extent with 50 % Cu0.

The surface area analysis by N2 physisorption was car-

ried out for the samples Zr, 11CuNi–Zr, 11CuNi–CeZr and

CuNi–CeZr_C. The results of the calculations of the spe-

cific surface areas using the method of Brunauer, Emmet,

and Teller (BET) and of the pore size and pore volume

using the method of Barret, Joyner and Halenda (BJH) [27]

are shown in Table 2.

The highest surface area was found for ZrO2. By adding

metal oxides by impregnation the specific surface area

decreased by around 4–7 % likely due to blocking of some

pores. The surface area of the combustion catalyst was

significantly lower. The mesopores volume, calculated by

the BJH method, was higher for the pure support and the

impregnation catalysts than for the combustion catalyst.

3.2 Adsorption Properties

3.2.1 H2 Chemisorption

The accessible nickel surface area was determined by

selective chemisorption of H2. The active nickel surface

areas per gram sample and per gram nickel are shown in

Fig. 1 XRD patterns of a Zr, b 11CuNi–Zr, c 11CuNi–CeZr and

d CuNi–CeZr_C after calcination. a–c show characteristics of

monoclinic zirconia whereas d shows characteristics of a tetragonal

structure

Fig. 2 XANES spectra at the

Ni K edge of a Ni–Zr and

b 11CuNi–Zr during reduction

in 5 % hydrogen in helium and

amount of reduced versus

oxidized nickel calculated by

linear combination of reference

spectra for c Ni–Zr and

d 11CuNi–Zr
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Table 3. As expected, on the catalyst Cu–Zr no hydrogen

adsorbs irreversibly, since this sample does not contain

nickel. When comparing the accessible nickel surface area

per gram nickel there is an enormous decrease for samples

containing copper compared to Ni–Zr, while there is hardly

any difference between the samples containing different

Cu:Ni ratios (1:3, 1:1 and 3:1). The decrease of the nickel

surface area per gram sample is not that enormous but also

significant. These results can be explained by enrichment

of Cu at the surface of the bimetallic materials in hydrogen

after a reduction treatment at 673 K.

When applying H2 chemisorption measurements for char-

acterizing bimetallic catalysts, one has to be aware of com-

plications that can arise from spillover processes. Evidence

had been presented by Goodman and co-workers [28–30] that

hydrogen can spillover from Ru or Re to Cu on Cu/Ru(0001)

and Cu/Re(0001) surfaces. Hydrogen spilling over from Ni to

Cu would imply more adsorbed hydrogen than nickel surface

atoms. However, we detected a strongly reduced amount of

hydrogen that can be adsorbed. Even though the results of the

H2 chemisorption measurements are probably not fully accu-

rate due to potential spillover effects, semi-quantitative

information can be obtained and the Cu enrichment at the

surface is clearly observed. To confirm this conclusion

additional information was obtained from utilizing spectro-

scopic methods (see Sect. 3.2.3).On the catalyst CuNi–

CeZr_C prepared by combustion synthesis no irreversible

hydrogen adsorption is observed, in contrast to the impreg-

nation catalysts. That implies that no reduced nickel is present

on the surface of this sample after reduction in hydrogen at

673 K. By this synthesis procedure NiO, CuO, ZrO2 and CeO2

were formed simultaneously in one step. This may mean that

NiO and CuO are incorporated into the support oxide lattice,

and hydrogen is not able to reduce NiO at 673 K to Ni. XRD

patterns in Fig. 1 did not show any reflections for NiO, but a

different ZrO2 modification for CuNi–CeZr_C, which sup-

ports this interpretation. For Pt/CeO2 adsorption and reaction

properties of materials prepared by combustion synthesis were

found to be different than those of impregnated samples

[31, 32].

3.2.2 Infrared Spectroscopy of CO Adsorption

on Ni–Zr Catalysts

Infrared spectra of room temperature CO adsorption on

oxidized Ni–Zr are shown in Fig. 4a. According to litera-

ture data [8, 9, 33–35] adsorption of CO on ZrO2 results in

Fig. 3 HERFD-XAS spectra at

the Cu K edge of a Cu–Zr and

b 11CuNi–Zr during reduction

in 5 % hydrogen in helium and

amount of reduced versus

oxidized copper species

calculated by linear

combination of reference

spectra for c Cu–Zr and

d 11CuNi–Zr

Table 2 BET surface area und BJH average pore size and volume of

Zr, 11CuNi–Zr, 11CuNi–CeZr and CuNi–CeZr_C

Sample name BET surface

area (m2/g)

BJH average

pore size (nm)

BJH average pore

volume (cm3/g)

Zr 36.6 21 0.18

11CuNi–Zr 35.1 20 0.17

11CuNi–CeZr 34.2 17 0.14

CuNi–CeZr_C 32.4 11 0.05

Table 3 Nickel surface area determined by Hydrogen Chemisorption

Sample name wt% Ni Nickel surface area

(m2/g of sample)

Nickel surface area

(m2/g of nickel)

Ni–Zr 5.00 1.570 31.40

13CuNi–Zr 3.75 0.140 3.74

11CuNi–Zr 2.50 0.067 2.67

31CuNi–Zr 1.25 0.036 2.84

Cu–Zr 0 – –

CuNi–CeZr_C 2.50 – –

Infrared Studies on Bimetallic Copper/Nickel Catalyst 521

123



a band at about 2,190 cm-1. Ni in different oxidation states

can be distinguished by the vibration frequencies of

adsorbed CO. Bands ascribed to Nin?–CO surface com-

plexes cover a broad spectral range including, besides

linear monocarbonyls, also bridged, di- and tricarbonly

species. Ni2?–CO produces a weak band at around

2,150–2,180 cm-1 [8, 34, 36–38]. CO forms stable

monocarbonyls with Ni? (2,160–2,100 cm-1) [39–42],

which may be converted into dicarbonyls (ms(CO) at

2,131–2,145 and mas(CO) at 2,100–2,083 cm-1) [39, 41–

43] with increasing CO pressure. The stretching vibrations

of Ni?(CO)3 are expected at about 2,156, 2,124 and

2,109 cm-1 [39]. Linear carbonyls of metallic nickel

appear at 2,050–2,094 cm-1 [36, 42–48] and bridged car-

bonyls are visible below 1,960 cm-1 [36, 44, 48].

Figure 4a displays spectra obtained in different CO

background pressures to deduce additional information

from changes with increasing CO coverage. At 0.05 mbar

CO pressure two bands are visible: The Zr4?–CO

interaction at 2,180 cm-1 and the Ni2?–CO interaction at

2,164 cm-1. At 0.2 mbar besides these two bands,

absorption peaks at 2,124 and at 2,073 cm-1 can be

observed. Those bands are attributed to the symmetric and

antisymmetric CO stretching vibrations of Ni?(CO)2. With

increasing pressure the low frequency band shifts to higher

wavenumber and disappears. The three bands at about

2,155, 2,129 and 2,110 cm-1 are attributed to Ni?(CO)3.

The band of the Ni2?–CO interaction is covered by the

2,155 cm-1-band of Ni?(CO)3 and the Zr4?–CO interac-

tion, which increased strongly with increasing CO pressure

and shifted to 2,184 cm-1. After evacuation only one band

at 2,106 cm-1 remains. This band is attributed to Ni?–CO,

which is known to be stable against evacuation [39, 41–

43]. In summary, various CO on Ni2? and Ni? adsorption

complexes can be observed in the spectra.

Infrared spectra of CO adsorption at various pressures

obtained after reduction of Ni–Zr at 673 K are shown in

Fig. 4b. Like on the oxidized sample, a Ni2?–CO peak at

2,164 cm-1 and a Zr4?–CO peak at 2,180 cm-1 are

observed at 0.05 mbar CO pressure. With increasing CO

pressure, the Zr4?–CO peak grows and covers the

Ni2?–CO peak.

The band at 2,075 cm-1 appearing in 0.05 mbar CO is

attributed to linearly adsorbed CO on Ni0, while the band at

1,946 cm-1, which starts to show up at 0.2 mbar, is

attributed to bridge-bonded CO on Ni0. This band blue-

shifts with increasing CO pressure. The vibration at

2,116 cm-1 shifting to 2,125 cm-1 with increasing pres-

sure is attributed to Ni?–CO. The unusual oxidation state

Ni? can be stabilized by the ligand CO [41]. After evac-

uation Ni?–CO as well as linear and bridged CO on Ni0

remain on the surface. Overall, CO adsorption indicates

that both reduced and oxidized Ni species are present on

the surface. In agreement with the XAS measurements

presented in Fig. 2, NiO reduction is not complete at

673 K.

3.2.3 Infrared Spectroscopy of CO Adsorption

on Bimetallic Catalysts: Influence of Composition

Infrared spectra of room temperature CO adsorption on the

various oxidized samples are compared in Fig. 5. The

spectra obtained in 5 mbar CO atmosphere are displayed in

bold lines, fine lines characterize the CO which remains

adsorbed after evacuation of gas phase CO at room tem-

perature. Starting from Ni–Zr the effect of Cu addition and

of the modification of the support by adding CeO2 on the

surface adsorption sites was investigated.

First, CO was adsorbed on the pure zirconia and the

ceria-zirconia. In good agreement with literature data [8, 9,

33–35] adsorption of CO on pure ZrO2 gives rise to a band

at about 2,190 cm-1, which characterizes Zr(IV)–CO

Fig. 4 A IR Spectra of CO on Ni–Zr oxidized in 100 mbar O2 at

773 K: in a 0.005, b 0.2, c 0.5, d 1.0, e 3.0, f 5.0 mbar CO pressure

and g after evacuation. B IR Spectra of CO on Ni–Zr reduced in

5 mbar H2 at 673 K: in a 0.005, b 0.2, c 0.5, d 1.0, e 3.0, f 5.0 mbar

CO pressure and g after evacuation
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adsorption complexes [8, 33, 34]. The addition of CeO2

should cause a red-shift of this peak due to the lower

vibrational frequency of CO on CeO2 [33], but as in this

case the amount of ceria is rather low, the peak shift is

negligible (spectrum not shown for brevity).

At about 2,150–2,180 cm-1 the absorption band of the

weak Ni(II)–CO [8, 34, 36–38] interaction should appear,

but as the weak bands of Ni(II)–CO and Zr(IV)–CO are

very close to each other they cannot be distinguished at a

CO pressure of 5 mbar. This was shown in more detail in

Sect. 3.2.2 where different CO-species on oxidized Ni–Zr

were detected by performing CO adsorption at lower CO

pressures and coverages.

The only strongly interacting CO species observed on

oxidized samples is the Cu?–CO interaction at around

2,115–2,120 cm-1. The Cu?–CO band was reported at

around 2,120–2,143 cm-1 [49–51]. This interaction is

much stronger than Cu0–CO appearing below 2,110 cm-1

[49–52] and Cu2?–CO at around 2,170–2,175 cm-1 [51].

On the bimetallic catalysts an absorption band of strongly

adsorbed CO appears at around 2,120 cm-1 like on the

copper monometallic catalyst, but the peaks are broader,

and a slight shift to higher wavenumber can be observed.

This may indicate an interaction of copper with neigh-

bouring nickel atoms. The broader peaks suggest that there

is a distribution of Cu(I) sites with slightly different elec-

tronic properties or chemical environment on the surface.

On the CuNi–CeZr_C sample the CO absorption band is

even broader than on the 11CuNi–CeZr sample, and there

is also a larger shift to higher wavenumbers with the CO

vibrational band appearing at 2,124 cm-1.

Overall, CO adsorbed on Cu? is the predominant spe-

cies observed in the IR spectra on all Cu-containing

samples.

Infrared spectra of room temperature CO adsorption on

reduced samples are shown in Fig. 6. Compared to the

spectra of CO on oxidized samples, new bands have

appeared. However, bands of CO on oxidized Cu and Ni

species, which already existed on the oxidized samples, are

still present indicating incomplete reduction.

On the monometallic nickel samples Ni–Zr and Ni–

CeZr several new bands appeared, which are attributed to

carbonyls on Ni0 and Ni?, as described in Sect. 3.2.2. On

the copper containing samples the much weaker CO

interaction with reduced Cu0 is observed in addition to the

Cu?–CO band. CO on reduced Cu–Zr shows beside the

Zr4?–CO interaction only one peak at around 2,111 cm-1

consisting of both Cu0–CO and Cu?–CO contributions,

which shifts to 2,123 cm-1 after evacuation with mostly

the more stable Cu?–CO remaining adsorbed at the

surface.

Upon Cu addition to Ni catalysts the Ni0–CO peak,

which appears at about 2,070 cm-1 in 5 mbar CO and at

about 2,050 cm-1 upon evacuation of gas phase CO on the

Ni–Zr, red-shifts by approximately 50–70 cm-1 on the

bimetallic samples to 2,012–2,023 cm-1 (Fig. 6). Accord-

ing to Blyholder’s scheme [48], the CO stretching vibration

is predicted to shift from pure Ni as compared to Ni–Cu,

because metallic Cu is expected to donate electrons to Ni.

This should increase back-donation into the p* orbitals of

CO with consequently lowering of the CO stretching fre-

quency. Simultaneously, the electron donation reinforces

the bond between CO and Ni. This is illustrated in

Scheme 1. Compared to pure Ni, the CO bands on CuNi

alloy were reported to shift to lower frequencies by about

40 cm-1 [48, 53]. Dalmon et al. [44] observed band of the

irreversibly adsorbed Ni–CO at 2,058 cm-1 on monome-

tallic nickel, at 2,028 cm-1 on a 36.6 % and at 2,005 cm-1

on a 72 % copper containing alloy, in good agreement with

the present work. The fact that there is no shift of the

Fig. 5 IR spectra of 5 mbar CO adsorbed on a Zr, b Ni–Zr, c Ni–

CeZr, d 11CuNi–Zr, e 11CuNi–CeZr, f CuNi–CeZr_C, g Cu–Zr and

h Cu–CeZr after oxidation in 100 mbar O2 at 773 K for 1 h
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Cu?–CO vibration with composition indicates that Ni is

interacting with Cu0, but not with Cu?.

CO adsorption spectra were again recorded in different

CO pressures to obtain information on coverage depen-

dence of CO bands/species, as on the monometallic Ni–Zr

catalyst. The band positions of the CO stretching vibrations

on the bimetallic catalysts are summarized in Table 4.

Beside the blue-shift of CO on nickel by 50–70 cm-1 with

increasing Ni content, as described above, a blue-shift of

7–26 cm-1 with increasing CO coverage is observed. The

vibration frequency of CO on the alloyed Ni0 blue-shifts by

7 cm-1 on copper-rich and up to 34 cm-1 on nickel-rich

alloys with increasing CO coverage. After evacuation the

CO vibration frequency is observed in between 2012 and

2,023 cm-1 on all samples. The stretching frequency of

CO on Cu? stays at about 2,110–2,120 cm-1 on all zir-

conia based catalysts and seems only little pressure

dependent.

In general, hardly any differences are observed between

the zirconia and the ceria-zirconia supported catalysts.

When comparing the zirconia supported catalysts with the

ceria-zirconia based materials, which are shown on the left

and right panel of Fig. 6, respectively, the shape of the

peaks attributed to Cu?–CO and Cu0–CO is different. The

CO stretching vibration on Cu–CeZr appears at a lower

wavenumber than on Cu–Zr. After evacuation the band on

Cu–CeZr blue-shifts from 2,099 to 2,109 cm-1 and

decreases almost completely, while on Cu–Zr the band

shifts from 2,111 to 2,123 cm-1 upon evacuation. This

indicates that copper particles on reduced Cu–CeZr are

interacting with CeO2, which seems to result in different

electronic properties. Chen et al. [50] reported two peaks at

2,106 cm-1 and 2,078 cm-1 on Cu–Ce–O, which were

assigned to the CO adsorption on two different linear

adsorption sites. By doping with ZrO2 only one peak at

2,113 cm-1 was reported [50]. A band at 2,097 cm-1 was

found by Manzoli et al. [52] and attributed to CO on small

three dimensional metallic copper particles.

On the bimetallic samples 31CuNi–CeZr and 11Cu-

NiCe–Zr two CO bands below and above 2,100 cm-1 are

clearly visible, while the spectra on Ni–CeZr and 13CuNi–

CeZr show hardly any difference to the zirconia supported

samples. At low CO coverage a shoulder appeared at

approximately 2,071–2,076 cm-1 on the nickel-rich ceria/

zirconia supported samples 13CuNi–CeZr and 11CuNi–

CeZr. This feature is in between the band at 2,078 cm-1 on

Ce–Cu–O reported by Chen et al. [50] and the peak at

2,067 cm-1 on ceria and ceria/zirconia supported catalysts

reported by Manzoli. In both cases this band was only

Fig. 6 Infrared spectra of reduced catalysts in 5 mbar CO pressure and after evacuation of CO: a Cu–Zr, b 31CuNi–Zr, c 11CuNi–Zr,

d 13CuNi–Zr and e Ni–Zr; f Cu–CeZr, g 31CuNi–CeZr, h 11CuNi–CeZr, i 13CuNi–CeZr and j Ni–CeZr

Scheme 1 Schematic illustration of CO adsorption on CuNi alloys.

Donation of d-electrons from copper to nickel leads to reinforcement

of the p-backbonding from nickel to antibonding 7p* orbitals of CO.

This leads to a weaker C–O bond and a red-shift of the CO stretch

vibration band in infrared spectra
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found in presence of ceria. According to the interpretation

of Manzoli et al. [52] this band is attributed to very small

copper clusters, in close contact to reduced ceria. It seems

as if ceria may give rise to copper sites with different

electronic properties or even cause reduction of copper to a

greater extent than on zirconia supported samples. Nickel

properties were not changed by the addition of ceria.

Regarding the influence of the preparation procedure,

the infrared spectra of CO on the reduced combustion

catalyst CuNi–CeZr_C, which are not shown here, appear

to be identical as after oxidation. This is in agreement with

H2-chemisorption, where no indication of reduction of Ni

under these conditions was found.

Clearly, in all samples the CO spectra are dominated by

the signals of CO adsorbed on Cu. This implies a Cu

enriched surface on the bimetallic samples, which is in

agreement with chemisorption measurements.

3.2.4 Temperature Stability of CO Adsorption Complexes

Temperature stability of the adsorbed CO species on dif-

ferent samples was followed by recording IR spectra during

heating with a rate of 10 K/min in vacuum. CO desorbed

from Ni–Zr at about 450 K and from Cu–Zr at 410 K. On

all bimetallic samples the desorption temperatures were

higher, as shown in Fig. 7a–c.

With decreasing coverage the peak of CO adsorbed on

copper species does not shift in frequency, but a second CO

peak at about 2,100 cm-1 from Cu0–CO, which might be

obscured by the Cu?–CO peak at about 2,120 cm-1 at

room temperature due to the higher coverage, becomes

visible with increasing temperature. On 13CuNi–Zr these

two CO species are still present on the surface at 550 K,

but disappear at about 565 K. On 11CuNi–Zr those peaks

disappear between 540 and 550 K, and on 31CuNi–Zr they

already vanish at about 450–460 K. Thus, with increasing

copper content the CO desorption temperature is more

similar to the monometallic copper sample. The usually

unstable Cu–CO interaction seems to be reinforced by

nickel.

To visualize the different CO desorption properties of

alloyed and monometallic copper, difference quotients of

the integrated peak areas of the copper peak between 2,160

and 2,080 cm-1 are shown in Fig. 7d. Most of the CO

desorbs from Cu–Zr and the copper-rich sample 31CuNi–

Zr slightly above room temperature. Only a small amount

of CO remains on the surface of Cu–Zr before desorbing at

around 390 K. On the samples 11CuNi–Zr and 13CuNi–Zr

most of the CO desorbs at 440 K and above, while on

31CuNi–Zr a small shoulder at 440 K can be observed.

Beside the Cu–CO interaction of low temperature stability,

which already vanishes after rising the temperature slightly

Table 4 CO stretch vibration frequencies on bimetallic CuNi–ZrO2 samples at different CO pressures

Sample CO pressure

(mbar)

CO on Cu/Cu?

(cm-1)

CO on Ni

(cm-1)

Sample CO pressure

(mbar)

CO on Cu/Cu?

(cm-1)

CO on Ni

(cm-1)

31CuNi–Zr 0.05 2,110 – 31CuNi––CeZr 0.05 2,104 1,995

0.2 2,110 2,001 0.2 2,104/2,096 2,000

0.5 2,111 2,011 0.5 2,107/2,097 2,005

1 2,113 2,016 1 2,110/2,097 2,001

3 2,113 2,018 3 2,110/2,097 2,000

5 2,114 2,015 5 2,113/2,097 2,002

Evacuated to \10-5 2,120 2,014 Evacuated to \10-5 2,116 2,012

11CuNi–Zr 0.05 2,110 – 11CuNi–CeZr 0.05 2,104 1,989

0.2 2,110 2,000 0.2 2,114/2,095/2,076 2,000

0.5 2,110 2,007 0.5 2,114/2,095/2,074 2,008

1 2,113 2,014 1 2,112/2,096 2,013

3 2,114 2,018 3 2,113/2,096 2,014

5 2,114 2,017 5 2,114/2,096 2,019

Evacuated to \10-5 2,119 2,016 Evacuated to \10-5 2,115 2,016

13CuNi–Zr 0.05 2,111 – 13CuNi–CeZr 0.05 2,107 1,997

0.2 2,111 2,004 0.2 2,111/2,096/2,071 2,013

0.5 2,112 2,013 0.5 2,115/2,096/2,073 2,015

1 2,113 2,021 1 2,117/2,098 2,015

3 2,116 2,025 3 2,117/2,098 2,017

5 2,117 2,030 5 2,119 2,021

Evacuated to \10-5 2,120 2,023 Evacuated to \10-5 2,121 2,019

Infrared Studies on Bimetallic Copper/Nickel Catalyst 525

123



above room temperature, a second Cu–CO species is

observed starting to desorb at 440 K. This species might be

attributed to CO on copper surrounded by nickel. As cop-

per tends to donate d-electrons to nickel strengthening the

interaction between CO and nickel [48], the electron den-

sity in copper is reduced, which normally has its d-band

completely filled. Less electrons in the d-band may rein-

force the r-bonding between CO and the metal and thus

lead to a higher stability of this complex.

In parallel with the disappearance of the CO peak on

copper, the CO peak on nickel shows a sudden shift to a

lower wavenumber on 11CuNi–Zr and 13CuNi–Zr. This

seems to be a coverage effect, as much CO desorbs from

the catalyst at this stage. The Ni–CO peak completely

disappears at about 670 K on 13CuNi–Zr and at about

700 K on 11CuNi–Zr. On 31CuNi–Zr the position of the

Ni–CO band does not seem to be affected by the complete

disappearance of the Cu–CO band, as only a small amount

of CO is present and thus desorbs from 31CuNiZr at

elevated temperatures. Furthermore, Ni–CO desorbs

already around 620 K from this sample.

The total band shift of about 20 cm-1 from room tem-

perature to desorption temperature is also observed on Ni–

Zr and is attributed to a coverage effect, probably accom-

panied by a temperature effect on the CO vibration

frequency.

To sum up, the adsorption strength of CO on copper

increases with decreasing copper content. The Ni–CO band

shows the highest stability on the 11CuNi–Zr sample. On

31CuNi–Zr it is more stable than on Ni–Zr, but less stable

than on the nickel-rich sample.

3.3 Methane Decomposition

After a detailed characterization of the materials, which

confirmed Cu–Ni alloy formation but suggesting a Cu

enrichment at the surface for all bimetallic Cu:Ni compo-

sitions, the reaction with methane, for which these catalysts

Fig. 7 a Temperature programmed desorption of CO followed by FTIR spectroscopy on 13CuNi–Zr, b on 11CuNi–Zr and c on 31CuNi–Zr.

d Area change of the integrated Cu–CO peak area of Cu–Zr, 31CuNi–Zr, 11CuNi–Zr and 13CuNi–Zr with temperature
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are typically used, was followed again by utilizing infrared

spectroscopy.

3.3.1 Methane Decomposition Followed by CO Adsorption

on Pre-oxidized Catalysts

Pre-oxidized samples were heated in 5 mbar methane and

900 mbar nitrogen up to 773 K and then cooled down to

room temperature in the reaction mixture. Afterwards, the

chamber was evacuated and CO adsorption was applied

another time in order to compare the oxidation state of the

catalysts before and after methane conversion and to detect

available versus affected CO adsorption sites on the

surface.

Figure 8 shows infrared spectra before and after meth-

ane decomposition and during CO adsorption on pre-oxi-

dized Cu–CeZr, 11CuNi–CeZr and Ni–CeZr. Generally, no

difference was observed in zirconia supported samples,

which are therefore not shown here.

On Ni–CeZr a strong change of the baseline is clearly

visible in the FTIR spectra. This change in total absorption

indicates a change of the sample’s colour most probably

due to significant coke formation. A small amount of CO2

is formed during the reaction of methane giving rise to the

characteristic IR band of CO2 in the gas phase. After

methane exposure at 773 K CO adsorption is strongly

decreased (Fig. 8c). Only about 6 % of the initially already

small amount of CO adsorbing on a fresh oxidized sample

were determined after this procedure. Since also the peak

of the Zr4?–CO interaction decreases strongly, this could

imply that not only nickel but also the support is partially

covered by coke. In contrast, the IR spectra on Cu–CeZr

before and after heating in methane to 773 K do not show

differences as no IR active products are formed, and the

baseline of the spectra is about the same. Compared to the

fresh oxidized sample, 85 % CO can be adsorbed on this

catalyst. The slight decrease may be attributed to copper

sintering. On 11CuNi–CeZr little change in the total

absorbance is observed and a small amount of CO is pro-

duced. Adsorption of CO is still possible after methane

exposure, and compared to the fresh oxidized sample,

90 % CO adsorbs on the sample.

Fig. 8 IR spectra recorded at room temperature before and after the methane heating ramp and subsequent CO adsorption on oxidized

a Cu–CeZr, b 11CuNi–CeZr and c Ni–CeZr
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3.3.2 Methane Decomposition Followed by CO Adsorption

on Pre-reduced Catalysts

The same procedure as described in Sect. 3.3.1 was applied

to the catalysts after reduction in H2/N2. IR spectra of pre-

reduced Ni–CeZr, 11CuNi–CeZr and Cu–CeZr before and

after methane decomposition followed by CO adsorption

are shown in Fig. 9. The total absorption of the Ni–CeZr

changed completely over the whole spectral range after

methane decomposition, which again indicates consider-

able coke formation. Besides, a large amount of adsorbed

CH3 and CH2 species formed. These species are interme-

diates of the partial dehydrogenation of methane. CO

adsorption is practically impossible on the Ni sample. Only

1 % compared to the fresh reduced sample is adsorbed on

Ni–CeZr after exposure to methane.

As on the pre-oxidized samples, Cu–CeZr appears to be

much less reactive than Ni–CeZr and 11CuNi–CeZr. On

Cu–CeZr a small amount of CO is produced out of meth-

ane. Compared to the sample directly after reduction in H2/

N2 40 % CO can adsorb after evacuation. Most probably,

this can again be attributed to sintering of the now reduced

copper taking place upon heating to 773 K. This suggests

that on Cu–CeZr another mechanism of methane activation

occurs than on nickel. On Cu–CeZr partial oxidation of

methane occurs most probably with oxygen atoms from the

support oxide while on nickel methane (partial) dehydro-

genation is the main reaction.

On the bimetallic catalyst 11CuNi–CeZr CO, CO2 and

adsorbed CH3 and CH2 are observed upon heating in meth-

ane (Fig. 9b). The amount of produced CO is much larger

than on Cu–CeZr. Coking is apparently strongly reduced

when regarding absorption over the whole spectral range

recorded. When dosing CO after the methane exposure, in

total about 40 % of the amount of CO that was adsorbed on a

freshly reduced 11CuNi–CeZr sample was adsorbed on the

used catalyst. From this it can be concluded that the bime-

tallic 11CuNi–CeZr catalyst is active for methane dehydro-

genation but much less coke formation is detected than on Ni

catalysts. On the bimetallic Cu–Ni catalyst both pathways

are observed, but (partial) oxidation is favoured and dehy-

drogenation down to elemental carbon is strongly reduced.

Fig. 9 IR spectra recorded at room temperature before and after the methane heating ramp and subsequent CO adsorption on reduced

a Cu–CeZr, b 11CuNi–CeZr and c Ni–CeZr
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This is in line with the observed enrichment of the

surface in copper, breaking up larger nickel ensembles,

which are supposed be responsible for coke formation, and/

or changing the electronic properties of nickel resulting in

reduced C–H bond breaking.

Gavrielatos et al. [18] and Triantafyllopoulos and Neo-

phytides [19] reported reduced coke formation on Ni–YSZ

modified with Au compared with unmodified Ni–YSZ.

Generally, two parameters can be considered for the

graphite development on nickel surfaces. Firstly, a critical

ensemble on Ni is needed for graphite formation [54]. Au

was found to be enriched on the surface breaking up larger

Ni ensembles [18, 19]. Secondly, Besenbacher et al. [55]

showed by DFT calculations and experimental measure-

ments that small amounts of Au on the Ni surface increase

the resistance toward carbon formation either by increasing

the activation barrier of methane dehydrogenation reaction

or by decreasing the binding energy of the resulting CHx

and C species on the Ni surface.

Liu et al. [56] recently performed DFT calculations for

the methane dissociation on copper-rich NiCu(111) com-

pared to Cu(111) and Ni(111). A decreased coke deposition

on the copper rich alloy surface was predicted, because on

the one hand the activation barrier of the rate determining

step of methane dissociation is higher by 0.27 eV on

copper-rich NiCu(111) than on Ni(111) but lower by

0.58 eV than on Cu(111), which means that a Cu-rich NiCu

surface can suppress carbon deposition [56]. Another fea-

ture which was found to prevent the building up of a

graphite layer was the decrease of C adsorption energy on

copper-rich NiCu(111) compared to Ni(111) [56].

4 Conclusions

In this work a detailed FTIR spectroscopic study of Cu and

Ni bimetallic combinations supported on zirconia and

ceria–zirconia is presented. Starting from Ni–Zr, the

complexity in composition of the materials investigated

was increased by adding Cu to the Ni particles and by

modification of the support with ceria.

Adsorption of CO was applied to determine the oxida-

tion state and available surface sites. Copper–nickel alloy

formation was indicated by the red-shift of the CO

stretching frequency on metallic nickel by about 30 cm-1

as well as by X-ray absorption measurements which

revealed a lower reduction temperature of NiO and CuO in

bimetallic alloyed samples as compared to monometallic

catalysts. The extent of the red-shift of the Ni–CO band

depends on the bulk composition. In addition, the compo-

sition affected the desorption temperature of CO on copper,

resulting in significantly higher temperature stability on all

the bimetallic samples.

Both hydrogen chemisorption and FTIR spectroscopy of

CO adsorption clearly demonstrated that the surface of the

bimetallic particles was strongly enriched in Cu with about

the same composition for samples with different nominal

copper:nickel bulk compositions.

Upon exposure to methane at 773 K, coke formation

occurred over Ni–CeO2/ZrO2 resulting in a strong change

in total absorption. In addition, CH3 and CH2 species were

formed on the Ni catalyst, which proves (partial) dehy-

drogenation of methane. In contrast, on Cu–CeO2/ZrO2 CO

production was observed with no further changes in the IR

spectra. On the bimetallic 11CuNi–CeZr sample after

reduction both CH2, CH3 and CO formation took place

coming along with strongly reduced coke formation com-

pared to Ni.

While Cu strongly influenced the reaction and adsorp-

tion properties of the Ni samples, ceria–zirconia materials

exhibited very similar properties and surface chemistry as

zirconia supported samples in the present study. The main

difference was an additional IR band of CO adsorbed on

metallic copper pointing to an interaction of part of the Cu

with the ceria.
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Surface modification processes during methane
decomposition on Cu-promoted Ni–ZrO2 catalysts

Astrid Wolfbeisser,a Bernhard Klötzer,b Lukas Mayr,b Raffael Rameshan,b

Dmitry Zemlyanov,c Johannes Bernardi,d Karin Föttinger*a

and Günther Rupprechtera

The surface chemistry of methane on Ni–ZrO2 and bimetallic CuNi–ZrO2 catalysts and the stability of the

CuNi alloy under reaction conditions of methane decomposition were investigated by combining reactivity

measurements and in situ synchrotron-based near-ambient pressure XPS. Cu was selected as an exemplary

promoter for modifying the reactivity of Ni and enhancing the resistance against coke formation. We

observed an activation process occurring in methane between 650 and 735 K with the exact temperature

depending on the composition which resulted in an irreversible modification of the catalytic performance

of the bimetallic catalysts towards a Ni-like behaviour. The sudden increase in catalytic activity could be

explained by an increase in the concentration of reduced Ni atoms at the catalyst surface in the active

state, likely as a consequence of the interaction with methane. Cu addition to Ni improved the desired

resistance against carbon deposition by lowering the amount of coke formed. As a key conclusion, the

CuNi alloy shows limited stability under relevant reaction conditions. This system is stable only in a limited

range of temperature up to ~700 K in methane. Beyond this temperature, segregation of Ni species causes

a fast increase in methane decomposition rate. In view of the applicability of this system, a detailed under-

standing of the stability and surface composition of the bimetallic phases present and the influence of the

Cu promoter on the surface chemistry under relevant reaction conditions are essential.
Introduction

Hydrogen is known as a promising source of energy and fuel.
Up to now hydrogen is mostly produced out of hydrocarbons
such as methane. Via steam reforming1–4 or partial oxida-
tion5,6 of methane, CO or CO2 is formed as a by-product. For
many applications such as the use of hydrogen in PEM fuel
cells CO needs to be removed because it is a catalyst poison.
One possibility to overcome the problem of CO or CO2 forma-
tion is the direct production of hydrogen out of methane by
catalytic decomposition in the absence of air or oxygen. The
by-product of this process is carbon in the form of layers, fila-
ments, fibres or nanotubes. Especially, the formation of use-
ful nanocarbons7–14 is of high interest. Li et al.15 published a
comprehensive review about this topic discussing the effect of
the nature of the catalyst and feed composition on the cata-
lytic activity, stability and the influence on the morphology of
the produced carbon.

During methane decomposition, methane is adsorbed on
the catalyst followed by C–H bond breaking, deposition of
carbon and generation of hydrogen. Transition metals such
as Ni,16–18 Fe17 and Co19 are known to be effective for meth-
ane decomposition to hydrogen and carbon nanofibres. Ni
catalysts are known for their high activity but are easily
deactivated due to carbon deposition. However, nickel-based
catalysts have been proven to be sensitive to doping and
structure modification by other metals, such as Cu, which
affects the structure and morphology of the produced carbon.8

Improved stability against deactivation has been achieved by
adding a second metal component; for example, Au20–23 and
Cu13,24–32 have been studied for this aim. The Ni–Au surface
alloy was active for steam reforming and more resistant toward
carbon formation than the pure Ni, which was explained
by blocking of highly reactive Ni edge and kink sites by Au
atoms.21 The addition of Cu to nickel-based catalysts has
several effects such as an easier reducibility of Ni. Cu is rich
in d-electrons which may exert an electronic effect on Ni and
furthermore affect the affinity of the metal surface to graph-
ite.15 Ashok et al. observed that addition of Cu to Ni
hnol., 2015, 5, 967–978 | 967
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Table 1 Composition of CuNi–ZrO2 catalysts

Sample name ZrO2 (wt%) Cu (wt%) Ni (wt%)

Ni–ZrO2 95 — 5
13CuNi–ZrO2 95 1.25 3.75
11CuNi–ZrO2 95 2.5 2.5
31CuNi–ZrO2 95 3.75 1.25
Cu–ZrO2 95 5 —
13CuNi–ZrO250 50 12.5 37.5
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enhanced the methane decomposition activity of hydrotalcite-
like Ni–Cu–Al catalysts when added in an appropriate amount.26

Suelves et al. showed that doping of Cu has a strong influence
on the dispersion of nickel and enhances the catalyst activ-
ity.30 Similarly, Monzón found that promoting Ni with a
small amount of Cu improves the activity and stability of the
catalyst.31 Cunha et al. reported that doping with Cu
improves the catalyst stability.32 Li et al. observed that in
Cu0.25Ni0.75Al2O4 Cu is acting as a dispersive agent to prevent
Ni from growing24 and enhances the catalyst stability when
employed in a suitable amount.13 Lazaro et al. found that the
presence of copper in NiCu–SiO2 catalysts led to higher meth-
ane conversion,28 and Park et al. observed that on Cu–Ni–YSZ
anode materials for the direct use of methane fuel in solid
oxide fuel cells (SOFC) carbon deposition decreased
compared to the amount of carbon on Ni–YSZ.29 DFT-based
computational studies by Liu et al. compared methane disso-
ciation on NiCu(111) bimetallic alloy surfaces. Their calcula-
tions indicated that C is easily formed on a uniform 1 : 1
NiCu surface but unfavourable on a Cu-rich NiCu surface.33

Therefore, the surface composition on a NiCu alloy catalyst
under reaction conditions is expected to play the key role in
determining the catalytic activity and stability.

One prerequisite for a successful promoter is in situ stability
under relevant reaction conditions, i.e. high temperatures
and reactive surrounding gas atmosphere. Therefore, under-
standing the stability of the bimetallic phases and the influ-
ence of the promoter on the surface chemistry are essential.
We have studied CH4- and methanol reforming activities and
selectivities on Ni-, Cu- and Pd-based catalyst systems by
combining in situ spectroscopic techniques such as XPS, FTIR
and XAS.25,34–39 In the present work, we have selected Cu as
an exemplary compound for modifying the reactivity of Ni
in methane decomposition and enhancing the resistance
against coke formation.

In this work we focus on the surface chemistry of methane
on Ni–ZrO2 catalysts during methane decomposition at tem-
peratures up to 773 K and study the stability of the CuNi
alloy under reaction conditions. By in situ synchrotron-based
near-ambient pressure (NAP-)XPS we determined the surface
composition of the catalysts and the nature of the carbona-
ceous species present and correlated these data with the cata-
lytic performance. Cu addition to Ni improved the desired
reduction of carbon deposition,40 but only in a limited range
of temperature due to the limited stability of this system.

Experimental
Sample preparation

Ni–ZrO2 and bimetallic CuNi–ZrO2 catalysts were synthesized
by impregnation of ZrO2 using nitrate precursor salts. Prior
to impregnation, commercial ZrĲOH)4 (MEL Chemicals XZO
880/01) was calcined at a heating rate of 2 K min−1 from
room temperature to 973 K and kept at this temperature for
2 h. After calcination the zirconia support exhibits a specific
surface area of 36.6 m2 g−1.
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Bimetallic CuNi samples were prepared by coimpregnation.
CuĲNO3)2·3H2O (Fluka, p.a.) and Ni(NO3)2·6H2O (Merck, p.a.)
were mixed to obtain the following Cu : Ni molar ratios: 1 : 0,
3 : 1, 1 : 1, 1 : 3 and 0 : 1. The nitrates were dissolved in water,
and in each case 4.75 g of ZrO2 powder was suspended in these
solutions. Every solution contained as much metal nitrate to
obtain 5 wt% metal loading in the final catalyst powder. Addi-
tionally, a 5 wt% Cu–ZrO2 reference material was synthesized
by the same procedure.

For in situ X-ray photoelectron spectroscopy (XPS) investi-
gations an additional sample was prepared via the same
synthesis route with a higher overall metal loading of 50 wt%
in order to prevent sample charging.

All catalysts and their respective compositions are summa-
rized in Table 1.

Characterization

Transmission electron microscopy (TEM) was utilized to
obtain information about the size, morphology and distribu-
tion of the metal particles on the zirconia support. For TEM
measurements the samples were deposited on carbon-coated
Cu grids (Ni–ZrO2) or Au grids (all copper-containing sam-
ples). The catalysts were oxidized at 773 K and reduced at
673 K prior to the experiment. TEM measurements were
performed using an analytical TECNAI F20 instrument
connected to an EDX detector. EDX was used to identify Cu,
Ni or bimetallic CuNi particles. For the bimetallic catalyst
elemental mapping was additionally carried out.

Reactivity for methane decomposition

Temperature-programmed methane decomposition (TPMd)
experiments were performed in a quartz flow reactor. Part of
the effluent was directed to a mass spectrometer (Pfeiffer
QMS 200) via a differentially pumped capillary. Thereby the
main products (H2, CO, CO2 and CH4) were detected. 50 mg
of the catalyst was loaded into the glass reactor in-between
two plugs of quartz wool. The catalysts were oxidized at
773 K and reduced at 673 K prior to the reaction. Then the
samples were heated up to 773 K and cooled down to 573 K
in a mixture of 5% CH4 and 95% Ar with a total flow of
50 ml min−1. The heating and cooling rate was set to
5 K min−1 and the heating–cooling cycle was repeated thrice.
After the TPMd experiment the sample was cooled down
to room temperature in Ar. Subsequently, temperature-
programmed oxidation (TPO) was performed in 20% O2 in Ar
applying a heating rate of 5 K min−1 up to 673 K.
This journal is © The Royal Society of Chemistry 2015
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For the quantitative determination of the reaction rates
the reaction products were analyzed under steady-state condi-
tions by a gas chromatograph equipped with a thermal con-
ductivity detector (TCD) and flame ionization detector (FID).

In situ XPS measurements

In situ synchrotron-based near-ambient pressure (NAP-)XPS
measurements were carried out at the ISSIS-PGM beamline at
the Helmholtz-Zentrum Berlin using a high-pressure XPS sta-
tion constructed at the FHI Berlin. Details of the setup are
described elsewhere.41 Briefly, the setup uses a differentially
pumped electrostatic lens system and a SPECS hemispherical
electron analyser.

The sample was placed inside a reaction cell with adjust-
able gas flow and a total pressure up to the millibar range.
The composition of the gas phase was analysed by MS.
Heating was done by an IR laser from the back side. The
sample was in situ oxidized in 0.1 mbar O2 at 573 K and
reduced in 0.25 mbar H2 at 673 K prior to exposure to
0.25 mbar CH4 at temperatures ranging from 523 up to 723 K.

The catalyst 13CuNi–ZrO250 with 50 wt% total metal load-
ing was used for these experiments which prevented sample
charging. The calcined powder was pressed onto a copper
plate and reduced in 0.25 mbar H2 at 773 K prior to placing
it into the in situ reaction cell. Measurements were performed
at photon energies of 1100 eV for the Cu 2p, 1010 eV for the
Ni 2p and 425 eV for the C 1s XP spectra, yielding a photo-
electron kinetic energy of 150 eV. For depth profiling the
photon energies were varied to obtain additional photoelec-
tron kinetic energies of 350 eV and 550 eV. All spectra were
corrected for synchrotron beam current, incident photon flux
and energy-dependent photo-ionization cross sections.42

Binding energies (BEs) were referenced to the Fermi edge
recorded after each core-level measurement. The measured
signal envelopes were fitted to Gauss–Lorentzian peaks
by using Casa XPS software after subtraction of a Shirley
background.

Results
Transmission electron microscopy

Fig. 1 shows transmission electron micrographs of Ni–ZrO2,
Cu–ZrO2 and 11CuNi–ZrO2 after ex situ reduction.

The size of the ZrO2 particles was between 50 and 100 nm.
In general the metal particles were found to be evenly
This journal is © The Royal Society of Chemistry 2015

Fig. 1 TEM images of a) Ni–ZrO2, b) Cu–ZrO2 and c) 11CuNi–ZrO2. The
particles inside the circles were identified via EDX as Ni in a), Cu in b)
and CuNi in c).
distributed on the oxide support. The Ni particles in Ni–ZrO2

exhibit a homogeneous size distribution of approximately
20 nm mean size and are of polyhedral shape. The Cu parti-
cles in Cu–ZrO2 are spherical and about 5 nm in size. In con-
trast, the metal particles on the bimetallic 11CuNi–ZrO2 with
average sizes of around 20 nm are polycrystalline and rather
irregular in shape. EDX spectra showed that those particles
contained both Cu and Ni, although not in the expected 1 : 1
ratio, but they were enriched in nickel. To get a better under-
standing of the Cu and Ni distribution on the bimetallic cata-
lyst, elemental maps were recorded. The results are displayed
in Fig. 2.

While Ni was always accompanied by the simultaneous
presence of Cu as demonstrated with full arrows in Fig. 2, Cu
was additionally found finely distributed in regions where no
or hardly any nickel was detected (dashed arrows in Fig. 2).
Thus, the elemental maps revealed the presence of Ni-rich
bimetallic particles as well as monometallic Cu particles.
XANES spectra of the same catalyst during reduction con-
firmed the presence of bimetallic CuNi particles.25 The obser-
vation that the presence of copper improves the reducibility
of nickel and lowers its reduction temperature is in agreement
with TPR experiments reported in the literature.9,26,27,43–45
Temperature-programmed methane decomposition

The reactivity of the catalysts for decomposition of methane
was investigated by TPMd measurements. The results
obtained over Ni–ZrO2 are shown in Fig. 3a).

The production of hydrogen started at around 625 K,
increased further with increasing temperature and decreased
again reversibly when the sample was cooled down to 573 K.
Upon heating again to 773 K, the hydrogen production rate
remained approximately the same as in the first cycle. Thus,
no deactivation of H2 production activity was observed.
Besides H2 formation, carbon dioxide evolution occurred
during the first heating cycle in methane up to ~700 K. In the
second and third heating cycles a small CO2 desorption peak
was observed with a maximum at 630 K. The detected CO2
Catal. Sci. Technol., 2015, 5, 967–978 | 969

Fig. 2 a) Elemental map of the region shown in the rectangle in b) for
the K edge energies of Ni, Cu, Zr and O recorded on 11CuNi–ZrO2. Full
arrows: particles containing both Ni and Cu, dashed arrows: Cu but no
Ni detected.



Fig. 3 Hydrogen evolution during methane TPMd on a) Ni–ZrO2,
b) 13CuNi–ZrO2, c) 11CuNi–ZrO2, d) 31CuNi–ZrO2, e) Cu–ZrO2 and
f) 13CuNi–ZrO250. The samples a)–f) were reduced at 673 K followed
by 3 heating–cooling cycles between 573 and 773 K in methane/Ar.
For f) only one heating cycle is shown. The temperature was ramped
at 5 K min−1.
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likely originates from the reaction of methane with surface
oxygen and carbonates of zirconia or with NiO present due to
incomplete reduction.

Fig. 3b) shows the rate of hydrogen production over
13CuNi–ZrO2 under the same conditions. Over this sample
no catalytic activity was found up to 735 K. At this tempera-
ture, the amount of produced hydrogen increased rapidly up
to a level similar to that over Ni–ZrO2. The onset of H2 pro-
duction was accompanied by a small amount of CO2 evolving
which occurred only in the first heating cycle. During the sec-
ond and third reaction cycles about the same amount of
hydrogen was detected than that over Ni–ZrO2. This indicates
an irreversible surface modification process on the bimetallic
13CuNi–ZrO2 sample occurring during the first heating cycle
in methane which significantly changed the catalytic perfor-
mance of the catalyst.

On 11CuNi–ZrO2 and 31CuNi–ZrO2 as well as
13CuNi–ZrO250, shown in Fig. 3c), d) and f), a behaviour was
observed similar to that on 13CuNi–ZrO2 but the activation
step occurred at 640 K, 680 K and 650 K, respectively, and
the activity for H2 formation was lower than that on the
Ni-rich sample. Over Cu–ZrO2, shown in Fig. 3e), hardly any
hydrogen production was observed. During the first heating
cycle a small amount of hydrogen was produced above 690 K
970 | Catal. Sci. Technol., 2015, 5, 967–978
but decreased again during the isothermal period at 773 K. A
small amount of CO2 was also detected during the first
heating cycle. Afterwards, Cu–ZrO2 was completely inactive.
The low initial activity can likely be attributed to the reaction
of methane with surface oxygen and hydroxide species from
zirconia or incompletely reduced Cu species and are not
available anymore in the second and third reaction cycles.
Often CO is reported as a by-product of the reaction between
methane and oxygen species on the support or the incom-
pletely reduced metal oxides.46,47 However, formation of
various surface carbonate species was observed from CO on
zirconia and all zirconia-supported catalysts by IR spectros-
copy, which likely decompose to CO2.

In order to find out whether hydrogen evolution occurs
because of further reduction of the catalyst in methane, the
measurement was repeated with the same sample but after
reduction at 773 K instead of 673 K. The sudden onset in
hydrogen formation accompanied by carbon dioxide evolution
was also observed, but the onset temperature was lowered to
650 K.

For quantitative comparison of the catalytic activity the
amount of produced hydrogen was determined by GC-TCD.

Table 2 shows the hydrogen yields and reaction rates for
hydrogen production during steady-state methane decompo-
sition at 773 K.

The initial reaction rate r calculated per gram catalyst
decreased with decreasing overall Ni content. However, the
rate R normalized per gram Ni is of about the same order of
magnitude for Ni and all bimetallic samples containing 5 wt%
total loading. In agreement with TPMd measurements, similar
rates of hydrogen formation were detected on Ni-rich
13CuNi–ZrO2 compared to those on Ni–ZrO2. Cu is almost
inactive and the reaction rate decreases fast to zero with time
on-stream while it stays constant for the other catalysts for at
least 1 hour. The rate r of the catalyst containing 50 wt%
metals, 13CuNi–ZrO250, is about the same as that of
13CuNi–ZrO2 with 5 wt% metal loading, which results in a
reaction rate R per gram nickel of one order of magnitude
lower. This can probably be explained by a lower Ni disper-
sion at such high loading. In general, we did not observe an
enhancement of the catalytic activity by addition of copper to
the Ni–ZrO2 catalyst.
Temperature-programmed oxidation

To obtain insights into coke formation, temperature-
programmed oxidation (TPO) was performed after reaction in
methane. The amount of carbon dioxide formed during TPO
provides information about the amount of coke formed dur-
ing the reaction, and the temperature, which is needed to
burn off the carbon species, may be characteristic of the car-
bon bond strength to the catalyst's surface. Fig. 4 shows the
production of carbon dioxide observed during TPO in 20%
O2 in Ar performed directly after methane decomposition
(described in the previous section). Over Ni–ZrO2 the highest
amount of coke was formed and temperatures of 770 K were
This journal is © The Royal Society of Chemistry 2015



Table 2 Hydrogen yields and initial reaction rates during methane decomposition at 773 K in 5% CH4 and 95% Ar with a total flow of 50 ml min−1

Sample H2 yield Reaction rate r per g catalyst (mol H2/Ĳgcatalyst s
−1) Reaction rate R per g nickel (mol H2/Ĳgnickel s

−1)

Ni–ZrO2 63.3% 2.4 × 10−5 4.8 × 10−4

13CuNi–ZrO2 49.8% 1.9 × 10−5 5.0 × 10−4

11CuNi–ZrO2 16.9% 6.4 × 10−6 2.6 × 10−4

31CuNi–ZrO2 13.6% 5.1 × 10−6 4.1 × 10−4

Cu–ZrO2 1.5% 5.6 × 10−7 —
13CuNi–ZrO250 40.0%. 1.5 × 10−5 3.9 × 10−5
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needed to oxidize most of it. On the nickel-rich bimetallic
catalyst 13CuNi–ZrO2 the amount of formed CO2 was lower
by about 50% compared to that on Ni–ZrO2. Furthermore,
much lower temperatures of around 700 K were required to
remove carbon by oxidation. At about 750 K a second smaller
CO2 evolution peak was observed in the TPO. Over 11CuNi–ZrO2

the amount of coke was reduced to 30% compared to that
over Ni–ZrO2, and the maximum of CO2 formation was
detected at 650 K. Over the Cu-rich catalyst 31CuNi–ZrO2 the
amount of carbon was reduced to only 20% compared to that
over Ni–ZrO2. Here, one needs to keep in mind the lower
activity of the Cu-rich compositions compared to that of
Ni–ZrO2. The maximum of the CO2 formation rate was
observed at 660 K. When considering the differences in H2

production rate (Table 2) and the CO2 peak areas observed in
the TPO measurements, the addition of Cu lowered the
amount of coke formed. A major effect of Cu was, however,
the down-shift of the carbon oxidation temperature. Since
hardly any methane decomposition reaction took place over
the Cu–ZrO2 reference material, no coke was burnt off during
TPO over this catalyst.

The TPO curves show large CO2 desorption peaks in a
narrow temperature range as well as broader peaks of CO2

formation over a broad temperature range. The narrow peaks
were always accompanied by a small peak of water (m/z 18)
which indicates oxidation of CHx species in this temperature
range. The much broader peak underneath might originate
from other carbonaceous species such as filamentous carbon.
This journal is © The Royal Society of Chemistry 2015

Fig. 4 TPO performed after the methane decomposition reaction over
Ni and all CuNi catalysts (shown in Fig. 3). The mass spectrometry
trace of CO2 (m/z 44) is displayed upon heating in 20 vol% O2/Ar at a
rate of 5 K min−1.
The presence of CHx species indicates that part of the
adsorbed methane dissociated incompletely.

In summary, the highest C and CHx oxidation temperature
was observed on monometallic nickel at 750–770 K. Since the
oxidation temperature decreased on the bimetallic catalysts
we conclude that C species are less strongly bonded to the
bimetallic surface. A similar trend with the composition was
noticed as for the activity onset temperature described in the
section about TPMd. The highest temperature required to
burn off coke was observed for 13CuNi–ZrO2, with a CO2

evolution maximum at 700 K, while 11CuNi–ZrO2 exhibited
the lowest carbon oxidation temperature with a CO2 evolu-
tion maximum at 650 K.

In situ X-ray photoelectron spectroscopy

In order to learn more about the surface composition, oxida-
tion states and carbonaceous species present under the
reaction atmosphere, in situ XPS at millibar pressures was
employed. The bimetallic Ni-rich 1 : 3 composition which
showed the most pronounced increase in methane decompo-
sition activity was investigated further by synchrotron-based
in situ XPS aiming at understanding the nature of the irre-
versible surface modification process. To avoid further com-
plication of the (already complex) spectra by charging effects,
a catalyst with a higher overall metal loading of 50 wt% was
utilized after carefully checking the comparability of this
material to the respective 5 wt% sample.

XP spectra during reduction in H2

Fig. 5 shows the Cu 2p3/2 binding energy region of
13CuNi–ZrO250 during a) oxidation and b) reduction. The
peak positions and full width at half-maximum (FWHM) are
listed in Table 3.

The broad peak at 933.3 eV is attributed to CuO48–53 with
two characteristic shake-up satellite peaks at 940.7 and
943.3 eV. The structure seen in the satellite line is due to the
multiplet splitting in the 2p 3d final state.50 The small peak
located at 932.3 eV is characteristic of Cu2O and/or metallic
Cu.48,50,52,53 During reduction at 673 K the CuO peak
decreased in intensity while the signal of reduced Cu species
strongly increased. Since the shift of alloyed Cu in CuNi has
been reported to be only about 0.2 eV compared to that in
monometallic Cu54–56 we could not resolve this species.

Fig. 6 shows the Ni 2p3/2 core levels of 13CuNi–ZrO250
measured during a) oxidation and b) reduction. The peak at
Catal. Sci. Technol., 2015, 5, 967–978 | 971



Fig. 5 Cu 2p3/2 region of 13CuNi–ZrO2 50 in a) 0.10 mbar O2 at 573 K and b) 0.25 mbar H2 at 673 K for 30 min. The incident photon energy was
1100 eV.

Table 3 Peak positions obtained in XPS measurements on 13CuNi–ZrO250

Species Peak position (eV) FWHM (eV)

CuO satellite 2 943.3 ± 0.2 1.9 ± 0.2
CuO satellite 1 940.7 ± 0.2 3.3 ± 0.2
CuO 933.3 ± 0.4 3.7 ± 0.3
New Cu species 933.6 ± 0.2 1.1 ± 0.1
Cu and Cu2O 932.3 ± 0.1 0.9 ± 0.1
NiO 854.2 ± 0.2
Ni 852.6 ± 0.1
Carbonates/carbon oxygenates 290.1 ± 0.1, 288.8 ± 0.1, 287.8 ± 0.2 1.1 ± 0.2
C–O or C–OH 286.3 ± 0.1 0.9 ± 0.1
CxHy species 285.4 ± 0.1 0.8 ± 0.1
C sp2 284.8 ± 0.1 0.6 ± 0.1
Graphitic carbon 284.3 ± 0.1 0.8 ± 0.1
NixC 283.4 ± 0.1 0.9 ± 0.1

Fig. 6 Ni 2p3/2 region of 13CuNi–ZrO2 50 in a) 0.10 mbar O2 at 573 K and b) 0.25 mbar H2 at 673 K for 30 min. The incident photon energy was
1010 eV.
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854.3 eV is attributed to the main line of NiO.23,53,57–59 In a
reducing atmosphere an additional peak appeared at
852.6 eV, which is ascribed to metallic nickel.53,60,61 Again, it
is not possible to distinguish between nickel interacting with
972 | Catal. Sci. Technol., 2015, 5, 967–978
copper and non-interacting with copper due to the small
chemical shift of about 0.2 eV54–56 which would be expected
for Ni alloyed with Cu. In agreement with previously reported
findings by IR spectroscopy of CO adsorption on reduced
This journal is © The Royal Society of Chemistry 2015
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CuNi both oxidized and reduced Ni species are present at the
surface after reduction at 673 K, although the bulk consists
predominantly of reduced Ni species according to XANES
measurements.

Due to the high complexity of the NiO spectrum consisting
of shake-up peaks and multiplet states57,62 we fitted Ni 2p3/2

spectra by the linear combination of reference spectra of NiO
and completely reduced Ni. The resulting Ni-to-NiO ratios are
summarized in Table 4.

Overall, the XP spectra reveal the coexistence of reduced
Cu and a mixture of oxidized and metallic Ni species in the
near-surface region after reduction.
XP spectra during methane decomposition

Fig. 7 shows a) the Cu 2p3/2 region and b) the Ni 2p3/2 region
of 13CuNi–ZrO2 during exposure to 0.25 mbar methane at
temperatures from 523 to 723 K directly after reduction in H2.

At 523 K mainly metallic copper and small amounts of
CuO were present in the Cu 2p3/2 region. By increasing the
This journal is © The Royal Society of Chemistry 2015

Table 4 Proportion of NiO and Ni in Ni 2p3/2 spectra fitted by linear
combination of reference spectra

Atmosphere and temperature (K) NiO Ni

O2 – 573 100%
H2 – 573 77 ± 3% 23 ± 3%
CH4 – 523 79 ± 3% 21 ± 3%
CH4 – 573 80 ± 2% 20 ± 2%
CH4 – 623 79 ± 3% 21 ± 3%
CH4 – 673 77 ± 3% 23 ± 3%
CH4 – 697 75 ± 3% 25 ± 3%
CH4 – 723 66 ± 3% 34 ± 3%

Fig. 7 a) Cu 2p3/2 and b) Ni 2p3/2 core level regions of 13CuNi–ZrO2 in 0
photon energies were 1100 eV (Cu) and 1010 eV (Ni).
temperature the metallic Cu peak became broader and
shifted to a slightly higher binding energy indicating further
alloy formation between copper and nickel. The amount of
nickel oxide decreased with temperature, while the signal of
metallic nickel increased. At 723 K a new Cu species at
933.6 eV appeared at the highest temperature. A potential
assignment of this species is Cu interacting with surface car-
bonates;53 however, a larger shift to higher binding energies
would be expected compared to CuO. CuO core levels have
been observed over a broad binding energy range, but in the
XP spectrum at 723 K no satellite peaks characteristic of CuO
are found, which rather excludes the assignment of the peak
at 933.6 eV to CuO. Currently, the nature of this peak
remains an open question.

Between 698 and 723 K the biggest changes were observed
in the Ni 2p3/2 region as well. The amount of NiO decreased
significantly, while the concentration of metallic nickel
increased in the near-surface region. Note that in the temper-
ature range between 698 and 723 K where the strongest spec-
tral changes occurred the catalytic activity of this catalyst
increases dramatically, as shown by TPMd and in agreement
with the simultaneously recorded mass spectrometry data.

Fig. 8 shows the C 1s core level region during exposure of
13CuNi–ZrO2 to methane at temperatures increasing from
523 to 723 K. A number of different carbon-containing
surface species were present in methane. Polycarbonates,
carbonates and carbon oxygenates above 287 eV hardly
changed with temperature. Various carbonate species were
also observed by infrared spectroscopy on ZrO2. C–O

63–66 or
C–OH64,65 at 286.3 eV increased with temperature, indicating
an interaction of carbon with the oxide support or NiO and
CuO which had not been reduced up to that temperature.
Catal. Sci. Technol., 2015, 5, 967–978 | 973
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Fig. 8 C 1s core level region of 13CuNi–ZrO2 in 0.25 mbar CH4 at
increasing temperature from 523 to 723 K. The incident photon energy
was 425 eV.
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The amount of graphitic carbon63,67,68 at 284.3 eV binding
energy increased until 673 K but then decreased again at
723 K. The peak at 284.8 eV attributed to C having sp2

hybridization64,68–70 indicates the formation of carbon nano-
tubes (CNTs) and increased with increasing temperature. The
signal at 285.4 eV corresponds to CxHy species.66,71 These
species increased upon heating as well. Alternatively, the
signal could indicate the presence of structural defects on
carbon nanotubes.70 NixC

64,65 appeared at 283.4 eV and
increased at first with rising temperature but then completely
vanished at 723 K.

In summary, the amount of several carbon species
increased during methane decomposition. In particular, the
growth of CNTs is significantly enhanced at the highest tem-
perature at which catalytic activity sets in at the same time,
while graphitic carbon decreases, either by transformation to
CNTs or dissolution in the bulk of the particles.
Fig. 9 Depth profile of a) Ni, b) Cu and c) C species based on the total
amount of Ni, Cu and C, respectively. Spectra in the core level regions
Ni 2p3/2, Cu 2p3/2 and C 1s with kinetic energies of 150, 350 and
550 eV were consulted for the calculations. For clarity of the diagram
error bars were left out in c).
Depth profiling

To get more insights into the distribution of Ni, Cu and C
species in the surface and subsurface region XP spectra were
recorded using different photon energies. The photon ener-
gies were varied to obtain photoelectron kinetic energies of
974 | Catal. Sci. Technol., 2015, 5, 967–978
150 eV, 350 eV and 550 eV for each set of spectra of the
relevant core level regions (Ni 2p, Cu 2p, C 1s). These depth
profiles were performed at 523, 673 and 723 K in methane.

Fig. 9 visualizes the relative core level peak areas of the
various Cu, Ni and C species based on the respective total
areas of Cu, Ni and C signals. Upon heating from 523 to 673 K,
This journal is © The Royal Society of Chemistry 2015
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the relative amount of metallic Ni increases mainly in the
deeper (near-surface) layers. After further heating from 673 to
723 K an increased amount of reduced Ni is present on the
surface as well. The amount of metallic Cu increases with
temperature. At 723 K the new Cu species appeared which
cannot be identified yet (as discussed in the results section).
Interestingly, this species is related to the surface of the
catalyst and appears only when using photon energies
yielding photoelectrons of 150 eV kinetic energies, i.e. when
measuring with the highest surface sensitivity.

In general, the total amount of carbon species decreases
with increasing kinetic energy, indicating that the carbon
species are present mostly at the surface of the catalyst. As
shown in Fig. 9c), the relative proportion of CNTs increases
significantly at 723 K, in particular in the surface-sensitive
measurement, as shown by the strongly decreasing amount
of sp2 hybridized carbon with increasing kinetic energy.
Nickel carbide disappeared at 723 K in the most surface-
sensitive spectra recorded at 150 eV kinetic energy, while a
small amount of carbide is still present in the somewhat
deeper near-surface layers. The relative amount of graphitic
carbon is highest at 673 K reaction temperature and then
decreases considerably at 723 K. This is observed for all
photoelectron kinetic energies that were analyzed. The pro-
portion of carbon present as carbonates, carbon-oxygenates
and hydrocarbon species does not depend much on reaction
temperature and photon energy.

Discussion

CH4 decomposition was studied on bimetallic CuNi–ZrO2

catalysts by temperature-programmed reaction, TPO and
NAP-XPS in order to get insights into the in situ stability of
CuNi compounds and the effect of Cu addition on the carbon
chemistry. In contrast to monometallic Ni–ZrO2, an irrevers-
ible activation step was observed in methane at around 700 K,
with the exact onset temperature depending on the composi-
tion, reduction temperature and metal loading. In the follow-
ing we will discuss the potential origin and the factors
affecting this surface modification process responsible for
the onset of catalytic activity and take a closer look at the
bimetallic Cu–Ni system.

The question arises as to what is the origin of the
observed activation process occurring in methane between
650 and 735 K and leading to an irreversible modification of
the catalytic performance of all bimetallic catalysts towards a
Ni-like behaviour. Previous work on these materials allowed
us to conclude that after reduction the surface of the bimetallic
catalysts appears enriched in Cu25 as indicated by selective H2

chemisorption on Ni and by FTIR spectroscopy of adsorbed
CO. Since Cu is practically inactive in methane decomposition
a change in surface composition, e.g. by Ni segregating to the
surface, is a potential reason for the drastic change in CH4

decomposition activity. The interaction of Ni with C and/or
CH4 would be a likely driving force for the proposed surface
segregation of Ni.
This journal is © The Royal Society of Chemistry 2015
In contrast to H2 chemisorption experiments at room tem-
perature25 showing that the surface is enriched in copper
after reduction, the surface Cu : Ni ratio observed by XPS at
673 K was nearly similar to the overall Cu : Ni ratio of the
catalyst. According to the literature, a copper-enriched top
surface layer is in agreement with the lower surface free
energy of copper compared to that of nickel.72 According to
Sachtler et al., the Gibbs free energy of a copper–nickel
mixture at 475 K has a maximum at about 30% copper and a
minimum at 80% and at 2% copper73 in the bulk. Therefore,
we expect coexisting phases to be present at lower tempera-
tures. Since the surface energy is lower for Cu compared to
that for Ni the Cu-rich alloy phase is likely present at the sur-
face and the Ni-rich alloy phase underneath (core–shell-like
structure). For Cu surfaces with Ni monolayers deposited on
top it was reported in ref. 74 and 75 that Ni segregates into
the first subsurface layer of Cu(100) as well as Cu(111).76 By
theoretical calculations, Pourovskii et al.77 found a rather
sharp minimum of the surface energy corresponding to the
arrangement of a Ni layer in the second layer of Cu(100).
Anyway, this surface composition is only present at low
temperature. At elevated temperature the two phases become
miscible. According to the Cu–Ni phase diagram, CuNi forms
a single-phase alloy above 600 K.

As revealed by XPS measurements under reaction condi-
tions, the increase in activity is clearly accompanied by an
increase in the concentration of metallic Ni at the surface.
Catalytic activity for methane decomposition therefore
depends on the alloy surface composition, specifically on the
presence of a sufficiently high concentration of metallic Ni at
the surface.

Studt et al.78 reported Ni segregation to the surface of
CuNi alloys due to the higher bond strength towards CO.
Li et al.79 reported that the dissociative adsorption of meth-
ane and the formation of carbon flakes would be a plausible
cause for their observation of reconstruction of Ni–Cu metal
particles during methane decomposition reaction.79 In a
remarkable study, Li et al. observed a recrystallization of the
Ni–Cu alloy on copper–nickel–alumina catalysts during
induction of carbon formation in methane decomposition
at 773 K.7 In a similar way, Ni could be segregated to the
very surface layer at elevated temperatures induced by the
presence of methane and/or carbon, which consequently
leads to an onset of catalytic activity for methane decomposi-
tion. Thus, the surface initially enriched in Cu at low temper-
atures exhibits low methane decomposition activity until
the activation step changes the surface concentration of
reduced Ni.

Ni segregation to the top surface is a potential explanation
for the observed activation step. However, this could not be
confirmed by quantitative analysis of the core level spectra,
which is complicated by the (very likely) preferential decora-
tion of Ni by carbon species formed over Ni during the reac-
tion of methane. Nevertheless, there is clear evidence by the
XPS data that the sudden increase of reactivity can be linked
to the higher concentration of reduced Ni at the surface.
Catal. Sci. Technol., 2015, 5, 967–978 | 975
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When TPMd was carried out after applying a higher reduc-
tion temperature of 773 K an activation step was observed as
well, although the activation step temperature was lower
compared to that for the catalyst reduced at 673 K. Since
reduction at 673 K leads to only partially reduced Ni,25 the
Ni : NiO ratio is increased after reduction at higher tempera-
ture. The higher amount of metallic Ni (at or near the
surface) after applying a higher reduction temperature
could be a likely reason for the down-shift of the activation
temperature.

Cu addition to Ni helps in the desired lowering of carbon
deposition. TPO measurements showed a reduction of the
amount of coke burnt off as CO2 by about 50% when com-
paring Ni and the Ni-rich 13CuNi–ZrO2 catalyst exhibiting
similar catalytic activity (Table 2). Another effect of the Cu
modification, which influences the carbon chemistry and
coking behavior, is the decrease in the carbon oxidation tem-
perature, probably due to a weaker bonding of carbon on the
CuNi alloy surface.

However, the CuNi system is stable only in a limited range
of conditions (temperatures up to around 700 K depending
on the composition and pretreatment). Therefore, a key
result of this work is the detection of the instability of CuNi
under hydrocarbon-rich conditions at higher temperatures
(> ~700 K).

Conclusions

In this work we have investigated the surface chemistry of
methane on Ni–ZrO2 and bimetallic CuNi–ZrO2 catalysts with
a focus on the in situ stability under relevant reaction condi-
tions, i.e. high temperatures and reactive surrounding gas
atmosphere methane.

The activity of bimetallic CuNi–ZrO2 catalysts for methane
decomposition strongly increased after an irreversible activa-
tion step occurring at different temperatures depending on
the Cu : Ni ratio. By in situ synchrotron-based near-ambient
pressure (NAP-)XPS we determined the surface composition
of the catalysts and the nature of the carbonaceous species
present and correlated these data with the catalytic perfor-
mance. The sudden increase in catalytic activity could be
explained by an increase in the concentration of reduced Ni
atoms at the catalyst surface in the active state, likely as a
consequence of the interaction with methane. XPS showed
the appearance of an additional Cu species on the catalyst
surface, when catalytic activity sets in. This species could not
be conclusively identified up to now, but is related to the cat-
alyst surface according to the depth profiles recorded.

C 1s core level spectra revealed the presence of various
carbonaceous species. The signal attributed to carbon nano-
tubes increased when activity sets in, while the amount of
graphite and carbide decreased again. Cu addition to Ni
improved the desired resistance against carbon deposition by
lowering the amount of coke formed. A lower temperature
was required to burn off carbon from the bimetallic catalysts
compared to Ni–ZrO2.
976 | Catal. Sci. Technol., 2015, 5, 967–978
As a key result on the Cu-modification of Ni catalysts,
we conclude that the CuNi alloy shows limited stability
under relevant reaction conditions. This system is stable only
in a limited range of temperature up to ~700 K in a hydrocar-
bon atmosphere. Beyond this temperature, the alloy phase
becomes unstable, and carbon-induced segregation of Ni
species induces a fast increase in methane decomposition
rate. In view of the applicability of this system, a detailed
understanding of the stability and surface composition of
the bimetallic phases present and the influence of the Cu
promoter on the surface chemistry under actual reaction
conditions are essential.
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